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Abstract

In order to solve the dynamic adaptation problem of the working frequency band of the FSS in the
complex electromagnetic environment and further expand the frequency tuning range, a
reconfigurable AFSS unit model based on PIN and varactor diodes are designed, which can achieve
the insertion loss below-1 dB in the wide frequency range of 10.2-15.2GHz, meet the working band
switching and have the function of flexibly adjusting the working frequency point. In order to verify
the accuracy of the design method, a square-ring aperture and notched patch coupling structure that
can exhibit broadband transmission response in the X-Ku band is first proposed based on the
equivalent circuit model topology. The numerical simulation and processing test of the structure are
carried out. The measured data are in good agreement with the simulation results. After optimizing
the unit structure, different capacitance values and resistance values are added to the diodes in the
numerical simulation to control the equivalent PIN diodes switch and the capacitance change of the
varactor diodes. According to the equivalent circuit model and the electric field intensity distribution,
the AFSS regulation mechanism of the loaded diodes is explored. In this paper, through numerical
simulation optimizations and experimental verification, the design method and performance
optimization strategy of frequency- tunable FSS in the working range of 2-18 GHz are systematically
studied, which provides theoretical support for the design of electromagnetic functional devices in
the new generation of communication, radar and electronic warfare systems.

Keywords: frequency selective surface; equivalent circuit method; reconfigurable; frequency tuning;
bias feeding

CLC Number: O441; Literature Symbol Code: A

1. Introduction

Frequency Selective Surfaces (FSS) are two-dimensional periodic artificial electromagnetic
structures with spatial filtering characteristics. They comprise subwavelength-sized metal patches or
aperture units arranged in a specific spatial period [1]. Under ideal condition, FSS reflect or transmit
electromagnetic signals within designated frequency bands without absorbing energy. Through
optimized structural design, precise regulation of electromagnetic waves can be achieved.

Contemporary military radar antennas and wireless communication systems increasingly
demand broadband and frequency-agile operation. Most traditional FSS are designed for fixed
frequency bands and struggle to adapt to dynamic requirements in complex electromagnetic
environments. To address this, Active Frequency Selective Surfaces (AFSS) integrate electronic
control devices into traditional structures. By adjusting external excitation, AFSS dynamically modify
electromagnetic performance to achieve reconfigurable characteristics [2,3]. Among methods for
realizing AFSS reconfigurability [4-6], designs incorporating PIN diodes or varactor diodes offer
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advantages including rapid frequency response, flexible functionality switching, and low fabrication
costs, enhancing practicality [7-9]. Early work by Ghaffer et al. (2007) [10] loaded PIN diodes onto a
single-layer FSS structure, demonstrating electromagnetic property switching via diode on/off
control. In 2011, Withayachumnankul. [11] achieved wideband tunable performance (2.7-3.5 GHz)
by loading varactor diodes into an AFSS parallel resonant unit. Subsequently, Amir Ebrahimi et al.
(2016) [12] proposed a bandpass FSS with variable capacitance tuning, exhibiting nearly constant
bandwidth across a 3.7-5.2 GHz tuning range. Li Huangyan (Nanjing University of Aeronautics and
Astronautics, 2019) [13] advanced multifunctional AFSS technology, proposing a PIN/varactor-
loaded resonant model capable of integrated transmission/reflection switching, polarization
selection, and frequency tuning (1.3-2.1 GHz). Later, He Zhangjian (2022) [14] optimized bias
network design for miniaturization. The resulting PIN-diode-based reconfigurable AFSS achieved
broadband operation and high selectivity, enabling passband/stopband switching (4.2-5 GHz) and
frequency tuning (2.17-4.8 GHz), while maintaining stable transmission at incident angles up to
60°.As shown, AFSS resonant frequency, bandwidth, and other electromagnetic properties can be
reconfigured by integrating active devices and applying external excitation. However, conventional
electronic components typically enable only single-frequency-point tuning within small ranges,
while incorporating numerous tuning elements introduces significant insertion loss. A critical
challenge persists in AFSS technology: ensuring stable transmission responses while achieving wide-
range frequency reconfigurability via integration of extensive active devices.

