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Over the past few decades, research on frequency selective surfaces (FSSs) has
grown rapidly because of their importance in stealth technology, radar systems, and
electromagnetic (EM) shielding. An FSS is a periodic array of metallic elements that
controls EM wave behavior such as transmission, reflection, and absorption, based
on its geometry, polarization, and angle of incidence. Conventional FSS designs are
restricted to a single fixed function, which limits their practical use. With the rapid
expansion of wireless communication systems and modern radar platforms, there is a
growing demand for compact and multifunctional reconfigurable frequency selective
surfaces (RFSSs) that can perform various EM functions like absorption, transmis-
sion, and reflection- either simultaneously or selectively within a single structure.
To realize this flexibility, FSS designs are engineered using various reconfigurable
techniques, exhibiting different EM responses in real-time scenarios.

In advanced communication and sensing environments, where different EM func-
tionalities are required across distinct frequency bands or at different time instants
within the same band, such RFSS designs hold strong potential. For example,
an RFSS with switchable transmission—reflection characteristics can selectively per-
mit desired signals in the transmissive state for adaptive wireless links, while it
can reject or redirect unwanted signals in the reflective state improving link secu-
rity. An absorptive mode can suppress undesirable or hostile signals by dissipating

incident energy, supporting stealth functionality and electromagnetic interference
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(EMI) reduction. A rasorber structure- combining both absorption and transmis-
sion behaviour can simultancously support radar cross-section (RCS) reduction and
reliable communication performance. Beyond defense and wireless communication
domains, multifunctional RFSS structures are also well-suited for tunable filters,
EM shielding, cognitive radar systems, and intelligent reconfigurable surfaces for
next-generation wireless networks. The ability to dynamically realize multiple EM
responses within a single physical geometry makes the RFSS technology highly at-
tractive for modern EM platforms, and this has been the central focus of this PhD

thesis.

To achieve the RFSS designs, several methods have been investigated, including
the use of MEMS switches, liquid crystals, and composite materials. These ap-
proaches often face challenges such as complex fabrication, slower switching speed,
and high implementation cost. To address these limitations, the electronically re-
configurable technique is often used, employing p-i-n diodes and varactors as the
constituent elements. These components provide fast, reliable, and economical con-
trol of the F'SS frequency response, making them suitable for multifunctional ap-
plications. The RFSS performance mainly depends on the diode behavior. A p-i-n
diode functions as a switch that alternates between a low-resistance ON state under
forward bias and a high-capacitance OFF state under reverse bias. This switching
enables a single structure to exhibit distinct EM responses. A varactor diode acts
as a tuning element whose capacitance varies with bias voltage, allowing continuous
frequency control. Integrating these diodes offers several benefits, such as fast re-
sponse, low power consumption, compact integration, and simple control compared

with other reconfigurable approaches.

To achieve these multifunctional responses, the designed geometries are analyzed
in terms of two fundamental parameters, namely the reflection coefficient (S1;) and
the transmission coefficient (Sg;). The parameter Sp; represents the portion of
the incident EM energy that is reflected from the structure, while Sy represents
the portion that is transmitted through it. The magnitudes of these coefficients
indicate how efficiently the structure responds under different functional modes.
In the transmissive mode, the structure should allow most of the energy to pass

through; therefore, Sy; must be high (typically greater than -3 dB) and Sj; must
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be low (typically less than -10 dB), ensuring minimal reflection and absorption. In
the reflective mode, most of the incident energy should be reflected to the source,
which requires Si; to remain high (typically > -3 dB) and S, small (typically
< -10 dB), confirming negligible transmission and absorption. For the absorptive
mode, both reflection and transmission must be suppressed so that most of the
energy is absorbed within the structure. Hence, both S;; and Ss; should be below
-10 dB at the resonant frequency, resulting in near-unity absorption (A(w) =1 -
|S11]2 - |S21/). In the case of a rasorber, which combines a wideband absorption
with a transmission window, the S-parameters vary across frequency. Within the
absorption band, both Si; and Ss; should be small enough to ensure high absorption,
while in the transmission band, the Sy; should be high (and Sj; should be low),
generating a distinct passband behavior. These criteria form the basis for designing

RFSS structures exhibiting multifunctional responses.

Along with their geometrical characteristics, the equivalent circuit model plays
a crucial role in realizing the multifunctional behavior of the proposed RFSS struc-
tures. A typical RFSS consists of metallic patterns printed on one or both sides
of a dielectric substrate, with diode components embedded at strategic locations to
enable switchable or tunable EM responses. Each diode-integrated metallic layer
contributes a distinct electrical behavior, and the combined response of these layers
governs the overall EM functionality of the structure. For instance, a parallel RLC
network typically exhibits a bandpass response, while a series RLC' network pro-
duces a bandstop response. Accordingly, a transmissive mode can be achieved when
either or both of the metallic layers emulate a parallel RLC circuit. Conversely,
the reflective mode operation can be obtained when the metallic layer behaves as a
series RLC circuit or presents a high-impedance (effectively short-circuited) state.
For absorptive operation, the top layer should be modeled as a parallel or series RLC
circuit, while the bottom layer must act as a perfect reflector to suppress transmis-
sion. In the case of a rasorber configuration, a suitable combination of transmission
and absorption behavior must be realized by tailoring the metallic patterns at dif-
ferent frequency bands. Thus, the equivalent circuit model is extensively used for

analyzing the multifunctional responses of all RF'SS designs presented in this thesis.

The motivation for this thesis arises from the need to develop advanced RFSS
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designs that can overcome the limitations of conventional structures while broaden-
ing their functional capabilities. This research follows a systematic and progressive
investigation across different domains of EM wave control. It begins with the explo-
ration of fundamental switching mechanisms using p-i-n diode configurations to re-
alize dual-mode operations, achieving polarization-insensitive absorber/transmitter
functionalities through embedded biasing networks. Building upon this foundation,
the work progresses toward multifunctional systems that integrate both switching
and frequency-tuning features by combining p-i-n and varactor diodes, thereby en-
abling simultancous control of EM response and operational frequency. The work
is further extended to multilayer architectures capable of exhibiting wideband be-
haviors among four distinct operating modes, including rasorber (T-A), absorption,
transmission, and reflection characteristics. In addition, this research addresses
experimental challenges by developing a modified parallel plate waveguide (PPW)
setup for wide-angle F'SS characterization, providing a reliable and cost-effective ap-
proach for accurate measurement and validation. In summary, this thesis presents
a structured approach that progresses from basic switching concepts to advanced
multifunctional designs, supported by innovative measurement methodologies that

enhance the practical realization of reconfigurable FSS technologies.

Despite these advances, several limitations remain in existing switchable RFSS
designs. Most reported geometries are restricted to specific functionalities, such
as reflection/transmission, reflection/absorption, and polarizer/reflector operations.
Only a few studies demonstrate switching between absorption and transmission
modes, and these approaches often suffer from additional issues such as multilayer
arrangements, polarization sensitivity, and angular instability. Moreover, the inte-
gration of electronic control elements typically requires additional biasing networks,
which further increases design complexity. To address these constraints, a single
p-i-n diode configuration is considered to demonstrate basic dual-mode switching
between absorption and transmission, while maintaining polarization-insensitive be-
havior in a single-layer substrate with simplified embedded bias networks. This

motivation leads to the first contribution of this thesis.

The first contribution presents a polarization-insensitive absorptive /transmissive

RFSS that employs p-i-n diodes with an integrated biasing network. The proposed



Synopsis vii

design consists of two periodic metallic patterns fabricated on opposite sides of
a single FR4 substrate. The top layer contains a cross dipole surrounded by a
Jerusalem cross connected to adjacent unit cells, while the bottom layer features
a square slot with four symmetrically placed p-i-n diodes. The complete unit cell

configuration, along with dimensional parameters, is illustrated in Figure 1.
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Figure 1: Proposed narrowband absorber/transmitter unit cell geometry: (a) top
view, (b) bottom view, (c¢) side view, and (d) isometric view. The design parameters
are finalized as (in mm): ¢ = 10, w = 0.2, £ = 0.6, p = 0.5, k = 1.2, and ¢z, = 1.6.

The reconfigurable behavior is realized through a p-i-n diode positioned in the
bottom layer, which switches between ON and OFF states under different biasing
conditions. In the ON condition, the structure achieves strong absorption with
93.51% absorptivity at 6.93 GHz, functioning as a radar absorber. In the OFF
condition, it provides transmission at 5.62 GHz with an insertion loss of 0.96 dB,
operating as a bandpass filter. The embedded biasing network, consisting of vias
and lumped inductors acting as RF chokes, enables polarization-insensitive behavior
without degrading performance. An equivalent circuit model validates the switch-
ing mechanism and serves as a basis for further designs. The structure maintains
stable performance for both TE and TM polarizations up to 60°, and consistency is
observed across different polarization angles.

A prototype was fabricated and characterized using an in-house developed PPW
measurement setup, which avoids the need for large free-space measurements while
ensuring accurate validation. Figure 2 presents the fabricated sample photograph,
experimental setup, and comparison between simulated and measured responses.
The experimental data shows good agreement with simulations, confirming the ef-

fectiveness of the absorber/transmitter design and the suitability of the embedded
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Figure 2: Photograph of the fabricated narrowband absorber/transmitter RFSS
structure: (a) top layer, (b) bottom layer. (¢) Measurement setup, and (d) com-
parison of the measured and simulated responses (solid lines represent PPW setup
results, and dashed lines represent HFSS results).

biasing scheme for practical RFSS applications.

Although the first contribution establishes a basic understanding of the funda-
mental switching mechanism of RFSS using a single p-i-n diode configuration, the
design only operates between absorption and transmission modes, which limits the
number of operating modes and its functional versatility for advanced EM appli-
cations. Furthermore, the diode control mechanism in this design relies on manual
biasing for switching between operational states, making it unsuitable for real-time
dynamic systems. To address these limitations, the second contribution of this the-
sis introduces a more sophisticated architecture where two independently controlled
diodes are strategically positioned on opposite sides of a single-layer dielectric sub-
strate. This configuration simplifies both the biasing circuit design and topology
implementation compared to multi-layer alternatives. Through careful selection of
metallic patterns and precise placement of diode elements, this arrangement gener-
ates four distinct operating states (ON-ON, ON-OFF, OFF-ON, and OFF-OFF),
with each state engineered to produce a unique EM response. This enables the
structure to achieve three distinct KM behaviors such as absorption, transmission,
and reflection across different modes. A field-programmable gate array (FPGA) is
integrated into the diode control system to automate the switching mechanism and

enable real-time operation.

In this work, the RFSS geometry is designed such that it can exhibit absorption,
transmission, and reflection functionalities by employing a single-layer structure

using two sets of p-i-n diodes. The design incorporates diode sets on both the top
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and bottom layers of an FR4 substrate to expand the number of operating states
and enhance the overall multifunctional performance of the structure. The top layer
consists of a meander line connected to an inner cross-dipole through the first set
of diodes (PDy), while the bottom layer includes an outer square loop with a 45°
rotated inner square patch integrated with the second set of diodes (PDs). The
schematic diagram of the proposed RFSS with FPGA control is shown in Figure
3(a), whereas Figures 3(b)-(d) depict the top layer, bottom layer, and side view,

respectively, of the unit cell geometry along with all geometric dimensions.
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Figure 3: (a) Schematic representation of the RFSS with FPGA control. Unit cell
design of the proposed narrowband absorber/transmitter/reflector RFSS: (b) top
layer metallic pattern with diode set PD;, (c¢) bottom layer metallic pattern with
diode set PDy, and (d) side view illustrating metallic vias. The dimensions are: a
=10, b=035¢=d=05,e=1,p =54, ty = 1.6 (units: mm).

The simulated results demonstrate the multifunctional behavior across all the
operating modes. In the OFF-OFF mode, the structure exhibits the transmission
response at 5.07 GHz with an insertion loss of 1.4 dB. The OFF-ON mode provides
over 90% absorption at 5.2 GHz. The ON-OFF and ON-ON configurations produce
the partial and full reflective characteristics till 6 and 8 GHz, respectively. The par-
allel biasing network, formed by shared metallic lines and vias, ensures independent
control of both set of diodes in different layers while maintaining structural integrity.
The FPGA-based controller applies a 2-bit coding sequence to regulate both sets,
generating the required voltage levels for forward bias and zero voltage for reverse
bias conditions. A detailed equivalent circuit model is developed to verify the un-
derlying switching mechanism, and the design is further analyzed for polarization
insensitivity and oblique-incidence stability to confirm its practical robustness.

Afterward, a one-dimensional (1-D) prototype was fabricated and experimentally

validated using the in-house developed PPW measurement technique. The fab-
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Figure 4: Fabricated prototype of the narrowband absorber/transmitter /reflector
RFSS and experimental setup: (a) top layer, (b) bottom layer, (c) FPGA integra-
tion for controlling diode sets PD; and PDs, and (d) measurement arrangement.
Comparison of simulated and measured results: (e) OFF-ON and ON-ON states,
(f) OFF-OFF and ON-OFF states. S: simulation, M: measurement.

ricated prototype, FPGA-controlled measurement setup, and comparison between
simulated and measured S-parameters for all four operating modes are shown in Fig-
ure 4. The FPGA-controlled measurements show close agreement with simulated
results, confirming accurate switching between operational modes. The structure
maintains polarization-insensitivity and angular stability across a wide range of in-
cidence angles, demonstrating its suitability for real-time reconfigurable EM systems
that require multiple operational functionalities within a single design.

The first two works of the thesis establish the principles of switching and multi-
functional operation; however, both designs operate at fixed narrowband frequencies
in each mode, which limits their flexibility for systems requiring tunable or dynamic
EM responses. Although the second design achieves three distinct EM behaviors
using two sets of p-i-n diodes, the resonant frequencies remain static once the geo-
metric parameters are optimized. This limitation has been addressed in the third
work, where varactor diodes are integrated with the existing p-i-n diode configura-
tion, thereby enabling both mode switching and continuous frequency tuning within
a single structure. This approach retains the single-layer configuration from earlier
designs but introduces frequency agility by varying the capacitance of the varactor
diodes under applied bias, creating a multifunctional reconfigurable RFSS capable
of both discrete and continuous control.

This work develops a multifunctional reconfigurable FSS (MRFSS) that com-
bines p-i-n and varactor diodes within a single-layer topology. The design consists

of metallic patterns printed on both sides of an FR4 substrate. The top layer
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Figure 5: Ilustration of the proposed switching + tuning MRFSS showing diode
placement and operating states: (a) OFF-OFF, (b) OFF-ON, (¢) ON-OFF, and (d)
ON-ON. Unit cell geometry views of the proposed design: (e) top view, (f) side
view, and (g) bottom view. The dimensions of different parts of the geometry are
mentioned as ¢ = 10 mm, b = 0.25 mm, ¢ = 0.75 mm, d = 1 mm, e¢ = 0.5 mm, ¢;
= 0.375 mm, d; = 8.5 mm, p = 1.2 mm, and ¢, = 2 mm.

a

(e) (3] (g)

features a meander line loaded with parallel-mounted varactors and p-i-n diodes,
while the bottom layer includes a central metallic patch with connecting lines and
an additional set of p-i-n diodes. Unlike earlier designs that operate at fixed fre-
quencies, this structure allows frequency tuning within each mode by controlling
the reverse bias voltage applied to the varactor diodes. Figures 5(a)-(d) illustrate
the proposed MRFSS across all operating states, showing the placement of varactor
and p-i-n diodes. Figures 5(e)-(g) present the unit cell geometry with top, bottom,
and side views, including all dimensional parameters. The reconfigurable behavior
is achieved by operating both types of diodes, producing four distinct operational
states with frequency tunability in each mode. In the OFF-OFF condition, the
structure provides a tunable bandpass transmission response from 1.68 to 2.56 GHz,
with an insertion loss ranging between 1.8 and 2.9 dB. In the OFF-ON condition,
the absorption response tunes from 1.84 to 2.85 GHz, achieving absorptivity be-
tween 84.3% and 96.5%. The ON-ON state demonstrates reflection tuning from
2.55 to 4.62 GHz, while the ON-OFF state exhibits selective reflection from 2.48
to 4.43 GHz. The biasing network is designed to independently control all diode
elements using only four terminals, significantly reducing circuit complexity com-
pared to conventional approaches. A comprehensive equivalent circuit analysis has
been performed to support the multifunctional and tunable behavior, and the struc-
ture exhibits stable performance for both TE and TM polarizations under oblique
incidence.

A 20x20 unit cell array was fabricated and tested using free-space measurement
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Figure 6: Fabricated prototype of proposed switching + tuning MRFSS and mea-
surement setup: (a) top layer, (b) bottom layer, (¢) Ss; measurement setup, (d)
S11 measurement setup. Comparison of measured and simulated responses for dif-
ferent modes: (e) transmission, (f) absorption, (g) selective-reflection, and (h) full
reflection.

techniques. The independent DC power supplies regulate the bias voltages for both
p-i-n and varactor diodes. The fabricated prototype photograph, free-space mea-
surement setup, and comparison between simulated and measured frequency tunable
responses across all four operating modes are presented in Figure 6. The measured
results validate frequency tunability by varying the reverse bias voltage from 5.5 V
to 25 V, confirming accurate switching and tuning performance. The equivalent cir-
cuit model supports the theoretical understanding of the multifunctional behavior,
while angular stability analysis verifies reliable operation for incident angles up to
60°. This design effectively integrates both switching and frequency tuning func-
tions within a compact single-layer structure, marking an important advancement

in reconfigurable FSS development.

Although this third work demonstrates both switching and frequency tuning
capabilities, all operating modes remain narrowband. The limited absorption band-
width, restricted transmission passband, and confined reflection range reduce its
suitability for wideband applications. To overcome these bandwidth limitations, the
fourth contribution of this thesis introduces a multilayer architecture that integrates
two dielectric layers separated by an air spacer. This configuration enables wide-
band operation across four distinct EM functions. In addition, lumped resistors are

incorporated along with p-i-n diodes to broaden the absorption response, while four-
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Figure 7: Proposed wideband rasorber/absorber/transmitter/reflector RFSS unit
cell geometry: Layer 1: (a) top view, (b) bottom view, (c¢) isometric view; Layer 2:
(d) top view, (e) bottom view, (f) isometric view; Overall unit cell: (g) isometric
view, (h) side view. The optimized dimensions of the design (in mm): ¢ = 10, a; =
95,0=04,¢c=05,c1=042,d=5,dy =4,9g=12,e=25,e;1 =44, e; = 0.8,
ti = 1, and tg;, = 4.

fold symmetric geometries across the substrate layers ensure polarization-insensitive
performance.

The fourth contribution presents a wideband reconfigurable FSS capable of four
EM functionalities: rasorber (transmission-absorption), absorption, transmission,
and reflection. The proposed structure employs two FR4 substrate layers (layer 1-
top and layer 2 - bottom) separated by a 4 mm air gap. Layer 1 includes a modified
square loop with four symmetric dipole arms, each integrated with a p-i-n diode and
a 30 Q lumped resistor connected through bias lines. Layer 2 consists of a square
loop linked to rectangular patches through vias, where p-i-n diodes are positioned
between the cross-dipole and rectangular sections. The unit cell geometry with
complete dimensional parameters and all layer configurations is shown in Figure 7.

The broadband reconfigurable behavior is obtained through an independent con-
trol of the two sets of p-i-n diodes presented in both layers. In the OFF-OFF mode,
the structure exhibits rasorber characteristics with transmission at 2.67 GHz (inser-
tion loss of 2.1 dB) and broadband absorption from 4.76-6.37 GHz, corresponding to
a 28.5% fractional bandwidth. The OFF-ON state produces broadband absorption
from 3.25- 6.05 GHz, achieving a 60.21% fractional bandwidth with absorptivity ex-
ceeding 80%. In the ON-OFF mode, the structure provides broadband transmission
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Figure &: Fabricated prototype of the proposed wideband rasor-

ber/absorber /transmitter /reflector RFSS and measurement setup: Layer 1:
(a) top view, (b) bottom view; Layer 2: (¢) top view, (d) bottom view; (e) complete
sample; (f) PPW experimental setup for Sj; and Ss; measurements. Comparison
of measured and simulated responses: (g) rasorber mode, (h) absorption mode, (i)
transmission mode, (j) reflection mode. The inset figure shows the simulated PPW
setup in HFSS.

from 2.41 to 4.49 GHz with a 60.28% fractional bandwidth and an insertion loss
below 2 dB, while the ON-ON mode delivers full reflection (S3; < 2.8 dB) across
the entire operating band. The multilayer arrangement with an air spacer enhances
the bandwidth while maintaining angular stability and polarization insensitivity
through its symmetric design. The proposed wideband configuration is thoroughly
validated through equivalent circuit modeling, polarization, and oblique-incidence
analyses, ensuring reliable operation across all designed modes.

A 1-D prototype, comprising 15x1 unit cells, was fabricated and validated us-
ing a custom-built PPW measurement setup capable of oblique incidence testing.
The fabricated prototype photograph, PPW measurement setup, and comparison
between simulated and measured wideband responses for all four modes are pre-
sented in Figure 8. The measured results closely match simulations across all four
operational modes, confirming wideband performance and reliable reconfigurability.
The angular stability analysis shows consistent operation up to 45° for TE polar-
ization and similar stability for TM modes. This multilayer design demonstrates
a significant improvement in bandwidth while maintaining compactness and polar-

ization insensitivity, marking another important step toward practical broadband
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Figure 9: Modified PPW setup and unit cell designs: PPW configurations: (a)
PPW-1 with cylindrical apertures, (b) PPW-2 with cylindrical and arc-shaped aper-
tures, overall PPW setup: (c) top view, and (d) side view. Unit cell geometries:
Design-1: (e) top view; Design-2: (f) top view, (g) isometric view; Design-3: (h) top
view, (i) bottom view, (j) isometric view. The optimized dimensions for PPW and
unit cell geometries (in mm): L = 800, W = 80, Wy = 60, L1 =250, z =8, y = 7,
h=10,h; =15,a=10,a1 =9, w =02, 6=5,b, =04, c=d = 0.6, ¢c; = 0.2,
tl = 1, tair = 4, d1 = € = 025, d2 = 8,61 = 6, and €y = 1.2.

reconfigurable F'SS solutions for advanced EM applications.

While the four contributions collectively establish a complete framework for re-
configurable FSS advancement, experimental validation of such designs remains a
challenge due to the limitations of existing measurement techniques. Traditional
free-space measurements require large prototypes, wideband horn antennas, and
anechoic chambers, which increase cost and complexity, especially for structures
incorporating DC biasing networks. Although the PPW technique was used for
validation in previous works, conventional PPW systems are restricted to normal
incidence characterization and cannot evaluate wide-angle performance. This lim-
itation motivated the development of a modified PPW system capable of accurate

wide-angle characterization of F'SS structures.

The fifth contribution of this thesis introduces a modified PPW setup designed
for precise measurement of 1-D arrays of FSS prototypes under both normal and
oblique incidence conditions. The system consists of two parallel metallic plates
engineered with varying geometry, with an increased central height to accommodate
1-D FSS arrays and tapered ends for wideband impedance matching with coaxial

connectors. The tapered structure minimizes edge radiation and leakage, ensuring
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measurement accuracy across the 1-8 GHz range. For wide-angle testing, two PPW
sections with different apertures are mechanically joined at adjustable angles, al-
lowing controlled angular excitation from 30° to 150° while maintaining electrical
continuity and mechanical alignment. Figure 9 illustrates the modified PPW con-
figurations used for oblique incidence measurements. Figures 9(a)-(d) show the indi-
vidual setups, including PPW-1 with cylindrical apertures, PPW-2 with cylindrical
and arc-shaped apertures, and the combined top and side views of the measurement
arrangement. Figures 9(e)-(j) present the unit cell designs of the three proposed
structures, showing the top, bottom, and isometric views along with all optimized

dimensional parameters.

The system achieves wide-angle measurement capability through a dual-section
PPW configuration. During oblique incidence testing, one section remains station-
ary while the other rotates about its axis, enabling the incident transverse electro-
magnetic (TEM) wave to strike the FSS at angle 6 and exit at the complementary
angle 260 without distortion. The cylindrical and arc-shaped apertures at the junc-
tion ensure smooth rotation and alignment. The calibration is performed using two
references: a copper plate for reflection (S1;) and an empty setup for transmission
(S21). The simulated calibration results indicate low insertion loss, below 3 dB for
normal incidence and between 5-7 dB for oblique incidence, confirming the accuracy
and reliability of the system, which will be presented in detail in the subsequent

sections of the thesis.

To validate its effectiveness, three FSS prototypes were fabricated and tested
using the developed setup: a bandstop filter, a two-layer broadband absorber, and
a switchable absorber /transmitter. Each prototype consists of a 15 unit-cell 1-D ar-
ray measuring 150x 10 mm, fabricated using PCB etching with appropriate lumped
components and p-i-n diodes. The fabricated FSS prototypes, complete measure-
ment setup with angular adjustment mechanism, and measured results under both
normal and oblique incidence conditions are presented in Figure 10. The experimen-
tal results in comparison with simulated results, including frequency deviations and
electric field distributions under normal and oblique incidence, are discussed in detail
in the subsequent sections of the thesis. This modified PPW configuration elimi-

nates the need for large free-space prototypes and anechoic chamber setups while
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Figure 10: FSS prototypes, modified PPW experimental setup, and measured re-
sponses: (a) copper reference sample, (b) bandstop filter; wideband absorber: (c)
top view, (d) side view; RFSS: (e) top view, (f) bottom view; PPW Oblique inci-
dence measurement setup: (g) Sai, (h) Si;. Measured responses under normal and
oblique incidences: (i) bandstop filter, (j) wideband absorber, and RFSS: (k) OFF
state, (1) ON state.

providing a cost-effective and precise approach for wide-angle F'SS characterization,

establishing a reliable measurement method for RFSS geometries.

In summary, this thesis presents a systematic and comprehensive investigation
into the design, analysis, and experimental validation of multifunctional RFSS struc-
tures. The research begins with the development of a basic single-layer RFSS con-
figuration that demonstrates dual-mode switching between absorption and trans-
mission, establishing the foundation for understanding the role of p-i-n diodes in
achieving reconfigurable EM behavior. The work is subsequently extended by incor-
porating two diode sets independently controlled through an FPGA-based system to
realize three distinct functionalities, namely transmission, reflection, and absorption,
within a single structure. Building on these concepts, the work introduces a hybrid
design that integrates p-i-n and varactor diodes to simultaneously achieve switching
among different operating states and tuning within each state, thereby achieving a
tunable-switchable multifunctional RFSS capable of dynamic operation. To further
improve bandwidth and multifunctional stability, a multilayer architecture is then
proposed, which achieves wideband rasorber, absorber, transmission, and reflection

characteristics along with improved polarization and angular stability. All these
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proposed designs are supported by detailed design methodologies, equivalent circuit
modeling, full-wave simulations, and experimental validations. Beyond the struc-
tural development, the thesis also addresses practical implementation challenges by
introducing a modified PPW measurement setup capable of wide-angle characteri-
zation, offering a cost-effective and accurate alternative to conventional free-space
measurement systems. Overall, these contributions advance the state of RFSS tech-
nology by realizing compact, multifunctional, and frequency-agile RFSS structures
that combine versatility with real-time reconfiguration. The unified framework de-
veloped in this thesis demonstrates strong applicability for a wide range of modern
EM platforms, including stealth systems, RCS reduction, wireless communication,

and EM shielding.
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Chapter 1

Introduction

Over the past few decades, research on frequency selective surfaces (FSS) grows
rapidly because of their importance in stealth technology, radar systems, and elec-
tromagnetic (EM) shielding. An FSS is a periodic array of metallic elements that
exhibits different EM wave behaviors such as transmission, reflection, and absorp-
tion, based on its geometric dimensions, material properties, and interaction with
the incident EM wave. These structures act as spatial filters, allowing selective pas-
sage or blocking of EM waves at specific frequencies. They are widely used in the
designs of radomes, antennas, absorbers, polarizers, and shielding applications in mi-
crowave and millimeter-wave regimes [1-5]. Conventional FSS designs are restricted
to a single fixed function, which limits their practical use. With the rapid expansion
of wireless communication systems and modern radar platforms, there is a growing
demand for compact and reconfigurable frequency selective surfaces (RFSSs) that
can perform various EM functions like absorption, transmission, and reflection, ei-
ther simultaneously or selectively in a single structure. To realize this flexibility, F'SS
designs are engineered using various reconfigurable techniques, exhibiting different

EM responses in real-time scenarios [6-10].

In advanced communication and sensing environments, where different EM func-
tionalities are required across distinct frequency bands or at different time instants
in the same band, such RFSS designs hold strong potential. For example, an RFSS
with switchable transmission-reflection characteristics can selectively permit desired
signals in the transmissive state for adaptive wireless links, while it can reject or

redirect unwanted signals in the reflective state, improving link security [11-13].

1
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An absorptive mode can suppress undesirable or hostile signals by dissipating inci-
dent energy, supporting stealth functionality and electromagnetic interference (EMI)
reduction [14-17]. A rasorber structure combining both absorption and transmis-
sion behaviors can simultaneously support radar cross-section (RCS) reduction and
reliable communication performance [18-21]. Beyond defense and wireless commu-
nication domains, multifunctional RFSS (MRFSS) structures are also well-suited for
tunable filters, EM shielding, cognitive radar systems, and intelligent reconfigurable
surfaces for next-generation wireless networks [22-25]. The ability to dynamically
realize multiple EM responses in a single physical geometry makes the RFSS tech-
nology highly attractive for modern EM platforms, and this remains the central

focus of this PhD thesis.

To achieve the RFSS designs, several methods are investigated, including the
use of MEMS switches, liquid crystals, and composite materials [26-30]. These ap-
proaches often face challenges such as complex fabrication, slower switching speed,
and high implementation cost. To address these limitations, the electronically re-
configurable technique is often used, employing p-i-n diodes and varactors as the
constituent elements [31-35]. These components provide fast, reliable, and econom-
ical control of the F'SS frequency response, making them suitable for multifunctional
applications. The RFSS performance mainly depends on the diode behavior. A p-i-n
diode functions as a switch that alternates between a low-resistance ON state under
forward bias and a high-capacitance OFF state under reverse bias. This switching
allows a single structure to exhibit distinct EM responses. A varactor diode acts as
a tuning element whose capacitance varies with bias voltage, allowing continuous
frequency control. Integrating these diodes offers several benefits, such as fast re-
sponse, low power consumption, compact integration, and simple control over other

approaches.

To achieve the multifunctional responses, the designed geometries are analyzed
based on their EM responses and geometrical characteristics such that they can ex-
hibit transmission, reflection, and absorption performance [36-38]. Along with their
geometrical characteristics, the equivalent circuit model plays a crucial role in realiz-
ing the multifunctional behavior of the proposed RFSS structures. These geometries

typically consist of metallic patterns printed on one or both sides of a dielectric sub-
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strate, with diode components embedded at strategic locations to enable switchable
or tunable EM responses. Each diode-integrated metallic layer contributes a distinct
electrical behavior, and the combined response of these layers governs the overall
EM functionality of the structure. For instance, a parallel RLC network generally
exhibits a bandpass filter response, while a series RLC network produces a bandstop
response. Accordingly, a transmissive mode can be achieved when either or both of
the metallic layers emulate a parallel RLC' circuit. Conversely, the reflective mode
operation can be obtained when the metallic layer behaves as a series RLC' circuit
or presents a high-impedance (effectively short-circuited) state. For absorptive op-
eration, the top layer should be modeled as a parallel or series RLC' circuit, while
the bottom layer must act as a perfect reflector to suppress transmission. In the case
of a rasorber configuration, a suitable combination of transmission and absorption
behavior must be realized by tailoring the metallic patterns at different frequency
bands. Thus, the equivalent circuit model is extensively used for analyzing the

multifunctional responses of all RESS designs presented in this thesis.

Despite these advances, several limitations persist in existing switchable RFSS
designs. Most reported geometries remain restricted to specific functionalities such
as reflection/transmission [11-13], reflection/absorption [39-41], and polarizer/ re-
flector [42—44] operations. Only a few studies demonstrate switching between ab-
sorption and transmission modes, and these approaches often suffer from additional
issues such as multilayer arrangements, polarization sensitivity, and angular insta-
bility [45, 46]. Moreover, the integration of electronic control elements typically
requires additional biasing networks, which further increases design complexity. To
address these constraints and establish a foundational understanding of reconfig-
urable mechanisms, a single p-i-n diode-based configuration with an embedded bi-
asing network is explored to demonstrate basic dual-mode switching between ab-
sorption and transmission, while maintaining polarization-insensitive behavior in a

single-layer substrate.

