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This paper presents the Wormhole-Assisted Distance Optimization (WADQ) Algorithm
based Frequency Selective Surface (FSS)-antenna tailored to enhance gain and performance
for Sub-6GHz 5G applications. WADO algorithm is indeed the foundation of our FSS-
antenna optimization framework meets the growing need for compact, efficient solutions in
modern wireless communication systems. The antenna structure incorporates a monopole
patch with precise dimensions of 25>25mm and a copper thickness of 0.035mm, positioned
on an FR4 substrate with a thickness of 1.6mm. To complement this design, the FSS features
a physical footprint of 125x125mm, carefully optimized to support frequency-selective
characteristics. The antenna design and performance were rigorously analyzed and refined
using CST Studio Suite, with the FSS engineered to improve the radiation pattern and gain
across the target frequency bands. The integrated FSS significantly enhances the antenna's
performance metrics, achieving a radiation efficiency of 82%, a peak gain of 7.93dBi, and
a bandwidth enhancement of 500MHz. Notably, the antenna demonstrates an Si1 parameter
of -22dB at 3.5GHz, indicating excellent impedance matching and minimal return loss. The
compact integration of the FSS not only improves the overall performance but also enables
a reduction in the antenna size, making it an ideal choice for portable and space-constrained
5G devices. Comprehensive simulations and experimental validations confirm the antenna's
superior characteristics, including low return loss, high radiation efficiency, and robust
impedance matching, ensuring optimal performance across the Sub-6GHz spectrum. These
features align with the stringent requirements of next-generation 5G networks, which
demand high data rates and reliable connectivity. The proposed FSS-integrated antenna
design and methodology provide a significant leap forward in 5G antenna technology,
offering a practical and scalable solution for advanced wireless communication systems.

1. INTRODUCTION

mobility at speeds of up to 500km/h [4, 5]. The 5G spectrum,

The exponential growth in demand for rapid data
transmission and seamless connectivity is driven by factors
such as the proliferation of mobile devices, the rise of the
Internet of Things (IoT), and increasing consumption of
cellular video, which constitutes approximately 78% of mobile
traffic. Projections estimate mobile data traffic will grow
sevenfold within the next five years [1-3]. To meet these
challenges, 5G mobile communication systems are being
deployed, offering ultra-high transmission rates up to 10 Gbps,
millisecond-range latency, dense connectivity for up to 1
million devices per square kilometer, and support for high
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as defined by the Federal Communications Commission (FCC),
is categorized into three bands: low-band (below 1GHz), mid-
band (up to 3.5GHz), and high-band (mmWave) frequencies
[6, 7]. While mmWave frequencies deliver exceptional data
capacity, Sub-6GHz bands are critical for large-scale 5G
deployment due to their ability to support high-speed data
transmission over long distances. These bands are particularly
vital in urban and rural areas, as seen in countries like Malaysia,
where, the 3.3-3.8GHz range has been prioritized for 5G
rollout [8]. Antenna Design Challenges in 5G: The
performance of 5G networks relies heavily on antenna
technology. Antennas for Sub-6GHz applications must be
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compact, cost-effective, and high-performing, meeting the

diverse requirements of both indoor and outdoor environments.

Addressing challenges such as impedance mismatches, gain
reduction, and limited directivity at lower frequencies is a
significant focus of ongoing research [9-11]. Among the
leading solutions are Patch Antenna Radiators (PARs), which
are favored for their compact size and wide bandwidth.
However, they often face performance degradation when
placed near metallic objects or electromagnetic interference
sources [12].

2. FREQUENCY SELECTIVE SURFACES (FSS):
ENHANCING ANTENNA PERFORMANCE

FSS has gained prominence as an effective structure for
improving antenna gain. These surfaces consist of periodic
arrays of unit cells on a dielectric substrate, typically made of
metallic elements. FSS structures are engineered to control the
transmission and reflection characteristics of incident
electromagnetic waves, achieving perfect reflection or
transmission at specific resonant frequencies. Numerous FSS-
based antenna designs have been introduced in the literature to
enhance gain. For instance, designs incorporating a holey
superstrate with a printed slot antenna or a dual-band patch
antenna with an FSS reflector have demonstrated significant
improvements in radiation performance. These configurations
enable improved bandwidth, gain, and directivity. A basic
illustration of an FSS-based radiating structure is presented in
Figure 1, showcasing the integration of FSS into a typical
antenna design. This article builds upon these advancements,
presenting a novel FSS-integrated antenna for Sub-6 GHz 5G
applications, demonstrating optimized radiation efficiency,
enhanced bandwidth, and superior gain, making it a viable
candidate for next-generation wireless communication
systems.

Various innovative strategies have been developed to
address the limitations of conventional antennas, including
planar waveguide-based array antennas that offer high gain,
wide bandwidth, and beam-steering capabilities [13, 14].
However, integrating phased array antennas into compact
devices introduces significant challenges, particularly in
achieving efficient three-dimensional configurations. To
overcome these hurdles, planar phased array antennas such as
patch, Vivaldi, quasi-Yagi, and slot antennas have emerged as
promising solutions. These designs provide the wide
bandwidth and beam-steering performance required for 5G
systems, while maintaining a relatively simple structure [15-
17].

For Sub-6GHz 5G applications, the incorporation of FSS
into antenna designs has proven to be a game-changer. FSS
structures are renowned for their ability to filter specific
frequency bands, enhancing the gain and directivity of
antennas while preserving compact dimensions. By integrating
FSS elements into the design, common limitations of
conventional patch antennas-such as gain degradation and
restricted bandwidth-can be mitigated, particularly in
environments prone to interference.

2.1 Advancements in FSS-Based antennas for 5G

Recent developments in FSS-based antennas for 5G
applications have demonstrated remarkable improvements,
including enhanced gain and easier fabrication processes. For
instance:
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Elliptical and circular ultra-wideband antennas effectively
cover frequencies ranging from 3.1 to 10.6 GHz, providing
wide operational bandwidths.

Planar array configurations have shown exceptional
promise in delivering high gain and beam-steering
performance, crucial for dynamic 5G environments [18, 19].

Advanced techniques such as ground plane modifications
and the integration of inverted L-shaped slots have been
successfully employed to enhance both bandwidth and
impedance characteristics, further optimizing antenna
performance [20-22].

2.2 Proposed FSS-integrated antenna design

The proposed design builds on these advancements by
merging the benefits of FSS integration with a novel antenna
structure [23] tailored specifically for Sub-6GHz S5G
applications. Key features of the proposed antenna include:

Enhanced gain and directivity, ensuring robust performance
in both urban and rural deployment scenarios.