This paper integrates theoretical analysis, simulation modeling, and experimental validation.
Firstly, a unit cell topology based on a second-order circuit model is established. The feasibility of
subsequent active frequency-selective surface (AFSS) design is verified by comparing numerical
simulations with experimental measurements. Secondly, an optimized reconfigurable unit cell is
developed by integrating PIN diodes and varactor diodes, alongside a rationally designed bias
network to minimize additional insertion loss. This structure achieves passband tuning with insertion
loss better than -1 dB across 10.2-15.2 GHz through capacitor adjustment and switch control.
Switching between two operational bands (X-band to Ku-band) is realized by toggling the PIN diode
states, while continuous frequency tuning within each band is enabled by adjusting the varactor
diode bias voltage. The operating mechanism of the AFSS is elucidated through equivalent circuit
modeling and electric field distribution analysis, providing valuable insights for flexible frequency
control in AFSS technology.

2. Verification of Design Principles and Methods

2.1. Equivalent Circuit Method

In the study of periodic FSS array structures, the equivalent circuit method (ECM) provides an
efficient and intuitive approximation. Based on quasi-static electromagnetic field assumptions, ECM
models the FSS unit cell as a lumped-parameter circuit equivalent to a transmission line model
[15,16]. This study employs ECM to develop the basic unit cell topology, enabling rapid calculation
of FSS resonant characteristics from equivalent circuit parameters.

As shown in Figure 2.1, for a square ring aperture array, when the gap of the aperture is much
smaller than the size of the periodic element, the square ring aperture can be equivalent to an LC
parallel circuit, and its equivalent circuit impedance satisfies Equation (2.1):

11 o
zZ Z, Z; @1)
The deformation of equation (2.1) yields the circuit impedance Z that satisfies:
=7 1 I 1
T e @2
Z, Z. joL
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When the impedance Z in Equation (2.2) tends to infinity, the resonant frequency £, satisfies:

fom e 23
" 2r 2adic 23)
(@ p § (b) 70

Figure 2.1 Square ring aperture structure and its equivalent circuit diagram (a) Schematic diagram of the square

ring aperture structure (b) Equivalent circuit diagram.

According to circuit theory, when the input frequency equals the resonant frequency, the
inductive and capacitive impedances balance each other. At resonance, the equivalent impedance
becomes theoretically infinite, and currents through the inductor and capacitor exhibit equal
magnitude but opposite phase. Consequently, the AC signal cannot shunt to ground through the LC
parallel circuit. Under this condition, the square ring aperture array (FSS) exhibits bandpass
characteristics at the resonant frequency.

In order to clarify the relationship between structural dimensions and equivalent capacitance,
inductance, empirical formulas for calculating these parameters have been developed. The following
approximations provide relatively accurate equivalent inductance (L) and capacitance (C) values for
surface-mounted metallic unit cells [17]:

L=— 210 Sin ﬂ 24
toog B 2D 4)

2D (s
C=-g6, 7log2 [sm [Eﬂ (2.5)

The meanings of each parameter are shown in Figure 2.1(a) above, where, D, wand s are the
length, width and gap interval of the metal strip respectively, ¢, is the effective dielectric constant

of the dielectric layer; g, is the dielectric constant in vacuum; g, is the magnetic permeability in

vacuum.

An LC parallel circuit typically provides only one bandpass resonance point. According to filter
theory, while first-order filter models feature simple structures, they exhibit wide transition bands
and insufficient stopband attenuation, leading to poor filtering performance [18]. In order to enhance
the frequency selection characteristics of FSS, it is considered to cascade multiple parallel LC resonant
models to achieve high-order filtering responses [19,20]. This section adopts a second-order filtering
model, corresponding to a double-layer metal patch cascade structure for FSS. As shown in Figure
2.2, the equivalent circuit model of the second-order filter structure is presented. The aperture
structures loaded on both sides can be respectively equivalent to LiC: and L:C: parallel circuits, and
the dielectric substrate is regarded as a transmission line with a certain characteristic impedance,
which can be equivalent to a parallel capacitor Cr and a series inductor Lr.
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Transmission Line

Figure 2.2 Equivalent circuit model of second-order filtering structure.

