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ABSTRACT

The exponential growth of information exchange necessitates communication systems
to cover broader frequency coverage for higher data capacity, deliver ultra-high-speed
connections, and ensure uninterrupted, reliable service. To address these challenges,
antenna arrays in wireless communication systems must be advanced to support broad
frequency coverage while maintaining stable radiation performance. This thesis system-
atically explores key innovations in multi-band/ultrawideband (UWB) antenna arrays,
presenting three major works.

In Work 1, a smaller antenna operating in the high band (HB) within 1.36-2.72
GHz is embedded within the cavity of a larger antenna working in the low band (LB)
within 0.8-0.96 GHz, employing an “embedded scheme” to achieve a compact size and
multi-band operation. Innovative techniques make the LB antenna electromagnetically
transparent at the HB, effectively suppressing cross-band interference. Consequently,
both antennas operate independently while sharing a single compact aperture.

In Work 2, a new compact buffering scheme is proposed, incorporating a special-
ized “buffering layer” between the LB and HB antennas. The buffering layer reduced
the height of the larger LB antenna from 0.201;, to 0.087A, (1, is the wavelength at
the lowest LB frequency) without compromising its performance. It also enhances the
bandwidth of the HB antenna from 45.5% to 60.2%. The unwanted interference between
the two-band antennas remains minimal, as the buffering layer traps energy within

itself, preventing it from entering the port of the other antenna when one is excited. This
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design supports two broad frequency bands of 0.69-0.96 GHz in the LB and 1.47-2.7 GHz
in the HB, with an impressively low profile of 0.0871y,.

In contrast to the previous works aimed at minimizing coupling between antennas,
Work 3 leverages mutual coupling to enable UWB operation, resulting in a frequency-
reconfigurable tightly coupled dipole array (FR-TCDA). This work addresses critical
challenges faced by other TCDAs: significant efficiency reduction when attempting
to achieve over a decade of bandwidth and wide-angle beam scanning. A combined
bandwidth of 15.8:1 (0.37-5.85 GHz) is achieved through two frequency-reconfigurable
states, delivering high radiation efficiency exceeding 95% and wide beam-scan angles of
up to +£70°.

Together, these contributions deliver compact, interference-resilient antenna arrays
with broad multi-band/UWB coverage, extended beam scanning, and high radiation
efficiency, advancing the vision of ubiquitous 6G networks to bridge the digital divide

and bolster global communication infrastructure.
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CHAPTER

INTRODUCTION

ver the past decade, wireless communication networks have transformed

dramatically, driven by escalating demands for higher data rates, broader

spectral resources, and more efficient architectures. As the industry pro-
gresses beyond current 5G standards, emerging applications-ranging from holographic
communications to large-scale, low-latency Internet of Things (IoT) deployments-place
unprecedented constraints on network performance. These evolving requirements high-
light the need to fundamentally re-envision the building blocks of future wireless infras-
tructure, especially antenna arrays. By pushing the boundaries of bandwidth utilization,
interference mitigation, beam-steering capability, and manufacturing scalability, ad-
vanced antenna designs are poised to shape the communication paradigms of 6G and

beyond.
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1.1 Challenges for Future Wireless Communication
Systems

The surge in data traffic, fueled by data-intensive applications such as virtual and aug-
mented reality, holographic displays, and massive IoT ecosystems, necessitates profound
enhancements to wireless networks. This intensifying landscape demands not only higher
data throughput and improved spectral efficiency but also robustness against interfer-
ence, flexible beam control, enhanced reliability, and sustainable energy usage. Antenna
arrays play a pivotal role in meeting these needs, yet their design and implementation

face a host of interrelated challenges.

1.1.1 Increasing Bandwidth Requirements

To achieve ultra-high-speed data links, future systems must operate across significantly
wider frequency bands. Realizing ultra-wideband (UWB) performance, however, poses
substantial difficulties in ensuring stable impedance matching, consistent radiation
patterns, and reliable gain across broad spectral spans. Furthermore, practical concerns-
such as cost, complexity, and the seamless integration of multi-band functionalities-add

to the complexity of meeting these bandwidth expansion targets.

1.1.2 Cross-Band Interference in Multi-Band Systems

Incorporating multiple frequency bands within a single antenna aperture introduces
the risk of cross-band interference. Antennas operating in adjacent bands can mutually
degrade radiation performance, efficiency, and overall signal quality. Addressing such
interference is crucial for modern base station antenna arrays, which must ensure
stable operation, robust isolation, and minimal inter-element coupling to support the

increasingly diverse wireless environment.
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1.1.3 Beam-Scanning and Spatial Coverage Limitations

Next-generation communication scenarios mandate flexible and dynamic radiation cov-
erage, including wide-angle beam-scanning capabilities. This requirement arises in
applications like autonomous transportation, intelligent urban infrastructures, and
satellite constellations. Achieving broad scanning ranges, high radiation efficiency, and
low-profile arrays remains challenging, necessitating innovative design methodologies

and materials to balance performance, complexity, and cost.

1.1.4 Integration of Advanced Materials and Fabrication

Techniques

Novel materials-such as metamaterials and frequency-selective surfaces-and advanced
fabrication techniques like 3D printing offer promising routes to improved antenna
performance. However, scaling these approaches from prototypes to reliable, repeatable,
and cost-effective mass production is nontrivial. Ensuring compatibility with existing
manufacturing processes while maintaining uniformity, mechanical robustness, and

performance consistency is critical for widespread adoption.

1.1.5 Power Efficiency and Sustainability

As global data consumption accelerates, so does the need for energy-efficient network so-
lutions. Antenna arrays must be designed to minimize losses, enhance gain, and operate
efficiently over extended bandwidths and multiple bands, all while reducing their envi-
ronmental footprint. Emphasizing sustainable materials and energy-saving technologies
is thus pivotal for future wireless systems, reflecting industry-wide commitments to

environmental responsibility.
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1.1.6 Alignment with Emerging Standards and Technologies

Forthcoming wireless standards emphasize metrics such as ultra-reliable low-latency
communication (URLLC), massive machine-type communication (mMTC), and enhanced
mobile broadband (eMBB). Antenna arrays must align with these evolving requirements,
supporting advanced waveforms, adaptive resource allocation, and dense network topolo-
gies. Ensuring that antenna designs remain forward-compatible, adaptable, and scalable

is essential for their long-term viability.

1.1.7 Compactness and Cost Constraints

The rollout of extensive infrastructure across diverse geographical areas demands an-
tenna arrays that are compact, low-profile, and cost-effective. Achieving these attributes
without sacrificing performance is challenging, as it often involves balancing trade-offs
between complexity, efficiency, production costs, and scalability.

In summary, these challenges underscore the need for innovative antenna arrays
capable of providing broad bandwidths, mitigating interference, offering agile beam-
scanning, ensuring compatibility with advanced standards, and adhering to size and
cost constraints. Addressing these intertwined issues is essential for enabling the next

generation of wireless communication systems.