Wide bandwidth, facilitating high-speed data transmission
over diverse operating conditions.

A streamlined fabrication process, making it cost-effective
and scalable for widespread deployment.

Radiation

Radiating Patch

Substrate ——

Air Gap —=

FSS

Substrate(FR4)
Ground Plane

Figure 1. Frequency Selective Surface based Reflector
antenna

Table 1. Literature survey on the evaluation of the proposed
antenna in comparison with other relevant antennas

. Peak

R e g Koot G

quency (dBi)

Shietal. [9] 42x21x1.6 22 2.7-48 4.0

K“"[rfoe]tal' 26x212x08 4.4 3.7-536 27

Yuanetal [11] 35x35x1.6 4.65 4.2-8.7 4.1
Umamaheswari

and Rohini  34x24x1.0 4.4 2.23-5.74 3.94

[12]
P“h?f;]et"‘l' 17x16x1.6 2.3 3.6-6.4 4.6
Luoetal [14] 27x28x1.6 4.6 3.8-8.9 4.2

By addressing the critical limitations of traditional antenna
designs—such as gain reduction and limited impedance
bandwidth—the proposed FSS-integrated antenna is expected
to play a pivotal role in the early phases of 5G adoption. It is
particularly suited for enabling seamless connectivity and
high-speed data transfer in diverse and challenging
environments, further accelerating the deployment of 5G
networks globally. Table 1 summarizes the analysis of relevant
antennas.



WADO introduces cosmologically inspired mechanisms
that fundamentally enhance exploration-exploitation balance
compared to universe optimization algorithms (MVO). Table
2 outline quantitative analyses and revisions to demonstrate
WADQO's superiority in FSS-antenna optimization.

This study introduces an innovative method to enhance the
performance of Patch Antenna Radiators (PARs) by
integrating FSS. FSS structures, consisting of periodic
conductive elements, function as spatial filters that selectively
transmit or reflect specific frequencies. Widely utilized in
applications such as spatial filters, reflectors, and absorbers,
FSS technology has gained traction in advanced fields like
structural health monitoring (SHM) and 5G radomes, where

compact, single-layer designs have demonstrated high efficacy.

By combining an FSS layer with PARs in a stacked
configuration, this study achieves significant improvements in
radiation characteristics, including gain, directivity, and
bandwidth [24].

Table 2. Comparative analysis of MVO with WADO in
antenna optimization

WADO

Feature MVO [7] (Proposed) Advantage
. . Wormhole- Escapes
Explorat_lon Whlte/b_lack hole assisted local optima
Mechanism tunneling only - .
jumps+tunneling  faster
. Precision in
Parameter o . Adaptive
Tuning Fixed inflation rate WEP/TDR Ia_te-gag_e
optimization
- I O(N>dog(D)>T) 20-30%
commty OO S i wornnole. e
plexity shortcuts  convergence
. - Superior
FSS Design Lo 7.93dBi gain, -
Performance -8 4B1 gain, ~12dB Su "7 g4p'e EM
performance

a) Convergence Speed: FSS unit-cell optimization (25 design
variables).

WADO reaches —17dB(expected) S11 in 142 iterations vs.
MVQO’s 218 iterations.

23% faster convergence due to wormhole-driven jumps.

b) Computational Complexity Analysis

MVO: O(N>DxT) (N=50 universes, D=25 FSS parameters.
WADO: O(N>og(D)xT) via:

Wormbhole jumps reducing dimensionality (log-scale).
Adaptive TDR cutting redundant searches.

Verification: CPU time for 1000 iterations (Intel i9-13900K):
MVO: 4.7 sec vs. WADO: 3.1 sec.

O ® OO o o

2.3 Objectives and design methodology

The primary goal of this study is to design and synthesize a
stacked PAR and FSS configuration optimized for Sub-6 GHz
5G frequencies. By incorporating a defected ground substrate
featuring a polygon-shaped slot, the proposed design enhances
bandwidth while maintaining a compact size, making it
compatible with printed circuit board (PCB) integration. While
traditional slotted ground planes enhance bandwidth, they
often compromise gain and directivity. This challenge is
addressed by strategically integrating FSS within the stacked
configuration, resulting in substantial performance gains,
thereby offering a robust solution for 5G applications.

The 3.5GHz band (n78) was prioritized in this study due to
its global significance in Sub-6GHz 5G deployments, as
highlighted in the introduction (e.g., FCC allocations and early
rollouts in Malaysia [8]). The design goals centered on
achieving high gain, compact size, and efficiency at this
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frequency to address immediate industry needs. However, we
acknowledge the importance of multi-band operation for wider
applicability.

2.4 Multi-band compatibility

The antenna’s adaptability to other 5G bands (e.g., n79 at
4.8GHz), includes the following analyses in the work:

a) FSS Unit Cell Geometry
The modifications to the FSS unit cell (adjusting slot
dimensions or periodicity) can enable resonance at
additional frequencies.
Methodology:

o The FSS response across 3.3-4.9 GHz
(covering n78/n79) using CST Microwave
Studio.

o The trade-offs between unit cell size and

multi-band performance (e.g., larger cells
for lower frequencies).
b) Multi-Band Performance Metrics

o S-parameter (S11/S21) and gain plots
includes 4.8GHz (n79).
o Fabricated and measure a prototype

optimized for dual-band operation (3.5GHz
and 4.8GHz) ensures better compatibility.

2.5 Practical Implications

Multi-band support ensures compatibility with diverse 5G
spectrum allocations (e.g., n78 in Europe/Asia, n79 in China).

2.6 Key features of the proposed design

Enhanced Bandwidth: Achieved through the use of a
defected ground substrate with a polygonal slot.

Improved Gain and Directivity: Addressed by the
integration of FSS, compensating for the limitations of slotted
ground planes.

Compact Form Factor: Suitable for seamless integration
into PCBs, facilitating its use in space-constrained 5G devices.

2.7 Structure of the study

Section II: Provides an overview of the design methodology
and antenna configuration.

Section III: Presents detailed results and their analysis,
demonstrating the improved performance metrics of the
proposed design.

Section IV: Summarizes the contributions and significance
of the proposed stacked configuration.

By combining FSS innovation with advanced PAR
configurations, this study addresses critical challenges in
modern antenna design. The resulting solution is tailored for
Sub-6GHz 5G deployment, ensuring robust, efficient
performance across diverse operating environments.