2.2. Structural Design and Numerical Simulation Research

The structural topology is applied to the equivalent circuit model in Figure 2.2. Compared to
other unit types, the annular structure suppresses premature excitation of higher-order harmonics
while demonstrating superior frequency response stability. Consequently, a novel structure featuring
coupled square-ring apertures and notched patches is designed, based on a conventional square-ring
unit. Figure 2.3 presents the designed unit structure model. The specific structural dimensions after
optimization are shown in Table 2.1, and the medium substrate material selected is TLY-5.

Top-layer FSS Metallic Patch

Dielectric layer Thickness /i

Bottom-layer FSS Metallic Patch

Figure 2.3 Model of FSS ring structure with wideband characteristics (a) Structural Diagram (b) Overall

Structural Cross-section.

Table 2.1 Unit Size Parameters.

Parameter D d \ Rtop Rbottom h
Value/ m ml00 9.0 6.7 1.0 1.1 1.575

Numerical simulations of the initial structure were performed using CST Studio Suite 2018.

Figure 2.4 shows the transmission and reflection coefficients under normal TE-polarized wave
incidence. Mutual coupling between the dual-layer resonators expands the bandwidth and sharpens
the roll-off characteristics. The -1.5 dB bandwidth measures 5.4 GHz (7.4-12.8 GHz), corresponding
to a 53.5% fractional bandwidth. This structure exhibits excellent in-band performance with low
insertion loss and high transmission efficiency, while the stopband demonstrates a flat reflection
coefficient profile and strong out-of-band suppression.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 2.4 Frequency Response characteristics of Broadband FSS.

For numerical modeling, electromagnetic simulations were primarily performed using CST
Studio Suite (based on the Finite-Difference Time-Domain method). Complementary verification
employed ADS (Advanced Design System) implementing the Equivalent Circuit Method (ECM). The
equivalent circuit model in Figure 2.2 was implemented in ADS to compute S-parameters. Figure 2.5
compares simulated results from CST and ADS. For analytical clarity, only the reflection coefficient
(S11) is shown.
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Figure 2.5 Comparison chart of S11 curves simulated by CST/ADS.

Comparative analysis reveals close agreement between the reflection coefficient curves obtained
from both software simulations, with strong correlation in overall results. Minor discrepancies occur
at the second resonant frequency due to electromagnetic coupling effects between unit cells and
layers in the FSS structure — a phenomenon not captured in the equivalent circuit model optimization.
Although slight parameter variations exist between circuit-optimized and full-wave-optimized
values, the equivalent circuit method remains effective for rapid FSS design iteration.

2.3. Angular Stability Validation

In this paper, numerical calculations were also conducted on the frequency response curves
when different angles were incident on the FSS. The results are shown in Figure 2.6. In the TE
polarization mode, as the incident angle increases, a certain shift occurs at the high-frequency cut-off
point. However, overall, this broadband FSS structure still maintains good angular stability within
the range of 0° to 45°.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 2.6 Frequency response characteristic curve at an incident Angle of 0-45° in TE polarization mode (a)
Reflection coefficient S11 (b) Transmission coefficient S21.

2.4. Experimental Testing and Data Analysis

This FSS sample adopts the precision etching process. The processing model and dimensions are
completely in accordance with the size parameters in Table 2.1. The processed sample is shown in

Figure 2.7. The physical size of the entire sample is 202mm*202mm, and the medium plate is made
of TLY-5 material.

Figure 2.7 Physical photo of broadband ring FSS.

The entire experimental test was carried out in a microwave anechoic chamber, and the free-
space method was selected for the test. The operating frequency band of the horn antenna is 1-18
GHZ. The two ports of the vector net meter are respectively connected to the transmitting antenna
and the receiving antenna. Preheating and equipment calibration are required before each test.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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(a) (b)

1.8m

1.3m

Figure 2.8 Test system setup environment (a) Physical picture of the test device (b) Physical connection picture
of the arrow net instrument.