1.2 Motivation and Contributions

The persistent drive toward more sophisticated wireless technologies provides the un-
derlying motivation for this work. As networks evolve to support increasingly complex
and bandwidth-intensive applications, there is a clear imperative to develop antenna
solutions that can efficiently integrate multiple bands, suppress interference, extend

bandwidth, and adapt radiation patterns dynamically.
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This thesis delivers several key contributions to these objectives:

¢ Addressing cross-band interference challenges based on existing multi-
band antenna array scheme: This study focuses on mitigating strong cross-band
scattering interference in embedded-scheme-based multi-band antenna arrays. An
innovative filtered bowl-shaped low-band (LB) antenna is proposed, integrating
innovative helical filters for wideband interference suppression, specialized baluns
for improved impedance matching and radiating gain, and customized 3D-printed
supports for structural stability. The resulting design achieves a remarkable cross-
band interference suppression bandwidth while maintaining a compact aperture

size that enables enhanced in-band isolation.

¢ Achieving immunity to cross-band interference based on a new multi-band
antenna array scheme: This work proposed a new shared-aperture multi-band
antenna array scheme, named “buffering scheme”, to overcome unwanted cross-
band interferences while ensuring optimal wideband dual-band performance. Un-
like existing works that rely on complex filtering/Frequency selective surface (F'SS)
structures, this work incorporates a unique buffer layer to enhance overall perfor-
mance, enabling naturally suppressed cross-band interference, an exceptionally

low profile, and enhanced bandwidth.

* Advancing ultra-wideband antenna array beyond cross-band interference
limitations: UWB antenna arrays inherently avoid cross-band interferences in
multi-band antenna arrays by covering continuous frequency ranges. This work
addresses problems specifically associated with UWB tightly-coupled dipole arrays
(TCDASs), i.e., how to avoid a significant reduction of efficiency when attempting to
achieve more than a decade of bandwidth and wide-angle spatial beam scanning.
Enhanced performance is achieved with a custom-designed reconfigurable layer

and an innovative wide-angle impedance matching (WAIM) structure.

5
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All antenna array prototypes were fabricated and measured, with experimental
results confirming the predicted enhanced performance. Through simulation and experi-
mental validation, these contributions establish comprehensive antenna array solutions
for reliable, high-performance communication systems to meet the demands of 6G and

beyond.

1.3 Thesis Outline

This thesis is organized into six chapters, each building upon the last to present a

cohesive framework for designing advanced multi-band and UWB antenna arrays.

Chapter 1: Introduction Outlines key challenges, motivations, and contributions,

setting the stage for the research presented in subsequent chapters.

¢ Chapter 2: Literature Review and Research Challenges Surveys the state-
of-the-art in multi-band and UWB antenna arrays, identifies existing limitations,

and defines the research gaps addressed in this work.

¢ Chapter 3: Multi-Band Shared-Aperture Antenna Array Based on Embed-
ded Scheme Introduces a novel filtered LB antenna design for multi-band arrays,
featuring helical filters and custom supports that enhance interference suppression

and impedance matching.

¢ Chapter 4: Multi-Band Shared-Aperture Antenna Array Based on a New
Buffering Scheme Presents the TCBL approach to mitigate cross-band inter-
ference in multi-band shared-aperture arrays, achieving a compact, cost-effective

solution with robust dual-band performance.
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¢ Chapter 5: UWB Tightly Coupled Dipole Array (TCDA) Proposes a frequency-
reconfigurable UWB TCDA with a reconfigurable layer and WAIM structure, ex-

panding bandwidth and beam-scanning capabilities.

¢ Chapter 6: Conclusion and Future Work Summarizes the major findings,
discusses their implications for future wireless networks, and outlines potential

avenues for further investigation.



CHAPTER

LITERATURE REVIEW AND CHALLENGES

2.1 Introduction

The transition to next-generation wireless communication demands higher data rates,
lower latency, and more robust connectivity. Driven by an array of emerging applications-
ranging from autonomous vehicles and telemedicine to virtual/augmented reality and
massive IoT-these stringent requirements call for innovative antenna array solutions
supporting multi-band or UWB operations.

Multi-band antenna arrays integrate multiple frequency bands within a single plat-
form, ensuring compatibility with various communication standards (e.g., 3G/4G/5G/6G,
GPS/GLONASS/Galileo, I0T), while offering enhanced spectrum efficiency and hardware
consolidation. One prominent approach is the shared-aperture antenna array design,
which enables simultaneous operation across multiple bands within a compact deploy-
ment, making it particularly advantageous in space- or cost-sensitive scenarios. However,
cross-band scattering/coupling interference, and the need for stable performance over

wide frequency ranges pose significant engineering challenges, driving ongoing research
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into novel design strategies.

In parallel, UWB phased array antennas provide continuous UWB frequency cov-
erage, supporting diverse applications such as high data-rate wireless links, precision
sensing, and high-resolution imaging. Their broad bandwidth and beamforming capa-
bilities facilitate precise data acquisition and agile scanning, benefiting emerging fields
such as autonomous systems, environmental monitoring, and advanced sensing. Yet,
implementing robust UWB arrays requires addressing obstacles like effective UWB
impedance matching, extended beam scanning range, minimizing efficiency losses, and
feeding-network integration. Recent innovations in array architectures, feeding schemes,
and materials seek to overcome these hurdles, expanding the scope of UWB technologies
in civilian applications.

Despite the shared goal of accommodating wide or multiple frequency bands, multi-
band and UWB antenna arrays both present distinct technical and implementation
issues. Understanding these parallel yet interconnected challenges is vital for advancing
next-generation wireless systems. This chapter provides a comprehensive review of the
design considerations, recent progress, and representative applications for both multi-
band and UWB antenna arrays. It also highlights key research challenges and future
directions to offer a well-rounded perspective on these critical technologies.

Chapter Organization:

* Section 2.2 explores the design principles of multi-band antenna arrays, covering
various array schemes and techniques to mitigate cross-band interference. Repre-
sentative implementations are also reviewed to highlight their advantages and

challenges.

* Section 2.3 presents an in-depth analysis of UWB antenna arrays, discussing key

design considerations such as impedance matching, beam scanning range, and
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feeding network integration. State-of-the-art developments and practical imple-

mentations are examined.

* Section 2.4 identifies the key research challenges in both multi-band and UWB
antenna arrays. This section also discusses potential unified solutions that could

bridge the gap between these two types of arrays.

2.2 Multi-band antenna arrays

2.2.1 Considerations for Designing Multi-band antenna arrays

As discussed in Section 2.1, multi-band antenna arrays enable simultaneous support
for diverse communication standards within a single aperture, offering benefits such as
efficient space usage and hardware consolidation. While these advantages underscore
their rising importance in modern applications, designing high-performance multi-band
arrays requires meticulous attention to several key aspects. Key considerations include:
1. Wideband Stable Radiation Performance
Ensuring consistent performance across multiple frequency ranges involves achieving
effective impedance matching, maintaining stable radiation patterns and realized gain
for each band. These factors collectively ensure uniform signal quality and reliable
communication across all operating bands, making it essential to optimize the antenna
design for wideband operation.
2. Suppressed Cross-Band Interference
Maintaining independent operation across different frequency bands requires minimizing
cross-band scattering and coupling interference. Effective mitigation techniques or
innovative placement strategies to isolate multi-band antennas, ensuring independent
operation across frequency bands. These measures are essential to preserving radiation

pattern integrity, port-to-port isolation, and overall system performance.
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3. Compactness and Structural Integration
Shared-aperture configurations enable multi-band operation within a compact form.
Achieving this requires the careful integration of multiple antennas into a single struc-
ture, optimizing size, weight, and material properties. Additionally, the structural design
must support robust mechanical and electromagnetic performance, ensuring that band-
width, gain, and radiation stability are preserved across all frequency bands while
meeting space constraints.