Although this initial work establishes the fundamental switching mechanism, it
operates between only two modes and relies on manual biasing for switching between
operational states, making it unsuitable for real-time dynamic systems. Building

upon this foundation, the work progresses toward enhanced multifunctionality by
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introducing two independently controlled diode sets to generate multiple operat-
ing states. This configuration expands the number of operating modes and allows
the structure to achieve three distinct EM behaviors: absorption, transmission,
and reflection. To realize automated switching and real-time operation, a field-
programmable gate array (FPGA)-based control system is integrated to regulate

the diode sets.

While the previous designs achieve multiple distinct EM behaviors using p-i-n
diodes, the resonant frequencies remain fixed once the geometric parameters are
optimized. To overcome this limitation and introduce frequency agility, varactor
diodes are integrated with the existing p-i-n diode configuration, realizing both
mode switching and continuous frequency tuning in a single structure. This ap-
proach combines discrete switching and continuous tuning capabilities, where the
capacitance variation of varactor diodes under applied bias provides frequency con-
trol across different operating modes. The structure demonstrates switchable and

tunable characteristics with multiple operational states.

Despite demonstrating both switching and frequency-tuning capabilities, all the
previous designs operate at narrowband frequencies in each mode, which limits their
flexibility for systems requiring wideband EM responses. To address these band-
width limitations, a multilayer architecture is developed by integrating two dielec-
tric layers separated by an air spacer. In addition, lumped resistors are incorporated
along with p-i-n diodes to broaden the absorption response, while symmetric geome-
tries across the substrate layers ensure polarization-insensitive performance. This
configuration realizes wideband operation across multiple distinct EM functions,

including rasorber, absorption, transmission, and reflection characteristics.

While the design contributions establish a framework for RFSS development,
experimental validation of such designs remains challenging due to limitations of
existing measurement techniques. Traditional free-space measurements require large
prototypes, wideband horn antennas, and anechoic chambers, which increase cost
and complexity, especially for structures incorporating direct current (DC) biasing
networks. Although the parallel plate waveguide (PPW) technique is employed for
validation, conventional PPW systems are restricted to normal incidence charac-

terization and cannot evaluate wide-angle performance. This limitation motivates
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the development of a modified PPW measurement system capable of accurate char-
acterization under both normal and oblique incidence conditions. The modified
configuration consists of mechanically adjustable sections that allow controlled an-
gular excitation while maintaining electrical continuity. Different F'SS prototypes are
fabricated and tested to validate the effectiveness of this measurement approach.
Thus, the motivation for this thesis arises from the need to develop advanced
RFSS designs that overcome the limitations of conventional structures while broad-
ening their functional capabilities. In summary, the research follows a systematic
and progressive investigation across different domains of EM wave control. It begins
with the exploration of fundamental switching mechanisms using p-i-n diode con-
figurations to realize dual-mode operations, achieving polarization-insensitive ab-
sorber/transmitter functionalities through embedded biasing networks. Building
upon this foundation, the work progresses toward multifunctional systems that inte-
grate both switching and frequency-tuning features by combining p-i-n and varactor
diodes, thereby realizing simultaneous control of EM response and operational fre-
quency. The work is further extended to multilayer architectures capable of exhibit-
ing wideband behaviors among four distinct operating modes, including rasorber,
absorption, transmission, and reflection characteristics. In addition, the research ad-
dresses experimental challenges by developing a modified parallel plate waveguide
setup for wide-angle FSS characterization, providing a reliable and cost-effective ap-
proach for accurate measurement and validation. In summary, this thesis presents
a structured approach that progresses from basic switching concepts to advanced
multifunctional designs, supported by innovative measurement methodologies that

enhance the practical realization of RFSS technologies.

1.1 Overview of FSS

The idea of controlling EM waves through engineered periodic structures emerged
more than a century ago. In the early twentieth century, pioneers such as Marconi
and Franklin demonstrated that wire grids can behave as reflective surfaces when
the lengths of individual wires are tuned to resonate at particular frequencies [1-3].

Their 1919 patent documents these resonant metallic arrays, establishing the foun-
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dation for what later becomes known as frequency selective surfaces (F'SS) [47]. The
concept remains largely theoretical until the mid-twentieth century, when the rapid
growth of radar technology during World War II highlights the need for structures
capable of filtering and manipulating EM energy [48]. The increasing demand for
RCS reduction and efficient microwave filtering encourages extensive research on

thin metallic sheets patterned with periodic resonant elements.

As radar and microwave technologies advance, FSS structures begin to take
practical form. Early implementations are based on metallic dipole/mesh arrays in
radome applications, where frequency transparency is required for selected radar
bands while suppressing unwanted frequencies. Subsequent investigations introduce
the complementary configurations, such as patch-type and slot-type elements, in-
spired by Babinet’s principle, which exhibit opposite EM behaviours. Patch arrays
act as capacitive surfaces that support low-frequency transmission, whereas slot ar-
rays behave as inductive structures that favor high-frequency propagation [1-3]. The
combination of these complementary effects enables diverse filtering characteristics
such as low-pass, high-pass, band-pass, and band-stop responses, firmly establishing

the fundamental filtering role of FSS in EM design.

Structurally, an FSS consists of a periodic array of metallic elements whose di-
mensions are a small fraction of the operating wavelength. The overall structure
typically comprises one or more patterned metallic layers printed on dielectric sub-
strates, forming a periodic network. The geometry and periodicity of the elements
determine the equivalent inductance and capacitance of the surface, which in turn
dictate its resonance frequency. When an EM wave impinges on the structure at
its resonance frequency, a strong interaction occurs, leading to selective transmis-
sion or reflection. Therefore, these surfaces act as two-dimensional analogues of

lumped-element filters that operate in the spatial domain [49, 50].

Building on this foundation, modern FSS designs evolve toward compact and
multifunctional geometries. The contemporary unit-cell configurations include
dipole, cross, loop, ring, meander line, Jerusalem cross, and fractal pattern. The
evolution of FSS is illustrated in Figure 1.1, showing their progression from early
wire-grid reflectors [47] to compact and miniaturized geometries. Each geometry pro-

duces a unique current distribution and localized field pattern that modifies how EM
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Figure 1.1: Evolution of F'SS concepts: From the 1919 Marconi & Franklin wire-grid
reflector [47] through WWII mesh reflectors [51, 52], planar dipole/slot arrays of the
1960s-1980s, and compact miniaturized unit cells developed after 2000.

energy interacts with the surface. The conductive path length primarily influences
the inductive response, while the gap spacing and dielectric constant determine the
capacitive coupling. This interplay allows precise control over resonance position,
bandwidth, and strength. Moreover, coupling between adjacent unit cells affects
frequency stability and angular performance, shaping the overall electromagnetic

behavior of the surface.

Beyond transmission and reflection control, F'SS can also be engineered to exhibit
absorption characteristics, significantly extending their functionality. When prop-
erly configured, an FSS can minimize both reflection and transmission at specific
frequencies, causing most of the incident energy to dissipate as heat. This behavior
is achieved by incorporating resistive or lossy components into the periodic array
to ensure impedance matching with free space. The principle of EM absorption
traces back to Salisbury screens and Dallenbach layers, which use resistive sheets
backed by conductive plates to cancel reflections through destructive interference.
With advances in fabrication, these bulky absorbers evolve into compact, lightweight
FSS-based absorbers that combine frequency selectivity with energy dissipation, pro-

viding effective solutions for stealth and EMI-shielding applications [53-55].

As research advances, the scope of FSS extends even further toward multifunc-

tional control. Many modern radar and communication systems require simultane-
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Figure 1.2: Applications of multifunctional FSS/RFSS: (a) adaptive radome
for in-band transmission and stealth [59], (b) multifunctional surface for radar-
communication coexistence [60], and (c) intelligent surface for secure, reconfigurable
wireless control [61].

ous management of transmission and absorption, giving rise to frequency selective
rasorbers (FSRs). These hybrid structures merge the principles of filtering and ab-
sorption to achieve selective in-band transmission while attenuating or absorbing
out-of-band signals. Depending on the spectral arrangement of these bands, FSRs
are generally classified into transmission-absorption (T-A), absorption-transmission
(A-T), or absorption-transmission-absorption (A-T-A) configurations [56-58]. This
combination of filtering and absorbing behaviors makes FSRs indispensable for ad-
vanced radome and stealth technologies where both transparency and suppression

are required in a single, compact design.

The overall performance of an FSS depends on several interrelated parameters,
including resonant frequency, impedance bandwidth, angular stability, and polar-
ization response. The resonant frequency is primarily determined by the equivalent

inductance and capacitance of the unit cell, following the resonance condition

1

= oevic

(1.1)

The bandwidth represents the frequency range over which the transmission or re-
flection coefficients remain in the desired limits and is typically measured at the
—3 dB points. Angular stability ensures that the frequency response remains nearly
invariant under oblique incidence, while polarization insensitivity guarantees con-
sistent behavior for both transverse electric (TE) and transverse magnetic (TM)
polarizations. Together, these parameters define the operational reliability of an

F'SS and form the foundation for advanced multifunctional and reconfigurable struc-
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tures. Such multifunctional FSSs are increasingly vital in adaptive systems requiring
dynamic control of electromagnetic behavior. These surfaces enable selective trans-
mission, reflection, or absorption according to operational requirements, supporting
emerging technologies such as reconfigurable radomes, integrated communication
radar platforms, and intelligent wireless environments [59-61], as depicted in Fig-

ure 1.2.

1.2 Need for Reconfigurability in FSS

Conventional FSS are passive structures whose EM responses depend solely on their
geometry and material composition. Once fabricated, these parameters remain fixed,
resulting in a single operational mode and limited functionality. However, modern
radar, communication, and sensing systems operate in dynamic environments, where
the required EM behavior can vary in real time. To meet these demands, RFSSs
have been developed that can tune or switch their EM response without physical
modification [62-65]. This capability enhances design flexibility, broadens opera-
tional bandwidth, and reduces fabrication cost and time.

To realize such adaptability, various control mechanisms have been proposed
for implementing reconfigurability in FSSs. The most common approaches include
mechanical, magnetic, and electronic tuning methods [66-70]. Mechanical tuning
involves physically altering the structure through movements such as rotation, trans-
lation, or deformation of the resonant elements. Although this approach offers wide
tuning ranges, it suffers from slow response times, high wear, and complex actuation
mechanisms. Magnetically reconfigurable designs employ ferrite or magneto-optic
materials that alter their permeability or permittivity under external magnetic fields.
While these methods allow contactless control, they generally require bulky bias-
ing setups and high magnetic fields. In contrast, electronically reconfigurable FSSs
utilize components such as p—i—n diodes, varactors, MEMS switches, liquid crys-
tals, or graphene layers. These components modify the equivalent circuit param-
eters—primarily resistance, inductance, and capacitance—under applied bias con-
ditions, enabling real-time tuning of the resonance frequency or switching between

different EM states. Compared with mechanical and magnetic techniques, electronic
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approaches offer faster response, compact integration, and simpler biasing networks,
making them the most suitable choice for practical RFSS implementations.
Among various electronic methods, the use of p—i—n diodes and varactors is par-
ticularly widespread due to their robustness, low cost, and reliable operation over
wide frequency ranges [71-73]. MEMS- and liquid-crystal-based FSSs; although
functional, often suffer from complex fabrication processes and limited switching
speed. In contrast, p—i—n diodes provide instantaneous binary switching between
resistive and capacitive states, while varactors enable continuous tuning of capaci-
tance under variable bias voltage. This complementary behavior allows both discrete
and analog control of the EM response in a single design. Consequently, electroni-
cally reconfigurable FSSs employing these diodes achieve high adaptability with low

power consumption and minimal hardware overhead.

1.3 Working Principle of Electronic Diodes

The electronic diodes, viz., p—i-—n diode and varactor diode, operate under two differ-
ent principles. A p-i—n diode functions as a discrete switch that alternates between
two electrical states (ON state and OFF state). Under forward bias, it behaves as a
low-resistance element, effectively creating a conductive path across the connected
resonators. Under reverse bias, it acts as a high-impedance capacitor, interrupting
the current flow. The equivalent circuit representation of a p—i—n diode consists of
a series resistance (Ron) and a parasitic inductance (Loy) in the ON state, and a
series combination of capacitance (Copp) and inductance (Lopr) in the OFF state.
The transition between these two states provides rapid switching between different
EM modes such as reflection, transmission, and absorption. The relationship be-
tween the stored charge and the carrier lifetime in the intrinsic region determines

the switching speed, which is typically on the order of nanoseconds.

P-I-N diode model Varactor model
Glss = Lon Lorr % ¢
LY Inirinsic \ 1 (.J C‘. Rs Ls
Layer CDFF 1

1 VR

Ron -I—

Figure 1.3: Equivalent circuit models of p—i-n diode in the ON and OFF states and
varactor diode illustrating voltage-controlled junction capacitance.
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A varactor diode, in contrast, operates as a voltage-controlled capacitor. When
a reverse-bias voltage V, is applied, the depletion width of the junction changes,
leading to a variable junction capacitance C'(V,.). The capacitance is inversely related

to the applied voltage and is generally expressed as

Co

W?
]_ _
<+V;-)

where Cj is the zero-bias junction capacitance, V; is the built-in potential, and m is

O(V;) = (1.2)

the grading coefficient (typically 0.3-0.5 for abrupt junctions).
This nonlinear voltage—capacitance relationship allows continuous tuning of the

resonant frequency according to

1

" /Lo,

By adjusting V., the resonance of the FSS unit cell can be shifted over a wide fre-

fr (1.3)

quency range without altering its geometry. When used in combination with p—i-n
diodes, varactors provide an additional degree of freedom by enabling simultaneous
switching and tuning operations in the same structure. The integration of these
electronic components in an FSS transforms the traditionally static surface into an
intelligent, adaptive interface capable of multiple EM functionalities. The combined
use of p—i-—n and varactor diodes enables both discrete state transitions and contin-
uous frequency tunability, with the help of equivalent circuit modeling, as shown in
Figure 1.3. These advantages make electronically reconfigurable FSSs particularly
suitable for next-generation applications in RCS reduction, adaptive filtering, beam
steering, and dynamic communication systems that demand real-time control and

multifunctional performance.

1.4 Basic Mechanisms of EM Operation

The EM operations of an FSS depend on its periodic metallic patterns and their
interactions with the incident EM waves. Depending on the electrical boundary

conditions and equivalent impedance relationships, the structure can exhibit reflec-
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Figure 1.4: Basic mechanisms of RFSS: (a) representative single dielectric structure
with p-i-n diodes, (b)-(d) schematic depiction of reflection, transmission, and ab-
sorption operations, and (e) equivalent circuit model illustrating common impedance
representation for all modes.

tion, transmission, absorption, rasorber (transmission combined with absorption),
or other types of EM behaviors, as shown in Figure 1.4. The interaction of the in-
cident field with the patterned metallic layer, dielectric substrate, and bottom layer
determines the power distribution among various characteristics. These effects are
governed primarily by the impedance matching conditions between the FSS and free
space. When the impedance of the structure differs significantly from that of free
space, reflection dominates. When the impedances are matched, transmission or
absorption occurs, depending on whether the transmitted wave is allowed to pass or

is attenuated in the surface.

1.4.1 Reflection Mechanism

The reflection mechanism in FSSs originates from the impedance mismatch that
occurs between the surface and the surrounding medium. When the incident EM
wave encounters the periodic metallic surface, the induced surface current on the
pattern re-radiates the energy toward the source instead of allowing it to transmit

through. This re-radiation process becomes dominant whenever the input impedance
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of the surface, Z,, differs from the free-space impedance, Zy. A highly mismatched
condition, ecither Zy, > Z, or Z;, < %, leads to strong reflection and negligible
transmission. The extent of this reflection is represented by the reflection coefficient

SH, given by
Zin - ZO

S = 2n 20
WS+ 7,

(1.4)

To obtain Z;,, the periodic surface is modeled as a parallel impedance network
consisting of the top patterned sheet, the dielectric substrate, and the bottom con-
ducting surface, as illustrated in Figure 1.4(e). The dielectric and bottom combina-

tion presents an impedance Zpun, expressed as

Zd (Zbot + jZd tan(ﬁt))

Zoath = : 1.5
path Zd + ]Zbot tan(ﬂt) ( 0)
The overall input impedance is therefore
1 1\
Tin = + ) . 1.6
(Ztop Zpath ( )

When the imaginary part of Z;, is not equal to zero, that is, when Im(Z;,) # 0,
the structure behaves as a reactive surface. The stored electric or magnetic energy
oscillates between the layers without being radiated, leading to strong reflection.
This typically occurs away from the resonant frequency of the surface, where the
pattern behaves either as a capacitive or an inductive sheet. For example, when
the periodic elements contain narrow gaps or small apertures, capacitive coupling
becomes dominant and Z;, decreases, causing a reflection band at lower frequencies.
Conversely, when the pattern contains long current paths such as dipoles or slots,

inductive effects dominate, shifting the reflection band to higher frequencies.

In reconfigurable structures, reflection can be dynamically controlled by adjust-
ing the surface impedance through p—i—n diodes. When these diodes are forward
biased, the conductive path across the gaps becomes continuous, effectively reducing
Ziop t0 a small resistive value. The resulting mismatch with free space generates a
high reflection coefficient, switching the surface into a reflective state, as shown in
Figure 1.4(b). By modifying the biasing condition or replacing p—i—n diodes with

varactors, the equivalent inductive and capacitive parameters can be tuned, thereby
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shifting the resonant frequency and adjusting the reflection bandwidth [74, 75].

1.4.2 Transmission Mechanism

Transmission through an FSS occurs when the overall input impedance matches the
free-space impedance, allowing the incident EM energy to propagate through the
structure with minimal reflection. The transmission coefficient S9; can be derived

from the impedance relationship as

2Zin

Sop = ———. 1.7
o Zin + 2y (1.7)

The structure reaches the transmission condition when Z;, =~ Zy and S7; = 0. In
this state, the reactive components of the top and bottom layers cancel each other,
resulting in a purely resistive impedance that supports power flow across the dielec-
tric substrate. The dielectric medium of thickness ¢t introduces a phase delay, while
the top and bottom patterns control the electric and magnetic field distributions,
respectively. Transmission maxima occur when the phase difference between the

waves reflected from both interfaces satisfies the constructive interference condition
20t = nm, (1.8)

where (§ is the propagation constant in the dielectric and n is an integer. Under
this condition, the reflections from successive layers cancel each other, and the net
transmitted wave achieves maximum amplitude.

The top and bottom metallic patterns behave as resonant LC' networks, with
inductance arising from current paths and capacitance from inter-element gaps. The

resonance frequency of each surface can be approximately expressed as

1

Jr= 2mvVLC’

(1.9)

where L and C represent the effective inductance and capacitance, respectively, in
each unit cell.
In reconfigurable structures, the reverse-bias condition in p-i-n diodes intro-

duces a junction capacitance that forms a resonant circuit with the inductance of
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the unit-cell geometry. However, the resonance frequency remains fixed by the diode
capacitance. To enable dynamic frequency variation, varactor diodes are employed,
where the reverse bias continuously alters the junction capacitance C,. This tunabil-
ity allows real-time adjustment of the EM response, enabling adaptive transparency
across multiple frequency bands [76-78]. Consequently, the transmission behavior of
an FSS is governed by the EM coupling between patterned layers, substrate thick-
ness, and the effective reactance of the embedded diodes, allowing the surface to
operate as a spatial band-pass filter that transmits desired signals while suppressing

unwanted frequencies.

1.4.3 Absorption Mechanism

In absorber configurations, the goal is to suppress both reflection and transmission
simultancously so that the incident EM energy is dissipated in the surface. This phe-
nomenon occurs when the input impedance of the structure matches the free-space
impedance, thereby eliminating the reflection, while the bottom surface prevents any
transmitted power. A typical structure used for such absorption behavior consists of
a top resistive layer, a dielectric substrate of finite thickness, and a bottom metallic
sheet or patterned surface. The top layer introduces a lossy impedance that con-
tributes to energy dissipation, while the dielectric substrate provides a phase delay
to ensure destructive interference between direct and reflected fields. The bottom
layer acts either as a perfect conductor or as a reactive impedance that controls the
reflected field strength.

The equivalent impedance and the Sy; of such a single-layer absorber can be ex-
pressed using the parallel input impedance model (Z;,), as discussed in the reflector
mechanism. Under perfect absorption, Sy = 0 and Z;, = Zj, resulting in S;; = 0

and maximum energy dissipation. The absorptivity of the surface is calculated as
Aw) =1—|Su|* = [5x (1.10)

which simplifies to

Alw) =19 (1.11)

for ground-backed configurations.
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The key design objective is to tune Zip, Z4, and Zyo, such that the real part
of Z, equals Zy and its imaginary part is minimized, thereby ensuring complete
impedance matching. When these two conditions are satisfied simultaneously, the
reflected and re-radiated fields interfere destructively, causing the incident energy
to dissipate through the resistive elements or lossy substrate.

To realize this condition practically, the top layer is designed as a lossy series
or parallel RLC network, where the resistor controls the absorption strength, while
the inductor and capacitor represent the distributed effects of the patterned ele-
ments. The dielectric substrate introduces phase compensation so that the effective
impedance presented to the incident wave becomes purely resistive at resonance. For
normal incidence, when the top sheet is modeled as Zi, = R + jX, the absorption

condition is satisfied if the substrate parameters obey
Bt T (1.12)

producing a quarter-wave-like resonance that cancels the reactive part of Z;,. The
bottom impedance Z.; determines the reflection boundary: when Z,,s — 0, it
behaves as a perfect conductor, while a finite or reactive Z},.; can be used to broaden
the absorption bandwidth or tailor the frequency response. By carefully balancing
Ziops Zq, and Zpet, the input impedance of the surface can be matched to Z; over a
wide frequency range, producing near-unity absorption.

In reconfigurable absorber configurations, the absorption performance can be
dynamically adjusted by controlling the impedance components Zi,,, Zg, and Zy,o
through bias-dependent elements. When p-i—n diodes are integrated across the
gaps of the top pattern, their switching state modifies the effective resistance and
reactance of Zi,,. Under forward bias, the diodes provide a low-resistance path,
enhancing energy dissipation and increasing absorption. In contrast, the reverse-
biased state introduces a junction capacitance that alters the resonance frequency
and shifts the absorption band. Varactors offer continuous tuning capability by
varying their junction capacitance with applied bias voltage, enabling real-time ad-
justment of the absorption magnitude and bandwidth. By tuning these impedance
parameters, the overall input impedance Z;, can be matched to Z, across different

bias states, allowing dynamic control of the absorption characteristics [79-82].
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1.4.4 Rasorber Mechanism

A rasorber represents an advanced form of FSS that combines both absorbing and
transmitting characteristics in a single geometry. Unlike conventional absorbers that
suppress all frequencies, a rasorber selectively absorbs out-of-band frequencies while
allowing in-band transmission. This dual functionality is achieved by carefully ad-
justing the surface impedances of the top and bottom layers such that the structure
behaves as an absorber in one frequency range and as a transmitter in another. A
typical rasorber configuration consists of two dielectric substrates separated by an
air spacer. The top substrate supports a lossy F'SS pattern that includes resistive el-
ements in series with an equivalent parallel LC' circuit, while the bottom substrate
carries a reactive FSS layer modeled by a parallel LC network. The air spacer
between these two substrates behaves like a quarter-wavelength transmission line,
introducing a necessary phase shift between the layers. The multilayer FSS config-
uration presented in Figure 1.5 demonstrates the interaction between the dielectric

and air-spacer layers required to achieve the rasorber response.
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Figure 1.5: (a) Representative dual-layer RFSS structure with p-i-n diodes, (b)
schematic depiction of rasorber operation, and (c) equivalent circuit model illustrat-
ing common impedance representation.

Using the same parallel-impedance framework discussed earlier, the overall input

impedance at the top surface can be expressed as

Zay (Zair,eq + J Za1 tan(Bity))
Zay + J Zyireq tan(Bity)

Zpath = (113)

where the equivalent impedance of the air spacer backed by the bottom substrate is

Zair (Zd27eq + jZair tan(ﬁOh))
Zair + jZdQ,eq tan(ﬁoh) ’

(1.14)

Z air,eq —
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and the impedance of the second dielectric substrate terminated by the bottom FSS

is given by
7o Zao (Znot + Jj Zaz tan(Bats)) (1.15)
@2.e4 Zay + J Zpor tan(Batz) .

Here, Zio, represents the impedance of the top resistive layer, Z4 and Z;, are
the characteristic impedances of the two dielectric substrates with thicknesses t;
and %o, respectively, Z,;, corresponds to the impedance of the air spacer of height
h, and Z. denotes the impedance of the bottom reactive FSS layer. The overall

input impedance seen from free space is then obtained as

1 1\
Lim = + . 1.16
(Ztop Zpath) ( )

At the absorption frequencies, the bottom FSS behaves like a low-impedance
reflector, resulting in a small Z,,,, while the lossy top sheet is designed such that
Ziw = Zy. This condition ensures minimal reflection and transmission, forcing most
of the incident energy to dissipate in the resistive elements of the top surface. In the
transmission band, the reactive bottom FSS exhibits a parallel-resonant band-pass
response and effectively transforms into a high-impedance surface (Zpun — 00).
Under this condition, the total admittance at the input plane becomes nearly zero,
ie.,

1 1

_l’_

Kn =
Z top Z path

~ 0, (1.17)

allowing the electromagnetic wave to pass through the structure with minimal re-
flection. Consequently, the rasorber alternates between two impedance states: a
matched lossy state for absorption and a parallel-resonant open state for transmis-
sion.

Depending on the spectral ordering of these bands, rasorbers can be categorized
as absorption-transmission-absorption (A-T-A), transmission-absorption (T-A),
or absorption-transmission (A-T) types. By adjusting the impedance values of Zy,,
and Zy using p—i—n diodes or varactors, the resonance and loss characteristics can
be dynamically tuned [83—-85]. By modifying the diode bias states, the equivalent cir-
cuit parameters (R, L, and C) in the surface impedance expressions are dynamically
adjusted, enabling real-time switching between reflection, transmission, absorption,

and rasorber states in a single structure.
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1.5 Literature Survey on RFSS Structures

In this section, a brief description of earlier reported electronically controlled RFSS
structures has been presented. These reconfigurable designs can be broadly clas-
sified into switchable structures, tunable structures, switchable-tunable multifunc-
tional structures, and measurement approaches developed for their experimental

verification.

A switchable structure operates by altering its EM response through discrete
changes in bias states of active elements such as p-i-n diodes. Depending on the
applied bias, the structure can exhibit distinct modes such as absorption, reflection,
or transmission. These designs are simple to implement and provide clear functional

switching, though their operating frequencies remain fixed once fabricated.

A tunable structure achieves continuous variation in frequency response by em-
ploying elements like varactor diodes. Such configurations allow adjustment of res-
onant frequencies under varying bias conditions, providing frequency agility. How-

ever, their functional states are generally limited to a single operational mode.

A switchable-tunable multifunctional structure integrates both switching and
tuning mechanisms in a single configuration. This combination enables multiple op-
erational modes along with frequency flexibility, thereby extending the adaptability
of the surface for multifunctional applications. Although this approach increases

control capability, it also demands careful biasing and circuit optimization.

Apart from structural development, significant efforts have been devoted to im-
proving measurement approaches for accurate characterization of these reconfig-
urable structures. Traditional free-space setups often require large samples and
precise alignment, whereas the PPW technique provides compact, repeatable, and

cost-effective alternatives for validating multifunctional FSS responses.

A brief overview of these switchable, tunable, and switchable-tunable structures,
along with the relevant measurement methodologies, has been presented in the sub-

sequent sections.



20 Introduction

1.5.1 Switchable RFSS Structures

Switchable FSS represents the earliest class of electronically reconfigurable designs,
which include p-i-n diodes that operate with two different characteristics under for-
ward bias and reverse bias conditions. The concept of introducing electronic switches
into F'SS unit cells emerged in the early 1990s, marking a shift from fixed passive
filters toward dynamically controllable structures. Among the various electronic
components, the p-i-n diode has become the most widely adopted due to its fast
switching speed, compact size, and ease of integration in periodic metallic patterns.
In recent years, several switchable F'SS configurations have been explored to achieve
multifunctional operations such as transmission, reflection, absorption, polarization,
and rasorber through simple diode control mechanisms. These designs collectively
demonstrate how the integration of a single electronically controlled element, such
as a p-i-n diode, can tune the surface response to realize various EM functionalities

depending on the structural configuration and biasing state.

Single p-i-n diode-based Switchable RFSS Structures
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Figure 1.6: Active annular ring FSS: (a) unit cell configuration, (b) p-in diode
equivalent circuits, (c¢) simulated ON-state response, and (d) simulated OFF-state
response. [Courtesy: P. S. Taylor, E. A. Parker, and J. C. Batchelor, “An active
annular ring frequency selective surface,” IEEE Trans. Antennas Propag., vol. 59,
no. 9, pp. 3265-3271, Sept. 2011.]

Initially, single-band switchable transparent/reflector configurations are reported,
where the transition between transmission and reflection is achieved by controlling
the electrical connection in the resonant geometry. In [6], an active annular ring
FSS is proposed in which the structure can dynamically switch between transparent

and reflective states by biasing p—i—n diodes, as shown in Figure 1.6. The sur-
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face comprises annular rings segmented at orthogonal positions, and the ON and
OFF states of the diodes determine whether the surface behaves as an inductive
or capacitive grid. When the diodes are forward biased, the conductive paths are
connected, restoring the fundamental resonance that produces a reflection peak at
2.45 GHz. Conversely, when the diodes are reverse biased, the current paths are
interrupted, leading to a transparent state with minimal transmission loss, as shown
in Figure 1.6. This mechanism illustrates that by modifying the electrical conti-
nuity of the resonator through the diode bias, the structure can effectively switch
between high-reflection and high-transmission modes, providing the foundation for

switchable FSS geometries.
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Figure 1.7: Switchable metamaterial reflector/absorber: (a) schematic layout, (b)
fabricated sample, (c) Row A ON/OFF states, and (d) Row B ON/OFF states.
[Courtesy: B. Zhu, Y. Feng, J. Zhao, C. Huang, and T. Jiang, “Switchable metama-
terial reflector/absorber for different polarized electromagnetic waves,” Appl. Phys.
Lett., vol. 97, no. 5, p. 051906, 2010.]

Later, the concept is extended to switchable absorber/reflector configurations,
demonstrating the ability to control EM dissipation characteristics. In [86], a meta-
material absorber/reflector is developed using an array of electric-LC (ELC) res-
onators integrated with p—i—n diodes, as presented in Figure 1.7. The design en-
ables control of KM operation through capacitive or inductive coupling between
resonant elements, which is determined by the diode bias state. When the diodes
arc in the OFF condition, the ELC elements are capacitively coupled, resulting in
strong electric and magnetic resonances that match the impedance of free space
and lead to near-perfect absorption at 3.34 GHz. When the diodes are switched
ON, the coupling becomes inductive, canceling charge accumulation across the res-
onators and converting the surface into a reflective state. Moreover, by arranging

two orthogonal sets of ELCs, the surface achieves polarization-selective absorption
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or reflection. This study reveals that simple bias control can tailor the coupling
mechanism in resonant inclusions to achieve switchable absorber/reflector behavior

with good polarization selectivity.
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Figure 1.8: Active absorption/transmission FSS using diodes: (a) front view, (b)
back view, and (c) simulated reflection and transmission characteristics for ON
and OFF states. [Courtesy: S. Kitagawa, R. Suga, K. Araki, and O. Hashimoto,
“Active absorption/transmission FSS using diodes,” IEEE Asia-Pacific Microwave
Conference, 2015.]

Building upon these principles, several other designs focus on absorber /transmitter
operations. These configurations aim to achieve absorption and transmission charac-
teristics in the same structure by partially modifying the ground plane or introducing
openings that allow EM wave propagation under different bias conditions. In [45],
a diode-controlled FSS is proposed in which p—i—n diodes provide EM coupling in
the resonant structure to alternate between narrowband absorption and transmis-
sion characteristics, as depicted in Figure 1.8. When the diodes are reverse-biased,
the capacitive nature of the circuit supports strong resonance, enabling effective
absorption of incident energy. Conversely, in the forward-biased state, the diodes
provide an inductive path that suppresses resonance and permits EM wave propaga-
tion through the surface. This configuration highlights the role of active switching
in dynamically modifying impedance matching and resonance suppression, demon-
strating the transition between absorber and transmitter functions in a single planar
design.