After calibration, the test piece was placed for testing. Figure 2.9 shows the comparison between
the measured results and the simulation results when the electromagnetic wave is vertically incident
in the TE polarization mode. At the reflection curve, the measured amplitude at 8.5 GHz is -41.2 dB,
and the insertion loss during simulation is -30.5 dB. At the wideband depression (11.1 GHz), the
amplitude of the reflection coefficient curve in simulation calculation is -5.4 dB, while the actual test
shows -9.8 dB. The measured insertion loss is less than that during simulation. There is no significant

deviation between the passband width and the resonant center frequency, and the results are
basically consistent.

g‘ = = CST Studio Suite Simulalion-S,,
30+ = = =CST Studio Suite Simulation-S,,
Experimental Measurement-S,
&0 | a— Experi 1 M, Su
T T T T T
3 L] 12 15
Frequency/ GHz

Figure 2.9 Comparison of vertical incident test and simulation results of TE polarized electromagnetic waves.

The FSS performance test was also conducted on the sample when electromagnetic waves were
incident at an Angle. Due to the limited conditions in the actual test, it was impossible to precisely
rotate the turntable that fixed the sample to be tested at an Angle. Therefore, we only tested the case
when the incident Angle was 15°. Figure 2.10 shows the comparison of the actual test and simulation
results of the reflection coefficient and transmission coefficient curves in the TE polarization mode.
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Figure 2.10 Comparison of simulation results and test results when electromagnetic waves are incident at an

Angle of 15° (a) Reflection coefficient (b) Transmission coefficient.

It can be seen that the resonant frequency points of the reflection coefficient and transmission
coefficient curves hardly shift. The 15° oblique incident is in good agreement with the simulation
results. However, stray waves occur in the higher frequency band of 12.9 GHz. In the actual test, the
amplitude at the passband decreases by about-10 dB on average, and the insertion loss is significantly
less than the simulation results.

Analyze the error of the difference in insertion loss of the reflection coefficient in the experiment:
In an ideal situation, FSS assumes that there is no material loss, the structure is perfectly symmetrical,
and there are no other energy loss mechanisms. When the impedance is fully matched, the
relationship between the transmission coefficient (7 ) and the reflection coefficient (I") can be
expressed by the formula | 7 |2+] T" |2=1, where the square modulus of 7 and I represents the
transmittance and reflectance respectively. In simulation, electromagnetic waves are only transmitted
or reflected. However, in the actual test environment, some electromagnetic waves will be lost in the
air or absorbed by absorbing materials during transmission, resulting in | T’ 12+| " 12<1. Therefore,
the reflection coefficient calculated based on the transmission coefficient in the actual environment
must be smaller than that in the ideal environment.

In summary, by comparing the transmission curves of the measured results with those of the
simulation results, it is found that there is no significant deviation in the passband width and the
resonant center frequency, and the error is within a reasonable range. Based on the calculation results
of the two numerical simulations of ADS and CST in Figure 2.5 above, the accuracy of the entire
model design was verified. This provides an accurate design basis for the subsequent AFSS active
reconfigurable model design.

3. Research on the Structural Model Design and Regulation Mechanism of AFSS

In order to achieve AFSS with band switching function and frequency tuning characteristics, it
is proposed to adopt the fusion loading method of switching devices and varactor diodes. In addition,
the feeding of diodes is all through the upper and lower layer structure and the metal through holes
to form a fusion bias network. A simple metal bias network model is used to provide feeding for
AFSS to achieve bias voltage regulation.

3.1. Resonant Structure Design

According to the analysis in Section 2.4, it can be known that the annular structure has good
polarization and incident angle stability, and has a stronger inhibitory force on the grid flap.
Therefore, the square ring structure is tortuous and transformed. The aperture unit and the central
patch are two nested parts inside and outside, insulated from each other to facilitate power supply
to the active device. The bent structure extends the length of the metal band grid and the aperture,
increasing the equivalent inductance and capacitance to a greater extent. Secondly, the bent structure
is conducive to the realization of miniaturization, which has a significant advantage in improving the
stability of the incident Angle [21].