4. Manufacturability, Scalability, and Flexible Deployment
Practical implementation depends on scalable, cost-effective designs capable of adapting
to diverse installation environments. Flexible deployment options, including adaptabil-
ity to various installation scenarios and environments, enhance the versatility and

applicability of the antenna system in real-world applications.

2.2.2 Realization Forms of Multi-band antenna arrays

Various approaches based on several typical array schemes have been proposed to tackle
these issues, each presenting unique trade-offs among the proposed considerations. This
discussion emphasizes dual-band array schemes, as they are foundational examples
for multi-band array designs and provide practical, well-established design principles.
Typical array schemes include interleaved, embedded, stacked, and back cavity schemes.
These designs aim to optimize spatial efficiency, minimize cross-band interference, and
maintain independent operation for antennas working in different frequency bands. This
section will detail the implementation strategies and the distinctive design principles

associated with each scheme.

11
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Figure 2.1: Configuration of the interleaved-scheme-based dual-band array [1].

2.2.2.1 Interleaved Scheme

The interleaved scheme, illustrated in Figure 2.1, is a widely adopted array configura-
tion for dual-band shared-aperture antenna arrays. In this arrangement, LB and HB
antennas share a common ground plane, with HB antennas positioned in the shadows
of the larger-sized LB antennas. In this case, the LB antennas block the HB radiation
and cause a strong scattering impact on the HB antennas, resulting in deteriorated HB
radiation performance [2]. This issue is illustrated in Figure 2.2, where the presence of
LB antennas noticeably distorts the HB radiation pattern. To overcome these unwanted
scattering effects, various filtering techniques have been applied to LB antennas, making
them “electromagnetically invisible” at HB frequencies. Most of these filtering techniques
are developed specifically for the interleaved scheme and are detailed as follows.
Inserting chokes into LB antennas has proven to be an effective method for mitigating
cross-band scattering issues [1, 3—6]. Figure 2.3 illustrates a choked LB antenna arranged

in the interleaved dual-band array scheme. Acting as low-pass high-stop filters, chokes

12
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Figure 2.2: Illustration of cross-band scattering from the LB antennas on adjacent HB
antennas.
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Figure 2.3: Top view of the choked LB antenna arranged in the interleaved dual-band
array [1].
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suppress unwanted HB currents on LB arms while maintaining LB performance. They
segment LB arms into shorter sections with lengths well below half the wavelength of
the highest HB frequency. At HB frequencies, chokes function as open circuits with high
impedance and effectively suppress induced currents on the LB arms. On the other hand,
at LB frequencies, chokes behave as short circuits and connect the segmented LB arms,

ensuring unaffected LB operation [1].

Figure 2.4: Etched-slots LB antenna arranged in the interleaved dual-band array [7].

Etching slots into LB radiators introduces high-impedance regions, effectively disrupt-
ing HB current paths and neutralizing re-radiation [6-9]. This approach is exemplified
in Figure 2.4, showing an etched-slots LB antenna in an interleaved-scheme-based ar-
ray. Similarly, U-/L-shaped structures achieve suppression by redirecting HB-induced
currents through phase-opposed interactions that effectively cancel the detrimental
impact from the induced currents [10-12]. These techniques collectively enhance the
electromagnetic transparency of LB antennas, ensuring minimal interference with HB
radiation and improving overall dual-band array performance.

The 2.5-D cloak offers an innovative approach to suppressing cross-band scattering.

14
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Figure 2.5: Top view of the LB dipole arm. (a) Original structure. (b) After adding the
2.5-D cloak achieved through patches and vias [13].

By introducing patches and vias into LB dipole radiators, the design generates reversed
HB currents that cancel each other [13]. Figure 2.5 illustrates the top view of the LB
dipole arm before and after adding the 2.5-D cloak. This method achieves simultaneous
suppression of cross-band scattering, cross-band coupling, and in-band coupling while
maintaining simplicity and reducing system weight [13]. Compared to techniques like
etched slots and chokes, the 2.5-D cloak provides broad-spectrum suppression with a
lightweight and compact structure.

Absorbing metasurfaces with bandstop characteristics in the HB provide another
versatile solution for cross-band coupling interference suppression. These metasurfaces
incorporate resistive square loop unit cells or transparent materials like Indium Tin
Oxide to absorb HB signals while maintaining LB performance [14, 15]. For instance,
designs incorporating resistive elements achieve cross-band isolation levels exceeding
28 dB [14], while transparent metasurfaces demonstrate even higher cross-band isolation,

up to 30 dB [15]. Figure 2.6 illustrates the structure of the metasurface loaded with
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Square loop unit cell
TN

Figure 2.6: Metasurface loading resistive square loop unit cells placed above the inter-
leaved dual-band array [14].
resistive square loop unit cells, showing its implementation in the dual-band array.
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>
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Figure 2.7: Bandpass-FSS-based transparent LB antenna in the interleaved dual-band
array [16].

Filter-based solutions employing FSSs [16, 17], split-ring resonators (SRRs) [18],

or metasurfaces [19] introduce precise filtering characteristics to mitigate cross-band
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interference. FSS-integrated LB antennas use electromagnetic transparent LB antennas
employing bandpass FSSs to ensure seamless HB radiation while maintaining LB opera-
tion [16, 17]. Figure 2.7 depicts a bandpass-FSS-based transparent LB antenna within
an interleaved dual-band array in [16]. SRRs within LB elements suppress HB scattering
by establishing resonant conditions that minimize re-radiation [18]. Drude metasur-
faces extend this concept further, offering high-efficiency radiation and customizable
transparency for LB and HB frequencies [19].

In summary, these cross-band scattering mitigation strategies highlight the innova-
tion and versatility in addressing multi-band antenna interference through filtering or
electromagnetic transparency mechanisms. Each technique presents unique trade-offs
in bandwidth, isolation performance, structural complexity, and system weight, cater-
ing to the diverse operational requirements of modern communication systems. While
approaches based on interleaved schemes effectively reduce cross-band interference
and provide distinct advantages, they often require careful re-optimization to prevent
performance trade-offs in the LB bandwidth and can introduce extra design complexity.
Consequently, these solutions must be meticulously tailored to accommodate the diverse

operational requirements of modern communication systems.

2.2.2.2 Embedded Scheme

A typical embedded array can be seen in Figure 2.8 [20]. The embedded scheme is also a
widely adopted configuration in the industry for dual-band antenna arrays. In this setup,
an HB antenna is accommodated within a bowl-shaped LB antenna. The hollow-cubed
structure of the LB antenna in the embedded scheme reduces the blockage effect on
HB antennas compared to the previous interleaved scheme. However, this arrangement
cannot fully address cross-band interference, often requiring additional measures such as
specially designed baffles or raising the height of HB antennas to ensure stable operation

[20-24].
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Figure 2.8: Configuration of the embedded-scheme-based dual-band array [20].