Subsequently, another important category of switchable FSSs is introduced to
achieve polarization and reflection operations using diode-controlled geometries.
In [44], a switchable reflection-type linear/circular polarization converter is pro-
posed, where the FSS transforms a linearly polarized incident wave into either a

cross-polarized or a circularly polarized reflected wave depending on the diode bias
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Figure 1.9: Switchable linear/circular polarization converter: (a) unit cell geometry,
(b) side view, (c¢) Si; for co- and cross-polarization, and (d) polarization conversion
ratio (PCR). [Courtesy: Y. Li, Q. Cao, and Y. Wang, “A switchable reflection-type
linear/circular polarizers based on active metasurface,” 2019 IEEE International
Symposium on Antennas and Propagation and USNC-URSI Radio Science Meeting,
Atlanta, GA, USA, 2019,

state. The structure employs a cross double-head arrow configuration with two p—i—n
diodes integrated along one arm. In the OFF state, one arm of the arrow is electri-
cally isolated, enabling the other arm to function as a linear polarizer that converts
co-polarized reflection into cross-polarization through anisotropic current distribu-
tion. When the diodes are switched ON, the two arms are electrically connected,
resulting in a symmetric structure that supports equal magnitudes of orthogonal
linear polarization components with a 90° phase shift, thereby generating circularly
polarized reflection, as shown in Figure 1.9. This work demonstrates polarization
manipulation through dynamic reconfiguration of current distribution and resonator
symmetry using simple diode biasing.

After discussing the polarization/reflector configuration, which demonstrates
bias-controlled polarization conversion between linear and circular reflections, an-
other advancement in switchable FSSs is introduced through the design of rasor-
ber/absorber structures. These configurations represent an extended form of multi-
functional FSSs in which both absorption and transmission characteristics coexist in
a cascading manner, providing more sophisticated EM control. In [87], a low-profile
broadband frequency-selective rasorber/absorber based on slot arrays loaded with
switching diodes is proposed, as presented in Figure 1.10. The rasorber acts as a
hybrid between an absorber and a bandpass F'SS, allowing transmission in a defined

frequency window while absorbing out-of-band EM energy.

The physical mechanism underlying this design relies on the coupling between



24 Introduction

Registor  Diode Capacitor Lossy FSS Layer: o IS,] =064 B @377 GHz
Copper Diode: OFF D Y T, -t
Slot 11 = 54 |
ly - gmde i 3 |
Exe_* - S e L 8 0l ! L ¥
7 A R e ’k-__"__ " . P
k o A= # e g 54 ' # 4 i
tt Stot V 8 =S 1 F :
T £ - § 204
- Lossless FSS Layer: \ /
il = 3] Dinde: OFF Diode: ON 5] \
) o J
Bas  _ &5 piods \ [ |
| b | - L . 304 | | Diode "OFF" : Rasorber  Diode "ON"Absorber |
ty 2 Bl ), - iy s 1 151 15 18] === 5]
1 2 04 -35 b T T = T T ~ 1
o L | 1 2 3 4 5 6
Bias £ Srs 5 " Sps' " Freq | GHz

(a) (b) (c)

Figure 1.10: Dual-layer FSS-based switchable rasorber/absorber: (a) structure
schematic with resistive elements, (b) surface current distributions for diode OFF
and ON states, and (c) simulated S-parameters showing rasorber and absorber
modes. [Courtesy: Y. Han, W. Che, X. Xiu, W. Yang, and C. Christopoulos,
“Switchable low-profile broadband frequency-selective rasorber/absorber based on
slot arrays,” IFEEE Trans. Antennas Propag., vol. 65, no. 12, pp. 6998-7008,
Dec. 2017.]

lossy and lossless FSS layers. The lossy layer, composed of resistively loaded slots,
primarily determines the absorption regions, while the lossless slot layer introduces
the transmission window. The equivalent circuit model demonstrates that the ra-
sorber operates with three distinct frequency bands: lower absorption, transmission,
and upper absorption regions. When the embedded p—i—n diodes are in the OFF
state, the structure maintains its resonant slot lengths, allowing a passband in the
absorption band. In this condition, the incident wave partially transmits through
the structure due to impedance matching between the lossy and lossless layers. How-
ever, when the diodes are forward biased (ON state), the effective resonant length of
the lossless slots decreases, shifting the passband out of the absorption band. This
eliminates the transmission window and transforms the structure into a full ab-
sorber. Thus, the device dynamically transitions between the rasorber and absorber
states through bias control.

The inclusion of a single p—i—n diode not only governs the resonance coupling
between the layers but also determines the effective impedance seen by the incident
wave, enabling broadband absorption or selective transmission. Such mechanisms il-
lustrate the evolution of single-diode-controlled FSSs from simple absorber /reflector
or transmitter /reflector configurations to advanced hybrid devices, thereby forming
the physical foundation for multifunctional RFSS designs.

From the above-discussed works, it is evident that a single p—i—n diode can
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effectively govern one or two specific EM operations depending on the resonator
geometry and bias-dependent impedance behavior. Several existing studies have
further examined such single-diode-based FSS configurations, reporting a range of
switchable responses that are limited to a small set of operational modes due to the
availability of only two bias states [88-92]. However, achieving all these functional-
ities simultaneously in a single structure requires a higher degree of control. This
can be realized by integrating multiple diodes in the unit cell. For instance, the
use of two p—i-—n diodes introduces four possible biasing combinations (OFF-OFF,
OFF-ON, ON-OFF, and ON-ON), thereby enabling multiple functional states in
a single design. These additional switching combinations allow the FSS to achieve

extended multifunctionality in a single reconfigurable geometry.
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Figure 1.11: Dual-layer p—i-n diode-based polarization-independent switchable FSS:
(a) 3D schematic, (b) cross-sectional view, (c) biasing network layout, and (d)—(g)
simulated transmission responses for different diode bias states under TE and TM
polarizations. [Courtesy: H. Li, Q. Cao, and Y. Wang, “A novel 2-B multifunctional
active frequency selective surface for LTE-2.1 GHz,” IEEFE Trans. Antennas Propag.,
vol. 65, no. 6, pp. 3084-3092, Jun. 2017.]

To proceed with further developments in multifunctional FSS geometries, two inde-
pendently controlled p—i—n diodes are employed on the top and bottom layers of a
dielectric substrate. This two-layered approach enables independent tuning of the

surface impedance at each layer, thereby allowing four possible bias combinations
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that result in distinct EM operations in a single structure. In [93], a dual-layer
RFSS is designed in which both layers contribute complementary EM functionali-
ties through bias-controlled transitions between capacitive and inductive coupling,
as shown in Figure 1.11. The top layer is primarily responsible for establishing the
transmission behavior, whereas the bottom layer determines reflection or absorption

depending on its diode state.

When both diodes are in the OFF state, the structure exhibits dual-band trans-
mission due to capacitive resonance coupling between the two layers. When both
diodes are ON, the conductive paths are connected, forming continuous current
loops that suppress resonance and result in a broadband reflective state. Under
asymmetric biasing conditions, the surface exhibits hybrid functionalities such as
TE-pass/TM-stop and TM-pass/TE-stop, demonstrating independent polarization
control from each layer. The physical mechanism underlying these states is governed
by variations in surface reactance and interlayer coupling, where each diode state
modifies the resonance strength and electric-field distribution across the substrate.
This enables precise manipulation of the frequency-selective response in a single

multifunctional RFSS configuration.
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Figure 1.12: Multifunctional reconfigurable AFSS: (a)—(b) top and bottom unit cells,
and (c)—(f) simulated S-parameters for four switching states. [Courtesy: R. Phon,
S. Ghosh, and S. Lim, “Novel multifunctional reconfigurable active frequency selec-
tive surface,” IEEE Trans. Antennas Propag., vol. 67, no. 3, pp. 1709-1719, 2019.]
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A subsequent configuration extends this concept by modifying the resonator
topology of the two layers to realize even broader multifunctional characteristics.
In [94], both layers are patterned with distinct metallic geometries such that the
overall surface response can be tuned to obtain dual-band transmission, narrowband
absorption, single-band transmission, or broadband reflection, depending on the
diode bias combinations. The OFF-OFF state provides simultaneous resonance on
both layers, leading to dual-band transmission. When the top diode is ON, and
the bottom remains OFF, the top layer acts as a reflector while the bottom layer

continues to transmit, resulting in a single transmission band.

Conversely, when the top diode is OFF and the bottom diode is ON, strong
resonant coupling between the lossy and reflective layers produces a narrowband
absorption response. When both diodes are ON, the system achieves high reflec-
tivity over a wide frequency range due to the suppression of both transmission and
absorption mechanisms, as illustrated in Figure 1.12. These behaviors are well ex-
plained through equivalent circuit representations and field analysis, revealing how
independent electrical control of two diodes dynamically adjusts impedance match-
ing and interlayer coupling to obtain four distinct EM operations in a single FSS

configuration.

These studies clearly demonstrate that employing two p—i—n diodes in dual-layer
F'SS geometries enables a significantly expanded control mechanism compared with
single-diode designs. Several subsequent works have further explored multifunctional
RFSS configurations, introducing a variety of switchable layouts capable of provid-
ing reflection, transmission, absorption, and hybrid responses in similar structural
frameworks [95]. While these switchable configurations allow transitions among
multiple functionalities, the corresponding resonant frequencies remain fixed. To
enable dynamic frequency control, the next evolution in RFSS design involves tun-
able structures, in which the integration of continuously variable components such
as varactor diodes provides frequency agility through voltage-controlled capacitance
variation. This tunability enhances adaptability by enabling real-time adjustment
of the resonance position without altering the physical geometry, thereby extending

operation over wider spectral regions.
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1.5.2 Tunable RFSS Structures

One of the earliest implementations of this concept utilizes a varactor-tunable con-
voluted dipole F'SS structure in which each dipole element incorporates a varactor
diode connected through resistive lumped-clement biasing grids [96]. These grids
serve a dual function: providing the biasing path for the diodes and suppressing
parasitic resonances that often degrade the frequency response, as shown in Fig-
ure 1.13. The resistive biasing network, realized using surface-mounted resistors,
effectively mitigates microwave current coupling in the grids and improves the low-
pass performance of the filter. In this configuration, reverse biasing of the varactors
continuously alters their capacitance, thereby shifting the band-stop frequency of
the FSS. As the bias voltage increases, the capacitance decreases, resulting in an
upward shift in the resonant frequency. The design achieves a stable tuning re-
sponse with minimal voltage drop across the biasing grids, ensuring uniform diode
excitation across the array. Thus, this work demonstrates that resistively biased

varactor-loaded FSS structures can achieve continuous frequency tuning.
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Figure 1.13: Varactor-tunable convoluted dipole FSS: (a)-(b) upper and lower met-
allization layers with varactor diodes and resistors, and (c) simulated transmission
response demonstrating tunability. [Courtesy: C. Mias, “Varactor-tunable frequency
selective surface with resistive-lumped-element biasing grids,” IEEE Microw. Wire-
less Compon. Lett., vol. 15, no. 9, pp. 570-572, 2005.]

Another significant contribution toward tunable FSS development is the re-
alization of a high-impedance surface (HIS) with a reduced number of varactor
diodes [97], addressing the complexity and cost issues of conventional designs, as
illustrated in Figure 1.14. Typically, each unit cell requires one or more varactors,
leading to a dense biasing network. This limitation is overcome by introducing a

feeding network behind the ground plane, which is connected to the FSS elements
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through metallized vias, allowing a single varactor to control a group of unit cells.
The tuning mechanism of this shared varactor follows the same principle described
earlier, where varying the reverse bias alters the equivalent capacitance, thereby
shifting the resonance frequency and reflection phase. The feeding lines are de-
signed to ensure electrical equivalence, preserving the desired tunable response with
minimal amplitude degradation. The reduced varactor count simplifies the overall
design and biasing network without compromising the tuning range or phase lin-
earity. The losses primarily arise from the substrate rather than the tuning mech-
anism, indicating that the use of low-loss dielectric materials can further enhance
performance. This approach establishes a cost-effective and practical foundation
for tunable high-impedance FSSs suitable for integration with low-profile antenna

systems.
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Figure 1.14: Tunable high-impedance surface with reduced varactors: (a)—(b) struc-
ture and feeding network with a single-diode configuration, and (c¢)—(d) simulated
and measured reflection responses for different diode capacitances and resistances.
[Courtesy: F. Costa, A. Monorchio, and G. P. Vastante, “Tunable high-impedance
surface with a reduced number of varactors,” IEEE Antennas Wireless Propag. Lett.,
vol. 10, pp. 11-13, 2011.]

Building upon this concept, a more advanced tunable design introduces a var-
actor loaded second-order bandpass FSS employing embedded bias networks for
seamless electrical control, as presented in Figure 1.15 [98]. This configuration
incorporates three metallic layers separated by thin diclectric spacers, where the
top and bottom layers contain miniaturized meandered cross-shaped resonators and
the middle layer consists of inductive wire grids connected through metallic vias.
Varactor diodes placed between the cross resonators and the wire grids provide
voltage-controlled capacitance, thereby adjusting the center frequency of the fil-

ter. The key innovation in this design lies in the integrated biasing approach, in
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which all varactors are biased in parallel through the metallic grids, eliminating
the need for external bias lines, resistors, or capacitors that typically disturb RF
performance. The equivalent circuit model reveals a second-order coupled-resonator
system, where variation of the varactor capacitance continuously shifts the passband
while maintaining a nearly constant fractional bandwidth. Experimental results
confirm frequency tuning from 5.2 GHz to 3.7 GHz with minimal insertion loss and
stable operation under both TE and TM polarizations over wide incidence angles.
The physical mechanism underlying this tunability is the controlled modification
of inter-resonator capacitances and inductive coupling in the multilayer structure,

enabling dynamic impedance matching through applied bias control.
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Figure 1.15:  Varactor-tunable second-order bandpass FSS: (a)—(b) three-
dimensional and cross-sectional views showing the multilayer structure and vias,
and (c) simulated transmission response for different bias voltages. [Courtesy:
A. Ebrahimi, Z. Shen, W. Withayachumnankul, S. F. Al-Sarawi, and D. Abbott,
“Varactor-tunable second-order bandpass frequency-selective surface with embed-
ded bias network,” IEEE Trans. Antennas Propag., vol. 64, no. 5, pp. 1672-1680,
2016.]

Following the discussion on tunable structures, it is evident that while varactor-
based designs successfully enable continuous frequency adjustment, they remain
limited to a single electromagnetic (EM) function, such as transmission or absorp-
tion. Several studies in the existing literature have further expanded on these tun-
able configurations, demonstrating a wide range of continuously adjustable FSS re-
sponses achieved through different varactor placements, loading schemes, and unit-
cell geometries [99-102]. In contrast, switchable structures based solely on p—i—n
diodes can realize multiple operational modes such as reflection, transmission, and
absorption, but cannot dynamically alter their operating frequencies once fabri-
cated. Therefore, to achieve simultaneous multifunctionality and frequency agility,

researchers have progressively integrated both p—i—n diodes and varactors in a single
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FSS. This hybrid approach provides discrete mode switching through p—i—n diodes
while enabling continuous frequency tuning via varactors, resulting in a versatile and

highly controllable F'SS design that combines the advantages of both mechanisms.

1.5.3 Switchable-Tunable MRFSS Structures
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Figure 1.16: Improved multifunctional active FSS: (a) three-dimensional and top—
bottom layer views, and (b)—(e) simulated transmission coefficients for TE and TM
modes under different capacitance values, demonstrating switching, polarization se-
lection, and frequency-tuning functions. [Courtesy: H. Li, Q. Cao, L. Liu, and
Y. Wang, “An improved multifunctional active frequency selective surface,” IEEFE
Trans. Antennas Propag., vol. 66, no. 4, pp. 1854-1862, Apr. 2018.]

In [65], an multifunctional reconfigurable FSS is presented, comprising two metal-
lic layers separated by a dielectric substrate, with both p—i—n and varactor diodes
incorporated into a parallel-feed configuration. The design offers three independent
and controllable EM functions, switching, polarization selection, and frequency tun-
ing, in a single compact architecture, as shown in Figure 1.16. The inclusion of
varactors enables continuous adjustment of the resonant frequency from 4.48 GHz
to 5.05 GHz under different bias voltages, while the p—i—n diodes support discrete
state switching between transmission, reflection, and polarization-selective opera-
tions. The structure maintains stable performance for both TE and TM polariza-
tions up to 45° oblique incidence and achieves efficient biasing without external feed
lines by integrating the bias network into the FSS geometry itself. Experimental

validation confirms strong agreement between simulated and measured responses,
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verifying that the combined switching and tuning mechanisms significantly enhance
operational flexibility and angular stability.

Similarly, in [103], a polarization-insensitive active F'SS is developed capable of
switching between absorption and transmission modes while simultaneously provid-
ing frequency tuning. The design employs p-i-n diodes on the bottom layer for
mode switching and varactors on the top layer for frequency control, as depicted in
Figure 1.17. The proposed geometry achieves a tunable transmission band from 3.70
to 4.27 GHz with an insertion loss of 1.96-4.30 dB, along with an adjustable absorp-
tion band from 4.28 to 5.12 GHz exhibiting 78-91% absorptivity. By introducing a
parallel bias configuration, the structure effectively minimizes power consumption
and response time while ensuring angular and polarization stability. Equivalent-
circuit and full-wave analyses confirm that integrating both reactive components in
a single multilayer configuration provides enhanced reconfigurability, compactness,

and control over EM responses.
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Figure 1.17: Polarization-insensitive AFSS for switchable and tunable operation: (a)
top and bottom unit cells with biasing and diode placement, and (b)—(c) simulated
transmission and absorption characteristics under ON and OFF modes. [Courtesy:
R. Phon, S. Ghosh, and S. Lim, “Active frequency selective surface to switch be-
tween absorption and transmission band with additional frequency tuning capabil-
ity,” IEEE Trans. Antennas Propag., vol. 67, no. 9, pp. 6059-6067, Sept. 2019.]

Despite the significant advancements reported in switchable-tunable multifunc-
tional FSS designs, several challenges persist that continue to limit their practical
implementation and accurate characterization. Most reported designs remain re-
stricted to limited functionalities, operating only between two or three states such
as transmission, reflection, and absorption [104, 105]. Many of these structures ex-
hibit polarization sensitivity and angular instability. Additionally, the tuning range

achieved is relatively narrow, limiting adaptability across broader frequency bands.
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In several cases, the biasing networks employed for diode control are complex and
intrusive, resulting in increased parasitic effects and performance degradation. Fur-
thermore, while simulation-based analyses provide valuable insights into multifunc-
tional behavior, experimental realization and measurement of these responses require
equally robust and precise characterization frameworks. This necessity extends the
discussion from the design domain to the measurement perspective, where various
techniques, ranging from free-space setups to waveguide and parallel-plate configu-
rations, are explored to accurately evaluate the EM performance of FSS structures

under realistic conditions.

1.5.4 Measurement Techniques for RFSS Structures

To validate RFSS behaviors experimentally, multiple measurement methodologies
are adopted depending on the target response, frequency range, and sample size.
Free-space systems emulate plane-wave illumination and are typically used for trans-
mission and reflection characterization under realistic far-field conditions [106-108].
On the other hand, the rectangular-waveguide technique provides precise and low-
cost S-parameter extraction for periodic samples sized to the waveguide aperture, en-
suring controlled boundary conditions in a defined frequency band [109-111]. PPW
setups offer a compact alternative, supporting TEM wave propagation and allowing
repeatable measurements on smaller samples while reducing chamber and alignment
requirements [112-114]. The following sections discuss each approach in the context
of reconfigurable structures, emphasizing the measurement flow, instrumentation,
calibration strategy, and practical considerations.

In [71], a free-space measurement setup is employed for the characterization of
an RFSS structure. The setup consists of a pair of horn antennas positioned in an
anechoic environment, with the sample mounted at the center to ensure minimal
reflection interference. The incident and transmitted waves are captured using a
vector network analyzer (VNA), allowing the extraction of S-parameters across the
desired frequency band. The VNA is first calibrated using standard through—reflect—
line (TRL) or short-open—load—through (SOLT) techniques to remove the effects
of cables and connectors, thereby ensuring accurate measurement of the reflection

(S11) and transmission (Sp;) parameters. During testing, time-domain gating is
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Figure 1.18: Experimental setup and validation of a switchable F'SS: (a)—(c) fabri-
cated prototype and measurement arrangements, (d) test setup, and (e)—(f) mea-
sured results for TE and TM polarizations under different incidence angles. [Cour-
tesy: G. I. Kiani, K. L. Ford, L. G. Olsson, K. P. Esselle, and C. J. Panagamuwa,
“Switchable frequency selective surface for reconfigurable electromagnetic architec-
ture of buildings,” IFEEE Trans. Antennas Propag., vol. 58, no. 2, pp. 581-584,
2010.]

applied to eliminate unwanted reflections from nearby objects. Measurements are
performed for both normal and oblique incidences by adjusting the orientation of the
sample with respect to the antennas. This approach provides a reliable assessment
of transmission and reflection responses under different polarization and biasing
conditions. However, as illustrated in Figure 1.18, free-space setups typically require
large sample sizes, precise alignment, and well-calibrated absorber surroundings to
minimize measurement uncertainties. Despite these challenges, this method remains
one of the most versatile techniques for broadband studies, offering direct insight
into the real-time behavior of reconfigurable surfaces under far-field conditions.

In [99], a rectangular waveguide measurement technique is utilized to evaluate
the performance of an RFSS, as shown in Figure 1.19. In this approach, a por-
tion of the periodic surface is placed at the open aperture of a standard waveguide
connected to a vector network analyzer (VNA). The confined propagation environ-

ment in the waveguide allows accurate determination of reflection and transmission
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Figure 1.19: Waveguide prototype and tunability measurement of a miniaturized-
element FSS: (a) fabricated loop-wire FSS sample, (b) WR90 waveguide measure-
ment setup, and (¢) measured transmission response. [Courtesy: F. Bayatpur and
K. Sarabandi, “Tuning performance of metamaterial-based frequency selective sur-
faces,” IEEE Trans. Antennas Propag., vol. 57, no. 2, pp. 590-592, 2009.]

coefficients under normal incidence. Prior to measurement, the VNA is calibrated
using the through—reflect-line (TRL) method specific to the waveguide band, ensur-
ing that the measurement plane corresponds exactly to the waveguide aperture and
thereby eliminating systematic phase and magnitude errors. During the measure-
ment, the reflection coefficient Si; is obtained directly from the reflected signal at
the waveguide port, while the transmission coefficient So; is derived when a second
waveguide section is employed for transmission analysis. This method provides high
measurement repeatability and does not require large prototype dimensions, making
it well suited for testing unit-cell-based reconfigurable designs. This configuration
enables precise control of boundary conditions and minimizes external electromag-
netic (EM) interference. However, its primary limitation lies in its narrow operating
frequency band and fixed incidence angle, restricting its applicability for wideband
or oblique-incidence characterization. Nonetheless, this technique offers an efficient

and compact alternative to large-scale free-space measurements for bias-controlled

FSS validation.

To overcome the limitations associated with free-space and waveguide-based
techniques, PPW measurements are gaining prominence as a compact and accu-
rate alternative. The PPW setup is developed to measure broadband absorption
characteristics, as presented in Figure 1.20. The system comprises two parallel con-

ducting plates forming a TEM propagation environment, which ensures controlled
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Figure 1.20: Adjustable parallel-plate waveguide (PPW) setup: (a) three-
dimensional schematic, (b) two test FSS absorbers, (¢)-(d) fabricated samples and
experimental setup, and (e)—(f) comparison of simulated, free-space, and PPW-
TRL measured reflection results. [Courtesy: M. I. Hossain, N. Nguyen-Trong, and
A. M. Abbosh, “Calibrated parallel-plate waveguide technique for low-frequency
and broadband absorptivity measurement,” IEEE Antennas Wireless Propag. Lett.,
vol. 19, no. 9, pp. 15411545, 2020.]

field distribution and minimal edge-diffraction effects. In this approach, VNA cal-
ibration is performed using the TRL technique implemented in the PPW section,
where the through, reflect, and line standards are realized using reference metal
plates and precisely machined spacers to ensure consistent phase referencing. After
calibration, the reflection and transmission coefficients, S7; and Ssp, are measured
directly by connecting coaxial probes at both ends of the PPW structure. This
method requires only a small sample size and achieves high measurement accuracy
over a wide frequency range. As discussed in [115], the PPW configuration ef-
fectively replicates free-space conditions in a compact form factor, demonstrating
strong correlation between PPW measurements and conventional anechoic-chamber
results. Consequently, the PPW approach represents a reliable measurement tech-
nique for characterizing reconfigurable and multifunctional FSS structures under

normal-incidence conditions.

1.6 Motivation of Thesis

Electromagnetic surfaces that can dynamically manipulate incident waves in terms

of reflection, transmission, and absorption play a crucial role in the development of
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next-generation communication, sensing, and stealth systems. Among these, FSSs
have emerged as one of the most versatile platforms due to their inherent ability
to exhibit filter characteristics in the spatial domain. However, conventional FSSs
are inherently static and operate only at predetermined frequencies once fabricated,
thereby restricting their adaptability to dynamically changing EM environments.
To overcome this limitation, reconfigurable or active FSSs have been introduced
by integrating semiconductor or tunable components, enabling control over their
spectral responses. Such RFSSs are capable of dynamically switching between func-
tional states or continuously tuning their resonant frequencies, thereby providing
significant flexibility in EM manipulation. The motivation of this thesis arises from
the need to design and experimentally validate multifunctional RFSSs that can al-
ter their EM responses to realize absorption, reflection, transmission, and rasorber
characteristics, while maintaining structural compactness, polarization stability, and

practical feasibility.

Early RFSS structures primarily focused on switchable configurations using p—
i-n diodes as electronically controlled elements. By altering the diode bias state
between ON and OFF, discrete transitions among reflection, transmission, and ab-
sorption modes were achieved. While these designs demonstrated clear functional
switching, they suffered from limited operational bandwidth and fixed resonance
frequencies. Furthermore, most reported switchable FSSs exhibited polarization
sensitivity and operated effectively only for specific polarizations or incidence direc-
tions. The complexity of biasing networks also imposed constraints on large-scale
implementations, as each diode required separate bias control lines that introduced
unwanted parasitic effects and fabrication challenges. Addressing these issues, the
present research focuses on developing polarization-insensitive switchable metasur-
faces with simplified biasing arrangements that independently control EM function-
alities through compact and symmetrically distributed configurations. In particular,
the concept of parallel biasing is emphasized to replace traditional series networks,
enabling uniform voltage distribution and improved switching stability over wide

incidence angles.

In parallel with switchable designs, significant effort has been directed toward

achieving continuous frequency tunability. Varactor-loaded FSSs have been exten-
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sively investigated for their capability to shift the resonant frequency by varying the
applied reverse-bias voltage. Although such tunable designs introduce frequency
agility, they are typically limited to a single functional state, such as reflection or
transmission. Moreover, the tuning range of most reported designs remains nar-
row due to limited capacitance variation and parasitic coupling effects in practical
layouts. To address these limitations, this thesis introduces tunable RFSS config-
urations with enhanced tuning range and improved stability by optimizing inter-
resonator coupling and employing efficient bias isolation strategies. The resulting
tunability enables dynamic frequency adaptation without modifying the structural

geometry, thereby laying the foundation for frequency-agile EM surfaces.

A further step in the evolution of RFSSs involves switchable-tunable multi-
functional architectures, in which both p—i-n and varactor diodes are integrated
in the same structure. This hybrid integration enables discrete switching between
functional states through p—i—n diodes while simultancously allowing continuous
frequency tuning via varactors. Such designs combine the advantages of switch-
able and tunable structures in a single configuration, providing superior adapt-
ability and control. However, many existing hybrid designs still exhibit narrow
tuning ranges, polarization-dependent responses, and complex multilayer arrange-
ments. The present work addresses these challenges by developing multifunctional
hybrid metasurfaces capable of realizing multiple EM states, including reflection,
transmission, and absorption, over tunable frequency bands using simplified single-
layer geometries. The proposed design strategies focus on achieving independent
control of each electronically controlled element, thereby maximizing the number of

operational combinations without compromising structural compactness.

While considerable research has focused on the design of RFSSs, experimental
characterization remains a critical requirement for validating theoretical predictions
and numerical simulations. Various measurement approaches have been reported in
the literature, including free-space setups, rectangular waveguide techniques, and
PPW methods. Free-space systems allow simultaneous measurement of reflection
and transmission coefficients under realistic plane-wave excitation but require large
prototypes, precise alignment, and costly anechoic facilities. Rectangular waveg-

uide measurements provide compact and accurate S-parameter extraction but are
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inherently limited by single-mode operation and fixed incidence angles. To over-
come these limitations, the PPW measurement technique has emerged as an effi-
cient alternative, enabling characterization under controlled TEM-mode propagation
with smaller sample sizes and facilitating angle-dependent studies through mechan-
ical reconfiguration. The present thesis extends this methodology by proposing a
modified PPW setup capable of wide-angle characterization of multifunctional FSS
prototypes, offering improved repeatability and reduced measurement uncertainty
compared to conventional techniques.

Thus, the motivation of this thesis is driven by the need to address the key
challenges identified in existing literature, namely polarization sensitivity, limited
tunability, complex biasing networks, and the lack of efficient measurement tech-
niques, and to develop a comprehensive framework for the design, fabrication, and
experimental evaluation of multifunctional reconfigurable frequency selective sur-
faces. The investigations presented in this work aim to establish a pathway toward
intelligent EM surfaces capable of adaptive and multifunctional operation, which

are essential for next-generation communication, sensing, and stealth applications.

1.7 Organization of Thesis

The thesis is organized into seven chapters. Chapter 1 provides an introduction
to F'SSs and RFSSs, presenting a brief overview of their fundamental concepts. The
limitations of existing RFSS designs are discussed, followed by the motivation and
objectives of the present research.

Chapter 2 presents a polarization-insensitive absorptive /transmissive RFSS em-
ploying a single p—i-—n diode configuration. The design consists of metallic patterns
fabricated on opposite sides of a single dielectric substrate, where reconfigurable be-
havior is achieved by switching the p-i-n diode between ON and OFF states under
different biasing conditions. An embedded biasing network incorporating vias and
lumped inductors enables polarization-insensitive operation without performance
degradation. The proposed structure is fabricated and experimentally validated
using an in-house developed PPW measurement setup. This work has been pub-

lished in IEEE Antennas and Wireless Propagation Letters (2023), as listed in the
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Publications section.

While the structure presented in Chapter 2 operates between two modes, it
relies on manual biasing and is therefore unsuitable for real-time applications. To
address this limitation, Chapter 3 introduces a multifunctional RFSS employing
two independently controlled diode sets to achieve three distinct EM behaviors: ab-
sorption, transmission, and reflection. The configuration generates four operating
states through careful selection of metallic patterns and precise placement of diode
elements. An FPGA-based control system is integrated to automate the switching
mechanism and enable real-time operation. The structure is experimentally vali-
dated and demonstrates multifunctional performance while maintaining polarization
insensitivity and angular stability. This work has been accepted for publication in
IEEE Microwave And Wireless Technology Letters (2026), as listed in the Publica-

tions section.

Following the switchable RFSS designs discussed in earlier chapters, Chapter 4
focuses on the integration of frequency-tuning capability along with switching func-
tionality. In this chapter, a multifunctional RFSS is designed by incorporating
varactor diodes together with p—i—n diodes in a single-layer topology. Unlike earlier
fixed-frequency designs, this structure enables frequency tuning in each operational
mode by controlling the reverse-bias voltage applied to the varactor diodes. The
design demonstrates both discrete mode switching and continuous frequency con-
trol, yielding four operational states with tunability in each mode. The structure is
fabricated and tested using free-space measurement techniques. This work has been
published in IEEE Transactions on Antennas and Propagation (2024), as listed in

the Publications section.

Although the RFSS designs presented in the preceding chapters demonstrate
switching and tuning capabilities, their operating modes remain narrowband, lim-
iting flexibility for broadband applications. To overcome this limitation, Chap-
ter 5 is dedicated to wideband RFSS design. A multilayer architecture is developed
by integrating two dielectric layers separated by an air spacer. Lumped resistors
are incorporated alongside p—i—n diodes to broaden the absorption response, while
symmetric geometries ensure polarization-insensitive performance. The proposed

structure exhibits four distinct EM functionalities: rasorber operation with com-
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bined transmission and absorption, broadband absorption, broadband transmission,
and full reflection under different operating modes. The design is fabricated and
validated using a custom-built PPW measurement setup. This work has been pub-
lished in IEEE Antennas and Wireless Propagation Letters (2025), as listed in the
Publications section.

Since all RFSS designs require experimental validation, Chapter 6 focuses on
the development of a modified PPW measurement system for wide-angle FSS char-
acterization. The system consists of two parallel metallic plates with tapered ends
to provide wideband impedance matching. For oblique-incidence testing, two PPW
sections with different apertures are mechanically joined at adjustable angles, en-
abling controlled angular excitation while maintaining electrical continuity and me-
chanical alignment. Various FSS prototypes, including bandstop filters, broadband
absorbers, and switchable structures, are fabricated and measured to validate the
effectiveness of the proposed measurement approach. This work has been accepted
for publication in IEEE Antennas and Wireless Propagation Letters (2026), as listed
in the Publications section.