For the biased network design, it is also proposed to bend the cross-cell structure. Figure 3.1(a),
(b), and (c) show the evolution process of the cross bending. Simulations were conducted on the FSS
combined structure with a ring structure loaded on the top layer and three types of cross patch units
loaded on the bottom layer respectively. The S-parameters under different oblique Angle incident
conditions are shown in Figure 3.1(d), (e), and (f).

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 3.1 Evolution process of the cross-bending structure and corresponding S parameters(d) Non-bent cross-

shaped patch structure(e)Double-bent cross-shaped patch structure(f)Three-fold bent cross-shaped patch
structure.

It can be seen that as the degree of miniaturization increases, the continuous increase in the
number of bends causes the resonant frequency to shift towards the low frequency, and the resonant
bandwidth gradually Narrows. The relative bandwidth of the unbent cross patch is 23.6% (13.8 GHz-
10.8 GHz), while that of the double-bent cross patch structure drops to 7.4% (11.1 GHz-10.3 GHz).
After three bends, the relative bandwidth of the cross-shaped patch drops to 6.7% (9.4 GHz-10.0
GHz). In the unbent cross structure, a frequency offset of 0.3 GHz occurs when the incident is normal
and the incident is oblique at 45°. The frequency hardly shifts during the secondary bending, but the
bandwidth decreases when the incident is oblique compared to the normal incident. After three
bends, the resonant frequency and working bandwidth of the structure remain almost unchanged
when the incident is oblique. This indicates that the more bends are introduced into the branch, the
greater the angular stability will be.

The feeding mode of the active structure considers placing four diodes (two PIN diodes and two
varactor diodes) symmetrically along the Y-axis direction in the unit structure. The anodes of all
diodes are connected to the metal part inside the annular hole diameter, and the cathodes are
uniformly connected to the outer conductor to form a circuit. In this design, the cross-shaped surface
mount is placed in the middle layer. The metal through hole at the center of the unit serves as the
feed network for this active structure model, providing a bias voltage for the diode [14].

3.2. Analysis of Passive Structure Model and Transmission Characteristics

3.2.1. Structural Model Design

After completing the design optimization, the AFSS structure model of the fusion loading diode
proposed in this project is shown in Figure 3.2 (a). The overall model consists of three metal layers
and two dielectric substrates spaced apart. The top and bottom metal layers are made of traditional
square ring hole diameter structures that have been deformed and have exactly the same structural
dimensions. The middle power supply layer is a tortuous structure formed by bending a traditional
cross patch with branches to enhance the angular stability of the overall structure. The medium
material selected is Rogers 5880. Metal through holes run through the entire structure for convenient
power supply. Other parameters of the structure are shown in Table 3.1:

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 3.2 Schematic Diagram of the reconfigurable AFSS structure (a) Overall structural schematic diagram (
b) Schematic diagrams of the top-level and bottom-level structures (c) Schematic diagram of the structure of
the middle feed layer (d) Structural section drawing.

Table 3.1 Dimensions of AFSS Structural Model.

Type  Dx Dy a b c e f g k

Value/mm 10.00 10.00 2.60 1.56 1.04 1.04 2.60 2.00 1.78

The numerical simulation results of the positive incident electromagnetic waves in the TE
polarization mode are shown in Figure 3.3. At this point, the bandpass resonance point of the S-
parameter curve is 12.2 GHz, and the -3dB operating bandwidth is 1.8 GHz(11.4-13.2 GHz).

0y
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g |
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11 12 13 " 15
Frequency/GHz

Figure 3.3 AFSS frequency Response Curve.