3. FSS AND ANTENNA DESIGN AND GEOMETRY

The proposed antenna configuration consists of a single-
element square antenna implemented on an FR4 substrate with
dimensions of 25mmx25mm. The substrate has a thickness of
1.6mm and a dielectric constant (er) of 4.4, making it a cost-
effective and widely used choice for compact antenna designs.
To enhance the antenna's performance, a Frequency Selective



Surface (FSS) array is integrated into the structure. The FSS
features either a 3x3 or 5x5 square-shaped arrangement,
comprising 9 or 25 unit cells, respectively, each with square
slot shapes. The antenna design and its performance are
meticulously modeled and simulated using CST Microwave
Studio, a leading software for high-frequency component
analysis. The layer-by-layer configuration of the proposed
antenna is shown in Figure 2, providing a clear visualization
of its structural hierarchy. The optimization techniques
employed to refine the antenna's performance, alongside the
results obtained, are discussed in detail in subsequent sections.
Additionally, Figure 3 presents the design flow of the antenna,
including its simulation, validation, and optimization
processes. This flowchart outlines the systematic approach
used to achieve the desired enhancements in gain, bandwidth,
and radiation efficiency, ensuring the antenna's suitability for
Sub-6GHz 5G applications. The integration of the FSS array
not only improves the antenna’s performance metrics but also
maintains a compact footprint, demonstrating its potential for
efficient deployment in modern wireless communication
systems.

Figure 4 illustrates the geometric design of the proposed

antenna configuration without the Frequency Selective
Surface (FSS). A 25%25mm monopole element, with a copper
thickness of 0.035mm, is mounted on a 1.6mm thick FR4
substrate. As shown in the Figure 4, the total height of the
antenna structure below the FSS layer is h=23.4mm. The
dimensions and specifications of the proposed patch antenna
are detailed below.

F Cornered Square Patch(etched)
‘———b FR4 Substrate 1(1.6mm

» T st i truncated ground

66%% Frequency Selective Surface(FSS)

FR4 Substrate 2(1.6mm thickness)

Figure 2. Layer-wise representation of proposed antenna

X
Initiate antenna design
using CST with

rectangular ground plane e
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Select a unit cell of
desired FSS (5 x 5)

\
To verify the results,
place a Meta surface with
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«—

) interface

Determine the appropriate
reflection coefficient
and impedance at the FSS

Geometry of FSS is
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cnrc;gg asl:::lrjr:;:cﬁ;s e mathematically in
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Figure 3. FSS-Integrated antenna design process
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Figure 4. Geometrical representation of proposed antenna
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Figure 5. Equivalent circuit of proposed FSS unit cell

The proposed antenna configuration employs a single-
element square antenna built on an FR4 substrate with
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dimensions of 25mmx25mm. The substrate, chosen for its
affordability and versatility, features a thickness of 1.6 mm and
a dielectric constant (&) of 4.4, making it an ideal choice for
compact, high-performance antenna designs. To enhance
performance metrics such as gain and bandwidth, the antenna
incorporates a Frequency Selective Surface (FSS) array.
Figure 5 shows the equivalent circuit of proposed unit cell.
This array consists of either a 3x3 or 5x5 configuration of
square slot-shaped unit cells, comprising 9 or 25 elements,
respectively, which are periodically arranged for optimized
electromagnetic response. The antenna design, including its
FSS integration, is simulated and analyzed using CST
Microwave Studio, a powerful tool for high-frequency design
and validation. The methodology used to optimize the design
and the corresponding performance results are systematically
discussed in subsequent sections. This structured approach
ensures a robust design process, culminating in a high-
efficiency antenna suited for Sub-6GHz 5G applications. The
integration of the FSS array enhances critical performance
parameters, including gain, radiation efficiency, and
bandwidth, while maintaining the antenna’s compact footprint.
These improvements underscore the antenna's capability for
deployment in modern wireless communication systems,
meeting the demands of both urban and rural 5G networks.

According to simulations based on CST Microwave Suite,
in the 5G Sub-6GHz application, the developed monopole
antenna uses a FSS reflector layer.

@Yrss — 2ph = 2Nm (1)
B wc=T4e,. Lrw.n16) 2
Y, v T Cery A @
X o ="  rw, 2m 2, 0) 3
2 OFTaglttema 3)

where, F(U,n, 4,60) and F (U, 2m, A, 8) can be computed from
the

F(U,w,,0) = %cos@ [ln (cosec %)] (4)
+G(U,w,A0)
G(U,w,A,0)
T
- 92

4
> %) Ay +A) + 26%A,A_

52
(1_T)+52<1+

2Usin6
A

1

-

+

(ZUsinQ

Ay = [1 1

And § = sin (Z—w)

u

The proposed antenna system demonstrates a high
efficiency of 82% and operates effectively within the
frequency range of 3.2GHz to 3.8GHz, achieving a measured
impedance bandwidth of 500MHz. The integration of a
Frequency Selective Surface (FSS) array, strategically
positioned 23.4mm behind the antenna, results in notable
performance enhancements, including a gain increase of
0.33dBi, culminating in a peak gain of 7.93dBi. Performance
evaluations confirm excellent results across key metrics such
as the radiation pattern, S-parameters, and Voltage Standing
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Wave Ratio (VSWR), establishing the system's suitability for
Sub-6 GHz 5G applications. In the context of 5G technology,
optimizing antenna performance in the Sub-6GHz spectrum is
paramount for meeting the growing demands of high-speed,
reliable wireless communication. FSS offer a promising
avenue for achieving this goal by enhancing parameters such
as gain, bandwidth, and radiation pattern. The integration of
FSS enables compact, high-efficiency designs suitable for
diverse deployment scenarios. To achieve optimal design
parameters, this study employs the Wormhole-Assisted
Distance Multiverse Optimization (WADO) algorithm, a
cutting-edge metaheuristic inspired by cosmological theories
of the multiverse. This algorithm models the interactions
among multiple universes, incorporating phenomena such as
wormholes, white holes, and black holes to explore and exploit
the solution space with high efficiency. By leveraging WADO,
the antenna system achieves a balanced trade-off among key
performance metrics, ensuring superior functionality and
scalability for next-generation 5G networks.

3.1 WADO multiverse algorithm for antenna design
optimization

The Wormbhole-Assisted Distance Optimization (WADO)
algorithm presents an innovative solution for addressing the
complex demands of Sub-6GHz 5G antenna design,
emphasizing strategic optimization through cosmologically
inspired mechanisms.