To mitigate cross-band interference from the LB antenna to the HB antenna, baffles
are commonly used. U-shaped or arc-shaped baffles improve the front-to-back ratio
(FBR) and reduce backlobe radiation, effectively isolating LB and HB antennas, and
suppressing undesired mutual influence. Despite their effectiveness, using only baffles
limits the HB bandwidth to approximately 23.7% (1.71-2.17 GHz) and can result in HB
gain fluctuations of up to 3.4 dB [20-22].

Figure 2.9 shows the embedded-scheme-based dual-band array in [23], which incorpo-
rates various baffles and raises the height of the HB antenna. Raising the height of the
HB antennas to the same level as the LB aperture can further alleviate the unwanted
cross-band scattering influence. This method reduces gain fluctuation and ensures stable
radiation patterns over a wider bandwidth up to 45.5% (1.7-2.7 GHz) [23]. Nonetheless,
this operation compromises the structural stability of the HB antennas [23, 24].

In summary, each design strategy within the embedded scheme has distinct advan-
tages and limitations. Baffles are simple and effective for enhanced LB-HB isolation but
insufficient for ensuring stable HB performance over wider bandwidths and can increase
complexity. Elevating HB antennas can also be effective but reduce structural stability.

Both strategies require careful consideration to balance electromagnetic performance
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Figure 2.9: The embedded-scheme-based dual-band array from [23], incorporating various
baffles and raising the height of the HB antenna.

and manage configuration complexity.

2.2.2.3 Stacked Scheme
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Figure 2.10: Configuration of the stacked-scheme-based dual-band array [25]. (a) HB

antennas positioned below the LB antenna. (b) HB antennas positioned above the LB
antenna.

The stacked scheme, depicted in Figure 2.10, is a practical configuration for dual-band

shared-aperture antenna arrays, where HB antennas are placed either above or below LB
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antennas. An FSS is introduced between the two bands of antennas to electrometrically
isolate them, thereby suppressing mutual interference and ensuring stable radiation
performance [25-29].

The FSS serves two primary functions: it reflects signals from the antenna band
placed above it to prevent interference with the antennas below, while allowing signals
from the antennas below to pass through unimpeded. Additionally, the F'SS provides
capacitive loading, which enhances impedance matching for the antennas positioned

above it.

W G W L

Figure 2.11: The stacked-scheme-based dual-band array from [27], incorporating helical
torsion coaxial cables to feed the antennas placed above the FSS.

To further minimize cross-band interference, supplementary decoupling approaches
such as helical torsion coaxial cables [27] or customized baffles [28, 29] are incorporated.
The helical torsion cables in [27] exhibit open-circuit characteristics at the operating

band of the antennas below the FSS, effectively suppressing detrimental impact from
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the densely arranged cables while preserving radiation performance. Its structure can
be referenced in Figure 2.11.

Despite its benefits, the stacked scheme introduces certain challenges. The increased
stacked profile of the array may be unsuitable for compact installations or urban envi-
ronments. Additionally, integrating F'SSs or helical torsion coaxial cables adds to man-
ufacturing complexity and cost. Compared to the interleaved and embedded schemes,
the stacked scheme offers improved cross-band isolation through FSSs and flexibility in

spatial arrangement but at the expense of increased height and design complexity.

2.2.2.4 Back Cavity Scheme

HB antenna

LB antenna

back cavity

7 7‘- %
< y coaxial cable balun

reflector

Figure 2.12: Configuration of the back-cavity-scheme-based dual-band array [30].

The back cavity scheme, depicted in Figure 2.12, offers another integrated solution
for dual-band antenna arrays. It embeds HB antennas within the LB radiating arms,
backed by metal cavities that act as HB reflectors [30, 31]. The LB radiators also function
as reflectors for HB antennas. This design creates independent radiating environments

for each band, allowing both bands to radiate with reduced interference.
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This back cavity design has the following characteristics. First, the cavities act
as reflectors for HB antennas, directing HB radiation outward and suppressing side
and back lobes. Second, the cavities physically isolate HB antennas from LB radiators,
reducing mutual cross-band impact and ensuring stable radiation performance. Third,
for the LB antenna, these cavities act as electrical small structures, having minimal
impact on LB radiation. Experimental implementations of the back cavity scheme
achieve bandwidths of 0.69-0.96 GHz for LB and 3.3-3.8 GHz for HB, with port isolations
exceeding 25 dB [30, 31]. This scheme provides compact and high-performance options
for shared-aperture arrays.

In summary, the back cavity scheme eliminates the height challenges associated
with the stacked scheme by maintaining a planar arrangement. However, HB antennas
must have sufficiently small apertures to be embedded within the LB radiators, making
this design ideal only for cases where the two bands are well-separated. Achieving
optimal performance requires precise alignment and careful design of cavity dimensions,
with considerations of manufacturing complexity. When evaluated alongside interleaved
and embedded configurations, both schemes demonstrate their strengths in addressing
specific design priorities, offering diverse options for shared-aperture multi-band array

applications.

2.3 UWB antenna arrays

2.3.1 Consideration for Designing UWB antenna arrays

Integrating multiple narrowband designs in close proximity on the same complex elec-
tromagnetic platform inevitably needs to address the serious cross-band interference
and consequent degradation of radiation performance. By covering the entire operating

band with a single UWB array design, this problem can be avoided while significantly
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reducing cost, power consumption, and space resources [32]. This has made the UWB
antenna array a promising solution in modern communications systems. Designing UWB
antenna arrays requires careful consideration of several critical factors:

1. Bandwidth and Impedance Matching: UWB antenna arrays must maintain
stable impedance matching over a broad range of frequencies to achieve effective radi-
ation and minimize signal reflections. This challenge becomes more pronounced when
spanning multiple octaves of bandwidth. Designers must therefore leverage advanced
methods such as multi-resonant element designs, essential reactance compensation
loadings, or tapered feed structures that can stabilize impedance variations across
UWB frequency coverage. Consistently low return loss underpins reliable signal quality,
making bandwidth and impedance control critical for next-generation UWB systems.

2. Enhanced Beam Scanning Range: Supporting wide-angle scanning enables
adaptability to different spatial coverage requirements, from satellite communication
links to ground-based surveillance. However, significant impedance variations, radi-
ation pattern degradation, and beam squint can arise when steering beams at large
angles across a broad frequency range. This demands designs that minimize impedance
variations and beam squint. Ongoing research in scalable and high-performance beam-
scanning techniques continues to be essential for achieving fast, accurate, and broad
beam-scanning coverage in practical UWB scenarios.