Finally, Chapter 7 presents the conclusions of the thesis and outlines potential

directions for future research.






Chapter 2

Polarization-Insensitive
Narrowband Absorptive/
Transmissive RFSS

2.1 Introduction

Since the last few decades, FSSs have been extensively used in various EM appli-
cations such as radomes, stealth technology, EMI mitigation, and wireless commu-
nication systems. Depending on the operational requirements, these structures are
designed to realize specific functionalities namely reflection, transmission, or absorp-
tion in the microwave regime. In several practical scenarios, narrowband absorption
is required for detector-based systems like bolometers or pixel sensors, while in other
cases, selective transmission becomes important for adaptive radomes and stealth
configurations. Integrating absorption and transmission operations in a single struc-
ture will attract several applications.

In the previous chapter, a broad overview of different switchable reconfigurable
frequency selective surfaces (RFSSs) configurations has been discussed, capable
of achieving absorption/reflection, reflection/transmission, transmission/absorption,
and polarization /reflection operations. Although these earlier studies establish the
fundamental concepts of diode-based switching, most of these structures suffer from
various practical limitations such as multilayer arrangements, polarization sensitiv-

ity, and complicated biasing networks, which reduce their suitability for real EM

43



44 Polarization-Insensitive Absorptive/ Transmissive RFSS

platforms. This highlights the need for a compact structure that maintains symme-
try, supports stable TE and TM performance, and offers clear switching between
functional states.

This chapter introduces a polarization-insensitive RFSS that provides both ab-
sorptive and transmissive operation using electronically switched p-i-n diodes. The
structure uses a single-layer design and switches between the two operations by ad-
justing the diode bias conditions. An integrated biasing network with metallic vias
and RF inductors ensures proper diode control without disturbing the EM response,
allowing stable performance under both TE and TM polarization conditions. The
following sections of this chapter describe the design topology, explain the equivalent
circuit and operating mechanism, and discuss fabrication and measurement using a
parallel-plate waveguide setup. Finally, the measured results validate the proposed
design and demonstrate its suitability for adaptive radomes, sensing applications,

and low-observable systems.

2.2 Design and Analysis

Absorption mode [ransmission mode
Incident wave Incident wave

e E—
: — —>

| Transmitted wave Transmitted wave

Reflected wave Reﬂectcﬂ wave

(a) (b)

Figure 2.1: Schematic diagram of the proposed RFSS structure under different work-
ing states.

The RFSS is designed to achieve two distinct EM responses, such as absorption and
transmission, through bias-controlled switching of p-i-n diodes. To clearly explain
the operating principle, the schematic representation of the structure under different

working states is first illustrated in Figure 2.1. This figure illustrates the interaction
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(a) vid (b)

© @

Figure 2.2: Geometry of the proposed RFSS structure: (a) top layer, (b) bottom
layer, (c) isometric view, and (d) side view. The design parameters of the RFSS
structure are finalized as: ¢ = 10mm, w = 0.2mm, z = 0.6mm, p = 0.5 mm,
k= 1.2mm, and ¢, = 1.6 mm.

between the incident EM wave and the RFSS in both ON and OFF conditions of
the diodes. Under forward bias, the geometry provides a narrowband absorption re-
sponse, whereas reverse bias results in a selective transmission band. This schematic

overview establishes the conceptual basis for the subsequent structural design.

2.2.1 Unit Cell Geometry

Following the schematic explanation, the complete unit-cell geometry of the pro-
posed RFSS is shown in Figure 2.2. The structure consists of two periodic metallic
patterns printed on either side of an FR4 dielectric substrate (¢, = 4.4, tand = 0.02)
of thickness 1.6 mm. The top layer incorporates a cross-dipole resonator enclosed
by a Jerusalem-cross framework, where the outer region connects to adjacent unit
cells to ensure periodic continuity. The bottom layer employs a square-slot topology,
across which four p-i-n diodes are symmetrically placed. An embedded biasing net-
work is implemented using a centrally located metallic via in each unit cell, enabling
proper regulation of the diodes without disturbing the EM response. To prevent RF

leakage into the bias lines, lumped inductors are inserted across the top-layer gaps,
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Figure 2.3: Simulated scattering responses of the bottom layer (4 dielectric) for
different diode biasing conditions: (a) ON mode, and (b) OFF mode.

functioning as RF chokes. The overall configuration is compact, symmetric, and
inherently suitable for polarization-insensitive operation. The optimized dimensions

are mentioned in the caption of Figure 2.2.

To understand the switching behaviour governed by the diode elements, the
bottom metallic pattern along with the supporting dielectric substrate is analyzed
independently, as shown in Figure 2.3. This simplified configuration provides a clear
insight into the diode-controlled resonance mechanism. When the diodes are forward
biased, they behave as low-resistance elements, resulting in negligible capacitive
coupling across the slot and producing a strong reflection response. Under reverse
bias, the diodes introduce a capacitance that generates a bandpass behaviour at 5.62
GHz. This bottom-layer response serves as the basis for the transmission/reflection

states in the complete RFSS.

Once the behavior of the bottom-layer slot topology is established, the top layer
metallic pattern is introduced on the top side of the substrate whose bottom side is
loaded with the switchable layer. The overall combination, based on the resonant
behavior originating from the top layer and switching characteristic resulting from
the bottom layer, helps in achieving the desired absorption/transmission switching
response. The underlying concept behind this mechanism is that the absorption
becomes maximum when both reflection and transmission from a structure can be
minimized simultaneously. Thus, when the bottom layer behaves as a reflector

(during forward biasing condition of the diodes), the transmission from the overall
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Figure 2.4: Simulated scattering parameters for different top-layer configurations:
(a) simple cross-dipole, and (b) jerusalem-cross-loaded geometry.

structure is highly attenuated, while the top layer further reduces the reflection
at the same frequency, thereby resulting in the absorption response. In contrast,
when the bottom later behaves as a transmitter (during reverse bias condition),
then the overall configuration will combinedly allow a specific frequency band for
transmission.

Initially, a simple cross-dipole resonator is used as the top layer metallic pattern,
and the corresponding scattering characteristics are shown in Figure 2.4(a). Al-
though this configuration exhibits a resonant behavior, the response predominantly
consists of lossy transmission and weak reflection, and it does not generate a distinct
bandstop feature. Since the absorption mechanism requires a stopband feature to
be produced by the top layer, the simple cross-dipole does not provide sufficient
resonance strength.

To overcome this limitation, the top-layer geometry is modified by surrounding
the cross-dipole with a Jerusalem-cross structure, as illustrated in Figure 2.4(b).
The additional metallic arms increase the distributed capacitance of the top layer,
which results in a prominent bandstop behavior at 6.93 GHz. In the ON state,
the diodes act as low-resistance elements, causing the bottom layer to function as a
reflective surface. The resulting minima in both reflection and transmission at this
frequency produces the narrowband absorption in the forward-biasing condition. In
contrast, the diodes present a capacitive response under the OFF state, allowing the

bottom layer to support a transmission band at 5.62 GHz. Since the top layer does
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Figure 2.5: (a) Equivalent circuit of the proposed RFSS. Comparison of scattering
parameters (solid and dashed lines represent plots from HFSS and ADS, respec-
tively): (b) ON mode, and (¢) OFF mode. The optimized circuit parameters:
Ly = 75nH, Ly = 85nH, Ly = 1.01nH, Ly = 1.25nH, R} = 180, Ry = 64,
R3 = R4 = 39, Cl =55 fF, CQ =44.5 fF, Lvia = 0.01nH.

not introduce any attenuation at this frequency, the overall configuration results in
a high-transmission state. Thus, the optimized RFSS geometry exhibits the desired

switching characteristics.

2.2.2 Equivalent Circuit Modeling

To further interpret the operation of the proposed structure, an equivalent circuit
model (ECM) is developed and is presented in Figure 2.5(a). The top-layer metallic
pattern is represented by a series—parallel combination of RLC networks, where the
Ri—L,—C4 and Ro—Lo—C5 branches correspond to the inner cross-dipole and outer

Jerusalem-cross sections, respectively. The bottom-layer slot topology is modeled
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k

Figure 2.6: Surface current distributions of the RFSS structure: at 5.62 GHz under
OFF state (a) top layer, (b) via, (¢) bottom layer, and at 6.93 GHz under ON state
(d) top layer, (e) via, and (f) bottom layer.

as a parallel combination of R3— L3 and [24— L4, which are connected to the p-i-n
diodes. The dielectric substrate is modeled using a transmission-line section, while
the metallic via is represented by an inductive element that behaves as a short circuit

under the ON state and an open circuit under the OFF state.

Based on the diode datasheet, a small resistance of 1  (Ron) is assigned to
the diode in the forward-biased condition, whereas a capacitance of 0.21 pF (Copr)
in parallel with a large resistance of 1 MQ (Ropr) is assigned in the reverse-biased
condition. A small parasitic inductance of 0.7 nH (Lox = Lorr) is also included
in both biasing states. The distributed circuit parameter values are determined
from the works in [116, 117]. The scattering parameters obtained from the ECM
are calculated using Advanced Design System (ADS) and compared with the full-
wave simulated responses extracted from HFSS. The comparison, shown in Figures
2.5(b) and 2.5(c) demonstrate good agreement for ON and OFF states respectively,
thereby validating the accuracy of the circuit representation and confirming the

physical operation of the proposed RFSS.

To better understand the operating mechanism of the proposed RFSS, the sur-

face current distributions for both ON and OFF states are examined, as shown
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Figure 2.7: Simulated scattering parameters for different polarization angles at nor-
mal incidence. TE polarization: (a) ON mode, and (b) OFF mode. TM polarization:
(c) ON mode, and (d) OFF mode.

in Figure 2.6. In the OFF state, a large portion of current is concentrated on
the bottom layer, as seen in Figures 2.6(a)—(c). This confirms that the bottom
layer supports a transmission band around 5.62 GHz, and energy mainly propagates
through the slot region. The top layer exhibits minimal current, consistent with the

high-transmission behavior observed in the scattering response.

In contrast, under the ON state, the current becomes strongly localized on the
top-layer metallic pattern, as illustrated in Figures 2.6(d)—(f). The concentration
of current around the cross-dipole and jerusalem-cross sections demonstrates the
resonant behavior at 6.93 GHz, thereby forming the narrowband absorption. When
the current path through the metallic via is observed, a strong current appears
during the ON state, while it nearly disappears during the OFF state. This behavior
confirms the conduction/open-circuit switching nature of the via under different

diode biasing conditions. Additionally, under forward bias, a unidirectional current
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Figure 2.8: Simulated scattering parameters for different angles of incidence under
TM polarization: (a) ON state, and (b) OFF state.

flows through the bottom layer and subsequently completes the loop via the metallic

via into the top layer, reinforcing the resonant absorption mechanism.

2.2.3 Polarization-Insensitivity and Angular Stability

The polarization-insensitivity of the RFSS is investigated by varying the electric-
field polarization angle ¢ while maintaining the wave propagation direction constant.
The corresponding scattering parameters during the normal incidence condition for
the absorption (ON) and transmission (OFF) states are presented in Figure 2.7.
The simulated results show that the structure exhibits almost identical responses
for all polarization angles ranging from ¢ = 0° to 45° in both ON and OFF states.
For the ON state, as the absorption peak at 6.93 GHz remains stable, and both
S11 and S5 curves overlap closely for all ¢ values under both TE and TM polariza-
tions, as depicted in Figures 2.7(a) and 2.7(c), respectively. Similarly, in the OFF
state, as shown in Figures 2.7(b) and 2.7(d), the transmission band at 5.62 GHz
remains unaffected by the polarization rotation. These results confirm that the em-
bedded biasing network and the symmetric top-layer geometry do not disturb the
polarization-dependent current paths, and therefore the RFSS can be regarded as
polarization-insensitive.

The angular stability of the RFSS is observed for oblique incidence under both
TE and TM polarizations. For TM polarization, the structure maintains stable

behavior for incident angles up to 75°, as shown in Figure 2.8. Both the absorption
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Figure 2.9: Simulated scattering parameters for different angles of incidence under
TE polarization: (a) ON state, and (b) OFF state.

peak in the ON state and the transmission band in the OFF state remain nearly
invariant across 8 = 0° to 75°. This indicates that the magnetic-field alignment
under TM excitation does not significantly alter the resonant paths of the structure.

For TE polarization, the responses are shown in Figure 2.9. The structure ex-
hibits stable behavior for angles up to 45°. However, at higher angles, an additional
resonance appears near the absorption band during the ON state. This can be
attributed to increased mutual inductance introduced by the metallic via under
oblique TE excitation. Although this effect can be mitigated using a multi-layer
or via-less biasing circuit, such approaches increase fabrication complexity. Despite
this, the RFSS still maintains stable performance for a sufficiently wide range of

angles, particularly at the operating frequencies associated with the desired ON and

OFF states.

2.3 Fabrication and Measurement

2.3.1 Embedded Biasing Circuitry

A diode-based RFSS structure requires appropriate biasing circuitry to enable in-
dependent operation of the diodes within the geometry. The bias lines must be
carefully designed such that no interference occurs in the EM operation, while en-
suring that the DC voltage is properly applied across the electronic components. To

remotely regulate the p-i-n diodes integrated in the bottom metallic layer, an addi-
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Figure 2.10: Schematic diagram of the biasing network in the proposed RFSS: (a)
top layer, and (b) bottom layer.

tional biasing mechanism is required. In many conventional RFSS designs, external
bias lines or surface-mounted bias networks deteriorate the EM response by intro-
ducing undesired current leakage and parasitic radiation. To avoid these issues, a
parallel embedded biasing technique is often preferred over a serial biasing method,
as it allows for lower voltage supply, reduced ohmic losses, and a faster switching
response. A schematic diagram illustrating two unit cells arranged in a single row
is shown in Figure 2.10. When the positive and negative terminals of a DC voltage
source are connected to the top and bottom metallic layers, respectively, the current
in the top layer flows toward the metallic via through the outer Jerusalem-cross
ring, the lumped inductors, and the inner cross-dipole arms. The metallic via then
carries the current to the bottom layer, where it is routed through the p-i-n diodes
and finally reaches the negative terminal of the source. By regulating the exter-
nal voltage, the diodes can be switched between the ON and OFF states, thereby
enabling the required reconfigurable EM operation.

To prevent RF leakage through the biasing paths, lumped inductors of 4.3 nH are
placed at appropriate locations along the top-layer bias line. These inductors act as

RF chokes and ensure that the bias network does not interfere with the operational
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frequencies of the RFSS. Since the entire biasing arrangement is embedded inside the
geometry, the presence of clectronically controlled components produces negligible

perturbation in the overall EM behavior of the structure.

2.3.2 Fabrication of the RFSS Prototype

After finalizing the biasing network, the RFSS prototype is fabricated using a stan-
dard printed circuit board (PCB) process using an LPKF ProtoMat S104 proto-
typing machine, as shown in Figures 2.11(a) and 2.11(b). The structure consists of
two metallic patterns printed on opposite sides of an FR4 substrate of thickness 1.6
mm. The bottom layer contains the square slot with four p-i-n diodes, whereas the
top layer contains the capacitively loaded cross-dipole and outer Jerusalem-cross ge-
ometry. For diode integration, BAR-63-02V devices from Infineon Technologies are
used because their ON resistance and OFF capacitance closely match the simulated
parameters. The surface-mounted 4.3 nH inductors are placed on the top layer to
implement the biasing network. All components are soldered using an SMD reflow
process to maintain consistency and minimize parasitic variations.

To enable practical measurement in a waveguide environment, a one-dimensional
sample is created by arranging 20 unit cells in two parallel rows, forming a sample
strip with an overall width of 20 mm and length of 150 mm. This geometry aligns
with the requirements of the PPW measurement setup and ensures proper TEM-

mode propagation during testing.

2.3.3 PPW Measurement Setup and Experimental Results

A PPW setup is used for the experimental characterization of the fabricated 1-D
array, offering a compact and economical alternative to conventional 2-D free-space
measurements. The PPW geometry is first designed and optimized using full-wave
simulation, as presented in Figures 2.11(c) and 2.11(d), consisting of the aluminium
PPW structure, pyramidal RF absorbers, the RFSS sample, and a VNA. This ar-
rangement eliminates the need for horn antennas or anechoic chambers, providing
reasonable accuracy with significantly reduced cost and setup complexity.

The structure consists of two metallic plates with constant separation, except at

the feeding ends where tapered transitions are introduced for wideband impedance
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Figure 2.11: Photographs of the fabricated prototype: (a) top surface and (b) bot-
tom surface. PPW simulation setups: (c) top view, and (d) side view. The waveg-
uide dimensions are: L; = 500 mm, W; = 150 mm, P, = 80 mm, R; = 212.5 mm,
and h; = 20 mm. (e) Measurement setup photograph. (f) Comparison between
the measured and simulated responses of the proposed RFSS structure (solid and
dashed lines represent results from the PPW setup and HFSS, respectively).

matching. This ensures minimal reflection at the ports and stable propagation char-
acteristics across the operational band. The calibration is performed using two
reference configurations: For Si; calibration, a copper sheet with identical dimen-
sions to the F'SS sample is placed at the center of the PPW. The measured response
represents total reflection, and this trace is later subtracted from the measured re-
flection of the prototype to obtain the actual Si;. For Ss; calibration, the copper
sheet is removed, and the empty PPW is measured. The resulting transmission
trace represents the baseline Ss;, which is later used to normalize the measured
transmission of the prototype. Thus, this calibration method ensures that the final
extracted S-parameters represent only the EM behavior of the RFSS sample and not
the inherent PPW response. The measurement setup is configured such that only
the transverse electromagnetic (TEM) mode propagates inside the waveguide up to
9 GHz, while higher-order modes begin to appear beyond this frequency. Since the
proposed RF'SS operates below 9 GHz, the prototype placed inside the waveguide is



Polarization-Insensitive Absorptive/ Transmissive RFSS

Table 2.1: Comparison with other RFSS Designs

Number of . . Polarization- | Angular Biasing Unit cell thickness | Absorptivity (%)
References ‘Working Functions
‘Working modes insensitive | Stability Circuitry (in terms of \) /Insertion loss (dB)
Absorption | Transmission | Reflection

(6] 2 No Yes Yes No N.A. Parallel 6.0 mm (A/4) NA/<1

[45) 2 Yes No Yes No N.A Series—Parallel 10.45 mm (\/4) 95.00/1.1

[74] 2 Yes Yes No No N.A Series—Parallel 1.6 mm ()/20) 94.50/0.6

[86] 2 Yes No Yes Yes < 45° Series—Parallel 9.0 mm (A\/5) 93.69/N.A.

94] 3 Yes Yes Yes No <45 Parallel 1.0 mm (\/25) 94.00/2.36, 2.76
This Work 2 Yes Yes No Yes < 60° Embedded 1.6 mm (\/35) 93.51/0.96

Note: N.A. Not available; A: Wavelength corresponding to lowest operating frequency.

characterized exclusively for TEM-mode propagation, thereby ensuring consistency
with the conditions assumed in the full-wave simulation analysis.

The complete measurement setup is shown in Figure 2.11(e). A vector network
analyzer (Anritsu S820E) is used to record the scattering parameters. For the mea-
surements, Port 1 of the VNA is connected to Port 1 of the PPW, and Port 2 of the
VNA is connected to Port 2 of the PPW. The reflection coefficient Sy; is measured
at Port 1, while the transmission coefficient S,; is measured between Ports 1 and 2.
For the reconfigurable design, an external DC supply is used to bias the p-i-n diodes.
Under forward bias, a small voltage is applied to achieve low-resistance conduction,
enabling the absorption mode. Under reverse bias, no voltage is applied, and the
diodes exhibit high impedance, enabling the transmission mode.

Under forward bias (ON state), a narrowband absorption response is observed
around 6.23 GHz, which aligns well with the simulated absorption band. Under
reverse bias (OFF state), a bandpass response is obtained at 5.98 GHz with low in-
sertion loss. The measured scattering parameters closely match the PPW-simulated
results, with a frequency deviation of only +0.2 GHz, as shown in Figure 2.11(f).
This deviation is primarily attributed to fabrication tolerances, finite sample size,
and parasitic effects of the lumped components. These results confirm the effec-
tiveness of the embedded biasing method and demonstrate the suitability of the

PPW-based characterization setup for measuring reconfigurable FSS structures.

2.4 Conclusion

This chapter presents a polarization-insensitive absorptive and transmissive RFSS

realized on a single dielectric layer with an embedded biasing network. By integrat-
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ing p-i-n diodes within a square-slot topology, the structure successfully achieves two
distinct electromagnetic behaviours. In the diode ON state, the geometry behaves
as a narrowband absorber with near-unity absorptivity, while in the OFF state, it
exhibits a bandpass transmission response with low insertion loss. The embedded
biasing arrangement ensures proper diode regulation without introducing parasitic
paths, which helps maintain the stability under different angles of polarization and
incidence. In addition to this, the electric field and surface current distribution plots
clearly demonstrate how the structure supports absorption and transmission in the
two switching conditions.

The equivalent circuit model provides a clear understanding of the switching
mechanism and validates the operating principles observed in full-wave simulations.
The fabricated prototype is evaluated using the PPW measurement technique, where
the measured results closely match the simulated responses and confirm the dual-
mode performance. A comparison table is also presented with the existing literature,
highlighting the improvements achieved in the proposed design in terms of function-
ality, simplicity, and polarization stability, as shown in Table 2.1. Overall, the
structure establishes a simple yet effective switching methodology that forms the
foundation for more advanced multifunctional designs involving additional diode
combinations, tunable elements, and wideband operation, which are addressed in

the subsequent chapters of this thesis.






Chapter 3

Polarization-Insensitive

Narrowband Multifunctional

RFSS with FPGA Control

3.1 Introduction

The previous chapter establishes the fundamental switching mechanism of RFSS
structures, switching between two states by using a single set of p-i-n diodes mounted
in each unit cell. The design achieves narrowband absorption and transmission
responses while maintaining polarization insensitivity and a compact single-layer
profile. Although this dual-mode behavior provides the foundational understanding
of electronically controlled switching operation in RFSS structures, the functionality
remains limited to two states, and the biasing process relies on manual control.
This restricts its applicability in practical EM environments that require multiple
operating modes with an autonomous real-time control.

To address these limitations and extend the scope of the previous design, this
chapter develops an advanced switching framework by integrating two independently
controlled sets of p-i-n diodes in a single-layer RFSS geometry. By strategically
placing diode sets on the top and bottom layers, the structure generates four dif-
ferent combinations (OFF-OFF, OFF-ON ON-OFF, ON-ON), among which three
combinations produce distinct EM functionalities such as absorption, transmission,

and reflection. This progression represents an extension of the previous chapter,

29
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allowing for the support of multifunctional operations without increasing the struc-
tural complexity or footprint. These multifunctional responses are useful for vari-
ous applications such as adaptive radomes, electromagnetic interference mitigation,
and frequency-selective filtering in wireless communication environments. The nar-
rowband absorption can support detector-based microwave systems where the in-
cident energy at a particular frequency needs to be efficiently absorbed, whereas
narrowband transmission enables controlled propagation of desired frequency chan-
nels while suppressing unwanted signals. The reflective states can further enhance

electromagnetic shielding and signal rejection.

A key advancement introduced in this chapter is the use of a field-programmable
gate array (FPGA)-based control system that automatically regulates diode states.
Instead of manual biasing, digital control signals from the FPGA determine the ON
and OFF conditions of each diode set. This real-time programmability allows the
structure to switch between operating modes rapidly and reliably, enabling deploy-
ment in dynamic EM environments such as intelligent radomes, adaptive shielding
platforms, and sensing-assisted microwave systems. The FPGA-based switching also
eliminates human dependency and ensures precise and repeatable biasing control,

which is essential for stable multifunctional behavior.

In addition to the switching improvements, the RFSS geometry in this chapter is
engineered to maintain polarization-insensitivity and consistent performance under
oblique incidence. A parallel biasing network embedded within the metallic layers
ensures independent control of both diode sets without introducing external biasing
paths. The design is supported by an equivalent circuit model that explains the
role of each layer and diode state in shaping the EM response. The structure is

additionally validated using a PPW setup.

The remaining sections of this chapter describe the complete development of the
multifunctional RFSS. The design and analysis section explains the unit cell config-
uration, metallic pattern arrangement, diode placement, and switching mechanism
with circuit based interpretation. This is followed by the fabrication and hardware
integration section, where the FPGA control system and embedded biasing network
are detailed. The chapter concludes with experimental validation using the PPW

setup and a comparison between simulated and measured responses, demonstrating



FPGA-Controlled Multifunctional RESS 61

that the proposed design achieves reliable absorption, transmission, and reflection

states with automatic real time control.

3.2 Design and Analysis

The fundamental idea of the proposed multifunctional RFSS can be understood
from the schematic illustration shown in Figure 3.1. The diagram represents the
overall framework in which the incident wave interacts with the patterned metallic
structure, and the resulting EM behavior is regulated electronically. The RFSS is
biased through an embedded parallel biasing network and is driven externally using
an FPGA platform, enabling real-time switching between different EM functionali-
ties. The schematic does not focus on individual bias-dependent outcomes; instead,
it emphasizes the broader concept that the RFSS behaves as a programmable sur-
face whose transmission, reflection, or absorption characteristic can be modified
through electronic reconfiguration. The FPGA-enabled control allows the surface
to operate dynamically under different scenarios, thereby offering multifunctionality
in a compact and single-layer configuration. This conceptual representation estab-
lishes the foundation for the subsequent geometric design and provides an intuitive

understanding of the electronically switchable behavior of the proposed structure.

OFF-OFF  OFF-ON rry,
Ia: A

:IE Reflection

, W‘%x
* :xxn Transmission

:txm

+

ON'OFF ON- ON‘ : - Absorption

Figure 3.1: Schematic diagram of the proposed RFSS structure under different work-
ing states.

3.2.1 Unit Cell Geometry

Based on the conceptual analysis, the unit cell geometry is designed and presented in

Figure 3.2. The top layer is made of a meander line segment connected to an inner
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Figure 3.2: Geometry of the proposed RFSS structure: (a) top layer, (b) bottom
layer, and (c) side view. The dimensions are: ¢ = 10mm, b = 0.35mm, ¢ = d =
0.5mm, e = Imm, p = 5.4mm, and tg;, = 1.6 mm.

cross-dipole through p-i-n diodes (PD;). The bottom layer consists of an outer
square loop and a 45° rotated inner square patch, integrated with another set of p—
i-n diodes (PDy). To facilitate biasing, four shared metallic lines are incorporated
into both layers and connected through metallic vias across the substrate. FR4 is
used as the constituent dielectric with ¢, = 4.4 and tan o = 0.02. Two different diode
models are used in the simulation: PD; has an equivalent resistance (Ron) of 3 Q in
the forward bias and a capacitance (Copp) of 0.15 pF in the reverse bias, along with
a series inductance (Lox = Logr) of 0.6 nH in both states. The corresponding values
for PDy are 0.56 2, 0.4 pF, and 0.6 nH, respectively. The geometrical dimensions

of the unit cell are presented in the caption of Figure 3.2.

3.2.2 Simulated Responses

To understand the diode-controlled switching mechanism, the bottom metallic pat-
tern is analyzed independently together with the supporting diclectric substrate.
This approach illustrates the effects of the bottom-layer resonant structure, and ex-
plains the behavior of the PD, diode states that govern the bandpass and reflective
responses. In the reverse-biased condition, the diodes introduce a small junction
capacitance (Corpp1), causing the inner rotated patch and the outer loop to form

a parallel LC resonant circuit. This parallel RLC' configuration results in a dis-
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Figure 3.3: Simulated scattering responses of the bottom layer (+ dielectric) for
different diode biasing conditions: (a) OFF mode, and (b) ON mode.
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Figure 3.4: Simulated scattering parameters of the top layer (+ dielectric) for dif-
ferent diode biasing conditions: (a) OFF mode, and (b) ON mode.

tinct bandpass behavior centered around 6.5 GHz along an insertion loss of about
0.5 dB, as observed in Figure 3.3(a). The capacitive coupling across the diode gaps
is responsible for generating this resonance, enabling selective transmission while
suppressing unwanted frequency components. When forward biased, PDy behaves
as a low-resistance element (Roni) with a small series inductance (Lo ), effectively
short-circuiting the inner patch to the outer loop. Under this condition, the bottom
layer becomes almost a continuous conductive surface, thereby acting as an adaptive
ground plane that reflects incident EM wave over a broad frequency range, as shown

in Figure 3.3(b).
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After establishing the behavior of the bottom layer, the top metallic pattern is
analyzed independently to determine the operation of the PD; diode . The top
surface consists of a combination of a meander line, a cross-dipole resonator, and
interconnecting metallic strips. The meander line contributes significant series in-
ductance (L1) and creates multiple current pathways, while the cross-dipole provides
capacitive loading (C7) necessary for shaping the resonant behavior. When PD is
in the reverse-biased, the diode capacitance (Copr) isolates the meander line from
the central cross-dipole, forming a hybrid series—parallel LC network. This config-
uration exhibits two distinct resonances: a bandpass response near 5.26 GHz and a
bandstop response near 5.59 GHz, as shown in Figure 3.4(a). The combination of
these resonances is crucial for producing selective behavior in the transmission and

absorption modes.

When PD; is forward biased, the diodes provide a conductive path of low re-
sistance (Rox) and small inductance (Loy), connecting the outer meander sections
directly to the cross-dipole. Under this condition, the overall structure behaves
like a high-pass filter, reflecting low frequencies while allowing higher frequencies
to propagate, as presented in Figure 3.4(b). This behavior contributes significantly

towards the reflection modes.

When both top-layer and bottom-layer metallic patterns are simultaneously an-
alyzed in the proposed geometry, the switching characteristic of each layer (ON and
OFF state) is coupled with the other layer, thereby producing four different com-
binations (OFF-OFF, OFF-ON, ON-OFF, and ON-ON), triggering multifunctional
EM responses, as depicted in Fig. 3.5. When the diode in the bottom layer (PD,)
is forward biased, the metallic pattern behaves as an adaptive ground plane. In this
condition, the RF'SS operates in either the OFF-ON or ON-ON modes. In the OFF-
ON mode, the top layer exhibits bandpass and bandstop characteristics, resulting
in a narrowband absorption at 5.2 GHz with an absorptivity exceeding 90%. In
contrast, when PD; is in the ON state, the top layer provides a high-pass response,
and therefore the ON-ON mode yields full reflection across the entire frequency
band. Consequently, when PDs is set to the OFF state, the bottom layer exhibits a
bandpass response. In the OFF-OFF mode, this bandpass behavior combines with

the bandpass—bandstop characteristics of the top layer, producing a narrowband
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Figure 3.5: Comparison of simulated responses of the proposed RFSS geometry in
HFSS and ADS software: (a) transmission mode, (b) absorption mode, (c) selective
reflection mode, and (d) full reflection mode. The optimized values are: L; =
OOSHH L2 = O.SHH, L3 = 143HH, L4 = ]..7HH, L5 = 4.5HH, 01 = 2pF, R3 =
06 Q, Rl = R2 = R4 = R5 = 001 Q

transmission at 5.07 GHz with an insertion loss of 1.4dB. In the ON-OFF mode,
the overall response is predominantly reflective up to 6 GHz, followed by a weak
bandpass feature near 7 GHz. However, this mode is considered redundant due to

the presence of desirable EM operations in the other three modes.

3.2.3 Equivalent Circuit Modeling

The EM behavior of the proposed RFSS is further interpreted using an equivalent
circuit model, illustrated in Figure 3.6. The complete unit cell is represented through
a distributed RLC' framework that captures the resonant interactions contributed

by the metallic patterns, diode elements, and substrate. On the top layer, the
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Figure 3.6: Equivalent circuit model of the proposed unit cell geometry.

meander line is modeled using a parallel combination of inductance (L), capacitance
(C1), and resistance (R;), while the connecting metallic strips introduce additional
inductive and resistive elements (Lo and Rs).The central cross-dipole is represented
by a pair of inductance and resistance components (Lg, R3), forming the dominant
mid-band resonance of the upper surface. The p—i—n diode PD; is represented by
its ON-state series pair consisting of resistance and inductance (Ron, Lon) and its
OFF-state equivalent pair consisting of capacitance and inductance (Corr, Lorr),
accurately reflecting its switching influence on the conduction path.