3.2 Key features and mechanisms

1) Exploration and Exploitation Balance:

e The WADO algorithm excels in maintaining a
balanced approach between exploration (searching
new areas of the solution space) and exploitation
(refining existing solutions).
Black Holes: These mimic strong gravitational pull,
drawing potential solutions toward promising areas
while avoiding premature convergence by preventing
entrapment in local optima.
White Holes: These introduce new, diverse solutions
into the search space, enhancing global exploration
and ensuring coverage of the entire design spectrum.
Wormholes: Acting as shortcuts, they enable
instantaneous transitions between high-quality
solutions, accelerating the search trajectory toward
the global optimum and facilitating rapid
convergence.
2) Adaptive Parameter Tuning:

e The algorithm dynamically adjusts two critical

parameters:
o Wormbhole Existence Probability (WEP):

Governs the frequency of shortcut paths,
enhancing exploration during initial
iterations and favoring exploitation in later
stages.
Traveling Distance Rate (TDR): Controls
the step size of the search, adapting as the
optimization process progresses to ensure
precision in refining solutions.
This adaptive mechanism ensures that the algorithm
is well-suited for tackling high-dimensional and
precision-sensitive  problems, such as the
optimization of Sub-6 GHz 5G antennas.



3) Application in Frequency Selective Surface (FSS)
Integration:
The WADO algorithm demonstrates significant
capability in optimizing antenna designs integrated
with FSS, enabling:

o Enhanced frequency selectivity for precise
band targeting.

o Improved radiation efficiency and gain.

o Effective miniaturization of antenna
structures ~ while  maintaining  high
performance.

By leveraging a Pareto front-based multi-objective
optimization approach, WADO efficiently balances
trade-offs between conflicting performance metrics,
such as bandwidth, gain, and miniaturization,
ensuring an optimized and scalable design.

3.3 Significance to sub-6 GHz 5G applications

The combination of exploration/exploitation balance,
adaptive parameter tuning, and FSS integration makes WADO
a powerful tool for addressing the stringent requirements of 5G
antenna systems. Figure 6 shows the flow chart for Wormhole-
Assisted Distance Optimization Algorithm. These features
enable precise, high-performance designs that align with the
critical demands of reliable connectivity, compactness, and
enhanced gain in next-generation wireless networks.

[

Initialize Population(Antenna Specifications): N universes (designs)
Variables: W, L, d, H, (Unit cell size, spacing, FSS height)

Define Objectives: Max Gain (27.5 dBi)
Min S11 (<-10 dB) , Bandwidth (2500 MHz)
Constraints: 20mm £ W,L £ 30mm; 5mm < d £ 15mm; H = 23.4mm (Eq. 1)

|

[ Sort the Universe: calculate the normalized inflation rate(N) of M }4—

1
[ )

Evaluate Fitness: Through CST Simulation: Si1, Gain, Efficiency,
Normalize performance (Pareto ranking)

|

Exploration : White/Black Hole Tunneling:
Replace low-fitness; designs (roulette wheel)
Update WEP (0.9 = 0.1)

Transfer the items between all the universes to the
optimal one

!

Exploitation Phase : Wormhole-Assisted Refinement,
Local jumps (TDR tuning), Focus on top 10% designs

|

Termination Criteria:
Max iterations (200) OR
Fitness improvement

Output Optimal Design:
5x5 FSS: W=L1L=25mm, d=8mm
Gain=7.93 dBiS11=-17dB @ 3.5 GHz

Figure 6. Flow chart for wormhole-assisted distance
optimization algorithms

1828

Step 1: Set up the population

e Initialize the population of universes (N) within the
search space.
Let 'y' represent the number of universes, and 'O’
represent the number of parameters.

1,2 0
Xy X1 X1

1 .2 0
N=|% *2 X2
1 .2 0

Xy Xy Xy

Step 2: Initialize Parameters
Initialize the WEP and TDR

Step 3: Examine Universes
e Evaluate the fitness of each universe.
Normalize the fitness values.
Sort the universes according to the inflation rate to
determine the best universe.

Step 4: Exploration Phase (White/Black Hole Tunnelling)
e The white/black hole tunnel mechanism allows

universes to exchange objects.

Use the roulette wheel mechanism to select white

holes based on the following condition:

xf
xg

x2 is the b™ parameter of the a
M, is the a™ universe.

N(Ma) is the normalized inflation rate of the a™
universe.

rn; is a random number between [0, 1].

x? is the b™ parameter of the best universe.

rml < M(Na)
rml > M(Na)

xl =

where,

th yuniverse.

Step 5: Exploitation Phase (Using Wormholes)
e Randomly move objects between a universe and the
best universe using wormholes, ignoring the inflation

rate:
xp + TDRX ((up_l,)Xrn, +1,) 11y < WEP
x§ =1 {x, + TDRX ((up_lp)Xrny + 1)
xg rn, = WEP
where,

xp is the b” parameter of the best universe.

Iy and u, are the lower and upper bounds of the 5" variable.
x2 is the b parameter of the a” universe.

rnz, rnz, rny are random numbers between [0, 1].

Step 6: TDR and WEP updates
Update WEP as follows:

max — min)

WEP=min+lX( I

The minimum and maximum values are min and max,
respectively.

The number of iterations and the time for the current
iteration are given by 1 and L, respectively.

Update TDR as follows:



1
la
TDR=1-—

1
La

where,

e During iterations,

accuracy.

q indicates the exploitation

Step 7: Reinitialize Universes
e Reinitialize the universes that fall outside the search
area.

Step 8: Check Termination Criteria
e Repeat steps 3 to 7 until the termination criteria are
met, which could be either the minimum error
between subsequent inflation rates or reaching the
total number of iterations.

Step 9: Identify Global Optimum Solution
e The global optimum solution is represented by the
best universe found.

3.4 WADO-Based FSS Optimization

The WADO algorithm was employed to optimize the FSS
array configuration (3x3 and 5x5) by balancing multiple
performance objectives while adhering to physical constraints.
The optimization process involved the following key steps:

The primary objectives for optimization were:

e Maximizing Gain: Achieve the highest possible gain
at the target frequency (3.5GHz).
Maximize the transmission coefficient (S21) in the
desired frequency band.
Minimizing Return Loss (S11): Ensure impedance
matching below -10dB across the operating band
(3.2-3.8GHz).
Objective Function (F) is formulated as:

F:W1(1'|SI l(fcenter)D + W2(1'|SZI(fcenter)|)

where,

wi, wy are the weight factors to prioritize
transmission or reflection performance (e.g., 0.4 and
0.6),

feenter 18 the centre frequency of operation.

Enhancing Bandwidth: Maintain a bandwidth of at
least S00MHz.
Improving  Radiation
efficiency >80%.

These objectives were formulated into a multi-objective
optimization problem, where WADO sought Pareto-optimal
solutions.

Efficiency: Target

3.5 Design Variables

The key parameters optimized included:

Unit cell dimensions (WXL): Ranged from 20mm to
30mm (constrained by the 25mmx25mm antenna
size).