3. Effective Feeding without unwanted resonances: Feeding networks in UWB
arrays must transform electromagnetic energy efficiently across multiple octaves, avoid-
ing degraded modes-such as common-mode resonances-and minimizing ohmic losses
to maintain high transmission efficiency. Achieving these goals often involves low-loss
transmission lines, careful layout geometry, and effective common-mode current control.
Since UWB arrays typically operate over a broad range of wavelengths, each feeding

part must be meticulously designed to prevent parasitic coupling effects and ensure
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consistent phase and amplitude distribution.

4. Compact Implementation: Compact and lightweight implementations are in-
creasingly in demand for advanced applications with stringent space constraints. Beyond
simply minimizing physical dimensions, a compact configuration must also preserve
enhanced bandwidth, gain, and radiation characteristics. Achieving this often involves
strategies such as folded/meandered radiators or feeding lines, and advanced materi-
als (e.g., low-loss dielectrics or flexible substrates) that maintain compactness without
compromising electromagnetic performance Ensuring seamless compact integration and
mechanical robustness further expands the array’s suitability across diverse deployment

scenarios.

2.3.2 Realization Forms of UWB antenna arrays

Numerous UWB antenna array designs have been developed over the past decades.
Among them there are mainly two types: one is to design the UWB antenna element
first, and then replicate and expand it into an array. A major drawback of this method is
that interelement coupling can only be considered after the antenna elements have been
designed, which can lead to substantial impedance changes and unpredictable scanning
behavior once the array is formed. The second approach is designing the array as a
whole from the beginning, utilizing interelement interactions to optimize both wideband
and wide-scan performance. Necessarily, the differences between the infinite and finite
counterparts need to be considered. The primary techniques for designing UWB and

wide-scan antenna arrays can be summarized as follows.

2.3.2.1 UWB-Element-based Array

Antenna elements that exhibit desirable octave bandwidths and therefore can be selected

to form UWB antenna arrays are usually spirals [33], conical helices [34], or log-periodic
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elements [35]. Despite their favorable characteristics, these elements often present

practical challenges, such as being excessively large for the desired array lattice or

incompatible with planar implementations.
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Figure 2.13: Configuration of a typical dual-polarized Vivaldi array [36].

Vivaldi antenna array, also known as tapered slot/flared notch antenna array, has

emerged as a widely-used alternative in UWB applications [36—38]. Figure 2.13 shows

a 4x4 dual-polarized Vivaldi array. Typically, the Vivaldi arrays can operate over 10:1

bandwidth and 45° scanning angle with VSWR <2:1 [39]. Theoretically, the impedance

bandwidth of the Vivaldi antenna element is proportional to its longitudinal dimen-

sion [40]. Aiming to accomplish excellent broadband impedance matching performance,

its longitudinal size is relatively large, usually 2—3 Apigh (Anigh represents the wavelength

at the highest frequency). The excessive profile leads to elevated cross-polarization levels

when scanning off broadside, due to the presence of strong currents perpendicular to the

array plane along the slot line direction. These currents can cause the “polarization re-

versal” phenomenon where the cross-polarized radiation level exceeds the co-polarization
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level, especially in D-plane scanning. This may occur even at scan angles as low as 30°

[41].

19x19 Sliced Notch Antenna Array

Figure 2.14: Configuration of the Sliced Notch Antenna (SNA) array [42].

In [42, 43], the Sliced Notch Antenna (SNA) array achieves effective control of
cross-polarization by cutting the original radiating fins into discrete slices, as shown in
Figure 2.14. Following this operation, the vertical current vector on the slotted line can
be selectively regulated and constrained. It is demonstrated that the polarization purity
of the SNA is improved by more than 20 dB at the high frequency in the D-plane [42].
However, the profile is still as high as 3Ap;gn, which will limit its application in certain

scenarios.

2.3.2.2 Tightly-coupled dipole array (TCDA)

Another class of UWB antenna array, referred to as the current sheet array (CSA), has
drawn great attention in recent years. The CSA is based on Wheeler’s current sheet

theory [44, 45], operating differently from that of the traditional antenna array. Based
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on a hypothetical waveguide model, it is derived that the radiation impedance of the
elements placed in an infinite planar current sheet under the open boundary condition
does not vary with frequency, implying an infinite impedance bandwidth.

A typical CSA form is the tightly-coupled dipole array (TCDA) [46, 47]. It works by
setting up densely arranged dipoles to mimic an equivalent electric current sheet with
continuous and uniform current sheet distribution, thereby achieving UWB operation. It
has several well-known advantages including extremely wide bandwidths, compact sizes,
low profiles, and improved cross-polarization performance [48]. This section presents
notable advancements in TCDA, focusing on bandwidth enhancement, extended beam
scanning range, and feeding network designs, with selected works illustrating the key

principles and implementation strategies.

A. Bandwidth enhancement While TCDAs theoretically exhibit infinite bandwidth
in open-boundary conditions, practical implementations require a ground plane (GP) for
unidirectional radiation. The inclusion of a GP introduces significant inductance at low
frequencies, resulting in impedance mismatches and bandwidth limitations. Additionally,
short-circuit bands arise when the distance between the dipole and the GP is about
NA/2 (where N =0,1,2,3,...). In these frequency bands, upward-radiated waves and GP-
reflected waves have equal amplitude but opposite phase, leading to mutual cancellation
and severely impairing the array’s radiation efficiency. Consequently, these short-circuit
bands constrain the operational bandwidth of the array.

The inductance brought by GP at the low-frequency end can be compensated by
introducing capacitive coupling between adjacent dipoles. Figure 2.15 illustrates a single-
polarized TCDA where the dipole arm is modified with interdigital edges to enhance
mutual capacitive coupling. Usually, the bandwidth of a TCDA is around 4:1 through
inducing capacitance inter-element coupling [46, 49]. By incorporating materials such

as dielectric superstrates, the bandwidth can increase up to about 12:1 [50]. Notably,
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Figure 2.15: Interdigital-edge loaded dipoles for enhanced capacitive coupling in
TCDA [49].

some coupling loading designs demonstrate instantaneous bandwidths reaching 10:1
without resorting to lossy materials or dielectric superstrates [51, 52]. However, the
short-circuit effect caused by the GP poses significant challenges in further extending
the bandwidth [47].

Highly lossy materials are usually incorporated to address short-circuit resonances.
For instance, resistive cards are inserted between the dipole surface and the GP [563-55].
By optimizing the unit resistance, geometry, and height of these resistive materials,
their absorbing frequency range can be aligned with the short-circuit resonances. This

operation facilitates the absorption of backward-radiated waves, effectively eliminating
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the short-circuit effect. Such a design enables a significant bandwidth expansion of up to
46:1 by addressing multiple short-circuit bands, and the fabricated array prototype is
shown in Figure 2.16 [55]. However, the inclusion of lossy components inevitably reduces
the array’s radiation efficiency, which remains at approximately 73%, even with partial
compensation provided by the superstrate.

An alternative design employs a polarization-converting GP to address the short cir-
cuit without the use of resistive parts. By shifting the polarization of reflected waves, this
approach achieves a bandwidth of 20.9:1 while maintaining high radiation efficiency [56].
The fabricated array structure is shown in Figure 2.17. The polarization conversion by
the GP effectively prevents wave cancellation that typically leads to short-circuit bands,
thereby broadening the operational bandwidth. However, this design induces elevated
cross-polarization levels, which compromise radiation purity and limit its applicability
to polarization-insensitive applications.