Meanwhile, the working characteristics of the structure when electromagnetic waves are
incident obliquely were investigated. As shown in Figure 3.4, in the TE polarization mode, when the
oblique incident Angle @ increases from 0° to 45°, the passband only shifts slightly: The resonant
center frequency slightly shifts from 12.2GHz to the low frequency of 12.1 GHz, and the -3 dB
bandwidth decreases from 1.8 GHz(11.4 GHz-13.2 GHz) to 1.5 GHz(12.9 GHz-11.4 GHz) and 1.1
GHz(12.6 GHz-11.5 GHz), respectively. Although the increase in the oblique incident Angle brings

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.



https://doi.org/10.20944/preprints202508.0694.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 12 August 2025 d0i:10.20944/preprints202508.0694.v1

11 of 17

about a certain degree of high-order resonance at higher frequency points, the operating frequency
point remains almost unchanged, and good bandpass characteristics can still be maintained in the

operating band. This stability is brought about by the low profile of the structure and the
miniaturization design of the bending structure.
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Figure 3.4 Frequency response curve of AFSS structure when incident at an angle of 0-60° (a) Reflection
coefficient (b) Transmission coefficient.

When the oblique incident angle ¢ increases from 0° to 60°, the resonant frequency slightly
shifts to the low frequency by 0.4 GHz, and the bandwidth at -3dB decreases from 1.8 GHZ to
0.7GHz(11.6 GHz-12.3 GHz). However, the out-of-band suppression characteristics deteriorate at this
time. Explore the reasons: The cascading of multi-layer FSS will introduce interlayer electromagnetic
coupling. When incident at an angle, the resonant units of different layers will have different phase
delays of the incident wave. For high-order resonant waves above 16 GHz, according to the critical
conditions for the occurrence of the gate flap phenomenon, they may be partially satisfied
dsin@ = A /2 ,when incident at an angle of 60°. When incident at a large angle of 60°, the gate flap
phenomenon will introduce additional resonant modes at high-frequency points.

In addition, the electric field intensity distribution map of the AFSS structure at the resonant
frequency of 12.2 GHz is also provided. As shown in Figure 3.5, the strong field area is concentrated
at the bent aperture and the metal arm of the cross-shaped patch. This indicates that the obvious
resonance phenomenon of FSS at this location is caused by the strong coupling resonance between
the upper and lower annular aperture and the metal branch in the middle layer.

10280

3000
8000
7000
6000
5000
4000
3000
2000

1000

Figure 3.5 Distribution map of electric field intensity at resonant frequency.

3.2.2. Equivalent Circuit Analysis

The equivalent circuit method is adopted to deeply analyze the working principle of AFSS. As
shown in Figure 3.6, it is the equivalent circuit model of AFSS without loading diodes. The metal
patches of the top and bottom structures are equivalent to LC parallel resonant circuits, where Li and
L2 are the equivalent inductance of the top and bottom metal patches, and C: and C: are the equivalent
capacitance of the bent annular groove as a whole. The metal band grid and metal through holes in
the middle layer are equivalent to parallel Liurougn hole modeling.
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The two-layer dielectric substrate can be equivalent to a transmission line of length & and
characteristic impedance Z; = Z, / /¢, , and the transmission line can be modeled by an equivalent
circuit of series inductance L, = yyu,h and parallel capacitance C, =¢,¢,h/2 . The free space on

both sides of the FSS is equivalent to a transmission line with characteristic impedance Zo=377 Q. As

described in Figure 2.2 above, this equivalent circuit model can also be regarded as a second-order
coupled resonant bandpass filter[14].

- XLV .
Lini | L2
y4
Zo 0
1Cumi ::Chz
Cl :: Ll Llhrough 3 Cz:: L2
[ ]

Figure 3.6 Equivalent circuit model of the unit structure without loading diodes.

Figure 3.7 (a) presents a simplified model of the above-mentioned equivalent circuit model and
further models it in ADS. Figure 3.7 (b) shows a comparison of the reflection coefficient curves
obtained by the ADS equivalent circuit without a diode structure and the CST simulation. The
equivalent circuit structure is in good agreement with the numerical simulation results, with only
slight offsets in the operating frequency and bandwidth.

(a)

— L D
Zy Zy
Cmcdium
- } p— L
Cl T Ll Lthmugh C2 2
[ L

(b) o+

—e—CST-S,,

Reflection Coefficient/dB

-304

12 5 "
Frequency/GHz

Figure 3.7 Comparison chart of equivalent circuit model and reflection coefficient curve (511) (a) Simplified
equivalent circuit model (b) Comparison chart of ADS/CST simulation results.