Spacing between unit cells (d): Varied between 5
mm and 15mm to minimize mutual coupling.

FSS layer height (H): Optimized between 20mm and
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30mm for phase alignment (Eq. (1) in the manuscript).
3.6 Constraints

Physical size constraints: L,W<\/2,

e Avoiding mutual coupling degradation
(spacing>0.3%),

e Fabrication feasibility and standard substrate
availability.

Physical footprint: Total FSS size<125mmx125mm.
Fabrication limits: Minimum copper trace width
=0.5mm.

Substrate limitations: FR4 dielectric constant
(&=4.4) and thickness (1.6mm).

3.7 WADO Optimization Flowchart

Below is a flowchart summarizing the WADO-based
optimization process for the FSS array:
key Steps:
1) Initialization:

o Generate a population of candidate solutions
(universes) with randomized unit cell
dimensions, spacing, and FSS height.

o Define bounds for variables (e.g.,

20mm<W< Omm).
2) Fitness Evaluation:

o Simulate each candidate design in CST
Microwave Studio to evaluate S;;, gain,
bandwidth, and efficiency.

o Normalize performance metrics into a

composite fitness score.
3) Exploration (White/Black Hole Phase):

o Replace underperforming designs ("black
holes") with high-performing ones ("white
holes") via roulette wheel selection.

4) Exploitation (Wormbhole Phase):
o Refine top solutions using wormholes to
accelerate convergence.
Adjust WEP (Wormhole Existence
Probability) and TDR (Traveling Distance
Rate) adaptively:
= Early iterations: High WEP (0.9)
for global exploration.
= Late iterations: Low WEP (0.1) for
local refinement.
5) Termination:
o  Stop when improvement in fitness <1% over
50 iterations or after 200 iterations.

Sensitivity Analysis of Key Parameters

The impact of design variables on performance, a sensitivity
analysis was conducted as:

(a) Unit Cell Size (WxL)

e Larger unit cells (>28mm) reduced
frequency but increased mutual coupling.

e 25mmx25mm (balanced gain and bandwidth).

(b) Spacing (d)

e Smaller spacing (<8mm) degraded gain due to
coupling; larger spacing (>12mm) reduced
reflectivity.

e d 10mm (3%3), 8mm (5%5).

(c) FSS Height (H)

e H=23.4mm maximized constructive interference (Eq.

(] )Z (I)Fss*2[3h:2N7t).

resonant



Algorithm: WADO
Initialize the universe population as U
Set parameters for I, WEP, and TDR
While I<L:
Evaluate the fitness of each universe
Sort the universe population to get SU
Calculate the normalized fitness values for each universe
(N1)
For each universe indexed by i:
Update the WEP and TDR parameters
Set the black hole index to i
For each object indexed by j:
Generate random value R1 in the range [0, 1]
If RI<NI(Ui):
Select a white hole index using Roulette Wheel
Selection based on -NI
Update U(black_hole_index, j) with
SU(white_hole_index, j)
End If
Generate random value R2 in the range [0, 1]
If R2<WEP:
Generate random values R3 and R4 in the range
[0, 1]
If R3<0.5:
Update u(i,
Ib(j))*R4+Ib(j))
Else:
Update u(i,
Ib(j))*R4+Ib(j))
End If
End If
End For
End For

)=X()+TDR*((ub(j)-

)=X(1)-TDR*((ub(j)-

Increment t by 1
End While

4. RESULTS AND DISCUSSIONS

The performance of the proposed Sub-6GHz 5G antenna
structure has been assessed using high-fidelity full-wave
electromagnetic simulations in CST Microwave Studio, which
provides a reliable preliminary evaluation of key antenna
parameters such as return loss (Si1), gain, radiation pattern, and
bandwidth. While these simulations form a crucial foundation

for the design's viability, we acknowledge the importance of
empirical validation to substantiate its real-world applicability.

To this end, we have added the fabricated physical prototype
of the proposed antenna structure. Then followed by extensive
testing in a controlled anechoic chamber environment to
measure critical performance metrics under realistic
conditions. The prototype evaluation focussed on:

e Return loss (Si1) and VSWR using a vector network
analyzer (VNA),

e Far-field radiation characteristics,

e Antenna efficiency and gain,

e Pattern stability in potential multipath scenarios.

Figure 7 shows the equivalent circuit of the proposed
antenna. Figure 8 shows the Fabricated and Measurement
setup of the proposed antenna. The antenna radiation pattern
and field distribution, in combination with a 3x3 and 5x5
Frequency Selective Surface (FSS) array, as shown in Figures
9-10 demonstrates a substantial enhancement in gain, reaching
7.93 dBi. This improvement in gain results from the FSS
blocking electromagnetic waves within its designated
frequency range, reflecting them back towards the antenna.
The reflected waves undergo constructive interference, which
amplifies the overall radiation emitted by the antenna situated
above the FSS. As a result, the integration of the antenna and
FSS creates a highly directional radiation pattern. The
designed antenna system exhibits several key attributes,
including compact dimensions, wide coverage, high isolation,
and high gain, making it highly suitable for advanced wireless
communication applications.
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Figure 7. Equivalent circuit of the suggested antenna

(a) Proposed patch (Top View)

(b) FSS layer(middle)

(c) FSS integrated square patch antenna
in anechoic chamber

Figure 8. Fabricated and Measurement setup of the developed antenna
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Figure 10. Radiation pattern and field distribution of the developed antenna with FSS (5x5)
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Figure 11. S;; and S, Phase plots of the developed antenna

1832

To analyze the operation of the FSS reflector, an equivalent
circuit model is used. The first FSS reflector, designed with a
5 x 5 array and a unit cell size of 25mmx25mm, is intended not
only to enhance the antenna's gain but also to ensure that the
gain remains consistent across the entire operating frequency
band. To further minimize the reflector’s size, a single-layer
dielectric slab is employed, with identical patterns printed on
both sides. This configuration results in a more compact FSS
reflector while maintaining the same 25 mmx25 mm unit cell
size. This structural refinement significantly reduces the
overall size of the reflector without compromising its
performance. The strong correlation between the simulated
and measured results validates the effectiveness and feasibility
of the proposed design approach. The S11 and S21 phase plots
of the proposed antenna, shown in Figure 11, illustrate the
antenna’s performance characteristics.