In summary, this part discusses key strategies for the bandwidth enhancement of
TCDAs. First, capacitive compensation is often introduced to counteract the inductance
caused by the GP. This approach typically achieves about a 4:1 bandwidth. However,
achieving larger bandwidths, especially for over 10:1, requires addressing the short-
circuit effect. Commonly, resistive materials are added to eliminate short-circuit reso-
nances, but this solution reduces the array’s radiation efficiency. Meanwhile, polarization
conversion offers another strategy. It does not rely on resistive materials, yet it is lim-
ited to polarization-insensitive scenarios where high radiation purity is not a strict
requirement. Achieving an optimal balance among bandwidth, efficiency, and radiation
performance necessitates careful consideration of these trade-offs. Future investigations
may explore hybrid methodologies and advanced material technologies, which have the
potential to extend bandwidth while preserving high levels of radiation efficiency and

purity.
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Figure 2.16: Prototype of the TCDA achieving 46:1 bandwidth with resistive F'SS. (a)

12x12 finite array. (b) Resistive FSS. (c) Vertical dipole substrate [55].
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Figure 2.17: Prototype of the TCDA achieving 20.9:1 bandwidth with polarization-
converting GP [56].

B. Enhanced Beam Scanning Range Wide-angle scanning performance of an an-
tenna array is influenced by both the active element pattern (or embedded element
pattern) and the active input impedance [57]. The active element pattern is the element
pattern within the array environment when all other elements are terminated with
matched loads. To achieve wide-angle scanning, elements with wide beams are necessary.
Both the Vivaldi array and TCDA, as mentioned earlier, are composed of such elements.
However, mutual coupling causes the active input impedance to vary notably with scan
angles, so minimizing impedance fluctuations is essential to maintain stable scanning
performance.

Wide-angle impedance matching (WAIM) designs effectively mitigate significant
variations in active element impedance [58]. A common approach involves loading one
or more dielectric superstrates as WAIM layers above the array to enhance the active
impedance properties [47, 59, 60]. Figure 2.18 shows a TCDA loaded with dielectric
superstrates, achieving scan angles up to 60° [60]. However, high dielectric constant
layers can excite surface waves, leading to scanning blindness [59, 60]. While reducing
the dielectric constant through regular perforations can mitigate this issue, it also

increases the weight and cost of the array.
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Figure 2.18: Prototype of the TCDA loaded with perforated dielectric superstrates for
WAIM design [60].

Several lightweight PCB-based WAIM designs have been proposed in the literature.
For instance, the FSS-based WAIM layout shown in Figure 2.19, which was constructed
on the same substrate with the dipole array, facilitates scanning ranges of {=+75°, 7 +£70°,
=1+60°} in the {E-, D-, H-} planes, with a 6.1:1 bandwidth and a VSWR of less than 3.2 [61].
However, as the operating bandwidth increased to 9:1 or higher, scanning performance in
the H-plane significantly degraded, with the VSWR rising above 6 [14, 20]. Other WAIM
approaches such as metasurfaces [62—64], multilayer metallic strips [65], and planar
split rings [66] enable TCDASs to achieve a maximum scan angle of 70° in one plane. For
instance, the metasurface WAIM design in Figure 2.20 allows the TCDA to achieve a
5.5:1 bandwidth while scanning up to 70° in the E-plane and 55° in the H-plane [62, 63].
These approaches focus on bandwidths of less than a decade, simultaneously offering
desirable features such as low profile, reduced cost, and ease of fabrication.

In summary, WAIM techniques play a pivotal role in maintaining stable perfor-
mance across wide scan angles for TCDAs and other wide-beam arrays. While various

methods-ranging from dielectric superstrates to lightweight PCB-based WAIM solutions-
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Figure 2.19: Prototype of the TCDA loaded with F'SS for WAIM design [61].

can mitigate impedance fluctuation and enhance scanning, their trade-offs in terms of
bandwidth, scanning stability, weight, and cost require careful consideration. Ongoing
research in novel materials, advanced fabrication, and optimized coupling strategies

offers promising avenues to further expand both the bandwidth and scan range of phased

array systems.

B. Feeding design without bad resonances Feeding schemes for a CSA aim to

transform a 50 QQ unbalanced input to about 100-200 Q) at a radiator port while avoiding
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Figure 2.20: Prototype of the 6 x6 metasurface WAIM design for the TCDA [62].

undesired resonances. Typically, when long feeding lines are integrated into a densely
arranged periodical array, coupling between adjacent unit cells can induce common-mode
currents on the feeding lines and dipole arms [67, 68]. These currents can result in
undesirable common-mode resonances, significantly reducing the operational bandwidth
of the array.

The initial feeding design for a TCDA utilizes the “feed organizer”, as shown in
Figure 2.21 [49]. Each feed organizer includes four coaxial cables for a dual-polarized
array unit cell and offers broadband common-mode suppression. However, it requires
additional 0°/180° hybrids to generate the necessary phase difference, and its non-

compact structure occupies extra space.
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Figure 2.21: Prototype of the “feed organizer” [49].

Some TCDAs adopt unbalanced feeding without incorporating baluns. In such designs,
each array unit cell is directly excited by a coaxial cable: the cable’s outer conductor
is soldered to the GP, and the center conductor attaches to one dipole arm. The other
arm is grounded via shorting vias [69], plated vias [59], capacitively-loaded vias [60],
or capacitively metallic walls [70]. This approach suppresses common-mode currents
and achieves common-mode rejection. Figure 2.22 illustrates the configuration of the
array unit cell from [69], where shorting vias are used to tune out the common-mode
resonance that often arises near the mid-band due to unbalanced feeding. However, these
designs typically support bandwidths below one decade, with a maximum reported 6.5:1
bandwidth [70].

The other TCDAs employ balanced feeding configurations, where UWB baluns are

critical components. Various commercial balun designs have been developed to support
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Figure 2.22: Side view of a TCDA unit cell using shorting vias for common-mode sup-
pression [69].

wideband applications while simultaneously suppressing common-mode resonance. These
include aperture-coupling-based transformers [67, 68, 71], double-Y baluns [72, 73], and
Marchand baluns [54, 61, 74], tapered baluns [75, 76].

For aperture-coupling-based transformers [67, 68, 71], in [67, 71], the use of a copla-
nar strip-line (CPS) to grounded coplanar strip-lines (GCPS) transformer effectively
shortens the electrical path between the dipole arms and the feed circuit. This configu-
ration allows for the tuning out of common-mode resonance at the high-frequency end.

However, due to the loop length defined by the structure, the differential bandwidth of
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this design remains narrow. By incorporating radial/circular stubs [68], the differential
mode bandwidth can be extended to a 10:1 bandwidth, but this structure does not facili-
tate impedance transformation. Similarly, while double-Y baluns [72, 73] can achieve a

10:1 bandwidth, they also do not provide impedance transformation capabilities.
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Figure 2.23: Configuration of the TCDA unit cell using the Marchand balun and power
divider [54].