3.3. Design of Active Structure Model for Loading PIN/ Varactor Diode

3.3.1. Analysis of the Transmission Characteristics of Loaded PIN Diodes

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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The results of the switchable AFSS loaded with PIN diodes were numerically calculated. As
shown in Figure 3.2 (a), two PIN diodes are loaded at points A and B. In the simulation, the pins are
regarded as ideal switches. When they are on, they are equivalent to small resistors; when they are
off, they are equivalent to capacitors. Meanwhile, the internal resistance of the diodes is ignored.

Figure 3.8 presents the reflection coefficient curve of the FSS of the PIN diode in the ON/OFF
state under TE polarization. When the PIN diode is in the cut-off state, the resonant point within this
passband is located in the X-band, with a resonant frequency of 12.2 GHz and a relative bandwidth
of -3dB of 14.8%. When on, a new resonant frequency appears at 14.1GHz, and the insertion loss
increases to -20 dB. It exhibits stopband characteristics within the original passband range of 10.5
GHz to 13.1 GHz. The above achieves the switching of the operating frequency between different

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 12 August 2025

bands of the AFSS under different bias states of the PIN diode.
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Figure 3.8 Frequency response characteristics of diodes when they are on/off.

3.3.2. Analysis of the Transmission Characteristics of Loaded Varactor Diodes

Based on the structure with a PIN diode loaded at the top layer, a varactor diode is loaded at the
bottom layer. The loading positions are shown in Figure 3.2 (a) in the previous text. Figure 3.9 shows

the reflection coefficient curve of the AFSS structure with both a PIN and a varactor diode loaded
simultaneously under TE polarization.
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[
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Figure 3.9 Frequency response curves of the loaded PIN and varactor diodes.
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Under the positive incidence of electromagnetic waves, in the PIN-OFF state, the center
frequency of the AFSS response is 12.3 GHz, and the -3 dB bandwidth is 1.8GHz (11.4 GHz-13.2 GHz).
When the PIN diode is in the cut-off state, small capacitors with equivalent capacitors C=0.02 pF/ 0.04
pE/ 0.08 pF are respectively loaded onto the varactor diode. As the equivalent capacitance increases,
the passband frequency gradually shifts towards the low frequency, and the bandwidth decreases.
When the loaded capacitance is 0.08 pF, the operating frequency drops to 10.2 GHz. Furthermore,
according to the attenuation coefficient in the figure, the maximum insertion loss within the FSS
passband varies from -50 dB to -15 dB, which indicates that loading multiple pins and varactor diodes
will result in significant insertion loss. When the PIN is conducting forward without loading the
varactor diode, the new operating frequency appears at 14.1 GHz. At this time, when a small
capacitor with an equivalent capacitance C=0.02 pF/0.03 pF is loaded onto the varactor diode, the
resonant frequency drops to 12.8GHz. At this point, the -3 dB bandwidth decreases from 1.1 GHz
(13.5 GHz-14.6 GHz) to 0.6 GHz (12.5 GHz-13.1 GHz), and the maximum input loss of FSS passband
interpolation changes from -19 dB to -15 dB. When the PIN is conducting forward and a larger
capacitance value is loaded, as shown in the figure, when C=0.5 pF and 0.85 pF are loaded, the
operating frequency shifts to the high frequency to 15.2 GHz respectively, but at this time, the
insertion loss increases to -15 dB.

To sum up, by loading two pins and varactor diodes on the top and bottom layers of the AFSS
unit respectively, the wide-range tunable frequency response characteristics of the AFSS can be
achieved by applying different bias voltages. Range 1 (10.1 GHz-12.2 GHz) is located in the X band.
Range 2 (12.2 GHz-15.6 GHz) is located in the Ku band. The frequency ranges of the two bandpass
modes of AFSS are interconnected, transiting between adjacent frequency bands to cover the entire
spectrum, and the comprehensive tuning range is expanded to 10.1 GHz-15.6 GHz.