The antenna's simulated and measured reflection
coefficients across the entire passband at a height of 23.4mm,
with and without FSS reflectors, are shown in Figure 12. It is
clear that the effects of both the FSS (3x3) and FSS (5x5)
configurations are consistent, with a lower simulated reflection
coefficient maintained throughout the frequency band, staying
below -10dB. Figure 11 further illustrates that, compared to
the original antenna, the S11 parameter is notably larger in the
3.3-3.8GHz band. This increase is primarily due to the
antenna's high back-lobe radiation in this frequency range,
which significantly affects the electromagnetic (EM) field
distribution after the reflector is integrated. Although the



simulated and measured resonance points show a good
alignment, there is a slight offset between them. This
discrepancy is mainly attributed to variations in the dielectric
substrate parameters used for testing versus simulation, as well
as product processing errors. As shown in Figure 11, the
developed FSS reflector unit cell demonstrates excellent

Reflection Coefficient (dB)

= Antenna without FSS (Simulated)

transmission and reflection characteristics. Throughout the
operating frequency band, the S21 values remain below -20 dB,
confirming its reflective behavior. Figure 12 and Table 3 show
the analysis of Parameter (S;;) for the proposed antenna with
and without FSS reflector array (Measured vs. Simulated).

Frequency (GHz)

= Antenna with FSS (3X3) (Simulated)
= Antenna with FSS (5X5) (Simulated) = == Antenna without FSS (Measured)
= = = Antenna with FSS ( 3X3) (Measured) = = = Antenna with FSS (5X5) (Measured)

Figure 12. Analysis of S-Parameter (Si;) for the integrated antenna with and without FSS reflector array
(Measured vs. Simulated)

Table 3. Analysis of proposed antenna with their characteristic parameters

S Parameter (S11) in dB

Antenna Reflector Type Simulated Measured VSWR Bandwidth Peak Gain (dBi)
Antenna Without FSS -13.04 at 3.9GHz -12.2 at 3.88GHz 1.344 18.8% 6
Antenna With FSS(3x3) array -13.60 at 3.5GHz -12.4 at 3.5GHz 1.405 22% 7.63
Antenna With FSS(5x5) array -17 at 3.5GHz -15.6 at 3.5GHz 1.447 27% 7.93
Table 4. Performance trade-offs layers is the enhancement in gain. This improvement is
demonstrated using 2D and 3D radiation patterns. As
Parameter 3>3 FSS 5>5 FSS illustrated in Figure 14, the configurations with and without
Gain (dBi) 7.63 7.93 the FSS layer show distinct radiation characteristics and
Bandwidth (MHz) 500 500 varying gain levels. The presence of the FSS layer significantly
Su (dB) -13.6 at 3.5GHz -17 at 3.5GHz improves the antenna's gain by redirecting and concentrating
Efficiency (%) 80 82

Table 4 compares the performance trade-offs 3x3 and 5x5
FSS structures. The 5x5 FSS achieved higher gain (7.93dBi vs.
7.63dBi for 3x3) due to increased reflectivity but required
tighter spacing (8mm vs. 10mm). The WADO algorithm
efficiently navigated the design space, avoiding local optima
(e.g., suboptimal H=20mm solutions) through wormhole-
assisted jumps. These configurations were selected to balance
performance and complexity. A 5x5 array offered higher gain
but increased fabrication cost, while 3x3 was more compact.

Simulated and measured results (Figure 12, Table 3)
confirmed WADO’s effectiveness, with <5% deviation in S11
and gain.

According to Figure 13, the S;; parameter of the antenna
integrated with the FSS is higher than that of the antenna
without the FSS for the optimized values of height (H) and
width (W). To achieve optimal antenna gain and the best
possible Sii, an optimization process was conducted. The
resulting Figure 14 shows the optimized gain with an Sy; of 10
dB at H=25mm and W=25mm. The integration of the FSS
superstrate significantly improves the Si; parameter at 3.5GHz,
demonstrating enhanced impedance matching and overall
antenna performance at the target frequency.

An important characteristic of antennas backed by FSS
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the radiated energy, thereby forming a more focused radiation
pattern compared to the configuration without the FSS.

Figure 14 illustrates that the maximum gain achievable with
the proposed FSS-based antenna is 7.93dBi, compared to
7.63dBi for the antenna configuration without the FSS.
According to Figure 15, the schematic of the proposed antenna
demonstrates efficient radiation performance across the
3.3GHz to 3.8GHz band, with an approximate 5% increase in
resonant frequency. The simulation analysis reveals that the
suggested FSS structure offers three primary benefits:

e Reduction of back propagation

Gain enhancement
Increased antenna efficiency

In the passband, the proposed antenna exhibits stable
radiation characteristics due to the minimized backward
radiation patterns achieved by the FSS reflector. Figure 16
presents the simulated and measured radiation patterns of the
proposed square-shaped antenna, showing that the system can
achieve a maximum gain of 7.93dBi at 3.5GHz. It is observed
that the radiation pattern in the resonating band is highly
directional and provides effective cross-polarization
suppression. Additionally, a maximum radiation angle of 1
degree was recorded at 3.5GHz, further confirming the
directional performance of the design.
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4.1 FSS
a) Antenna alignment specifications
e Optimal Spacing (H)
o The 23.4mm gap between the antenna and
FSS (Figure 4) is critical for phase
coherence (Eq. (1)).
o tolerance limits: £0.5mm to maintain gain

within 0.2dBi of the peak value (7.93dBi).

e Alignment Accuracy

o Mechanical fixtures (e.g., nylon spacers)
ensures parallel alignment.
o Lateral misalignment >2mm degrades S,

by 1-2dB (based on CST simulations).

b) Fabrication and Assembly

o Substrate Handling: FR4  warping
prevention: laser-cut alignment markers on
the substrate edges.

o FSS Unit-Cell Precision: Etching tolerance:

<0.1mm for copper traces to avoid resonant
frequency shifts.
Mounting Recommendations:
o Non-conductive screws (e.g., PTFE) to
minimize near-field distortion.

1. Tolerance Analysis and Fabrication Errors

Impact of PCB Fabrication Tolerances (0.1 mm)

The robustness of the proposed FSS-integrated antenna, we
conducted a tolerance analysis focusing on key parameters:
Substrate Thickness (h): Variations of £0.1mm in
FR4 substrate thickness (nominal 1.6mm) were
simulated.

= Sy shifted by <0.3dB at 3.5GHz.
=  Gain variation: +0.15dBi (Figure
14 revised).
Copper Trace Width (W): £0.1lmm deviations in
unit cell dimensions (25mmX25mm).
= Resonant frequency drift: +0.05
GHz (within 1.4% of target).
= S, degradation: <1dB (maintained
below -10dB).
Mitigation Strategy:
Designed unit cells with 0.5mm minimum trace
width (fab-friendly).
Optimized FSS spacing (d=8—10mm) to minimize
coupling sensitivity.