Marchand baluns [54, 61, 74] can suppress common-mode resonance and offer some
degree of impedance transformation, with a widest achieved bandwidth of 13.9:1 [54].
However, additional components, such as power dividers or striplines, are needed to
convert the high impedance at the unit port to the required 50 Q. Figure 2.23 illustrates
the configuration of a TCDA unit cell that employs a Marchand balun in conjunction
with a power divider to achieve both common-mode suppression and impedance transfor-
mation [54].

Tapered baluns [55, 75-77] offer an attractive solution by achieving a high impedance
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Figure 2.24: Configuration of the TCDA using the Klopfenstein tapered balun [77].

transformation ratio with simple single-substrate layouts. Figure 2.24 depicts the con-
figuration of a TCDA utilizing the Klopfenstein tapered balun, achieving a bandwidth
up to 28:1 [77]. What should be noted is that tapered baluns are typically employed in
arrays constructed with lossy materials, which help suppress common-mode resonance.
Therefore, for arrays operating over a decade of bandwidth without the use of absorb-
ing materials, it becomes crucial to implement additional feeding schemes specifically
designed to mitigate unwanted resonances.

In summary, TCDA feeding designs focus on achieving UWB impedance transforma-
tion and suppressing common-mode resonances. While unbalanced feeding designs with
shorting vias offer simplicity, they typically operate in limited bandwidths to below one
decade. Balanced feeding using UWB baluns, such as aperture-coupling-based trans-
formers, double-Y, Marchand, and tapered baluns, provide wider bandwidth, albeit with
varying impedance transformation capabilities. Tapered baluns offer the widest band-

width, but are typically used in arrays with lossy materials that do not face common-mode
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resonance challenges. For wideband TCDAs without absorbing materials, additional
resonance-mitigation strategies are necessary. Overall, each feeding design presents
distinct advantages and is suitable for different design scenarios based on the specific

requirements of the TCDA.

2.4 Identified Research Challenges

Building upon the design considerations and comprehensive literature review in
Section 2.2 and 2.3, this section identifies key research challenges that remain unresolved
in multi-band and UWB antenna array designs. While these two types of arrays have
distinct design requirements, they share many common challenges, such as impedance
matching, beam scanning performance, structural compactness, and efficient feeding
networks. Addressing these challenges is essential to advancing next-generation wireless

communication systems.

2.4.1 Challenges in Multi-Band and UWB Antenna Arrays

1. Ensuring Multi-Band /| UWB Stable Radiation Performance

Both multi-band and UWB antenna arrays require consistent radiation performance
across multiple frequency bands or a broad continuous spectrum. However, challenges
such as impedance mismatches, variations in realized gain, and radiation pattern distor-
tions persist. Current techniques, including FSSs, choke-based filtering, and capacitive
loading, provide partial solutions but often require trade-offs in bandwidth or efficiency.
Further research is needed to achieve stable radiation characteristics without compro-
mising other design aspects.
2. Optimizing Impedance Matching and effectively managing mutual coupling

In multi-band arrays, mutual coupling between antenna elements often leads to

cross-band interference, degrading impedance matching and radiation performance,
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thus necessitating suppression. Conversely, in certain UWB arrays, such as TCDA,
mutual coupling can be exploited to enhance impedance bandwidth. Therefore, effective
mutual coupling management is crucial, Ainot only to mitigate adverse effects but also to
harness its benefits. The challenge lies in striking a balance where impedance matching
is optimized while mutual coupling is strategically controlled to enhance overall array
performance.
3. Achieving Wide-Angle Beam Scanning with Minimal Performance Degradation

Antenna array systems are expected to maintain beam integrity across wide scanning
angles, but both multi-band and UWB antenna arrays encounter challenges such as
beam squint, radiation pattern degradation, and impedance variations. Wide-angle
impedance matching (WAIM) techniques, coupled with innovative element designs, can
help mitigate these effects, though current implementations still require significant
optimization for practical deployment.
4. Advanced Feeding Networks and Suppression of Undesirable Resonances

Feeding network design is critical for both multi-band and UWB antenna arrays,
as it directly impacts impedance matching, phase distribution, and overall efficiency.
Unwanted resonant modes such as common-mode resonances can degrade performance,
particularly in wideband scenarios. Research into improved feeding techniques, such as
wideband balun designs, common-mode-rejection shorting structures, differential feeding
methods, and hybrid networks, is essential to achieving efficient energy distribution with
minimal loss.
5. Compactness, Structural Integration, and Manufacturability

Shared-aperture integration in multi-band arrays and closely spaced elements in
UWB antenna arrays introduce constraints on size, weight, and material properties.
Achieving compact and lightweight designs while maintaining performance is an ongo-

ing challenge, particularly for mobile and airborne applications. Innovations in high-
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performance materials and manufacturing techniques could enhance structural integra-
tion while ensuring electromagnetic stability.
6. Cost, Scalability, and Long-Term Stability

Large-scale deployment of advanced antenna arrays is often hindered by manufactur-
ing complexity and cost. Many high-performance techniques, such as metasurface-based
filtering and dielectric superstrate enhancements, introduce challenges in mass produc-
tion and material consistency. Additionally, environmental factors such as temperature
variations, mechanical stress, and aging effects can lead to performance degradation over
time. Addressing these challenges requires robust design methodologies that consider

manufacturability, cost-effectiveness, and long-term reliability.

2.4.2 Towards Unified Solutions for Multi-Band and UWB

Antenna Arrays

While multi-band and UWB antenna arrays have traditionally been studied as separate
categories, their shared challenges suggest that unified design strategies could lead to

more efficient and flexible solutions. Future research could focus on:

* Hybrid Aperture-Sharing Design Strategies: Exploring innovative shared-
aperture configurations that integrate multi-band and UWB functionalities within

a single antenna system.

* Al-Assisted Optimization and Automated Tuning: Leveraging Al and ma-
chine learning for rapid design iterations, performance optimization, and adaptive

tuning.

* Novel Materials and Additive Manufacturing for Enhanced Performance:

Investigating the use of advanced materials, such as low-loss dielectrics and conduc-
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tive polymers, to improve performance while reducing weight and manufacturing

costs.

¢ Multi-Functional and Reconfigurable Antenna Technologies: Developing
antennas capable of dynamic reconfiguration to adapt to changing frequency and

beamforming requirements in real-time applications.