The bottom layer is modeled in a similar manner, where the rotated square
patch is denoted by a series combination of inductance and resistance (Lg, Rg),
and the surrounding loop by inductance—resistance pair (L7, R;). The metallic
via contributes an inductance (Ls) and a resistance (Rs), while the peripheral vias
are represented through another pair of inductance and resistance (Ly, Ry). The
substrate is modeled as a transmission-line segment of characteristic impedance Zr,
and electrical thickness tg,,. This circuit arrangement effectively captures the overall

impedance of diode sets and provides a circuit-level understanding for interpreting
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Figure 3.7: Simulated scattering parameters for orthogonal polarization angles at
normal incidence: (a) transmission mode, (b) absorption mode, (¢) selective reflec-
tion mode, and (d) full reflection mode.

the RFSS’s multifunctional behavior.

The initial circuit parameters are derived using analytical expressions [116, 117],
and the simulated responses are validated by comparing them with the numerically
computed scattering parameters using Advanced Design System (ADS) software. As
shown in Figure 3.5, the equivalent-circuit-based predictions and full-wave simula-
tion results exhibit strong agreement across all diode states, confirming the accuracy

of the adopted design methodology and the validity of the circuit model.

3.2.4 Polarization Insensitivity and Angular Stability

The RFSS exhibits polarization-independent performance owing to its four-fold sym-
metric topology and symmetric diode placement across the unit cell geometry. The

simulations performed for orthogonal polarization angles, namely 0° and 90°, show
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Figure 3.8: Simulated scattering parameters for different angles of incidence under
TE polarization: (a) transmission mode, (b) absorption mode, (c) selective reflection
mode, and (d) full reflection mode.

nearly identical resonance frequencies and scattering magnitudes for all four opera-
tional configurations. For the transmission state (OFF-OFF), the operating band
near 5GHz remains unchanged under polarization rotation, while the absorption
(OFF-ON) and reflection states (ON-OFF and ON-ON) also maintain their mag-
nitude responses with minimal deviation. The geometrical symmetry ensures that
the induced surface currents follow equivalent characteristics for both orientations
of the incident electric field, thereby preserving stable EM behaviour. These char-
acteristics, illustrated in Figure 3.7, confirm that the proposed RFSS maintains its

multifunctional performance irrespective of the polarization angle.

The angular robustness of the RFSS is further evaluated under both TE and TM
excitations in Figures 3.8 and 3.9, respectively, for incident angles extending up to

60°. Under TE incidence, all three operation states, OFF-ON (absorption mode),
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Figure 3.9: Simulated scattering parameters for different angles of incidence under
TM polarization. (a) Transmission mode, (b) absorption mode, (c) selective reflec-
tion mode, and (d) full reflection mode.

ON-ON (reflection mode), and ON-OFF (reflection mode), retain their resonance
positions with only negligible degradation even at 60°, demonstrating strong angu-
lar stability. The transmission mode (OFF-OFF) also maintains stable behavior;
however, a slight frequency deviation is observed at 60°, attributed to enhanced EM
coupling through the metallic vias. Under TM excitation, the OFF-ON (absorp-
tion mode) and ON-ON (reflection mode) remain highly stable up to 45°, while the
OFF-OFF (transmission mode) and ON-OFF (reflection mode) configurations ex-
hibit additional resonant peaks at higher angles, attributed to increased interaction
between the obliquely incident electric field and the biasing networks that include
metallic vias. These detailed TE/TM responses demonstrate that the functional fre-
quency bands remain well preserved, validating the angular stability of the proposed

RFSS geometry.
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Figure 3.10: Biasing mechanism of the proposed AFSS: (a) top layer, (b) bottom
layer. Fabricated prototype: (c) top layer, (d) bottom layer. (e) Integration of
FPGA with the fabricated prototype to regulate the diodes (PD; and PD,).

3.3 Fabrication and Measurement

3.3.1 Biasing, Fabrication, and Hardware Integration

A diode-based RFSS structure requires appropriate biasing circuitry to enable in-
dependent operation of the diodes within the geometry. The bias lines must be
carefully designed such that no interference occurs in the EM operation, while en-
suring that the DC voltage is properly applied across the electronic components. A
parallel biasing technique is often preferred over a serial biasing method, as it allows
for lower voltage supply, reduced ohmic losses, and a faster switching response.
The proposed RFSS integrates two diode sets, PD; and PD,, where cach set
requires two terminals for DC voltage supply, resulting in a total of four terminals.
To reduce complexity, one terminal (ground) is made common, reducing the total
number of terminals to three for independent biasing to realize the intended mul-
tifunctional responses. As illustrated in Figures 3.10(a) and 3.10(b), terminals 1

and 3 are connected to the anode ends of the top-layer diodes (PD;) and bottom-
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Table 3.1: Coding Sequence by FPGA for Different Operating Modes

Modes V1 V2 V3 Modes V1 V2 V3
OFF-OFF | 0 0 0 | OFF-ON | 0 0 1
ON-OFF 1 0 0 ON-ON 1 0 1

Note: Vi: Voltage at terminal 1; Vo: Voltage at terminal 2; V3: Voltage at terminal 3. Digital
logic depiction: 0 = Zero voltage; 1 = Vi3 =0.86V and V32 = 0.75 V.

layer diodes (PDy), respectively, whereas terminal 2 provides a common path to
the cathode terminals of both diodes through the embedded metallic vias. The in-
corporation of shared metallic biasing lines ensures that adjacent unit cells receive
identical DC bias levels, allowing the applied voltage to propagate uniformly across

the array even when supplied from a remote location.

The current-flow patterns across the top and bottom layers under forward bias
arc shown in Figures 3.10(a) and 3.10(b), confirming that the bias network efficiently
distributes the supply voltage to all diode elements. As observed,the diodes are
regulated through a parallel basing method, thereby requiring a minimal voltage to
simultaneously regulate all the diodes while reducing the chance of measurement
error due to diode malfunction. Following the bias circuit design, a one-dimensional
prototype composed of 15 cascaded unit cells in a single row is fabricated on an
FR4 substrate using a standard PCB etching technique. The overall dimensions of
the fabricated sample are 190 x 10 mm?, and the individual metallic patterns of
the respective layers are presented in Figures 3.10(c) and 3.10(d). The p—i—n diode
models BAR 64-02 V [118] and BAR 65-02 V [119] from Infincon Technologies are
used as PD; and PD,, respectively, ensuring consistency between simulated and

hardware parameters.

Once the prototype is manufactured, an FPGA [120] is employed to apply inde-
pendent forward-bias voltages to both diode sets, eliminating the need for multiple
DC supplies. PD; and PDs require maximum forward biases of 0.864 V (Vi5) and
0.757 V (V32), respectively, while a zero-volt condition establishes the reverse-bias
state. The FPGA module applies a 2-bit logic sequence across terminals 1, 2, and 3
to configure the desired diode states, as illustrated in Figure 3.10(e). Terminal 2 is

maintained at a logic “0” (0 V), while logic “1” corresponds to 0.864 V at terminal 1
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Figure 3.11: (a) Measurement setup. (b) 1-D array simulation arrangement.

and 0.757 V at terminal 3.

A consolidated summary of the applied coding scheme is provided in Table 3.1,
indicating how each binary combination translates to the respective diode bias con-
ditions. This digital control mechanism enables rapid and repeatable switching
between different EM operation states, ensuring real-time reconfigurability of the

RFSS during measurements.

3.3.2 Measurement using PPW Setup

A PPW setup is used for the experimental characterization of the fabricated 1-D
array, offering a compact and economical alternative to conventional 2-D free-space
measurements [121]. The complete experimental layout is shown in Figure 3.11(a),
consisting of the aluminium PPW structure, pyramidal RF absorbers, the RFSS
sample, the FPGA control board, and a VNA. This arrangement eliminates the
need for horn antennas or anechoic chambers, providing reasonable accuracy with
significantly reduced cost and setup complexity.

To ensure reliable results, a two-step calibration procedure is followed. First, the
reflection (S;) reference level is established by inserting a metallic plate of identical
dimensions at the centre of the PPW. Second, the transmission (Ss1) reference is
obtained by measuring the empty PPW structure without the RFSS sample. After
calibration, the fabricated RFSS array is placed inside the waveguide, and the FPGA
applies the required bias voltages to activate each operation state. The calibrated
S-parameters are extracted by subtracting the reference measurements from the
measured data. The foam absorbers surrounding the PPW minimize edge-diffraction

effects and suppress unwanted scattering, thereby improving the reliability of the
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Figure 3.12: Comparison of simulated and measured data: (a) transmission mode,
(b) absorption mode, (c) selective reflection mode, and (d) full reflection mode. S:
Simulation, M: Measured.

measurements. A corresponding PPW simulation environment is also implemented,
as depicted in Figure 3.11(b), to facilitate direct comparison between measured and

simulated scattering parameters.

The fabricated prototype is evaluated under four different biasing conditions us-
ing the FPGA. In the OFF-OFF state (0-0-0 coding), a clear transmission behavior
is observed, exhibiting an insertion loss of approximately 1.6 dB at 5.14 GHz. For
the OFF-ON state (0-0-1), a narrowband absorption exceeding 90% is recorded
at 5.06 GHz. When both diodes are forward biased (ON-ON; 1-0-1), the sample
demonstrates a continuous reflective response across the entire 2-8 GHz band. Un-
der the ON-OFF condition (1-0-0), a reflection-dominated response is observed up
to 6 GHz, followed by a weak passband at higher frequencies.

All the measured results exhibit close correspondence with the simulated results
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Figure 3.13: (a) Conceptual diagram showing the oblique incidence measurement in
the PPW setup. Electric field distribution of the proposed metasurfaces in PPW
setup: (b) absorption mode at 5.06 GHz, (c) transmission mode at 5.14 GHz, and
(d) reflection mode at 5 GHz.

obtained from the PPW model, as shown in Figure 3.12. Minor discrepancies arise
due to fabrication tolerances and diode parasitics, but the deviation is within the
limit. Thus, the agreement confirms the accuracy of the design methodology, the
reliability of the biasing network, and the effectiveness of the FPGA-integrated

control scheme.

To realize oblique-incidence characterization, instead of altering the positions of
the transmitting or receiving ports, the RFSS sample is tilted at the desired angle
6 [122]. The impinging wave then strikes the tilted surface at angle 6 and exits at
angle —@, in accordance with Snell’s law of refraction, thereby reaching the receiving
port without deviation, as illustrated in Figure 3.13(a). By tilting the RFSS sample
at different angles, the setup enables accurate characterization of Sy; under oblique
incidence in TE-mode propagation. It is noteworthy that the PPW setup can only
be used for measuring the RFSS prototype under TE polarization; the setup cannot

be used for TM mode characterization.

Figure 3.13(b) presents the electric-field distribution in the absorber mode (OFF—
ON) at 5.06 GHz, confirming significant wave attenuation. Meanwhile, Figures
3.13(c) and 3.13(d) illustrate the corresponding E-field distribution in the transmis-
sion mode (OFF-OFF) at 5.14 GHz and the reflection mode (ON-ON) at 5.0 GHz,
respectively, validating the wave propagation and suppression in the corresponding
states. The Sy response is measured at different incident angles up to 60° across all

four modes. As shown in Figures 3.14(a)—(d), the RFSS maintains consistent EM
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Figure 3.14: Oblique incidence responses of the proposed RFSS geometry in PPW
setup: (a) transmission mode, (b) absorption mode, (c) selective reflection mode,
and (d) full reflection mode.

performance under oblique incidence, demonstrating its robustness.

3.4 Conclusion

This chapter has presented a multifunctional RFSS that employs two independently
controlled p—i—n diode sets in conjunction with an FPGA-based biasing module to
realize dynamic absorption, transmission, and reflection responses within a single-
layer geometry. The proposed RFSS integrates a meander-line and cross-dipole
arrangement on the top layer along with a square-loop-based metallic pattern on
the bottom layer, enabling four distinct diode switching states. These configurations
generate multiple EM behaviours, including a narrowband transmission in the OFF—

OFF mode, a near-unity absorption in the OFF-ON state, a selective reflection in
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Table 3.2: Comparison with Existing Literature

Reference Modes | Polarization | Angular | Number | Biasing | Unit Cell Size | Experimental | Switching
(A/T/R) | Insensitivity | Stability | of Layers | Circuitry | (in terms of X) | Validation Control
[41] Y/N/Y Yes 45° 2 Serial 0.81\ Yes Manual
[94] Y/Y/Y No 45° 1 Parallel 0.20\ Yes Manual
[104] Y/Y/N Yes N. R. 2 Serial 0.30A Yes Manual
[123] Y/Y/Y Yes N. R. 3 N. R. 0.30A No Manual
[124] Y/Y/)Y No 45° 1 Serial 0.36A Yes Manual
[125] Y/Y/N No 60° 2 N. A 0.29\ No Manual
Proposed | Y/Y/Y Yes 60° 1 Parallel 0.17X Yes FPGA

Note: X\ denotes the wavelength corresponding to the center frequency. A: Absorption, T: Trans-
mission, R: Reflection; N. R.: Not reported; N. A.: Not Applicable.

the ON-OFF mode, and a full reflection in the ON-ON state, thereby demonstrating
versatile EM characteristics under a compact structural footprint.

The ECM developed for this design provides a clear interpretation of the un-
derlying switching mechanism by capturing the impedance transitions associated
with the two diode sets. The close agreement between the ADS-predicted responses
and HFSS full-wave simulations further confirms the accuracy of the circuit rep-
resentation. Additionally, the structure exhibits stable performance under varying
polarization angles and oblique incidence conditions, which is attributed to its sym-
metrical metallic configuration and embedded parallel biasing network.

A key contribution of this work is the hardware realization using an FPGA-
controlled biasing module, which enables real-time switching among the four opera-
tional states using a two-bit coding sequence. The fabricated 1-D array prototype is
evaluated using the in-house PPW measurement setup, and the measured scattering
parameters closely match the simulated results across all modes under normal and
oblique incidence setups. These experimental validations confirm the reliability of
the biasing scheme, the robustness of the FPGA-based control mechanism, and the
practical feasibility of achieving transitions between different EM functionalities.

Additionally, a comparison with the existing literature, summarized in Table
3.2, highlights the advancements achieved in this work. Unlike earlier designs
that require multilayer structures, manual tuning, or complex biasing networks,
the proposed RFSS offers a compact single-layer multifunctional structure with pro-
grammable switching. The simplified biasing approach and FPGA-based automa-

tion enhance scalability, making the design suitable for real-time EM applications.
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Overall, this work extends the first research outcome by advancing from a dual-
mode absorptive/transmissive structure to a tri-functional REFSS capable of reflec-
tion, absorption, and transmission using two different sets of diode switching with
real-time hardware control. Although the design achieves multifunctional operation,
the resonance frequencies of each mode remain fixed after fabrication. This limi-
tation motivates further development toward frequency reconfigurability. The next
chapter addresses this by incorporating varactor diodes along with p—i—n switching
to realize a tunable-switchable multifunctional RFSS offering both discrete mode

selection and continuous frequency tuning.






Chapter 4

Switchable and Tunable Narrow-
band Multifunctional RFSS

4.1 Introduction

The earlier chapters of this thesis establish the foundation for RFSSs by showing
how the diode-based switching mechanism can modify EM behaviors of different ge-
ometries. The first study introduces a single p-i-n diode-based switching operation,
enabling the RFSS to alternate between two EM responses, as presented in Chap-
ter 2. While this work confirms the basic feasibility of electronic reconfiguration,
its functionality remains limited to dual-mode operation with no ability to adjust

operating frequencies.

The subsequent work extends this concept by employing two independently
driven sets of p-i-n diodes, creating four different switching states that support three
distinct EM functions, as discussed in Chapter 3. The incorporation of FPGA-based
digital control removes the need for manual biasing and enables automatic state
selection. However, this design, like the first, exhibits fixed resonant frequencies
determined solely by the unit cell geometry and diode conditions. As a result, both
structures, though successfully exhibit switchable responses, lack the frequency tun-

ability feature needed in environments where dynamic spectral control is essential.

To address this limitation, the present chapter introduces a multifunctional RF'SS
(MRFSS) that integrates switching and frequency tuning within a single-layer topol-

ogy. This design incorporates varactor diodes alongside two sets of p-i-n diodes,

79



80 Switchable and Tunable Multifunctional RFSS

enabling the surface to not only switch among multiple EM states but also continu-
ously tune its operating frequencies within each state. By modulating the reverse-
bias voltage of the varactors, the structure achieves substantial frequency flexibility
without any modification to its physical configuration. This advancement elevates
the RFSS from a state-selective device to a frequency-agile platform suitable for
cognitive radio systems, tunable radome applications, and adaptive EM wave ma-

nipulation.

The proposed MRFSS realizes this combined switching-tuning behavior through
complementary metallic patterns printed on both sides of an FR4 substrate. The
top layer integrates a meander-based resonant path loaded with a parallel arrange-
ment of p-i-n diodes and varactors, enabling tunable transmission and absorption
characteristics. The bottom layer employs another set of p-i-n diodes that toggle
its behavior between bandpass and reflective modes. Together, these layers gener-
ate four diode combinations, such as OFF-OFF, OFF-ON, ON-OFF, and ON-ON,
each supporting distinct EM functions. The varactor-controlled reactance offers a
continuous tuning range for each of these functions, allowing transmission, absorp-
tion, selective reflection, and full reflection to shift across broad frequency intervals.
A detailed ECM is formulated to interpret the combined effects of layered RLC

interactions, switching states, and tunable capacitances on the EM response.

Beyond circuit-level analysis, this chapter thoroughly investigates the MRFSS
under normal and oblique incidence to confirm stability across different angles of
polarization and incidence. A prototype is fabricated using standard PCB processes,
and dedicated bias networks are developed to independently regulate the p-i-n and
varactor diodes. The structure is experimentally characterized using a free-space
measurement setup, and the measured responses closely follow the simulated trends,

validating its tuning range and multifunctional capabilities.

The remaining sections of this chapter present the complete development of the
proposed switchable and tuable MRFSS. The design and analysis section details
the unit-cell architecture, diode integration methodology, biasing configuration, and
circuit interpretation. This is followed by the fabrication and measurement of the
prototype. The chapter concludes with a comprehensive comparison with the earlier

reported works, demonstrating that the proposed MRFSS successfully achieves dy-
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namic, multifunctional behavior and frequency agility within a compact single-layer

structure.

4.2 Design and Analysis

PD,-OFF PD,-OFF PD,-ON PD,-ON
PD,-OFF PD,-ON PD,-OFF PD,-ON

VD,

le PD]

(a) (b) (c) (d)

Figure 4.1: Schematic view of the proposed MRFSS geometry: (a) OFF-OFF state,
(b) OFF-ON state, (¢) ON-OFF state, and (d) ON-ON state.

A switchable EM geometry with two different operating states can be realized by
using a single p-i-n diode in each unit cell. However, achieving three or more EM
functionalities generally requires the integration of multiple diodes. These switching
elements may be mounted either on a single dielectric substrate or on multiple sub-
strates separated by an air gap. Implementing one set of diodes on the top surface
and another set on the bottom surface of a single-layer dielectric substrate offers
practical advantages in terms of biasing simplicity and geometric flexibility. This
configuration produces four distinct diode combinations: ON (top)-ON (bottom),
ON-OFF, OFF-ON, and OFF-OFF. With an appropriate choice of metallic pat-
terns and strategic placement of the diode components, each state can be engineered
to exhibit a different EM behavior such as transmission, reflection, or absorption.
Furthermore, introducing a varactor diode into the geometry enables continuous fre-
quency tunability within each of these switching states. As a result, the combined

arrangement of two p-i-n diodes and one varactor forms a multifunctional structure
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(d)

Figure 4.2: Design of the proposed MRFSS unit cell geometry: (a) top view, (b)
Side view, (c) bottom view, and (d) isometric view.

capable of both switching and tuning operations. A schematic representation of the

proposed configuration is shown in Fig. 4.1.

4.2.1 Design Methodology of the Unit Cell

To attain the aforementioned operating modes in a single-layer structure, two dif-
ferent metallic patterns are considered in the proposed MRFSS design. The top
layer comprises a meander-line configuration along with a set of varactors and p-
i-n diodes placed in parallel with each other. The associated biasing lines are also
included on either side of the pattern and are connected through lumped induc-
tors. The geometry employed on the bottom side consists of a central patch and
surrounding metal lines connected through another set of p-i-n diodes. A metallic
via is inserted through the dielectric substrate to short the top meander line and
the bottom metallic patch, thereby establishing a common biasing node. Figure 4.2
illustrates the individual layers with different views. The intermediate medium is

an FR4 substrate (g, = 4.4, and tand = 0.02). The dimensions of the geometry are:
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Table 4.1: Varactor Diode Voltage versus Capacitance Values

S.no | Voltage (V) | Capacitance (pF)
1 5.5 1.95
2 6.2 1.60
3 7.5 1.26
4 10 0.93
) 15 0.71
6 20 0.60
7 25 0.55

a=10mm, b =0.25 mm, ¢ = 0.75 mm, d = 1 mm, e = 0.5 mm, ¢; = 0.375 mm,
di = 8.5 mm, p = 1.2 mm, and tg, = 2 mm.

To execute the reconfigurable characteristics, one set of p-i-n diodes and one set
of varactors are mounted on the top side, whereas another group of p-i-n diodes is
mounted on the bottom side. Each set consists of two electronic elements, thereby
counting a total of 6 components per unit cell geometry. However, each of the
diodes is used two times with back-to-back orientation, with an aim to realize the
biasing circuitry in a simpler way. The p-i-n diode considered in the design exhibits
a small resistance (Rox) of 4.5 Q in series with a parasitic inductance (Loy) of
0.6 nH under the ON state, and a capacitance (Copr) of 0.15 pF in series with
the same parasitic inductance (Loy = Lorr) under the OFF state. The varactor
diode provides a nonlinear, voltage-dependent capacitance (Cy ) that varies between
0.55 pF and 1.95 pF, as detailed in Table 4.1. The bottom-layer topology contains an
embedded biasing network, while two external bias lines are printed on the top layer
to independently regulate the p-i-n diodes and varactors. Inductors of appropriate
values are employed to isolate RF signals from these biasing paths.

To design an MRFSS structure capable of supporting different EM operations
(transmission, absorption, and reflection), the working mechanism of each response
is studied first, followed by the formulation of suitable layer topologies. To realize
a bandpass transmissive behavior in a single-layer geometry comprising top- and
bottom-side metallic patterns, the incident EM wave must be able to propagate
through both layers at a designated frequency. A parallel RLC network typically

provides a bandpass resonance and can therefore be utilized on both layers (e.g.,
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Figure 4.3: Schematic conceptualization to achieve different operating modes from
the proposed MRFSS geometry: (a) transmission mode, (b) absorption mode, and
(¢) reflection mode.

Table 4.2: Circuital Requirement in the Proposed MRFSS Geometry

Operating States | Top layer (for switching) | Bottom layer (for switching) Top layer (for tuning)
Transmitter Parallel RLC' circuit Parallel RLC' circuit Series RL circuit with varactor capacitance (Cy)
Absorber Series or parallel RLC' circuit Reflection (no resonance) Series RL circuit with varactor capacitance (Cy)
Reflector Reflection (no resonance) Reflection (no resonance) Series RL circuit with varactor capacitance (Cy)

Ry—L;—C' on the top side and Ry—Ly—C5 on the bottom side).

An absorptive operation requires simultancous suppression of reflection and trans-
mission. To achieve near-unity absorption, the bottom layer is configured as a re-
flector (preventing transmission), while the top layer incorporates a series or parallel
RLC circuit designed to minimize reflection at a target frequency. Hence, a switch-
able mechanism is necessary on the bottom layer to toggle its response between
bandpass and reflective states, while the top layer may use either the same parallel
RLC model or a series configuration to produce the desired absorption.

A reflective behavior can be obtained either by engineering the top layer as
a reflector (selective-reflection mode) or by configuring both layers to operate as
reflectors (full-reflection mode). Hence, the top layer should be equipped with a
switching concept to disable the resonance feature and enable the reflecting mode.
The bottom layer can use the previous reflective circuit condition to ensure complete
reflection from the overall geometry.

To dynamically regulate each operating mode, a tunable RLC network must be
integrated, preferably in the top layer, and controlled independently. By varying the
capacitance of this tunable network, the resonance frequency of the structure can

be shifted, thereby enabling frequency agility across different EM states. Figure 4.3
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Figure 4.4: Simulated scattering parameters of the bottom layer (+ dielectric) under
(a) OFF state, and (b) ON state.

illustrates the schematic representation of the operating principle, while Table 4.2
summarizes the corresponding circuit requirements.

The bottom-side topology is designed first with the aim of achieving the desired
conditions, i.e., a transmission and a reflection through switching activity. A cen-
tral patch along with surrounding metal lines is considered in the bottom layer, and
two p-i-n diodes are inserted across the slots. Under the forward-bias condition, the
diodes establish a continuous electrical connection between the metal traces, whereas
a parallel RLC circuit is realized under the reverse-bias condition. Figure 4.4 illus-
trates the simulated response of this geometry (bottom layer + dielectric), exhibiting
a bandpass characteristic at 4.2 GHz with an insertion loss of 0.24 dB in the OFF
state, and a complete reflection across the entire operating range in the ON state.

On the contrary, the top layer consists of three functional segments: a parallel
RLC circuit, a switching unit, and a tuning element, with the switching and tuning
sections arranged in parallel. A meander-line structure is used to realize the parallel
RLC response, while the p-i-n diodes and varactor diodes are positioned alongside
this path, as depicted in Fig. 4.2(a). When the p-i-n diode is reverse biased, the com-
bined structure (top layer + dielectric) exhibits a bandpass transmissive response
attributed to the meander segment, along with a bandstop behavior arising from
the series RLC circuit of the switching unit, as shown in Fig. 4.5(a).

With the incorporation of the tuning element, both the bandpass and bandstop

responses can be dynamically adjusted. The bandpass response spans from 1.64 GHz
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Figure 4.5: Simulated scattering parameters of the top layer (+ dielectric): (a) OFF
state, and (b) ON state.

to 2.53 GHz, with an insertion loss ranging from 0.71 dB to 0.93 dB, corresponding
to a varactor tuning voltage variation from 5.5 V to 25 V. When the p-i-n diode is
forward biased, a continuous conductive path is established, bypassing the capacitive
behavior and thereby generating a reflective response. Over the aforementioned
tuning range, a reflection amplitude greater than —2.5 dB is observed within the

frequency interval of 2.49 GHz to 4.48 GHz.

4.2.2 Equivalent Circuit Modeling

The equivalent circuit model is presented in Fig. 4.6, supporting the operation mech-
anism described above. The top layer contains a combination of parallel and series
circuit branches: a parallel Ro—Ly—C5 network arising from the meander structure,
and a set of varactors and p-i-n diodes mounted in series branches (L3;—Rj3), which
arc connected in parallel with one another. The varactor diode provides a tunable
capacitance Cy controlled by the applied reverse-bias voltage, while the p-i-n diode
is modeled as a small resistance Roy in series with a parasitic inductance Loy in
the ON state, and as a high capacitance Copr in series with a parasitic inductance
Lorr in the OFF state. The bias line in the top layer is represented by a series
combination of resistance and inductance (Ry—Ly).

The bottom layer includes two series networks, Ry—L, and Rz—Ls, corresponding

to the surrounding metal lines and the central patch, respectively. The p-i-n diode in
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Figure 4.6: Equivalent circuit modeling of the proposed MRFSS geometry.

this layer is modeled identically to the top layer, following the SPICE representation:
Ron in series with Loy under the ON state, and Copr in series with Lopp under
the OFF state. The dielectric substrate is modeled as a transmission line, while the
metallic via connecting the top and bottom layers does not significantly influence

RF propagation and is therefore neglected due to simplicity.

From the circuit diagram, it is evident that the bottom layer exhibits two distinct
responses depending on the switching state of the p-i-n diode. In the reverse-bias
condition, the topology forms a parallel LC network consisting of Ly, L5, and Copr,
resulting in a bandpass transmission response. Conversely, under forward bias,
only inductive and resistive components remain (with no capacitive contribution),
thereby producing a reflective behavior.

In the top layer, the parallel Ry—Lo—C5 network yields a bandpass characteristic,
while the series R3—L3—Copr branch introduces a bandstop response during the
reverse-bias state of the p-i-n diode. Under forward bias, the diode exhibits a small
resistance Ron, causing the top layer to behave predominantly as a reflector. With
the tunable capacitance of the varactor diode, all operational states are influenced
by the Rs3—Ls—C', branch, enabling dynamic frequency tuning across various EM

behaviors. Therefore, the proposed MRFSS topology and its corresponding circuit
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Figure 4.7: Simulated scattering parameters of the proposed MRFSS geometry:
(a) transmission mode, (b) absorption mode, (c¢) selective-reflection mode, and (d)
reflection mode.

model successfully fulfil the criteria required to achieve multiple KM responses under
different switching and tuning conditions.

The complete simulation is carried out in Ansys HF'SS 2020 using periodic bound-
ary conditions. Under the OFF-OFF condition, a tunable bandpass transmission
response is obtained in the frequency range of 1.68-2.56 GHz with an insertion loss
of 1.8-2.9 dB, while varying the bias voltage across the varactor from 5.5 V to 25 V.
The tunable capacitance of the varactor appears in parallel and series with the p-i-n
diode OFF-state capacitance and the meander-line pattern, respectively, thereby
enabling dynamic control for both bandstop and bandpass responses. The bottom-
layer diode also exhibits a transmissive behavior under the reverse-bias state. Hence,
the overall configuration yields a tunable transmission mode, as shown in Fig. 4.7(a).

Under the OFF-ON condition, the structure exhibits a tunable absorption be-
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Figure 4.8: Scattering parameters of the proposed MRFSS geometry at a reverse-
bias voltage of 6.2 V using HFSS and ADS software for all the modes: (a), (b)
+z direction and (c), (d) —z direction. The optimized circuit parameter values are:
L1 = 9HH, Rl = 0.01 Q, L2 = 1.3nH, Rg = 0.31 Q, Cg = 0.11 pF, L3 = 2.51’1H,
Ry = 0.01Q, L, = 20, Ry = 0.01Q, Ls = 0.01nH, Rs = 0.01Q.

havior. In the forward-bias (ON) state, the bottom layer reflects the incident EM
wave due to the absence of any capacitive contribution in the circuit, effectively
behaving as an adaptive ground plane. The top layer maintains the same behavior
as in the OFF-OFF case. This leads to a narrowband absorption response with a
tunable frequency ranging from 1.84 GHz to 2.85 GHz and an absorptivity between
84.3% and 96.5%, as depicted in Fig. 4.7(b).

The structure exhibits reflective characteristics in the remaining two switching
states (ON-OFF and ON-ON), as shown in Figs. 4.7(c) and 4.7(d). In both cases,
the small forward resistance Ron of the top-layer p-i-n diode ensures reflection re-

gardless of the state of the bottom-layer diode. Under the ON-OFF condition, the



90 Switchable and Tunable Multifunctional RFSS

o]
(=

i
=

Scaltering Parameters(dB3)
Scattering Parameters(dB)

0
) 3 .20
E Yo =
5 2% i
5-20 :I ‘5’
E 7 E
g ¢ .40
] s E
(-~ ’ A
2 &
£ g
2 2
= o

£ =
340 340

3 3
Frequency(GHz) Frequency(GHz)
(© @

Figure 4.9: Scattering parameters of the proposed MRFSS geometry under TE
polarization: (a) transmission mode, (b) absorption mode, (c) selective-reflection
mode, and (d) reflection mode.

top layer demonstrates reflective behavior due to the diode being in the ON state,
while the bottom layer exhibits transmission because of its parallel LC' resonance.
The overall geometry therefore displays a reflection response with S;; magnitude
varying between —0.5 dB and —2.5 dB and a tunable frequency range of 2.48-
4.43 GHz. However, as the varactor reverse-bias voltage increases (corresponding to
a decrease in OFF-state capacitance), a finite S;; magnitude appears along with a
reduction in Sy;. Thus, for smaller bias voltages (up to 10 V), the structure exhibits

a selective-reflection mode.

In the ON-ON state, the bottom layer also acts as a reflector, with significantly
improved reflection characteristics as compared to the previous state. The reflection
coefficient remains below —1.5 dB in the frequency range of 2.55-4.62 GHz, while the

transmission magnitude lies below —30 dB across the entire band. All three major
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Figure 4.10: Biasing technique of the proposed MRFSS geometry: (a) top layer,
and (b) bottom layer. Biasing conditions for different cases: (¢) OFF-OFF case:
(VT13 < ‘/th), (VB43 < ‘/th), (VT23 < V};h) (d) OFF-ON case: (VT13 < V;h>,
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(VT23 < V{;h) (f) ON-ON case: (VT13 > V;h); (VB43 > V;h); (VT23 < V;h) [V;h is
the threshold voltage of the diode].

EM functionalities, such as reflection, absorption, and transmission, are realized
in the ON-ON, OFF-ON, and OFF-OFF states, respectively, while the ON-OFF
state yields a tunable selective reflection. Therefore, both ON-OFF and ON-ON

configurations can serve as reflective states with tunability.