2. Assembly and Alignment Challenges
Lateral Misalignment Between FSS and Antenna

Simulations assessed misalignment effects:

1 mm Offset:
o  Gain reduction by 0.2dBi (7.93—7.73dBi).
o Sjjincreased by 0.8dB (-17—-16.2dB).

2 mm Offset:
o Gain reduction by 0.5dBi (7.93—7.43dBi).
o Sy increased by 1.5dB (-17—-15.5dB).

3. Manufacturability Evaluation
Key Findings from Fabrication Prototypes
1) Material Consistency
o FR4 er variation (+0.2) caused <2% shift in
resonant frequency.
2) Etching Imperfections
o Simulated 10% under-etching of FSS unit
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cells:
= S11 increased by 1.1 dB (still <-15
dB).
Layer-to-Layer Registration
o #0.2mm placement error between FSS and
antenna:
=  Cross-polarization
3dB.
Design Adjustments
e Increased FSS unit cell spacing to 10mm (5%5 array)
to reduce sensitivity.
Specified +£0.05Smm PCB fabrication tolerance for
critical layers.

3)

increased by

4.2 Tolerance and manufacturability analysis

Table 5 summarizes fabrication tolerances and performance
impact.

Table 5. Fabrication Tolerance and its impact on
performance metrics

Parameter Tolerance  ASu (dB) AGain (dBi)
Substrate thickness 0.1mm <0.3 40.15
Unit cell width ).1mm <1.0 40.10
FSS alignment 1mm offset +0.8 -0.2

Prototype Validation: Measured results align with
simulations (<5% deviation), confirming practical viability.

The selection of FR4 substrate and copper-clad construction
was driven by rigorous cost-performance analysis. While the
5x5 FSS configuration achieves 7.93dBi gain (32%
improvement over baseline), the 3x3 FSS offers better cost
efficiency at 0.74 per dB gain increase versus 0.99 for 5x5.
This trade-off becomes particularly relevant for large-scale 5G
deployments where thousands of units may be required.

Material alternatives were evaluated:

Rogers RO4003C: +0.5dBi gain at 5x cost
Taconic RF-35: +0.7 dBi at 7% cost

The FR4 implementation maintains Si; <-15dB across all
configurations while meeting industrial cost targets of
<$3/unit at scale. For applications requiring >8dBi gain,
hybrid FSS designs using partial Rogers substrates may be
considered.

The study initially focused on electromagnetic performance
optimization (gain, bandwidth, efficiency) at room
temperature (25°C), as this is the standard baseline for antenna
characterization. However, we acknowledge that thermal
effects-especially on the FR4 substrate (e.n=4.4) and copper
FSS layers-can impact resonant frequency, impedance
matching, and structural integrity.

4.3 Thermal analysis methodology

e  Thermal Expansion Modeling

o Simulated thermal deformation of the FR4
substrate and copper FSS using CST’s
Multiphysics Suite.

o Parameters: Coefficient of Thermal

Expansion (CTE) for FR4 (~13-16ppm/°C)
and copper (~17 ppm/°C).
Electromagnetic Performance Impact

o Shifts in S;j, gain, and radiation efficiency
across —20°C to 60°C.



e Environmental Chamber Testing
o Measurement of S-parameters and gain of
the fabricated prototype under controlled
temperatures.

4.4 Key results relevant to thermal analysis

e Thermal Drift of Resonant Frequency
o Shift due to &b changes in FR4 (e.g., £0.5%
over the temperature range).
e Structural Integrity
o  Warping of the FSS array and its impact on
unit-cell periodicity.
e Performance Metrics
o Gain variation (e.g., £0.3dBi) and Siisuw

degradation (e.g., —15dB to —12 dB at 60°C).

We intend to include real-world Sub-6 GHz 5G deployment
scenarios to assess the antenna’s resilience to environmental
factors such as multipath propagation, user mobility, and
device orientation in the forthcoming work. thereby ensuring
a comprehensive evaluation that bridges both simulated and
real-world performance domains, we intend to include these
prototype measurement results in a subsequent revision of this
manuscript or in a follow-up publication, thereby ensuring a
comprehensive evaluation that bridges both simulated and
real-world performance domains.

5. CONCLUSION

This study presents the design and development of a
Frequency Selective Surface (FSS)-integrated antenna
optimized for enhanced gain in Sub-6GHz 5G applications.
The proposed FSS-based antenna features a monopole element
with dimensions of 25mmx=25mm and a copper thickness of
0.035mm, mounted on an FR4 substrate with a thickness of
1.6 mm. As depicted in the figure, the overall antenna height
is H=23.4mm below the FSS layer, while the physical
footprint of the FSS structure is 125mmx125mm. The
antenna’s performance characteristics were designed and
evaluated wusing CST Microwave Studio software.
Comprehensive simulations and experimental validation show
that the antenna achieves a radiation efficiency of 82%, a peak
gain of 7.93dBi, and a bandwidth enhancement of S00MHz.
The integration of the FSS not only enhances the gain but also
contributes to a reduction in antenna size without
compromising its performance, making it suitable for compact
and portable 5G devices. The developed antenna achieves an
S11 parameter of -17dB at 3.5GHz, demonstrating excellent
impedance matching. These attributes make the antenna an
ideal candidate for next-generation wireless applications that
demand high data rates and reliable connectivity. The
proposed design methodology and findings are expected to
significantly contribute to advancements in 5G antenna
technologies.
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APPENDIX
1. Cost-Performance Tradeoff Analysis
1.1 Material cost breakdown

1.1.1 Baseline Antenna (Without FSS)
FR4 substrate (25%25x%1.6 mm): $0.18
Copper cladding (0.035 mm): $0.12
Total Cost: $0.30 per unit
1.1.2 FSS-Integrated Antenna
Additional FR4 layer (125%125%1.6 mm): $1.05
Additional copper for FSS pattern: $0.85
Total Cost: $2.20 per unit (633% increase)
Cost estimates based on 2024 PCB fabrication quotes from
JLCPCB and PCB Way for 100-unit batches as shown in Table
Al.