The stability of the oblique incident angle of the AFSS model is also explored. As shown in Figure
3.10, taking the PIN-OFF state as an example, it is observed that the designed AFSS exhibits good
transmission response characteristics within the incident angle range of 0°-45°, with only a 0.1 GHz
offset at the resonant center frequency. When the inclined incident angle of the electromagnetic wave
increases to 60°, high-order harmonics occur at high frequencies, and weak resonance appears in the
out-of-band response. This might be due to the coupling of the vertical component of the electric field
with the metal through-hole, which triggers parasitic resonance. However, the parasitic resonance
that occurs in the stopband does not affect its bandpass characteristics, and it can still maintain a -3
dB transmission frequency band in the main passband (10.9-12.8 GHz). Therefore, this wide-range
frequency-tunable AFSS has good angular stability within a large-angle oblique incident range.
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Figure 3.10 shows the 0-60° oblique incident frequency response curve of the AFSS structure of the loaded diode
(a) Reflection coefficient (b) Transmission coefficient.
3.3.3. Equivalent Circuit Analysis

The frequency reconfigurable characteristics of AFSS are analyzed by using the equivalent
circuit method. In the equivalent circuit, the inductance mainly comes from the metal structure, and
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the aperture gap is equivalent to a capacitor. When a PIN diode is forward-biased, it can be equivalent
to a small on-resistance, which is like grafting a wire connecting the external metal and the internal
metal onto a bent annular groove. At this time, the metal patch presents a total reflection state. When
the PIN diode is reverse-biased, it can be equivalent to the capacitance Cj. At this time, the annular
slot is in an open circuit state, and the filter response remains unchanged. The equivalent parameters
Rv, Lo and Co of the varactor diode are added in series to the equivalent circuit, and Za is the
characteristic impedance of the transmission line.

il

PIN ON PIN OFF

e _IZd _____ Z_O_i
I —-I
| | | Rv < |
= | I Y 5
Z ] | 1 g
lERI UEIS s Lv 2|
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Top-layer FSS Metallic Patch Bottom-layer FSS Metallic Patch

Figure 3.11 Equivalent circuit model of loading PIN and varactor diodes.

From the analysis of the equivalent circuit model, the process of achieving continuous tuning of
the operating frequency band over a wide frequency range by the above-mentioned composite
regulating diode is essentially a process of dynamically changing the equivalent inductance and
capacitance values of the LC parallel resonant circuit to alter the resonant frequency point. This
method can flexibly adjust the resonant frequency according to actual needs and effectively expand
the range of resonant frequency adjustment[22].

4. Conclusions

Whether loading pins or varactor diodes, there are still limitations in frequency control.
Therefore, this paper designs an AFSS structure model based on the fusion loading of PIN and
varactor diodes, which satisfies band switching and wide-range frequency tuning. In the initial
design stage, this paper verified the rationality of the equivalent circuit method guiding the design
unit structure model through numerical simulation and experimental tests, providing a reliable basis
for the establishment of the AFSS structure model and the design of the feed network in the
subsequent text. The difficulty in simultaneously loading pins and varactor diodes lies in the design
of the bias network. In this paper, by integrating the bias network with the cell structure, not only
can the diodes be fed, but also the impact of the bias network on the transmission response of the cell
structure can be reduced. This paper also explores the rationality of the design that makes FSS
insensitive to the oblique angle incidence of electromagnetic waves by bending the metal strip. By
controlling the ON or OFF state of the top-level PIN diode, AFSS can achieve the switching between
two operating bands (from X band to Ku band). By adjusting the bias voltage of the underlying
varactor diode, AFSS can achieve continuous frequency tunability with insertion losses below -1 dB
throughout the entire range of 10.2-15.2 GHz. Finally, the working principle of AFSS was analyzed
based on the equivalent circuit model and electric field intensity, once again verifying the rationality
of the equivalent circuit model guiding the design. The above research provides new ideas for AFSS
in terms of reconfigurable electromagnetic characteristics and flexible frequency response regulation
technology.
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