It is noteworthy that most of the operating modes of the proposed MRFSS ge-
ometry function the same for incident EM waves arriving from both directions (42
and —z), except the absorption mode. For the OFF-ON absorption case, the bottom
layer acts as a reflector and the top layer provides resonance for a +z incident wave.
For a —z incident wave, however, the EM wave encounters the reflective bottom layer
first and does not interact with the top layer, resulting in a reflective response instead
of absorption. For the remaining operating states, there is a minimal interference

between the top and bottom layers regardless of wave incidence direction, and the
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transmission and reflection responses remain identical. To validate the ECM, scat-
tering parameters are extracted using ADS software and compared with full-wave
HF'SS simulations for all modes under both +z and —z incidence [126, 127]. The
comparison is illustrated in Fig. 4.8, showing close agreement and confirming the
accuracy of the proposed circuit model. The parameter values are provided in the
corresponding figure caption.

The proposed MRFSS geometry is polarization-sensitive and operates for a spe-
cific electric-field orientation. When the E-field is aligned parallel to the diode
elements and the meander-line pattern, the structure exhibits the desired tunable
and switchable behaviors. Under the orthogonal polarization, however, the induced
current cannot flow through the electronic components, and neither switching nor
tuning occurs. The topology is further analyzed for various incident angles under
the supported polarization (TE mode), and highly stable angular responses are ob-
served up to an incidence angle of 60°, as shown in Fig. 4.9. The EM responses

under TM mode are not satisfactory due to its polarization-sensitive topology.

4.3 Fabrication and Experimental Verification

4.3.1 Parallel Biasing Technique

A diode-based MRFSS structure requires appropriate biasing circuitry to enable
independent operation of the diodes within the geometry. The bias lines must be
carefully designed such that no interference occurs in the EM operation, while en-
suring that the DC voltage is properly applied across the electronic components. A
parallel biasing technique is often preferred over a serial biasing method, as it allows
for lower voltage supply, reduced ohmic losses, and a faster switching response. In
the proposed geometry, one varactor and one p-i-n diode are mounted on the top
layer, and another p-i-n diode is placed on the bottom layer. All three components
must be independently controlled. Ideally, six separate terminals would be needed;
however, a novel biasing configuration is adopted such that only four terminals are
required to regulate all diodes in the structure.

Figure 4.10(a) illustrates the biasing technique for the geometry. Two dedicated

bias lines are printed on the top layer and connected through lumped inductors,



Switchable and Tunable Multifunctional RFSS 93

Biasing lines

(a) (b)

Figure 4.11: Fabricated photographs along with enlarged views of the proposed
MRFSS geometry: (a) top layer, and (b) bottom layer.

while the bottom-layer topology contains embedded bias lines. Terminals 1 and
2 are located on the top layer, and terminals 3 and 4 are located on the bottom
layer. Terminal 1 is connected to the anode of the top-layer p-i-n diodes, while
terminal 2 is connected to the cathode of the varactors. The positive terminal of the
bottom-layer p-i-n diode is connected to the central square patch, which is routed
to terminal 4. Each diode component is duplicated in both layers to simplify the
bias routing. A common terminal 3 (ground) is connected to the remaining ends of
all diodes through a metallic via that links the top meander pattern and the bottom
outer lines.

To maintain a parallel connection, terminals with identical markings are inter-
connected across consecutive unit cells, allowing a DC voltage applied at one edge
of the prototype to reach every unit cell. Thus, a single voltage applied between
terminals 1 and 3 regulates the voltage VT3 across the top-layer p-i-n diodes of
all unit cells, while the voltage between terminals 2 and 3 provides the reverse-bias
voltage V153 for the top-layer varactor. In the bottom layer, the p-i-n diodes are
controlled by the supply voltage V Bys applied between terminals 3 and 4.

In the OFF-OFF case, both top and bottom p-i-n diodes operate under reverse-
bias conditions, i.e., VT3 < V4, and V Bys < V4, where V4, is the threshold voltage
of the diode, resulting in a transmission response. During absorption, the top-
layer diode remains reverse biased, while the bottom-layer diode is forward biased

(V B4z > Viy). Similarly, the third and fourth operating states are achieved by ap-



94 Switchable and Tunable Multifunctional RFSS

Figure 4.12: Measurement setup for the proposed MRFSS geometry: (a) Sg; re-
sponse (normal incidence), (b) Si; response (normal incidence), and (c) Sy response
(oblique incidence).

propriately regulating the bias voltages across the diodes. In all cases, the varactor
operates under reverse bias with V15 varying from 5.5 V to 25 V, enabling tun-
ability. The p—i-n diodes are biased with 0.82 V for ON state (forward bias) and
0 V for OFF state (reverse bias). Figure 4.10 illustrates the schematic of biasing

operations for the proposed geometry.

4.3.2 Fabrication and Measurement

Once the biasing circuitry is finalized, a prototype is fabricated on an FR4 substrate
of thickness 2 mm. The prototype contains a periodic array of 20 x 20 unit cells,
resulting in an overall size of 240 x 240 mm?, and is realized using a standard PCB
etching process. BAR 50-02V p-i-n diodes [128] and BB 857-02V varactors [129]
from Infineon Technologies are used in the structure, and the parameter values
used in simulation are taken from their technical datasheets. Lumped inductors of
6.8 nH from Murata, having a self-resonant frequency of 4.5 GHz, are mounted at
appropriate locations to isolate RF signals from the DC bias lines. The fabricated
MRFSS sample and its enlarged views are shown in Fig. 4.11.

The experimental characterization of the prototype is performed using a free-
space measurement setup [130], consisting of an Agilent E5071C VNA, horn an-
tennas, DC power supplies, and a pyramidal foam absorber wall. Figures 4.12
(a)—(c) illustrate the measurement arrangements for obtaining the Ss; and Sy re-
sponses. During normal-incidence S7; measurements, a single horn antenna is used
as a transceiver to simultaneously transmit and receive the signal. This approach
improves the accuracy of the S;; measurement because the field radiated from a sin-

gle antenna maintains a quasi—plane-wave distribution with minimal excitation of
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Figure 4.13: Measured scattering parameters of the proposed MRFSS geometry:
(a) transmission mode, (b) absorption mode, (c) selective-reflection mode, and (d)
reflection mode.

unintended TE components. In contrast, using two separate antennas for S;; mea-
surement introduces additional alignment uncertainties, mutual coupling between
the antennas, and non-uniform illumination across the DUT, all of which distort the
reflected field. Therefore, a single horn antenna is used as a transceiver to measure
S11 under normal incidence [75], whereas a two-antenna configuration is used for
oblique incidence [130]. Three separate DC power supplies independently regulate
the top-layer p-i-n diode, the bottom-layer p-i-n diode, and the top-layer varactor.
FPGA control is not integrated in this design because the varactor tuning demands
varying reverse-bias voltage till approximately 30V, whereas FPGA I/O pins can
provide only low-voltage digital levels and cannot directly generate the required
high-voltage analog bias without complex external driver circuits.

During measurements, the device under test (DUT) is placed inside an aper-
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Figure 4.14: The measured oblique incidence responses for the proposed MRFSS
structure: (a) transmission mode, (b) absorption mode, (c) selective-reflection mode,
and (d) reflection mode. Two different bias voltages (5.5 V and 25 V) have been

considered under each mode.

ture surrounded by foam absorbers to reduce finite edge effects, field dispersion,

and reference-surface errors. First, the calibration is carried out by comparing the

response with that of free space (for transmission) or a metal plate of identical size

(for reflection). Next, the time-gating technique is applied based on the round-trip

propagation delay between the antenna and the DUT. The distance between them

is converted to time using the speed of light, and an appropriate time gating win-

dow (for example, around the calculated delay with a small tolerance) is applied in

the VNA to suppress multipath propagation and unwanted reflections. Additional

foam absorbers are placed around the DUT to reduce scattering effects. The surface

resistance effects are neglected due to their negligible impact on the overall response.

The DC voltages across the p-i-n diodes are applied in two states: 1 V for
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forward bias and 0 V for reverse bias. By properly applying VT3 for the top-layer
diode and V By for the bottom-layer diode, the four switching states (OFF-OFF,
OFF-ON, ON-OFF, and ON-ON) are realized. The varactor reverse-bias voltage
is varied in five steps from 5.5 V to 25 V. During the tunable transmission mode,
a bandpass response from 2.13 GHz to 2.98 GHz is observed, with insertion losses
of 2.2-4.16 dB. In the absorption mode, absorptivity values between 80.34% and
93.83% are recorded within 2.09-3.05 GHz. In the ON-OFF and ON-ON states,
the structure exhibits selective-reflection and full-reflection behavior, respectively,
with reflection levels better than —2.6 dB and —1.9 dB over the entire measured
band. The measured responses are closely aligned with the simulated results for
all cases, indicating good agreement in the performance of the proposed MRFSS
structure, as shown in Fig. 4.13.

The prototype is further measured for different incident angles under TE polar-
ization. In this mode, the electric-field vector remains parallel to the diode elements
and the meander path, while the magnetic field and propagation vector vary with
the incidence angle. Measurements are conducted for three angles (0°, 30°, and 60°),

and the results in Fig. 4.14 indicate good angular stability.

4.3.3 Analysis of Response Deviations

In Chapter 2 and Chapter 3, the RFSS designs rely primarily on p—i-—n diodes
whose parasitic elements are relatively small and remain nearly constant across the
operating band. As a result, the simulated and measured responses in those chapters
show only minor deviations, and the corresponding effects are adequately accounted
for within the tolerance range. However, the present chapter introduces varactor
diodes to enable continuous frequency tuning, and these devices exhibit strong sen-
sitivity to parasitic parameters, particularly the series resistance that varies with bias
voltage and frequency. This resistance directly influences the resonant behaviour of
the tunable behavior, causing noticeable amplitude variations and frequency shifts.
Therefore, a separate detail section becomes necessary to rigorously evaluate their
influence and to identify the practical limitations and design considerations specific
to varactor-integrated RFSS structures.

The proposed MRFSS structure demonstrates switchable as well as tunable char-
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Figure 4.15: Effect of parasitic resistance on the proposed MRFSS geometry: (a)
transmission mode, (b) absorption mode, (c) selective-reflection mode, and (d) re-
flection mode.

acteristics for different EM operations. However, minor deviations are observed in
the desired responses. Ideally, under each operating mode, the structure should ex-
hibit a tunable characteristic with nearly constant amplitude during the simulation
studies. In practice, the amplitude varies within a certain range as the varactor
capacitance changes, particularly for the transmission and absorption modes (for
instance, the geometry shows an insertion loss ranging from 1.8 dB to 2.9 dB in the
tunable transmission mode). These discrepancies can be attributed to several fac-
tors. Firstly, the unit-cell dimensions of the structure are optimized with respect to
a specific frequency. Secondly, the small parasitic resistance present in the varactor

diode may significantly affect the amplitude variations.

Figure 4.15 illustrates the degradation in the EM response when a parasitic

resistor is added in series with the varactor capacitor. As the resistance value is
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Figure 4.16: Effect of loss tangent of the dielectric substrate on the proposed MRFSS
geometry: (a) transmission mode, (b) absorption mode, (c) selective-reflection mode,
and (d) reflection mode.

varied from 0 to 1.5 €2, noticeable changes in the amplitudes of the Si; and Sy
responses are clearly observed, indicating one of the possible reasons behind the
deviation. The potential solutions to mitigate this issue include the use of low-
loss dielectric substrates and varactor diodes with lower parasitic resistance. A
similar observation is made from the loss-tangent analysis, where increasing the
substrate loss from tan d = 0 to 0.02 produces only slight deviations in both Sy; and
So1, indicating that dielectric loss contributes minimally compared to the dominant
parasitic-resistance effect of the varactor, as shown in Figure 4.16. Alternatively, two
varactors may be connected in parallel, reducing the effective parasitic resistance,
although at the cost of increased design complexity. Another approach involves
designing the geometry to exhibit a wideband characteristic, wherein the tunable

feature remains stable; however, such wideband structures typically require multi-
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Table 4.3: Comparison with other RFSS Designs

IL (dB)/ | Polarization/ No. of electronic
Number of |Operating ‘Working functions Biasing Unit cell dimensions/
References Ab (%)/| Angular components per
working modes | functions | with tuning rate (%) circuitry thickness ()\)
RA (dB)| stability unit cell
Switching Bandpass (80%) Dual 24.5 mun (A/4)
37 2 NR SetiesParallel 24
Tuning Band stop (N.R.) 40° 1 mm (0.01%¥))
Dual
Baudpass trausmission (8.94%)
X Switching i Dual 17.5 mm (\/4)
[65] 3 Bandstop transmission (5.76%)|  N.R. Parallel 4
Tuning Single 0.8 mm (0.01%X)
Polarization Selection (N.A.)
45°
Transmission (0%) 2.36
Single 6.5 mm (\/5)
[94] 3 Switching Absorption (0%) 94 Parallel 3 ’
45° 1 mm (0.03%)\)
Reflection (0%) > —0.5
Switching Transmission (13.88%) 1.96-4.30 Dual 10 mm (A/8)
[103] 2 Parallel 8
Tuning Absorption (17.87%) 78.77-90.78 60° 1 mm (0.0125%))
Transmission (41.5%) 1.8-2.9
Proposed Work Switching Single 10 mm ()\/10)
3 Absorption (43.07%) |84.3-96.5 Parallel 6
(Simulated) Tuning 60° 2 mm (0.02*))
Reflection (57.74%) >—15
Transmission (33.26%) | 2.2-4.1
Proposed Work Switching Single 10 mm (\/10)
3 Absorption (37.35%) |80.3-93.8 Parallel 6
(Measured) Tuning 60° 2 mm (0.02*)\)
Reflection (42.38%) >-19

Note: N.A.: Not applicable; N.R.: Not reported; A\: Wavelength corresponding to lowest operating
frequency; IL (dB): Insertion loss; Ab (%): Absorptivity; RA (dB): Reflection amplitude.

layer configurations, further increasing the overall complexity.

The measured responses also show minor deviations, particularly in the form
of frequency shifts compared to the simulated results. These deviations have been
carefully analyzed, and several contributing factors are identified. Firstly, FR4 is
a dispersive dielectric, whereas constant KM parameters are assumed during simu-
lation. Secondly, the lumped components used in the structure possess frequency-
dependent characteristics (for example, the OFF-state capacitance of the p-i-n diode
varies with frequency), while constant values are used in the full-wave model. The
parasitic resistance of the varactor, as previously discussed, also contributes to the
observed frequency shift. Nonetheless, the deviations in both simulation and mea-
surement remain within acceptable tolerance, confirming the reliable performance

of the MRFSS geometry.

4.4 Conclusion

This chapter presents a compact MRFSS that combines switching and tuning capa-
bilities using integrated p-i-n and varactor diodes. The structure employs metallic

patterns on the top and bottom layers of an FR4 substrate, to realize four switching
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states that support transmission, absorption, selective reflection, and full reflection.
By incorporating a varactor in the top layer, the geometry provides continuous fre-
quency tunability in each operating state without any modification of the physical
configuration. The operation mechanism of the MRFSS is interpreted through a de-
tailed ECM, which highlights the utilization of the metallic patterns, p-i-n diodes,
varactors, and biasing elements. A close agreement between the ADS-based circuit
responses and the full-wave HF'SS simulations validates the accuracy of the proposed

MREFSS geometry.

The chapter also discusses the biasing methodology, where a parallel biasing
technique is employed so that the top and bottom layer p—i—n diodes and the top
layer varactors are independently controlled using only four terminals across the
entire array. A prototype is fabricated and characterized in a free-space measure-
ment setup. The measured scattering parameters confirm that all characteristics
are achieved with good agreement with simulations for both normal and oblique
incidence. The structure maintains stable performance under TE polarization up to

large oblique angles, which verifies its robustness for practical deployment.

Although dual-polarization operation is desirable in many practical applications,
the proposed topology is intentionally designed to be single-polarized to avoid the
complexities associated with realizing a polarization-insensitive reconfigurable struc-
ture. Such complexities include the need for multiple dielectric layers, a four-fold
symmetric geometry, the careful placement of multiple p-i-n diodes and varactors in
each unit cell, and the corresponding biasing networks. In addition to demonstrat-
ing the desired switching and tuning characteristics, the chapter examines practical
non-idealities that influence the MRFSS performance. The discussion highlights the
impact of varactor parasitic resistance and the use of low-loss dielectric substrates
on the amplitude variation of the tunable responses. As a result, the proposed
MREFSS operates multifunctional EM characteristics along with tunable responses
in a single-layer topology, which is attractive for adaptive filtering, tunable radomes,

and cognitive EM platforms.

A comparison is also presented in Table 4.3, which highlights the proposed design
against existing literature structures in terms of number of operating modes, tuning

range, insertion loss, absorptivity, reflection level, angular stability, biasing complex-
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ity, number of components per unit cell, and clectrical size. This comparison shows
that the proposed MRFSS achieves a favourable compromise among multifunctional
operation, tunability, and structural compactness.

Overall, this research work advances the capabilities established in the previ-
ous chapters by transitioning from fixed-frequency switchable RFSS designs to a
multifunctional surface that supports both discrete-state switching and continuous
frequency tuning within the same geometry. At the same time, the design inten-
tionally remains single-polarized in order to keep the biasing and layout complexity
manageable, which reveals an important tradeoff between tunability, polarization
behaviour, and structural simplicity. This remaining limitation, together with the
insights gained on biasing, parasitic effects, and measurement strategies, motivates
the next stage of the thesis. The subsequent chapter builds on the concepts devel-
oped here and explores more advanced wideband RFSS configurations that further
extend multifunctionality across the operating bands, while addressing constraints
related to polarization response, operational bandwidth, and system-level integra-

tion.



Chapter 5

Wideband Polarization-Insensitive

RFSS-based Rasorber/ Absorber/
Transmitter/ Reflector

5.1 Introduction

The earlier chapters of this thesis establish a progressive development of RFSS by
moving from basic switching mechanisms to multifunctional and frequency-tunable
platforms. The first contribution, presented in Chapter 2, introduces a single-diode
configuration that provides narrowband switching between absorption and trans-
mission responses within a compact, polarization-insensitive geometry. The second
work, discussed in Chapter 3, enhances this capability by employing two indepen-
dently driven p-i-n diode sets with FPGA-based digital control, enabling three dis-
tinct EM responses (absorption, transmission, and reflection) with automatic real-
time switching. The third contribution, detailed in Chapter 4, further advances
the concept by integrating varactor diodes alongside the p-i-n switching elements,
allowing both discrete mode selection and continuous frequency tunability for each
operation. Although these three works collectively demonstrate significant improve-
ments in reconfigurable behavior, all of them operate in narrow frequency bands,
which limits their applicability in wideband or broadband EM environments.

With the advent of technology, modern platforms require multifunctional EM

operations such as absorbers, rasorbers, transmitters, reflectors, etc., with wide
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bandwidths covering a large frequency span. Multiple systems, including cognitive
radars, wideband communication networks, and stealth-aware sensing platforms, of-
ten operate over multiple spectral zones, where narrowband behavior geometries are
inadequate. While the tunable RFSS from the previous chapter provides frequency
agility, its operational band remains limited due to the single-layer topology and the
inherent constraints of lumped-component integration, thereby making the structure
less suitable for scenarios requiring broadband suppression, wideband filtering, or
multi-octave EM control. These constraints motivate the need for an extended ar-
chitecture that can support wideband operation while retaining reconfigurability

and polarization-insensitivity characteristics.

To address these limitations, the present chapter introduces a wideband multi-
functional RFSS that utilizes a multilayer configuration, resistive components, and
diode-based switching technique to achieve four distinct broadband EM operations,
viz., rasorber, absorption, transmission, and reflection responses within a single ge-
ometry. This design employs two FR4 layers separated by an air spacer, enabling
strong inter-layer coupling and enhanced bandwidth performance. The top layer
integrates a modified square loop with symmetric dipole arms, each equipped with
a p-i-n diode and a lumped resistor that broadens the absorption band. The bot-
tom layer incorporates another metallic loop connected through vias to rectangular
patches, along with a second set of p-i-n diodes that regulate wideband transmission
and reflection characteristics. By controlling the two diode sets independently as
well as carefully loading lumped resistors at strategic locations, the structure realizes

four EM states with wide bandwidths.

This chapter also investigates the EM behavior of the multilayer structure using
an equivalent circuit model that clarifies the individual roles of the resistive paths,
capacitive slots, and switching elements behind the wideband operating ranges. The
geometry is examined under different polarization and oblique-incidence conditions
to confirm stable broadband performance, which is essential for practical deploy-
ment. A one-dimensional prototype of the proposed structure is fabricated using
standard PCB processes and is experimentally validated using the custom-built
PPW measurement setup. The measured scattering parameters closely match the

simulated responses across all four operating modes, confirming the feasibility of
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achieving wideband multifunctional responses in a compact multilayer RFSS.

The remaining sections of this chapter describe the complete development of
the proposed wideband reconfigurable structure. The design and analysis section
explains the multilayer geometry, diode placements, resistor integration, and circuit
interpretations that collectively produce the wideband switchable behavior. This is
followed by a detailed description of the fabrication and measurement procedures,
including the normal and oblique incidence PPW characterization approach. The
chapter concludes with a comparison to earlier reported works, highlighting the

novelty of the proposed RFSS geometry.

5.2 Design and Analysis
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Figure 5.1: Conceptual diagram illustrating four distinct EM operations of the pro-
posed RFSS geometry.

A switchable RESS structure can be realized by using single or multiple p—i-—n diodes
(or varactors) mounted either on the same layer or in different layers to enable
various EM functionalities. While a single-layer reconfigurable design offers a smaller
footprint, integrating multiple diodes and their associated bias lines in the structure,
especially for a polarization-insensitive topology, is highly complex. In contrast,
placing diodes on separate layers provides greater flexibility as well as allows for a
wider range of EM functionalities compared to the same-layer approach. Moreover,

a multi-layer design can achieve a wideband response by implementing the cascaded

configuration.
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Figure 5.2: Layer 2 of the proposed RFSS geometry: (a) top view, (b) bottom view,
(c) equivalent circuit, and (d) simulation results. The optimized dimensions are:
a =10 mm, a; = 9.5 mm, e = 2.5 mm, ¢; = 4.4 mm, and ey = 0.8 mm.

The previous works have used single-layer configurations, but their EM responses
are limited to narrowband operations only. Citing these limitations, a two-layer con-
figuration can be adopted to widen the EM bandwidth while improving the number
of EM operations. Therefore, the proposed RFSS geometry adopts a two-layer con-
figuration, with one set of p—i—n diodes (PD;) on the top of layer 1 and another
set (PDs) on the bottom of layer 2, as illustrated in Figure 5.1. By independently
controlling the diode voltages, four distinct operating modes can be realized: OFF
(PD;)-OFF (PD,), OFF-ON, ON-OFF, and ON-ON. The diodes exhibit different
constitutive parameter values (inductance, capacitance, and resistance) in different
states. By integrating these components with the distributed parameters associated
with the metallic patterns engraved on opposite sides of the geometry, the pro-
posed RFSS achieves various EM characteristics, including transmission, reflection,
absorption, and rasorber functionality.

To realize different functionalities, each of the top and bottom layers has been

separately designed with the aim of achieving specific EM features, and later com-
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bined to exhibit the overall responses. The top layer is primarily designed for ab-
sorption/reflection characteristics, whereas the bottom layer is focused on switchable
transmission /reflection behavior. This reconfigurability is realized by integrating a
set of p—i—n diodes (PD3) on the bottom side of layer 2 and patterning the biasing
lines on its top side. The bandpass response can be obtained from a parallel RLC
circuit, whereas the bandstop behavior results from a combination of inductance
and resistance. To meet these circuital requirements, the top side of layer 2 fea-
tures a square-loop geometry, which is connected to the rectangular patches on the
bottom side through metallic vias, as depicted in Figures 5.2(a) and (b), respec-
tively. FR4 (e, = 4.4, tand = 0.02) is used as the constituent dielectric having a
thickness ¢; = 1 mm. On the bottom side of the substrate, the p—i-n diodes (P D)
are symmetrically positioned between the rectangular patches and the cross-dipole.
They have an ON-state resistance Ry = 0.56 Q and an OFF-state capacitance
C3pr = 0.35 pF. In the ON state, the diodes establish a short-circuit path, effec-
tively transforming the structure into a continuous conductive surface that behaves
as a reflective ground plane. Conversely, in the OFF state, the diodes generate a
parallel RLC circuit configuration, enabling the bandpass response. The equivalent
circuit model of layer 2 and its simulated responses are presented in Figures 5.2(c)
and (d), respectively, displaying a complete reflection up to 7 GHz under the ON
state and a transmission behavior with an insertion loss of 0.27 dB at 3.28 GHz

under the OFF state.

Conversely, layer 1 requires two key elements: a switching circuit and a lossy
component to achieve distinct responses under different conditions. The switching
response is realized by mounting p—i-n diodes (PD;) on the top side, while the lossy
effect is achieved by strategically placing lumped resistors in the design. The layer
should independently exhibit a switchable response between a low-pass response
and a lossy low-pass behavior, which, when combined with layer 2, can exhibit two
different EM functionalities. To achieve a low-pass lossy filter characteristic, the top
layer should be configured with a parallel RLC circuit along with a lumped resistor,
where the resistance effect can be bypassed to ensure only the low-pass behavior.
This can be achieved by placing the resistors in parallel with the p—i—n diodes (PD;),

resulting in a pure low-pass response under the forward bias (ON state) of the diode.
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Figure 5.3: Layer 1 of the proposed RFSS geometry: (a) top view, and (b) bottom
view. Only Layer-1: (c) equivalent circuit, and (d) simulation results. Layer 1
along with ground plane: (e) equivalent circuit, and (f) simulation responses. The
optimized dimensions are: a = 10 mm, b = 0.4 mm, ¢ = 0.5 mm, ¢; = 0.42 mm,
d=5mm, dg =4 mm, g = 1.2 mm.

In the OFF state, the resistor effect becomes active, introducing a lossy response.
Accordingly, the top side of layer 1 features a modified square loop integrated with
four symmetric dipole arms, each containing a parallel combination of a p—i-—n diode
and a lumped resistor, as shown in Figure 5.3(a). The biasing circuit, along with
lumped inductors, is positioned on the bottom side of layer 1, as depicted in Figure

5.3(b). FR4 is considered as the substrate for layer 1, having a thickness t; = 1 mm.

The equivalent circuit model of layer 1 is presented in Figure 5.3(c). The diodes
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Figure 5.4: Design of the proposed RFSS geometry. Isometric view of: (a) layer
1, and (b) layer 2. Overall structure: (c) isometric view, and (d) side view. (e)
Equivalent circuit model. The dimensions are: t; = 1 mm and ¢,;, = 4 mm.

(PD;) have an ON-state resistance Ry = 0.85 2 and an OFF-state capacitance
Clrr = 0.17 pF. In the ON state, the top metallic pattern forms a low-loss RLC
circuit, effectively bypassing the lumped resistor Ry, effect. In the OFF state, the
circuit undergoes multiple resonances due to the combined effects of top and bottom
layer patterns, resulting in a lossy filter characteristic. Figure 5.3(d) presents the
simulated responses of layer 1, demonstrating a low-pass filter response in the ON
state and a resonant lossy behavior in the OFF state. To further illustrate the con-
tribution of the switching element and lumped resistor, a metal sheet is positioned
at 4 mm (t,;,) below the top layer, creating a reflective ground plane at the bottom.
The corresponding equivalent circuit and its simulated responses are presented in
Figures 5.3(e) and (f), respectively, showing wideband absorption and near-perfect
reflection under the OFF and ON states, respectively. In the OFF state, the ground
plane provides the required quarter-wavelength condition with respect to the lossy
top layer, thereby resulting in the wideband absorption. In the ON state, the top
layer reflects most of the signal, and the overall configuration displays the reflective

behavior.
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Table 5.1: Realization of Wideband Multifunctional Responses in the Proposed
RFSS

‘Working states of | Desired characteristics of layer 1;|Desired characteristics of layer 2; Lossy (Yes/No); Overall EM
diodes (PD|—PD>) desired parameters in PD; desired parameters in PD; Resistance effect in layer 1|characteristics
Parallel RLC circuit; Complete reflector; Lossy;
OFF-ON Absorber
OFF state capacitance (Copp) ON state resistance (Roy) High resistance (30 )
Parallel RLC' circuit; Parallel RLC circuit; Lossy;
OFF-OFF Rasorber (T-A)
OFF state capacitance (Copp) OFF state capacitance (Copp) High resistance (30 )
Parallel or series RLC' circuit; Parallel RLC circuit; Low-loss;
ON-OFF Transmitter
ON state resistance (Roy) OFF state capacitance (Copp) Resistance is bypassed
Parallel or scries RLC' circuit; Complete reflector; Low-loss;
ON-ON Reflector
ON state resistance (Roy) ON state resistance (Ron) Resistance is bypassed

T-A: Transmission—Absorption; Copp: Capacitance in OFF state of the p-i-n diode; Ron:
Resistance in ON state of the p-i-n diode.

Once the analyses of individual layers are completed, the overall RFSS structure
is configured by cascading layers 1 and 2 with an intermediate air gap, as illustrated
in Figures 5.4(a)—(d). The airgap thickness (t,;) is optimized at 4 mm to enable
all necessary functionalities within a single geometry. By controlling the diode bias
conditions (PD; and PDy) based on the metallic patterns and lumped resistors, the
proposed design achieves four distinct wideband EM operations, including absorp-
tion, transmission, reflection, and rasorber responses. In the OFF state of PD;,
the lumped resistors (Ry) appear in parallel with the RLC' circuit, showing a lossy
characteristic from the top layer. Meanwhile, layer 2 acts as a complete reflector
when PD, is in ON state. Consequently, the overall combination (OFF-ON) pro-
duces a wideband absorption response, as described in the previous paragraph. The
rasorber function, which combines wideband absorption with a transmission band,
can be realized similarly to the absorber mode. However, in this case, the bottom
layer must exhibit a bandpass feature at the transmission frequency while main-
taining a reflective behavior during the absorption band. This requisite response
is obtained from layer 2 in the OFF state of PDs,, thereby resulting in a rasorber
with a transmission-absorption (T-A) feature under the OFF-OFF condition. The
remaining two EM behaviors, viz., transmission and reflection, can be achieved by
minimizing the lossy effect of the lumped resistor. Since PD; is placed in parallel
with the lumped resistor (Ry) in the top layer, its low ON-state resistance (Ry)
bypasses the lossy resistive element during the ON state. Therefore, during the

ON-OFF condition, the RLC' circuits from both layers generate multiple low-loss
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Figure 5.5: Simulated scattering parameters of the proposed wideband RFSS geome-
try: (a) transmission-absorption (T-A) mode, (b) absorption mode, (c¢) transmission
mode, and (d) reflection mode. The inset top and bottom views of layers 1 and 2
represent operating modes.

resonances, which can be blended together to generate a wideband transmission re-
sponse. Finally, the reflection response can be achieved by configuring one or both
layers as reflectors. Layer 2 functions as a full reflector under the ON state of PDs,
while layer 1 exhibits an RLC' circuit bypassing the lossy component during the ON
state of PDy, leading to an overall wideband reflection behavior. Table 5.1 provides
a summary of the design methodology, outlining the above mechanisms behind each
EM function in the proposed RFSS geometry.

To further validate the design, the ECM of the proposed RFSS structure is
presented in Figure 5.4(e), by combining the circuit models of the individual layers.
In layer 1, the top side metallic pattern exhibits a capacitance C; due to the gap

between the neighboring unit cells, while inductance L, and resistance I?; result from
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Figure 5.6: Comparison of the proposed wideband RFSS geometry scattering re-
sponses in HFSS and ADS software: (a) transmission-absorption (T-A) mode, (b)
absorption mode, (¢) transmission mode, and (d) reflection mode. The optimized
parameter values are Ly = L3 = Ls = 0.0lnH, L, = 10nH, L, = 3.65nH,
L¢ = 4.95nH, L; = 1.52nH, Lg = 9nH, C; = 0.3pF, Cy = 0.03pF, C3 = 0.1pF,
R1 = 59, R2 = R3 = R4 = R7 = OOlQ, R5 = 259, Rﬁ = 359, RS = 1Q,
Riy = 0.85Q, Chpp = 0.17pF, RE = 0.56 Q, C3pp = 0.35pF, and Ry, = 65Q.

the metallic patch connected to diode PDy. Additionally, L4 and R4 arise from the
metallic pattern in series with the lumped resistor Ry. During the ON state, the
diode is modeled as a small resistance (R ), while in the OFF state, it is represented
as a high capacitance (Cypgp). The parameters Ls and Rj correspond to the central
cross dipole and square loop on the top side of layer 1. The bottom side of layer 1
is characterized by a series Ro—Lo—C5 circuit resulting from the bias lines designed
for the diodes. The constituent FR4 substrate and the air spacer are represented
by small transmission line segments, designated as Zrr, and Zj, respectively. For

layer 2, Lg and Rg represent the circuit parameters for the square loop present on
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the top side, which serves as the biasing circuit for the diodes. The bottom side
of layer 2 has a cross-dipole and rectangular patches that are similarly modeled as
L; and Ry, while the diagonal biasing lines are characterized as a series Rs—L3—
Cs circuit. The diode PD, is represented as a resistance (R3)y) and capacitance
(C3pp) under ON and OFF states, respectively. A transmission line segment (Zrr,)
is similarly used for the bottom layer substrate, having the same thickness as the
top layer substrate.