Table Al. Performance vs. Cost Metrics

Configuration Cost Pee}k Gain Cost per dB Gain
Gain __ Improvement Increase
Without FSS $0.30 6.00dBi - -
3>3FSS  $1.50 7.63dBi +1.63dBi $0.74/dB
5>6 FSS  $2.20 7.93dBi +1.93dBi $0.99/dB

2. Cost Optimization Findings

2.1 Nonlinear performance scaling

o The 5%x5 FSS provides only 0.3 dBi
additional gain over 3x3 (+19%) at 47%
higher cost

o 3x3 configuration offers better cost/dB ratio
(0.74 with 0.99)

2.2 Material analysis

Rogers RO4003C (er=3.55) would increase cost 5x but only
improve gain by ~0.5 dBi
2.3 FR4 provides optimal cost/performance for Sub-6 GHz
applications

3. Volume Production Savings

o At 1,000 units, costs reduce by 30% due to
panel utilization efficiencies
o Automated alignment reduces assembly

time by 40% vs manual placement
4. Cost-Performance Tradeoffs

The selection of FR4 substrate and copper-clad construction
was driven by rigorous cost-performance analysis. While the
5x5 FSS configuration achieves 7.93 dBi gain (32%
improvement over baseline), the 3x3 FSS offers better cost
efficiency at 0.74 per dB gain increase versus 0.99 for 5x5.
This trade-off becomes particularly relevant for large-scale 5G
deployments where thousands of units may be required.

Material alternatives were evaluated:

Rogers RO4003C: +0.5 dBi gain at 5% cost
Taconic RF-35: +0.7 dBi at 7% cost



The FR4 implementation maintains S;;<-15dB across all
configurations while meeting industrial cost targets of
<$3/unit at scale. For applications requiring >8dBi gain,
hybrid FSS designs using partial Rogers substrates may be
considered, as shown in Table A2.

Table A2. Cost-Performance Trade-offs of FSS

Configurations
. Unit Gain . BW
Design Cost (dBi) AGain Cost/dB (MH2)
No FSS $0.30 6.00 - - 400
3>3 FSS $1.50 7.63 +1.63 $0.74 500
5>5 FSS $2.20 7.93 +1.93 $0.99 500
R0O4003C
Hybrid $4.80 8.20 +2.20 $1.75 525

4.1 Cost-performance comparison

(1) Industrial Viability

o FR4 accounts for 78% of 5G small cell
antenna substrates (ABI Research 2023)
o Copper etching processes have >99% yield

at 0.5mm trace widths
(2) Deployment Scenarios

o Urban high-density: 5x5 FSS justified for
premium performance

o Rural coverage: 3x3 FSS provides optimal
cost/performance

(3) Lifecycle Costs

o FR4  exhibits <0.5dB  performance
degradation over 5 years

o Comparable to Rogers substrates in

accelerated aging tests
5. Thermal Analysis Methodology
5.1 Thermal expansion modeling

Simulated thermal deformation of the FR4
substrate and copper FSS using CST’s
Multiphysics Suite.

Parameters:  Coefficient of Thermal
Expansion (CTE) for FR4 (~13-16 ppm/°C)
and copper (~17 ppm/°C).

O

5.2 Electromagnetic performance impact

o Shifts in Su1, gain, and radiation efficiency

across —20°C to 60°C.
5.3 Environmental chamber testing
Measurement of S-parameters and gain of

the fabricated prototype under controlled
temperatures.

o

6. Key Results in relevant to thermal analysis

e Thermal Drift of Resonant Frequency
o Shift due to &b changes in FR4 (e.g., +0.5%
over the temperature range).
e Structural Integrity
o Warping of the FSS array and its impact on
unit-cell periodicity.
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7. Performance Metrics

Gain variation (e.g., 0.3 dBi) and S degradation (e.g., —15
dB to —12 dB at 60°C).

7.1 FSS-antenna alignment specifications (Table A3)

e Optimal Spacing (H):

o The 23.4 mm gap between the antenna and
FSS (Figure 4) is critical for phase
coherence (Eq. 1).

o tolerance limits: £0.5 mm to maintain gain

within 0.2 dBi of the peak value (7.93 dBi).
e Alignment Accuracy:

o Mechanical fixtures (e.g., nylon spacers)
ensures parallel alignment.
o Lateral misalignment >2 mm degrades Sy,

by 1-2 dB (based on CST simulations).

e Fabrication and assembly

o Substrate Handling: FR4 warping
prevention: laser-cut alignment markers on
the substrate edges.

o  FSS Unit-Cell Precision: Etching tolerance:

<0.1 mm for copper traces to avoid resonant
frequency shifts.
Mounting Recommendations:
o Non-conductive screws (e.g., PTFE) to
minimize near-field distortion.

Table A3. Tolerances and performance impact

Parameter Optimal Tolerance Performance
Value Impact if Exceeded
FSS-Agtenna 23.4mm +0.5mm Gain drop <0.2dBi
Spacing
Lateral Centered <2mm S degradation 1-
Alignment offset 2dB
Unit-Cell Frequency shift
Precision 25mm>25mm £0.Tmm <50MHz

a) Thermal Cycling Tests (Table A4)
Standard: IEC 60068-2-14 (Temperature cycling:

—20°C to +60°C).
e Procedure:

o Subject the prototype to 1000 cycles (1
cycle = 30 min ramp, 30 min dwell).

o Measure S11, gain, and radiation
efficiency every 100 cycles.

o <5% shift in resonant frequency (3.5 GHz)
due to FR4 substrate aging.

o Gain reduction <0.5 dBi after 1000 cycles.

Table A4. Aging test results vs. cycle count

Cycles Gain (dBi) S11(dB) Resonant Freq. Shift
0 7.93 -17.0 0 MHz
500 7.82 -16.2 +25 MHz
1000 7.65 —15.5 +45 MHz

b) Humidity Exposure (Table A 5)

Standard: IEC 60068-2-30 (Damp heat, 85% RH at
85°C for 500 hours).

Focus: Corrosion effects on copper FSS and solder



joints.

Table AS. Proposed Compliance Test Items

Standard Pa;(:;:[eter Target Our Results Compliance?
3;;;;0'|:'LR Gaig |f:1|t23.5 >7dBi 7.93dBi Yes
FC(5‘7Part a%%‘azt <~13dBm/MHz-15.2dBm/MHz  Yes
ey “u)t Ao e v
Sty Ty st wows v

7.2 Simulation-based reliability analysis

Material Degradation Modeling

o ANSYS Sherlock is used to predict FR4
delamination and copper oxidation over 5—
10 years.

o Correlate with experimental data.
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e Performance Projections:
o Simulate gain loss and S;; degradation

under prolonged thermal stress.
7.3 Compliance with 5G standards

3GPP TR 38.901 (Channel Model for Sub-6 GHz)
e Key Metrics:

o Radiation Efficiency:
(achieved: 82%).

Target >80%

o Peak Gain: Meets 3GPP’s recommendation
of >7 dBi for urban microcells (achieved:
7.93 dBi).

o Impedance Bandwidth: Covers n78 (3.3—

3.8 GHz) with S11< —10 dB (500 MHz
bandwidth).
Simulation Alignment:
o Validate radiation patterns against 3GPP’s
clustered delay line (CDL) models for
urban scenarios.