Upon analyzing the circuit diagram, it becomes evident that both layers 1 and 2
facilitate switching operations using the p—i-n diodes. When PD, is in the OFF
state, a bandpass response is generated due to the parallel RLC circuit formed by
the inductances L3, Lg, and the capacitance Copp. Conversely, when PD, is in
the ON state, the absence of any resonance leads to a reflective behavior. Similarly,
layer 1 is examined under different bias conditions of the diode model. When PD; is
in the OFF state, the presence of various inductances and capacitances, along with
Corr and the resistive component Ry, contributes to lossy bandpass and bandstop
responses. In contrast, when PD; is in the ON state, the small resistance (R{y)
of the diode effectively cancels the effect of Ry, resulting in a low-loss transmission
response. Overall, the circuit diagram validates the concept behind the occurrence
of multiple EM responses from the individual layers of the proposed geometry, high-

lighting the interplay between the diode states and circuit components.

5.3 Simulation Results

The final RFSS structure, comprising layers 1 and 2 separated by an air spacer,
has been simulated using Ansys HFSS 2020. Under the OFF (PD;)-OFF (PD,)
condition, a rasorber (T—A) behavior is achieved, exhibiting a transmission coeffi-
cient magnitude of —2.1 dB at 2.69 GHz and a wide absorption bandwidth (with
> 80% absorptivity) of 28.5% in the range of 4.76-6.34 GHz, as depicted in Figure
5.5(a). The transmission band results from the individual passband characteristics
of both layers 1 and 2, while the wideband absorption is attributed to the lossy
nature of layer 1 combined with the reflective characteristic of layer 2. During this

condition, the diodes are modeled with OFF-state capacitances, which contribute
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Figure 5.7: Scattering parameters of the proposed wideband RFSS geometry for
different polarization angles under normal incidence: (a) transmission-absorption
(T-A) mode, (b) absorption mode, (c) transmission mode, and (d) reflection mode.

to the generation of low-loss transmission and lossy absorption responses.

In the OFF-ON case, layer 1 retains its previous lossy filter characteristic, while
the response of layer 2 is altered due to the change in the bias condition of PDj.
Under forward bias, the diode exhibits a low resistance value (R3y), allowing the
bottom side of layer 2 to act as an adaptive ground plane. Consequently, the trans-
mission band observed in the previous rasorber configuration is transformed into
an absorption band at the same frequency. This leads to the merging of two ab-
sorption bands, ultimately yielding a broad absorption response in this mode. The
simulated result validates the concept, exhibiting a broadband absorber with a frac-
tional bandwidth of 60.21% (considering > 80% absorptivity) from 3.25-6.05 GHz,
as presented in Figure 5.5(b).

The other operational modes exhibit wideband transmission and reflection char-
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Figure 5.8: Scattering parameters of the proposed wideband RFSS geometry for
different incidence angles under TE polarization: (a) transmission-absorption (T-A)
mode, (b) absorption mode, (c¢) transmission mode, and (d) reflection mode.

acteristics during the ON-OFF and ON-ON states, respectively. In both cases, the
diode in layer 1 (PD,) is forward-biased, resulting in a low resistance value (Rby)
that effectively bypasses the lumped resistor Ry. This arrangement allows the in-
cident EM wave to interact with the structure without incurring significant ohmic
losses, thereby generating multiple resonance conditions. In the ON-OFF case, each
layer independently exhibits a bandpass filter response, and by carefully selecting
the geometric dimensions, these resonances can be combined to achieve a wideband
characteristic. Consequently, the proposed topology functions as a broadband trans-
mitter, covering a frequency range of 2.41-4.49 GHz, with a fractional bandwidth of
60.28%, as illustrated in Figure 5.5(c). The overall insertion loss remains below 2 dB,
with a minimum value of 0.9 dB observed at 2.74 GHz. In the final ON-ON mode,

the bottom layer p-i-n diode (PD,) is also forward-biased, resulting in a complete
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Figure 5.9: Scattering parameters of the proposed wideband RFSS geometry for
different incidence angles under TM polarization: (a) transmission-absorption (T-
A) mode, (b) absorption mode, (c) transmission mode, and (d) reflection mode.

reflective behavior. Layer 1 maintains the same bandpass characteristic as before;
however, the transmission band of the top layer is diminished due to the reflective
operation of layer 2, yielding only a minor resonance around 4 GHz. As a result,
the complete structure operates as a wideband reflector, achieving a reflection loss
of less than 2.8 dB across the entire operating range, as depicted in Figure 5.5(d).
To further explore the bidirectional property of the proposed RFSS, the struc-
ture has been studied for EM waves impinging from both the +z and —z directions,
as illustrated in Figure 5.6. The results show that the geometry maintains con-
sistent performance during the transmission (ON-OFF) and reflection (ON-ON)
modes regardless of the wave direction. However, a notable change is observed for
the absorption mode (OFF-ON): while the +z-directed wave results in absorption,

the structure behaves as a complete reflector when the wave is incident from the
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Figure 5.10: Biasing technique for four different operating states, viz. OFF-OFF
(Var < Vint, Vaz < Ving), OFF-ON (Vo < Vini, Vig > Vine), ON-OFF (Vg >
Vint, Vas < Vinz), and ON-ON (Vo > Vip, Vis > Vipe) of the proposed RFSS
geometry: (a) top side of layer 1, (b) bottom side of layer 1, (c) top side of layer 2,
and (d) bottom side of layer 2. (e) Bias voltage conditions to operate the diodes.

—z direction. This phenomenon arises from the absorber mechanism, where layer
1 exhibits resonance behavior and layer 2 functions as a ground plane. When the
incident wave arrives from the —z direction, the electric field first interacts with
layer 2, leading to a reflection response independent of the top-layer behavior. Simi-
larly, during the rasorber (T—A) operation in the OFF-OFF mode, the transmission
response remains unchanged with direction, but the absorption level significantly di-
minishes for the —z-directed wave, resulting in a multi-band transmission response
from the overall structure. The distributed parameter values have also been ex-
tracted using the curve-fitting method in ADS, and the results closely match the
full-wave HFSS simulations, as summarized in Figure 5.6. This strong correlation
between ADS-based parameters and full-wave outcomes further validates the design
and the equivalent circuit model across various operational states.

Next, the structure has been analyzed for various polarization angles (¢) under
normal EM wave incidence, and the results are plotted in Figure 5.7. Owing to

the four-fold symmetric arrangement of the metallic patterns, bias lines, and elec-
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tronic components, the proposed geometry preserves its EM characteristics across
all operating modes even as the polarization angle varies from 0° to 90°.

The RFSS geometry has also been investigated for different incident angles (6)
under both TE and TM polarizations. In the TE mode, the responses across all
switching states remain stable up to an incident angle of 45°, as observed in Figure
5.8. In the TM mode, angular stability is maintained in the absorption (OFF-ON)
and reflection (ON-ON) states. However, for the OFF-OFF and ON-OFF states,
an additional resonance peak appears near the transmission band, especially at
larger incident angles (# > 30°), as shown in Figure 5.9. This extra resonance arises
due to the interaction between the electric field orientation and the metallic vias
in the bottom layer, which enhances the surface current distribution under oblique

incidence.

5.4 Fabrication And Experimental Verification

5.4.1 Biasing Framework

Since the proposed geometry incorporates multiple diodes in each layer, with an
intent to regulate them independently, dedicated biasing lines should be carefully
designed to supply the required DC voltage to each diode and achieve the desired
EM responses. In addition, a parallel biasing network is preferred due to low power
consumption and fast response time [72]. As the structure consists of one set of
p-i-n diodes on the top side of layer 1 and another set of diodes on the bottom side
of layer 2, four separate terminals are considered to regulate these diodes effectively.

Figures 5.10(a)—(d) illustrate the biasing configuration and the current flow di-
rections in the proposed RFSS. In layer 1, the p-i-n diodes (PD;) are symmetrically
arranged on the top side, while the bias lines are printed on the bottom side, connect-
ing to the diode terminals through metallic vias. Lumped inductors are articulately
placed in the design to restrict the RF signal while allowing the DC to pass through.
Two terminals are designated in layer 1: terminal 1 connects to the positive side
of PD; through the central cross-dipole bias line, whereas terminal 2 connects to
the negative side via the diagonal cross-dipole. Similarly, p-i-n diodes (PDs) are

mounted on the bottom side of layer 2, with bias lines engraved on both the top and
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bottom sides. The square loop geometry on the top side is connected to the anode
of PD, through shared vias, while the diagonal lines on the bottom side are con-
nected to the cathode. Terminals 3 and 4 are joined with the top square loop and
the bottom diagonal line, respectively, providing direct connections to the diodes
in layer 2. Since the bias lines from one unit cell are connected to their adjacent
unit cells through the parallel circuit, applying a single DC voltage at one end of
the structure will simultaneously activate the corresponding operations across the
entire periodic geometry.

Therefore, the diodes in layers 1 and 2 can be independently regulated by apply-
ing a supply voltage of V5; between terminals 1 and 2, and a supply voltage of V3
between terminals 3 and 4, respectively. For various operating modes, the voltages
across the diodes can be suitably adjusted to achieve the desired EM responses.
For example, in the OFF-OFF case, the supply voltages across both diodes (PD;
and PD,) are maintained below their respective threshold voltages (Va; < Vini,
Vis < Vinz), ensuring that each diode operates in reverse bias. Conversely, in the
ON-ON state, the supply voltages are set above the threshold levels (Vo > Vip,
Viz > Vin2), allowing both diodes to function in forward bias conditions. The other
operational states are similarly achieved according to their supply voltage require-

ments. Figure 5.10(e) illustrates the required voltage ranges for different conditions.

5.4.2 Fabrication of 1-D Prototype

The conceptual analysis of the proposed geometry is corroborated by fabricating a
one-dimensional (1-D) prototype consisting of 15 unit cells arranged in a single row.
Each of the top and bottom layers is separately manufactured on FR4 substrates
using the PCB etching technique with an overall dimension of 190 x 10 mm?. P-
i-n diodes BAR 64-02 V [118] and BAR 65-02 V [119] from Infineon Technologies
are used on the top side of layer 1 (PD;) and the bottom side of layer 2 (PD,),
respectively, enabling the realization of four distinct operating states. A lumped
resistor of 30 © from KOA Speer Electronics [131] is mounted on the top side of
layer 1 to obtain the desired absorption characteristic. Since the resistor is connected
in parallel to diode PD;, a short-circuit path is created between the diode terminals,

potentially disrupting its switching behavior. To mitigate this issue, a 10 pF lumped
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Figure 5.11: Fabricated prototype and measurement setup photographs of the pro-
posed wideband RFSS geometry: (a)—(d) iindividual layer photographs, (e) overall
sample photographs, (f)—(i) enlarged views of the unit cell, and (j) PPW experi-
mental setup for S7; and Sy; characteristics.

capacitor from Murata is inserted between the diode and the resistor, effectively
breaking the short-circuit condition while maintaining RF signal flow. Finally, two
sets of inductors, valued at 3.3 nH and 10 nH with self-resonating frequencies of
6 GHz and 3.2 GHz, respectively, are sourced from Multicomp Pro and strategically
positioned to restrict the RF signal from the bias lines. The fabricated RFSS sample,
along with detailed photographs of its individual layers, is presented in Figures

5.11(a)(0).

5.4.3 PPW Measurement Setup

To mitigate the high manufacturing costs associated with the 2-D fabricated pro-
totypes required for conventional free-space measurement setups, a similar PPW
setup, as used in the previous chapters, has been utilized to characterize the fabri-
cated 1-D prototype. The waveguide is made using two parallel metallic (aluminium)
sheets, with the top plate tapered at both ends to facilitate impedance matching
and connector soldering, while the bottom sheet is rectangular in shape. The width
and height of the central section are specifically determined based on the dimen-
sions of the proposed 1-D RFSS geometry, while the other parameters are carefully
optimized to ensure the propagation of the fundamental mode (TEM) through the
waveguide. The required spacing between the plates is maintained by using Teflon
screws. Figure 5.11(j) illustrates the proposed PPW setup comprising the waveguide
and surrounding pyramidal foam absorbers. One VNA (Anritsu S820E) is connected

to the two opposite terminals (Tx terminal and Rx terminal) of the waveguide, and
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Figure 5.12: Comparison of measured responses with unit-cell simulation results and
1-D array PPW simulation setup results for the proposed wideband RFSS geome-
try: (a) transmission-absorption (T-A) mode, (b) absorption mode, (c) transmission
mode, and (d) reflection mode. The inset figures show the simulation and experi-
mental PPW setups.

two separate DC power supplies are used to regulate the diodes mounted on layers 1

and 2 (PD1 and PDQ)

Initially, the PPW has been calibrated to eliminate the propagation loss in the
setup. The S7; has been normalized by placing a metallic sheet of identical size at
the center of the waveguide, whereas the S;; has been standardized by measuring
the response between the two ends of the waveguide without any sample in between.
After calibration, the prototype has been positioned at the center of the waveguide,
and the required voltages have been applied across the p-i-n diodes to observe the
EM responses under different operating states. The actual responses have been

obtained by subtracting the calibrated results from those of the measured results.
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Figure 5.13: Oblique incidence responses and electric field distribution of the pro-
posed wideband RFSS geometry in the PPW setup: rasorber mode — E-field at (a)
2.75 GHz and (b) 5 GHz, and (c) scattering parameters; absorption mode — (d)
scattering parameters and (e) E-field at 4 GHz; transmission mode — (f) E-field at 4
GHz and (g) scattering parameters; reflection mode — (h) scattering parameters and
(i) E-field at 3.85 GHz. The inset shows the oblique incidence setup in the PPW
device.

The pyramidal foam absorbers are installed on both sides of the PPW setup to
minimize the edge diffraction and scattering effects, thereby further improving the

measurement accuracy.

5.4.4 Validation of Measurement Results

The fabricated prototype has been tested by applying DC voltages across the p-
i-n diodes PD; and PD,. Two different voltage levels, viz. 1 V and 0 V, have
been provided to operate the diodes under forward and reverse bias conditions,
respectively, allowing for independent regulation of all four operating states. In the
OFF-OFF state, where 0 V is applied across both diodes, the measured response
displays a rasorber behavior with an insertion loss of 2.21 dB at 2.77 GHz and an
absorption bandwidth of 21.61% from 4.91-6.1 GHz, as presented in Figure 5.12(a).
In the next state (OFF-ON mode), with PD; biased at 0 V and PDy at 1 V,
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a wideband absorption response has been observed having an > 80% absorptivity
bandwidth of 68.62% ranging from 3.13 to 6.4 GHz, as shown in Figure 5.12(b).
During the third case (ON-OFF state), where PD; is biased at 1 V and PD, at
0 V, a wide transmission characteristic is achieved from 2.32 to 4.06 GHz, with an
insertion loss of 2 dB and a fractional bandwidth of 54.54%, as depicted in Figure
5.12(c). Finally, in the ON-ON state, both diodes are biased at 1 V, resulting in a
complete reflective behavior with S7; < —2.85 dB across the entire operating range,
as observed in Figure 5.12(d). These measured responses from the fabricated samples
have been compared with those of the unit cells arranged under periodic boundary
conditions as well as a 1-D array designed in a PPW setup. The plots for all four
cases are presented in Figure 5.12, showing close agreement despite minor deviations

due to parasitic elements, limited fabrication size, and manual setup imperfections.

To further validate the oblique-incidence response of the proposed RFSS geom-
etry, the same PPW approach has been used, which has already been discussed in
the Chapter 3. The angular stability of a periodic structure is typically evaluated
by rotating the transmitting (Tx) and receiving (Rx) antennas to a specific angle
(0) in a free-space measurement setup. However, a PPW device has fixed end ports,
thereby restricting conventional oblique-incidence analysis. A promising solution
has been devised by tilting the RFSS structure itself to the required angle () in-
stead of adjusting the port ends. When the TEM wave generated in the PPW setup
interacts with the tilted structure at an angle (), the transmitted wave refracts in
the opposite direction at the same angle and finally reaches the receiver end without
distortion. Thus, the configuration ensures an accurate measurement of the Ss; un-
der oblique incidence. The S; response can also be measured using the same setup,
where a portion of the reflected wave returns to the excitation port. The PPW setup
is illustrated in the inset of Figure 5.13, along with the electric-field distributions at
different frequencies. Figures 5.13(a) and 5.13(b) depict the E-field distributions in
the rasorber mode (OFF-OFF state) at 2.75 GHz and 5.0 GHz, respectively, con-
firming wave propagation in the corresponding directions. The attenuation of the
E-field at 4 GHz is presented in Figure 5.13(e) for the absorber mode (OFF-ON
state). The remaining field-distribution plots validate the oblique-incidence concept

in the PPW setup, correlating with their respective operating modes. Consequently,
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Table 5.2: Comparison with other Existing Designs

Number of Operating Angular
. . IL (dB) or AB (%) or RA (dB)/ L Biasing Unit cell dimensions/
References | operating | Operating functions bandwidths | Polarization stability
Frequency range (GHz) circuitry thickness ()\)
modes (%) (deg)
IL: 3/ 3.47-451
40%, 58.7%,
Rasorber [A-T-A] LAB: >80/ 1.18-2.16 ) 45 (UC)/ 28 mm (0.093)\)/
[78] 2 29.5% Dual Series—Parallel
Absorber UAB: > 80 / 5.15-6.93 , 45 (FS) 46 mm (0.013))
144.6%
AB: > 90 / 1-6.22
IL: 0.45 / 5.8
Rasorber [A-T-A] LAB: >80/ 2.9-54 90.14% 50 (UC)/ 20 mm (0.191)/
[84] 2 Dual Parallel
Rasorber [A-T)| UAB: >80/ 6.3-8.2 92.6% 45 (FS) 6.5 mm (0.14))
AB: >80/ 2.85-8.11
Transmission 1L: 0.82 / N.A. ~0%
. 45 (UC)/ 6.5 mm (0.22X)/
[94] 3 Absorption AB: 94 / N.A. ~0% Single Parallel
N.A. (FS) 1 mm (0.03X)
Reflection RA: > —0.5 / N.A. ~0%
Transmission IL: <1/0.9-2/104 ~12.24%
L N.A. (UQ)/ 36 mm (0.60))/
(95] 3 Absorption AB: > 90 / 6.0-11.9 ~49.37% Dual Series
N.A. (FS) 7.8 mm (0.26)
Reflection RA: > —1/8.9-10.7 ~18.37%
Transmission IL: < 1dB / 1.49-3.45 79.35% . 70 (UC)/ 10 mm (0.0491)/
[102] 2 Single Parallel
Transmission IL: <1dB/ 3.4-4.85 35.15% 70 (FS) 0.508 mm (0.002))
Rasorber [T—-A] IL: 2.1 / 2.77, AB: > 80 / 4.76-6.34 28.5%
. Transmission IL: <2/ 2.41-4.49 60.28% 45 (UC)/ 10 mm (0.083))/
This Work 4 Dual Parallel
Absorption AB: >80 / 3.25-6.05 60.21% 30 (PPW) 6 mm (0.05))
Reflection RA: > -28 /2-8 120.0%

Note: N.A.: Not applicable; LAB: Lower absorption bandwidth; UAB: Upper absorption bandwidth; A\: Wavelength corresponding to lowest operating frequency;
IL: Insertion loss (in dB); AB: Absorption magnitude (in %); RA: Reflection amplitude (in dB); 0% corresponds to no tuning operation; UC: Unit cell simulation;
FS: Free space.
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the S-parameters have been derived under different incident angles (0°, 15°, and 30°)
across all four operational modes, reinforcing the effectiveness of the proposed ap-
proach. It is noteworthy that the PPW setup can be used to measure the oblique
incidence responses for TE polarization only; since the signal propagation direction
cannot be altered in the PPW, no TM polarization can be carried out using this

setup.

5.5 Conclusion

This chapter presents a polarization-insensitive RFSS by utilizing a multilayer topol-
ogy, resistive components, and diode-based switching to achieve broadband absorp-
tion, wideband rasorber (T-A) behavior, broadband transmission, and wideband
reflection within a single structure. The proposed configuration utilises two FR4
layers separated by an air spacer, along with modified square-loop metallic pat-
terns and symmetrically placed p-i-n diodes, to achieve strong interlayer coupling
and enhanced bandwidth performance. The individual layer analyses have been
discussed, with only the layer 1 response, which switches between a low-pass filter
and a lossy low-pass response. The integration of lumped resistors in the top layer
introduces the lossy behavior in one case and broadens the absorption band and
supports wideband rasorber functionality, when the switching layer 2 regulates the
transition between transmission and reflection. The combination of FSSs layer 1
and layer 2 allows the overall structure to maintain stable wideband behavior under
various switching states, which is essential for wide-spectrum EM platforms and
modern multifunctional systems.

An equivalent circuit model is developed to interpret the key operating mecha-
nisms of the multilayer structure. The model captures the contributions of resistive
elements, metallic patterns, and switching paths, and explains the interaction be-
tween the two layers that determines wideband characteristics. The close match
between the circuit responses and full-wave HFSS simulations validates the over-
all behavior of the proposed structure. The geometry has been analyzed for the
polarization-insensitive behavior and angular stability characteristics under TE and

TM polarizations. Finally, a 1-D prototype has been fabricated and evaluated us-
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ing standard PCB processes and the PPW measurement setup developed in this
thesis, which allows reliable characterization under normal and oblique incidence.
The measured scattering parameters show excellent agreement with the simulated
results, validating the wideband rasorber response, wideband absorption, broad-
band reflection and transmission states. The angular stability of the structure has
been tested using the PPW setup under different incidence angles. These results
verify that the proposed RFSS maintains wideband functionality while providing
reliable switching performance, making it a suitable candidate for wideband radome
systems, low-observable platforms, and multifunctional EM environments.

A comparison with previously reported works is also included in Table 5.2, show-
ing that this geometry is the first proposed geometry to incorporate all four EM
operations (absorption, transmission, reflection and rasorber) within a single geom-
etry, where previous switchable RFSS structures are mostly limited to achieving a
maximum of three EM states. In addition, several novel features, such as wideband
EM functionalities, compact footprint, simple biasing configuration, polarization-
insensitivity, and angular stability are clearly observed. Overall, this research work
establishes a significant advancement over the earlier contributions by moving from
narrowband and tunable multifunctional structures to a wideband reconfigurable
geometry capable of simultaneous broadband absorption and rasorber behaviour
together with transmission and reflection control.

This chapter, therefore, completes the design-oriented part of the thesis, demon-
strating that the switching mechanisms, resistive loading, multilayer configurations,
and systematic analysis can be combined to achieve wideband multifunctionality.
The next chapter focuses on the experimental characterization framework that sup-
ports such multifunctional RFSSs. It introduces the development of an advanced
PPW measurement setup with wide-angle capability and explains that this setup
enables accurate validation of both narrowband and wideband reconfigurable struc-

tures presented across the thesis.



Chapter 6

Wide-Angle RFSS

Characterization using Modified

Parallel-Plate Waveguide

6.1 Introduction

The earlier chapters of this thesis focus on the design and development of RFSSs,
beginning with simple switching concepts and progressively advancing toward multi-
functional and wideband designs. These RF'SSs have utilized different combinations
of p-i-n diodes, varactors, resistive elements, and multilayer topologies to produce
a wide range of EM functions, such as transmission, absorption, reflection, rasor-
ber operations, along with frequency tuning behavior under different states. The
responses have been simulated in full-wave electromagnetic software (Ansys HFSS)
and subsequently characterized using free-space or PPW measurement procedures.
However, those PPW-based measurements are mostly limited to normal incidence,
because the technique used in those chapters can accurately capture only the So;
measurements, but is not able to measure Si; under oblique incidence. In this
regard, the present chapter addresses this limitation by developing an innovative
and compact PPW methodology that can accurately characterize both normal and
oblique incidence responses for transmission as well as reflection behaviors.

Before introducing the custom-built measurement system developed in this work,

it is essential to examine the commonly used experimental approaches for F'SS char-
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acterization. There exist three different types of characterization systems, viz. free-
space measurement, rectangular waveguide measurement and PPW measurement.
The free-space measurement system is widely employed due to its ability to mea-
sure transmission and reflection responses across a wide frequency span. The system
uses two horn antennas (one transmitting and the other receiving), and the sample
is placed in between those antennas such that the signal transmitting from one an-
tenna interacts with the sample and finally reaches to the receiving antenna. While
suitable for broadband characterization, free-space setups require a sufficiently large
sample size to approximate an infinite periodic surface and demand precise mechani-
cal alignment. They also face challenges when capturing oblique-incidence responses
because both transmitting and receiving antennas must be physically rotated to spe-
cific angles, which sometimes introduces alignment errors, non-uniform illumination,

and increased scattering from surrounding absorbers.

Rectangular waveguide measurements offer another standard solution, especially
for retrieving material parameters. A small sample, in the dimensions of the waveg-
uide aperture, is generally inserted inside the waveguide, and the signal is impinged
on the sample by connecting the two ports of the waveguide to a network analyzer.
The measurement process is low-cost, simple, repeatable, and well-controlled, but
inherently band-limited due to the cutoff constraints imposed by waveguide dimen-
sions. More importantly, rectangular waveguides support only limited modes and
do not allow the evaluation of wide-angle oblique incidence. These limitations make
them unsuitable for characterizing RFSS designs that must be analyzed over broad

bandwidths and different incident angles.

PPW structures provide an attractive alternative of the above two methods be-
cause they support a TEM mode that closely resembles free-space plane-wave illu-
mination. A sample comprising one or two rows of periodic unit cells is generally in-
serted into the waveguide, where the signal is impinged on the sample by connecting
the two ports of the waveguide to a network analyzer. PPWs require significantly
smaller sample sizes than free-space setups and inherently reduce diffraction and
edge leakage when designed properly. Moreover, they offer stable field distribution
and are highly suitable for evaluating periodic surfaces. For these reasons, PPWs

are used in several earlier studies, including some of the prototypes developed in
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this thesis. In those implementations, the PPW-based setups successfully measure
normal-incidence responses and provide preliminary insight into oblique-incidence
behavior, but the angular measurement technique is not fully optimized. Specifi-
cally, the earlier PPW arrangement produces reasonably accurate oblique-incidence
transmission measurements (Ss1), but is less reliable for reflection measurements
(S11) due to the fixed port geometry and partial signal leakage. These limitations
motivate the need for a robust PPW configuration capable of accurately capturing

both Si; and Sy; over a wide range of incident angles.

This chapter focuses on developing a modified PPW configuration that overcomes
the existing drawbacks of the previously used setups and enables accurate charac-
terization of both transmission and reflection responses under normal as well as
oblique incidence. The improved configuration introduces a low-cost, mechanically
simple, easily repeatable, and structurally stable method for angular measurements.
The redesigned PPW ensures uniform field confinement, reduced leakage, and stable
quasi-TEM propagation, which collectively enhance the reliability of the extracted
scattering parameters. The methodology aligns well with practical measurement
requirements and remains compatible with periodic structures, enabling accurate

and repeatable EM validation.

The construction of the modified PPW system begins with the geometrical de-
sign of the metallic plates, the selection of plate spacing, and the mechanism used
to support and position the DUT inside the waveguide. The excitation and receiv-
ing sections are arranged to ensure TEM propagation, and absorbers are placed
strategically to suppress unwanted reflections and maintain a reliable propagation
environment. A dedicated mounting approach is incorporated to introduce con-
trolled angular rotation, enabling stable and repeatable measurements across the
required incident angles. These design considerations ensure consistent PPW be-
havior over the intended frequency range and form the basis for the measurement
procedure adopted in this work. The normal- and oblique-incidence characterization
steps include configuring the VNA, acquiring reference and sample measurements,
and following specific guidelines to maintain repeatability. The results obtained us-
ing the modified PPW system demonstrate the accuracy, consistency, and stability

of the measurement approach. Overall, the developed PPW methodology provides
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(c)

Figure 6.1: Schematic representation of the proposed PPW structure: (a) top view,
(b) side view, and (c) isometric view.

a complete and reliable framework for experimentally validating periodic EM struc-

tures and consolidates the measurement strategy established throughout this thesis.

6.2 PPW Design and Characterization

6.2.1 PPW Design

The PPW structure is constructed using two metallic plates, each 1 mm thick, sep-
arated by a uniform air gap. The bottom plate is flat and rectangular, whereas
the top plate is specifically engineered with tapering and bending at the feeding
ends to achieve wideband impedance matching with the coaxial connectors. This
tapered transition gradually transforms the characteristic impedance of the feeding
ports to that of the parallel-plate region at the center, thereby minimizing reflec-
tions and enabling stable broadband operation. At the central region of the PPW,
both plates remain strictly parallel so that the FSS samples can be mounted in a
controlled and uniform EM environment, as illustrated in Figures 6.1(a) — (c¢). The
PPWs generally support multi-mode operation; however, each of the modes can be
regulated by appropriately designing the waveguide dimensions. In the proposed

PPW, the structural parameters are optimized such that only the TEM mode will
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Figure 6.2: Simulated results of the PPW: (a) with a copper sheet placed at the
center, and (b) without any test structure.

be propagated over 1-8 GHz range, and the higher-order modes will appear after-
wards. This confirms that if any FSS structure is placed inside the waveguide, only
TEM wave will be impinged on the structure, similar to the full-wave simulation
condition. The final dimensions of the waveguide (in mm) are: L = 800, W = 80,
Wy =60, Ly =250, 2 =8,y =7, h =10, and h; = 1.5.

The proposed geometry is analyzed using full-wave simulations in Ansys HFSS
2025 R1. Before performing the actual device characterization, the PPW structure
is calibrated in simulation to obtain accurate readings of S1; and Sy;. For reflection
calibration, a copper plate is inserted precisely at the center of the PPW, as shown in
Figure 6.2(d). Under this condition, the structure exhibits S;; < —3 dB and Sy, >
—25 dB across the 1-8 GHz band, confirming that the majority of the incident energy
is reflected back toward the input port and only a very small portion propagates
to the output. This verifies that the PPW behaves as an effective short-circuit
termination during the reflection calibration step.

Subsequently, the copper plate is removed to assess the transmission response
of the empty PPW. In this case, a nearly uniform transmission characteristic is ob-
tained, with S3; > —3 dB and S;; < —20 dB across the entire frequency range, as
presented in Figure 6.2(e). These results confirm that the PPW introduces negli-
gible insertion loss and minimal back-reflection when no sample is inserted. Minor
amplitude variations are mainly attributed to small geometric nonlinearities caused

by the tapering and bending of the top plate, as well as unavoidable discontinuities
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at the feeding interfaces. Overall, the calibration method confirms the suitability of

the proposed PPW setup for accurate and reliable FSS characterization.

6.2.2 FSS unit cell designs and simulation results

To verify the reliability of the in-house PPW setup, three representative FSS pro-
totypes, each exhibiting a distinct EM behavior are designed, simulated, and ex-
perimentally analyzed. The geometries of these structures are shown in Figure 6.3,
and their corresponding scattering responses are presented in Figure 6.4. Together,
these design span bandstop filtering, wideband absorption, and reconfigurable ab-
sorption/transmission, thereby providing a comprehensive validation of the PPW

system.

Design—1: Bandstop Filtering Structure

Design—1, as shown in Figure 6.3(a), consists of a simple square metallic loop printed
on an FR4 substrate (g, = 4.4, tand = 0.02). This structure serves as a baseline
case for validating the PPW’s ability to accurately capture a narrowband resonant
behavior. The unit-cell geometry includes the periodicity a, inner loop length ay,
and strip width w, as labeled in the figure. The unit cell is analyzed using periodic
boundary conditions (PBC) in Ansys HFSS, and the simulated response is presented
in Figure 6.4(a), which exhibits a bandstop characteristic near 4.5 GHz. At this
frequency, the transmission coefficient Sy; drops below —40 dB, and the reflection

coefficient Sp; remains less than —3 dB.

Design—2: Wideband Absorber with Lumped Resistor Loading

Design—2 involves a multilayer geometry incorporating lumped resistive elements. As
illustrated in Figures 6.3(b)—(c), the proposed design consists of a lossy patterned
top metallic layer on an FR4 substrate, a bottom ground plane, and an intermediate
air spacer of height t,;,. The metallic pattern features a modified square loop with
four symmetrically placed dipole arms, each loaded with a surface-mounted resistor
and a capacitive strip. These form four parallel RC branches, introducing ohmic
losses responsible for wideband absorption. The unit cell simulation is carried out

using periodic boundary conditions in Ansys HFSS, and the simulated reflection
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Design-3

Figure 6.3: Unit cell designs. Design—1: (a) top view. Design—2: (b) top view, and
(c) isometric view. Design-3: (d) top view, (¢) bottom view, and (f) isometric view.
The optimized dimensions (in mm) are: a = 10, a3 =9, w = 0.2, b =5, by = 0.4,
c=d= 06, C1 = 027 tl = ]_, tair = 4, dl =€ = 025, d2 = 8, €1 = 6, and €y = 1.2.

response in Figure 6.4(b) shows that Si; remains below —10 dB over 4.38-8.00 GHz,
corresponding to an absorptivity exceeding 80% across the band. The backside of

the geometry is a complete plane, indicating no transmission across the design.

Design—3: Reconfigurable Narrowband Transmission/Absorption FSS

Design-3, as shown in Figures 6.3(d)—(f), corresponds to the RFSS structure dis-
cussed in Chapter 2. Unlike the passive bandstop and absorber configurations dis-
cussed earlier, this design incorporates electronically controlled diode elements to
exhibit a reconfigurable EM behavior. The geometry consists of two metallic layers
printed on opposite sides of an FR4 substrate. The top layer features a Jerusalem-
cross-inspired configuration with a central dipole, while the bottom layer integrates
four p—i—n diodes. A central via and surface-mounted inductors form the DC biasing

network. Depending on the diode bias conditions, under the OFF state, the diodes
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Figure 6.4: Comparison of unit cell (UC) and PPW simulations under normal in-
cidences of the proposed designs: (a) bandstop filter, (b) wideband absorber, and
RFSS: (¢) OFF case, (d) ON case.

behave as capacitive elements, preventing the current flow. The structure exhibits a
narrowband transmission, with the unit-cell simulation, showing an insertion loss of
approximately 1.2 dB at 5.68 GHz. Under the ON state, the diodes act as a short
circuit path, forming a conductive loop that resembles a ground plane. This pro-
duces narrowband absorption indicating more than 95% absorption near 6.05 GHz.
Figures 6.4(c) and 6.4(d) exhibit the unit cell simulated responses under the OFF

state and the ON state, respectively, of the proposed structure.

Comparison of Unit-Cell (PBC) and PPW Simulation Results

For each prototype, the F'SS sample is placed at the center of the PPW where the

fields are uniform and normally incident. The calibration is performed using the
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reference characterization described earlier: Si; is corrected using the copper-plate
insertion response, while S3; is normalized using the empty-PPW transmission.
Each of the configurations is first simulated using PBC and later analyzed in
the PPW setup, and their scattering parameters are compared in each case. The
calibrated PPW responses for all three structures, shown in Figures 6.4(a)—(d),
exhibit excellent agreement with their periodic HFSS simulations. The PPW re-
produces all critical EM features, including bandstop filter (Design—1), wideband
absorption (Design—2), and switchable narrowband transmission/absorption char-
acteristics (Design—3). Overall, these results confirm that the proposed PPW setup
serves as a robust, repeatable, and cost-effective alternative to conventional free-

space measurement systems for accurate characterization of diverse F'SS geometries.

6.3 Modified PPW for Oblique Incidence

While the initial PPW configuration enables reliable FSS characterization under
normal incidence, its major limitation lies in the inability to support oblique-angle
measurements. To overcome this constraint, the PPW structure is redesigned by
integrating two identical sections with different aperture geometries, as illustrated
in Figures 6.5(a) and 6.5(b). The two PPW sections are mechanically coupled at the
center such that one section remains stationary while the other is capable of rotating
about its longitudinal axis. This arrangement allows continuous angular variation
between 30° and 150°, offering a flexible platform for incident-angle—dependent EM
characterization.

In this modified configuration, the desired oblique incidence is achieved by ad-
justing both the FSS tilt angle and the rotation of the movable PPW section. For
example, a 15° incidence angle can be produced by tilting the FSS by 15° and
rotating the second PPW by 30°. Under such a configuration, an incident wave
launched from Port 1 interacts with the tilted structure and is redirected toward
Port 3, thereby enabling accurate reflection measurement. For transmission char-
acterization, the TEM wave impinges on the FSS at an angle § and refracts at —6
upon exiting, ultimately reaching the receiving port (Port 2) without distortion, as

conceptually shown in Figures 6.5(c) and 6.5(d). The other ports remain matched
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Figure 6.5: Modified PPW configuration for oblique incidence measurement: (a)
PPW-1 (with cylindrical apertures); (b) PPW-2 (with both cylindrical and arc-
shaped apertures). Combined measurement setup integrating both PPWs: (c) top
view and (d) side view.

during the measurement; i.c., Ports 2 and 4 are matched during the reflection mea-
surement, while Ports 3 and 4 are matched during the transmission measurement.
This ensures that both Si; and So; are extracted correctly even under oblique inci-

dence.

6.3.1 Calibration of the Modified PPW Setup:

To ensure the accurate extraction of scattering parameters under oblique incidence,

the modified PPW is characterized using two reference scenarios:

1. Reflection reference: A copper plate is placed at the center of the structure
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Figure 6.6: Simulated results of the modified PPW: (a) with a copper sheet placed
at the center, and (b) without any test structure. ML: Matched Load.

and tilted to various angles (15°, 30°, 45°, and 60°). The simulated responses
have been recorded at two different ports (Port 3 for Sy; and Port 2 for Ss) for
various incident angles, which demonstrate that S consistently lies between
—6 dB and —8 dB, while S5; remains around —30 dB across the 1-8 GHz

band, as shown in Figure 6.6(a).

. Transmission reference: With no sample inserted, the insertion loss of the
system is evaluated under oblique incidence. The simulated Ss; varies between
—5 dB to —7 dB with almost no reflection, as illustrated in Figure 6.6(b).
The slightly higher insertion loss compared with the single-section PPW is
attributed to the additional transitions introduced by the extended structure,

but the loss remains within acceptable limits for accurate FSS measurements.

6.3.2 Comparison of Unit-Cell (PBC) and PPW Simulation
Results for Modified PPW Setup

To evaluate the angular performance of the proposed FSS geometries, all three
designs are analyzed under oblique incidence using the modified PPW configuration.
For each design, a 1-D array is placed at the center of the PPW, and the signal is
made incident from different ports of the device. The responses obtained from

the F'SS-loaded PPW model are then normalized by subtracting the corresponding
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Figure 6.7: Comparison of unit cell and full wave PPW simulations under normal
and oblique incidences of the proposed designs: (a) bandstop filter, (b) wideband
absorber, and RFSS: (¢) OFF case, (d) ON case.

reference results, thereby obtaining the actual scattering parameters of the FSS

samples under oblique incidence.

The PPW simulated responses for all three designs demonstrate strong agree-
ment with their respective unit cell simulations, as shown in Figure 6.7. The sim-
ulated data in both cases, S1; and Sy;, remain consistent across incident angles up
to 60°, with only minor discrepancies arising from edge effects, finite-array trunca-
tion, and the non-ideal field distribution inherent to the PPW geometry. Overall,
this comparison confirms that the designed PPW structure is capable of accurately
emulating oblique-plane-wave excitation within a full-wave simulation framework,
thereby serving as a reliable tool for angular characterization of diverse FSS geome-

tries prior to experimental validation.
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Figure 6.8: Electric field distributions of the proposed designs in the modified PPW
simulations for the 90° configuration: (a) bandstop filter at 5.00 GHz, (b) wideband
absorber at 5.27 GHz, and (c¢) RFSS at 5.68 GHz under OFF state.

6.3.3 Electric Field Distribution Analysis

To further visualize the EM behavior inside the modified PPW, electric field (E-

field)

distributions for different designs at representative frequencies are shown in

Figure 6.8. These distributions correspond to three different functional behaviors:

Design—1 (Reflection Band at 5.00 GHz): The field pattern in Figure
6.8(a) clearly illustrates strong reflection by the bandstop filter geometry at
5.00 GHz, with the incident wave impinging from Port 1 and redirecting to-
ward Port 3. Almost no energy is transmitted toward Port 2, confirming the

bandstop nature of the structure.

Design—2 (Absorption Band at 5.27 GHz): Figure 6.8(b) shows that
the EM energy is predominantly dissipated within the lossy structure, with
negligible energy detected at either of the output ports (Port 2 or 3). This

confirms the wideband absorption functionality of the proposed design.

Design—3 (Transmission Band at 5.68 GHz): As shown in Figure 6.8(c),
the RFSS structure exhibits the transmission behavior from Port 1 to Port 2
with minimal reflection toward Port 3, demonstrating the switching between

transmission and absorption responses regulated by the p-i-n diode network.

These field plots, extracted using HFSS full-wave simulations for a 90° PPW

arrangement (equivalent to 45° oblique incidence), provide a clear understanding of
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Figure 6.9: FSS prototypes and modified PPW experimental setup for 60° arrange-
ment: (a) copper with the same dimensions as FSS samples, (b) bandstop filter
(Design-1), wideband absorber (Design-2): (c) top view, (d) side view, and RFSS
(Design-3): (e) top view, (f) bottom view.

wave propagation and confirm the operation of each FSS design inside the modified

PPW environment.

6.4 Fabrication and Experimental Setup

6.4.1 Fabrication of FSS Prototypes

To experimentally validate the proposed concept, the modified PPW structure as
well as the 1-D prototypes of all three FSS designs are fabricated using in-house
facilities. Each FSS prototype consists of a linear array of 15 unit cells with an
overall size of 150 mm x 10 mm. All metallic patterns are realized using an LPKF
Protomat S104 PCB prototyping machine, ensuring high fabrication accuracy and
repeatability for the multilayer geometries.

For the wideband absorber (Design—2), 30 € lumped resistors from KOA Speer
Electronics [131] are mounted on the top surface using standard surface-mount tech-
nology, providing the required resistive loading for broadband absorption. The
switchable RFSS geometry (Design—3) incorporates BAR 64-02V p-i-n diodes from
Infineon Technologies [118], along with 3.8 nH inductors. The photographs of the
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fabricated F'SS prototypes are shown in Figures 6.9(a)—(f).

6.4.2 Fabrication of the Modified PPW Setup

The modified PPW device is also fabricated in-house using standard sheet-metal
processing tools. Two aluminum plates of thickness 1 mm are used for constructing
the top and bottom sections. The required outlines of both plates are first marked
on the metal sheets and then manually cut using a metal shear. The tapered regions
on the top plate are formed by carefully bending the sheet using a bench vise and a
rubber mallet, achieving the desired bending angles of approximately 3°-5°. These
tapered transitions ensure broadband impedance matching with the coaxial feed
connectors. The central portion of the top plate remains planar to maintain a
uniform propagation region for the FSS samples.

The bottom plate is fabricated as a flat rectangular sheet without tapering,
offering a stable reference surface for guided-wave propagation. To enable oblique
incidence measurements, cylindrical and arc-shaped apertures are created on both
PPW sections, allowing controlled rotation of one plate relative to the other while

maintaining proper height alignment and ensuring reliable electrical contact between
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surfaces. The two PPW sections (PPW-1 and PPW-2) are assembled using nylon
screws to prevent unwanted EM interference and to maintain structural stability.
The final PPW device, along with the complete measurement setup, is shown in

Figures 6.10(a) and 6.10(b).

6.4.3 Measurement Setup

Before performing measurements, the PPW device is calibrated for Si; and Ss;
measurements using two different configurations: (i) a copper plate of identical
size for Sy; calibration and (ii) an empty PPW for Sy; calibration. For reflection
measurements (511), Ports 1 and 3 serve as the transmitter (Tx) and receiver (Rx),
respectively, while Ports 2 and 4 are terminated with 50 {2 matched loads. For
transmission (Ss1), Ports 1 and 2 act as Tx and Rx, respectively, with the remaining
ports terminated likewise.

A VNA (Anritsu S820E) is used to capture the scattering parameters across the
operating band. For the RFSS sample (Design-3), two programmable DC power
supplies are employed to bias the p-i-n diodes into either forward or reverse states.
The complete measurement arrangement, including the PPW device, VNA connec-
tions, and surrounding pyramidal absorbers, is illustrated in Figures 6.10(a) and

6.10(b).

6.4.4 Measured Results

The fabricated FSS prototypes are evaluated under both normal and oblique inci-
dences using the calibrated PPW device. Design—1 exhibits a clear bandstop behav-
ior centered around 5 GHz. Design—2 demonstrates wideband absorption exceeding
80% over the 4.5-8.0 GHz range. For the switchable RFSS (Design-3), a narrow-
band absorption peak appears at approximately 6.23 GHz under forward bias of the
diodes, whereas a bandpass response at 5.98 GHz with low insertion loss is generated
under the reverse bias.

The measured S-parameters, as shown in Figures 6.11(a)—(d), exhibit strong
agreement with the full-wave simulation results obtained using the modified PPW
geometry. A small frequency offset of about +0.2 GHz is observed, which primarily

arises from the finite length of the fabricated prototypes, fabrication tolerances, and
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Figure 6.11: Measured responses in the modified PPW setup under normal and
oblique incidences of the proposed designs: (a) bandstop filter, (b) wideband ab-
sorber, and RFSS: (c) OFF case, (d) ON case.

parasitic effects from surface-mount components and interconnects. Overall, the
close correspondence between simulation and measurement confirms the effectiveness
of the modified PPW device for accurate characterization of diverse FSS structures

under both normal and oblique incidence conditions.

6.5 Conclusion

This chapter presents the development of a modified PPW measurement framework
that addresses the limitations of conventional PPW-based characterization tech-
niques. While the previous chapters of this thesis focus on the design, analysis,
and validation of various RFSS geometries, their experimental verifications are con-

strained by the limited measurement capabilities of the PPW system, particularly
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Table 6.1: Comparison with Existing Literature
Ref. Functionality Frequency range|Calibration losses (S;;/S21) Measurement limitations
[92] Switching (RAS/A) 2-14 GHz High/High PPW (0°) / Unit ccll simulation (Ob. In.)
[102] T 1-6 GHz N.R./N.R. PPW (0°) / FSM (Ob. In.)
113 A 1-6 GHz Low/N.R. PPW (0°) / No Ob. In.
[132] T 1-8 GHz N.R./Low PPW (0°) / No Ob. In.
This Work |R, A, T, Switching (A/T) 1-8 GHz Low/Low PPW (0°) / PPW (Ob. In.)

Note: A: Absorption, T: Transmission, R: Reflection, RAS: Rasorber, Ob. In.: Oblique
incidence, FSM: Free-space measurement, N.R.: Not reported.

its inability to obtain reliable oblique-incidence reflection (S1;) responses. The work
presented in this chapter, therefore, focuses on the improvement of the measurement
system, establishing a complete, accurate, and robust PPW methodology suitable

for characterizing various types of FSSs under both normal and oblique incidence.

Initially, this chapter explains that free-space, rectangular waveguide, and earlier
PPW-based measurement techniques provide useful characterization capabilities;
however, each suffers from limitations related to sample size, bandwidth, angular
incidence, or measurement reliability. These constraints motivate the development
of a redesigned PPW structure capable of supporting stable TEM propagation and
enabling accurate, repeatable full S-parameter (S7; and Ss;) characterization under

oblique incidence.

Based on the above observations, the chapter first examines the conventional
PPW configuration, which is shown to be primarily effective for normal-incidence
characterization. The periodic unit-cell geometries, including a bandstop FSS, a
wideband absorber, and a reconfigurable FSS, are analyzed using both PBC simula-
tions and PPW simulations under normal incidence, demonstrating good agreement
between the two approaches. Building on these results, a modified PPW configu-
ration is subsequently developed to extend the measurement capability to oblique
incidence by incorporating improved angular adjustability, controlled mechanical ro-
tation, enhanced aperture shaping, and optimized plate spacing to maintain stable
TEM propagation. The effectiveness of the redesigned PPW is validated through
electric-field distribution analysis, confirming accurate EM behavior and improved
reliability in capturing both reflection and transmission responses under oblique in-

cidence. Using the enhanced PPW system, all periodic structures are characterized,
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with the extracted Si; and S9; exhibiting excellent agreement with unit-cell and
full-wave simulations and stable performance up to 60° incidence.

In addition to validating the measurement accuracy, the chapter highlights prac-
tical considerations, including plate alignment, rotational tolerances, absorber place-
ment, and finite-array effects that influence measurement consistency. Despite minor
amplitude variations and slight frequency offsets caused by fabrication tolerances
and prototype dimensions, the modified PPW system consistently produces reliable
experimental results. A comparative summary of PPW capabilities with the exist-
ing literature is also included in Table 6.1, clearly demonstrating that the proposed
methodology provides wider angular coverage and improved measurement facility
compared to previously reported configurations.

Overall, this chapter concludes the technical developments of the thesis by es-
tablishing a comprehensive measurement approach that complements the wideband
multifunctional RFSS designs introduced earlier. Together, the design methodolo-
gies, equivalent circuit analyses, switching techniques, and the modified PPW mea-
surement system form a cohesive body of work that advances both the synthesis and
experimental validation of multifunctional EM surfaces. This integrated framework
paves the way for future research involving adaptive radome systems, reconfigurable
EM platforms, and wideband steerable FSS technologies, and represents a signif-
icant step toward the practical deployment of next-generation RFSS and MRFSS

architectures.






Chapter 7

Conclusion and Future Scope

7.1 Summary of Research

Over the past few decades, F'SSs have evolved into vital components for stealth plat-
forms, radar systems, EMI shielding, and multifunctional EM architectures. How-
ever, conventional FSS designs remain limited to a single, fixed EM behavior, which
restricts their applicability in modern dynamic scenarios where adaptive transmis-
sion, reflection, and absorption characteristics are required in real time. To address
these functional constraints and expand the operational versatility of FSS struc-
tures, this thesis systematically investigates reconfigurable FSS (RFSS) technolo-
gies through a progressive sequence of contributions—advancing from fundamental
switching, to multimode operation, then combined switching—tuning, followed by
wideband multifunctionality, and finally concluding with experimental innovations
through a modified PPW measurement system. This structured progression forms
the backbone of the entire thesis and the conclusions summarized below, providing
a coherent transition from basic conceptual developments to fully engineered prac-
tical solutions. Each stage builds upon the limitations identified in the previous
one, ultimately presenting a unified framework for designing compact, versatile, and
experimentally validated RFSS structures suited for next-generation EM platforms.

The research begins by addressing a key limitation in existing switchable RFSS
designs: their inability to simultaneously maintain polarization insensitivity, single-
layer compactness, and dual-mode operation without complex biasing. Chap-

ter 2 presents a single p-i-n—diode—based absorptive/transmissive RFSS, where a

147
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Jerusalem-cross-loaded dipole on the top layer and a square-slot geometry with four
symmetrically placed diodes on the bottom layer collectively enable narrowband
switching between high absorption and bandpass transmission modes. In the ON
state, the unit cell achieves 93.51% absorption at 6.93 GHz, and under the OFF
state it supports a 5.62 GHz transmission band with minimal insertion loss. A
carefully embedded bias network ensures polarization-insensitive operation up to
60°, and the equivalent circuit analysis provides physical insight into how the diode
alters the RLC behavior of the surface. The design is experimentally validated us-
ing an in-house PPW setup, confirming excellent agreement between simulated and
measured responses. Although this single-layer configuration successfully demon-
strates basic dual-mode switching, it remains limited to only two functionalities and
requires manual diode control, making it unsuitable for real-time systems. This lim-
itation directly motivates the development of a structure capable of multiple distinct

operating states with automated biasing, leading to Chapter 3.

Building on the fundamental switching concept, Chapter 3 presents a more so-
phisticated RF'SS architecture by integrating two independently biased p-i-n diode
sets placed on opposite sides of a single FR4 substrate. The top layer employs a
meander-line connected to a dipole, while the bottom layer utilizes an outer square
loop coupled to a rotated inner square patch. This configuration enables four diode
states (OFF-OFF, OFF-ON, ON-OFF, and ON-ON), each producing a distinct
EM response, thereby realizing three major functionalities within the same structure.
In the OFF-OFF mode, the unit cell supports a narrowband transmission window,
whereas the OFF-ON mode yields strong absorption exceeding 90% around 5.2 GHz.
The ON-OFF and ON-ON combinations introduce partial and full reflection char-
acteristics, respectively, extending up to 8 GHz. A key advancement in this design
is the integration of an FPGA-based automatic biasing controller, which facilitates
real-time and dynamic switching among all operational states, effectively overcom-
ing the limitations of manual tuning encountered in the previous chapter. The
full-wave simulations, equivalent circuit modeling, and PPW-based measurements
further validate the multifunctional behavior, demonstrating robust polarization in-
sensitivity and angular stability. However, despite the expanded functionality, the

resonant frequencies associated with each operational state remain fixed, limiting
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adaptability in scenarios requiring frequency-agile responses. This inherent restric-
tion naturally motivates the progression toward introducing continuous tunability

alongside switching, which forms the focus of Chapter 4.

While Chapter 3 demonstrates multiple operating states, its static resonance
limits practical deployment in scenarios requiring frequency tunability. Chapter
4 overcomes this limitation by integrating p-i-n diodes for discrete mode switching
together with varactor diodes for continuous frequency tuning within a single-layer
topology, thereby creating a multifunctional reconfigurable FSS (MRFSS) capable
of both switching and tuning. Utilizing a meander-loaded dipole on the top layer
and a centrally connected patch with diode elements on the bottom layer, the struc-
ture achieves four programmable states, each exhibiting its own tunable resonant
response. In this configuration, the design supports a tunable transmission band
spanning 1.68-2.56 GHz, a tunable absorption band extending from 1.84-2.85 GHz,
and the tunable selective and full reflection characteristics for the entire operating
band. A compact biasing scheme requiring only four terminals further simplifies
implementation compared with conventional RFSS architectures. A 20x20 unit-cell
array is fabricated to realize a large two-dimensional periodic surface representative
of the designed MRFSS. The subsequent free-space measurements performed on this
prototype validate the tunable behavior across all operational states, clearly demon-
strating its advancement beyond the fixed-frequency and narrowband limitations of
the previous designs. Nevertheless, despite achieving both switching and tuning
capabilities, all operational responses remain narrowband, thereby motivating the
transition toward wideband multifunctionality, which is subsequently explored in

Chapter 5.

To overcome the bandwidth limitations inherent in previously discussed single-
layer designs, Chapter 5 introduces a two-layer wideband RFSS separated by an
air gap. In this geometry, the incorporation of lumped resistors together with
multi-layer metallic patterns enables four distinct wideband EM functionalities. The
structure supports multiple wideband EM functionalities across its different diode
states. In the OFF-OFF mode, it operates as a rasorber, exhibiting a transmission
window around 2.67 GHz followed by a 28.5% absorption bandwidth. The OFF-

ON configuration realizes a wideband absorption response with a 60.21% fractional
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bandwidth. In the ON-OFF state, the structure provides broadband transmission
covering 2.41-4.49 GHz, while the ON—-ON state yields a wideband reflective charac-
teristic extending across the entire operating region. The multilayer topology further
ensures polarization insensitivity and angular stability up to 45°, as verified through
equivalent circuit modeling and full-wave simulations. The experimental validation,
using a fabricated 1-D prototype measured with a PPW setup, confirms the wide-
band, multifunctional performance of the proposed RFSS design. In summary, the
developments presented in Chapters 2 to 5 collectively establish a comprehensive
set of RFSS designs, progressing from single-layer switchable structures to multi-
layer wideband multifunctional configurations. Despite these design advancements,
most of the proposed designs rely on a PPW measurement setup that is inher-
ently limited to normal incidence characterization, restricting accurate evaluation
of oblique-incidence behavior, an essential requirement for practical FSS validation.
In view of this limitation, the thesis transitions from design-oriented investigations
to the development of an improved measurement, approach, which is addressed in

Chapter 6 through the introduction of a modified wide-angle PPW system.

Building upon this transition toward improved measurement methodologies, Chap-
ter 6 provides a detailed exploration of the modified wide-angle PPW system intro-
duced in the preceding discussion. The practical evaluation of reconfigurable and
wideband FSS structures benefits from measurement setups that minimize sam-
ple size and simplify the testing environment. The PPW approach offers these
advantages by allowing 1-D sample testing within a confined structure, making it
far more cost-effective for rapid prototyping and controlled experimentation than
conventional free-space systems. Therefore, Chapter 6 presents a modified PPW
setup composed of two mechanically adjustable sections connected through cylin-
drical and arc-shaped apertures, enabling controlled wide-angle incidence ranging
from 30° to 150° while preserving TEM-mode propagation. The effectiveness of
this configuration is demonstrated through measurements performed on multiple
fabricated prototypes, including a bandstop filter, a two-layer wideband absorber,
and a switchable absorber/transmitter RFSS, thereby establishing the versatility of
the proposed setup. The close agreement between simulated and measured results

confirms the accuracy of the modified system, positioning it as a compact and cost-
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effective alternative to traditional measurement approaches. By providing a robust
experimental framework capable of evaluating RFSS structures under realistic an-
gular conditions, this final chapter reinforces and supports all design developments
presented earlier in the thesis.

Throughout this thesis, the evolution of reconfigurable F'SS technology has been
explored through a carefully structured sequence of developments that progressively
extend the functional boundaries of conventional FSS designs. Beginning with the
establishment of fundamental switching mechanisms and advancing through multi-
mode reconfiguration, frequency-tunable operation, and wideband multifunctional
behavior, each contribution has been designed to address the limitations identified in
the preceding chapters. This systematic progression ultimately leads to the formula-
tion of an improved experimental methodology based on a modified wide-angle PPW
system, ensuring reliable validation of the proposed RFSS structures under practical
EM conditions. Overall, the progression establishes a comprehensive framework for
the design, realization, and characterization of advanced RFSS architectures, en-
abling their use in next-generation applications, including stealth systems, adaptive

radomes, EMI-shielding solutions, and intelligent wireless platforms.

7.2 Scope of Future Work

In this thesis, various types of RFSS structures have been developed to realize mul-
tifunctional EM responses suited for next-generation applications. Beginning with
single-layer switchable designs based on p-i-n diodes, the work progresses through
multifunctional configurations capable of exhibiting absorption, transmission, and
reflection within a single geometry, followed by tunable FSS structures integrated
with varactor diodes to achieve continuous frequency tunability. These contribu-
tions are further extended to multilayer wideband RFSS designs that demonstrate
rasorber, broadband absorption, transmission, and reflection characteristics within a
single architecture. All proposed structures exhibit polarization-insensitive and an-
gularly stable behavior, with their performances thoroughly validated through con-
ventional and modified PPW measurement setups. The designs reported here show

significant improvements over earlier RF'SS structures in terms of multifunctionality,
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compactness, and experimental realizability. However, despite these advancements,
several open challenges and opportunities remain in the broader domain of RFSS
technology. Based on the observations made throughout this thesis, the following

points outline potential directions for future research:

1. One potential extension of the present research is the development of a com-
pact sensing—communication module that can be seamlessly integrated with the
proposed reconfigurable FSS structures. While the RFSS designs presented in
this thesis are capable of dynamically switching among absorption, transmission,
and reflection states, they are operated by manual intervention, where the bi-
asing conditions need to be regulated manually to exhibit different EM states.
In practical scenarios, however, intelligent EM platforms require surfaces that
can not only reconfigure their response but also detect, classify, and react to
incoming signals in real time. To achieve such functionality, an additional sens-
ing layer comprising sensing antennas, band-selective filters, rectifying circuits,
low-power RF detectors, or FPGA-based digital control modules may be incor-
porated into the RFSS architecture. The integration of these components into
a compact and co-designed platform would allow the surface to autonomously
sense the incident waveform, determine the required EM function, and trigger the
appropriate switching or tuning state without external intervention. Developing
such a compact, self-aware sensing—communication system represents a natural
progression of the thesis and would transform the proposed RFSS designs from
manually-operated reconfigurable structures into fully adaptive surface architec-

tures capable of real-time decision-making.

2. Another promising direction for future research lies in exploring reconfiguration
mechanisms that can offer improved robustness for deployment in demanding op-
erational environments. The electronically controlled RFSS structures presented
in this thesis rely primarily on p—i—n diodes and varactor diodes, which, although
effective for laboratory-scale demonstrations, pose challenges when integrated
into large platforms such as aircraft, high-altitude vehicles, or harsh outdoor in-
stallations. In such environments, factors like mechanical vibration, air pressure
variation, temperature cycling, and long-term material fatigue can compromise

the reliability of discrete semiconductor components, potentially leading to de-
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tachment, performance drift, or premature failure. To address these limitations,
future work may investigate alternative reconfiguration strategies that can embed
tunability directly into the EM material or surface structure, thereby minimiz-
ing the reliance on fragile soldered components. Approaches based on adaptive
materials, distributed tuning elements, or structurally integrated control mecha-
nisms could provide enhanced mechanical stability while still supporting dynamic
EM functionality. Advancing RFSS technology toward such material-level or me-
chanically resilient reconfiguration schemes would significantly broaden its appli-
cability, enabling reliable operation in acrospace, defense, and other high-stress
environments where conventional electronic switching elements are difficult to

maintain.

3. A further extension of this work involves exploring RFSS designs that can effi-
ciently operate on conformal platforms. All RFSS prototypes developed in this
thesis are implemented on planar substrates, which greatly simplifies fabrica-
tion, component placement, and bias routing. However, many practical appli-
cations, especially in aerospace, vehicular, and wearable EM systems, require
surfaces that conform to curved radomes or structural contours. Integrating
discrete components such as p—i—n diodes, varactors, resistors, and biasing net-
works onto non-planar geometries introduces significant challenges related to me-
chanical reliability, solder joint integrity, and non-uniform current distribution.
Furthermore, achieving stable multifunctional responses, such as switchable ab-
sorption, transmission, or reflection, becomes substantially more complex when
the unit-cell geometry is distorted by curvature. Addressing these issues would
require the development of conformal-based unit-cell designs, flexible substrates,
or distributed control mechanisms that can maintain EM performance under
bending or deformation. Thus, advancing RFSS technology toward conformal
implementations represents a valuable research direction with strong relevance

to real-world deployment scenarios.

4. Another significant avenue for future research is the integration of phase-controlled
reconfigurability to extend the present RFSS designs toward fully functional re-
configurable intelligent surfaces (RIS). The multifunctional RFSS structures de-

veloped in this thesis primarily control the amplitude characteristics of incident
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EM waves, enabling switchable absorption, transmission, and reflection under
various states. However, in these configurations, the reflected or transmitted
wave generally follows the angle of incidence, limiting the ability to steer or
redirect energy in arbitrary directions. In contrast, RIS technologies achieve dy-
namic wavefront manipulation by imparting spatially varying phase shifts across
the surface, thereby enabling functionalities such as anomalous reflection, beam
steering, wave focusing, and signal redirection—all of which are essential for next-
generation wireless communication and sensing systems. Future research could
therefore explore geometries that jointly engineer both amplitude and phase re-
sponses, enabling multifunctional RIS structures capable of not only steering
reflected or transmitted beams but also selectively absorbing unwanted interfer-
ence or enabling controlled transmission through the surface. Developing such
multifunctional RIS architectures would represent a substantial advancement,
merging the strengths of conventional RFSS technologies with the emerging ca-
pabilities of intelligent surfaces for adaptive EM environments.

5. Another compelling direction for future research is the incorporation of transistor-
based active elements into reconfigurable FSS architectures. The structures ex-
plored in this thesis rely primarily on p—i—n diodes and varactor diodes, which act
as passive switching or tuning components and do not contribute additional gain
to the incident electromagnetic wave. In contrast, RF transistors—such as MOS-
FETs, HEMTs, or bipolar devices—offer the possibility of realizing active RFSS
unit cells capable of amplifying, shaping, or conditioning incoming signals before
reflection, absorption, or transmission. Embedding such active devices within
the metallic pattern of the FSS may enable functionalities such as gain-enhanced
reflection, loss-compensated transmission, adaptive filtering, or localized signal
boosting, thereby overcoming the inherent passive loss mechanisms observed in
conventional diode-based designs. Although integrating transistor circuits onto
periodic surfaces introduces challenges related to power distribution, thermal
stability, and biasing complexity, successful implementation would extend re-
configurable FSS technology into an entirely new class of active, gain-adaptive
surfaces with promising applications in communication front-ends, sensing re-

ceivers, and intelligent electromagnetic platforms.
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