By addressing these challenges and exploring unified solutions, this research aims
to contribute to the advancement of next-generation multi-band and UWB antenna
arrays, paving the way for more efficient, adaptable, and high-performance wireless

communication systems.
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CHAPTER

MULTI-BAND SHARED-APERTURE ANTENNA ARRAY

BASED ON EMBEDDED SCHEME

This chapter introduces an embedded dual-band array with wideband cross-band scat-
tering suppression capabilities. By integrating innovative helical filters into the LB
radiators, the undesired scattering effects from the LB antenna on the HB antennas
are significantly reduced. This demonstrates a successful implementation of filtering
structures within embedded schemes for multi-band antenna arrays, achieving a remark-
ably wide HB de-scattering bandwidth of 1.36-2.72 GHz (66.7%). Additionally, the LB
antenna achieves enhanced impedance matching within 0.8-0.96 GHz (17.1%) due to
the inclusion of specially designed LC series circuits in its baluns. Its compact aperture
improves LB in-band isolation, while customized 3D-printed T-shaped supports ensure
mechanical stability. The measured results of the fabricated array closely align with the
simulations, validating the performance and reliability of the embedded shared-aperture

array design.
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3.1 Introduction

The continued growth in demand for high-speed, high-quality signal transmission in
modern mobile communication systems has led to increasingly stringent performance
requirements for base station antenna (BSA) arrays. To fulfill the large network capacity
requirements in these systems, BSAs must effectively cover multiple frequency bands [2].
In typical dual- and multi-band BSAs operating in the sub-6 GHz spectrum, the LB typi-
cally includes standards such as GSM700 (698-793 MHz), GSM850 (824-894 MHz), and
GSM900 (880-960 MHz), whereas the high-frequency band (HB) spans 1710-2690 MHz,
encompassing DCS (1.71-1.88 GHz), PCS (1.85-1.99 GHz), UMTS (1.92-2.17 GHz),
LTE2300 (2.3-2.4 GHz), and LTE2500 (2.5-2.69 GHz). Recently, frequencies in the 1.4—
1.7 GHz range have also been adopted in certain regions for 4G LTE and 5G NR per
3GPP specifications. Consequently, integrating this band into the upper frequency range
is essential, resulting in an expanded high-frequency band spanning 1.4-2.7 GHz with
an approximately 63.4% fractional bandwidth.

Although several single-band BSA designs have addressed this wider bandwidth [78-
80], it remains challenging to integrate such wideband elements into dual-band arrays.
One key concern is cross-band scattering, which occurs when antennas working in
different frequency bands share the same aperture. In practice, LB antennas generally
exert a larger scattering effect on HB antennas, due to their larger electrical size [2].
Minimizing cross-band scattering is essential for achieving reliable multi-band BSA
array solutions.

Existing methods for mitigating cross-band scattering in dual-band arrays can be cat-
egorized into two principal approaches. The first involves designing new array schemes to
physically isolate the LB and HB antennas; for instance, using stacked schemes [26, 30]
or cavity-backed schemes [30]. These schemes often incorporate frequency-selective

surfaces (FSSs) [26, 28] or cavities [30] to prevent the LB antenna from obstructing

44



3.1. INTRODUCTION

HB radiation. However, doing so commonly requires elevating either the HB [26, 30]
or LB [28] antennas, complicating the overall design. The second approach focuses on
modifying the LB antennas themselves to make them electromagnetically “invisible” at
higher frequencies [1, 81]. Possible techniques include employing chokes [1, 4], adding
2.5-D cloaking structures [13], or etching slots [6, 7] and U-shaped structures [10]. Alter-
natively, other methods involve integrating FSS-based [16, 17] or split-ring resonator
(SRR)-based [18] filtering elements, or partially reflecting surfaces (PRSs) [81]. However,
these methods often suffer from limited HB bandwidth, as attaining electromagnetic
invisibility over a wide frequency range remains inherently challenging. Consequently,
most dual-band BSA arrays implementing cross-band scattering suppression achieve
a maximum fractional HB bandwidth of approximately 45.5% (1.7-2.7 GHz), which is
lower than the 66.7% reported in this work.

Addressing the unwanted cross-band scattering across a wider bandwidth can poten-
tially be resolved by the bowl-shaped LB antenna. Its hollow-cubed geometry greatly
reduces blockage effects on adjacent HB antennas when when placed in an embedded
array configuration, as depicted in Figure 3.1. In this setup, HB patterns can be largely
recovered by adding specialized baffles or by elevating the HB antennas [21, 24]. But
these operations incur increased cost and compromise the mechanical stability of the HB
antennas. Additionally, the maximum HB bandwidth of such embedded array scheme is
generally limited to around 45.8% (1.7-2.71 GHz) [24]. So far, there is no investigation
regarding modifying LB antennas to enhance the suppression of scattering effects on
HB antennas over a wider frequency range. Also, directly implement existing scattering

mitigation methods [1, 81] for bowl-shaped antennas encounter considerable difficulties.
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77777

Figure 3.1: Side view of a typical base station antenna (BSA) array using an embedded
scheme.

This work thus proposes an embedded shared-aperture array, employing an inno-
vative filtered bowl-shaped LB antenna that achieves enhanced cross-band scattering
suppression over an extended bandwidth. The proposed design allows the HB antenna

to function well across 1.36-2.72 GHz (66.7%) without elevating its height:

1. Wideband Cross-Band Suppression: Cross-band scattering is effectively sup-

pressed over 66.7%, the widest yet reported.

2. Improved Impedance Matching: A novel LB balun design is used to optimize

LB matching while reducing its adverse impact on HB gain.

3. Compact LB Design: The LB antenna has a compact aperture of 0.3811,,%0.381r,,,
where Ay, is the LB center wavelength. This compact form significantly improves

LB isolation in the array.

3.2 HB Antenna with Wide Impedance Bandwidth

Figure 3.2 depicts the structure of the proposed HB antenna, which adopts a crossed-
dipole configuration. It consists of four radiating arms arranged in a square aperture,

enabling +45° dual-polarized radiation.
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I Radiating arms
Balun feeding line
B Balun ground

(b)

(c)
Figure 3.2: HB antenna design. (a) Perspective view of the entire antenna. (b) Top view
of the radiators. (¢) Top view of the baluns. (Unit: mm).

Each of the four radiating arms comprises three square loops, which facilitate multiple
resonances and broaden the operational bandwidth. The radiating arms are printed on
the top side of a Rogers 4003 substrate (¢, = 3.55, tand = 0.002, thickness = 1.016 mm),
while the corresponding baluns are fabricated on both surfaces of FR-4 substrates
(e, =4.4, tan6 = 0.02, thickness = 1.016 mm).

Figure 3.3 shows the simulated S-parameters, radiation patterns, and realized gain
of this HB antenna. Only +45° polarization patterns and gain are provided due to the

antenna’s symmetry.
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Figure 3.3: Simulated HB antenna performance. (a) S-parameters. (b) Radiation patterns
in the yoz-plane. (c) Realized gain.

As seen in Figure 3.3(a), the antenna achieves a 64.7% impedance bandwidth (1.39—
2.72 GHz) while maintaining reflection coefficients below —14 dB and port isolation ex-
ceeding 26 dB. Representative yoz-plane radiation patterns at 1.4 GHz, 1.7 GHz, 2.0 GHz,
2.35 GHz, and 2.7 GHz in Figure 3.3(b) indicate stable half-power beamwidths (HPBWs)
of 66° + 3° throughout the band. The cross-polarization discrimination (XPD) exceeds
20dB at boresight and remains above 10dB for —60° < 6 < 60°. As illustrated in Fig-
ure 3.3(c), the realized gain ranges from 8.24 dBi to 9.72 dBi over the entire operating

frequency range.
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3.3 LB Antenna with Wide Scattering Suppression

Bandwidth

Figure 3.4(a) illustrates the proposed +45°-polarized LB antenna. The design comprises
four sub-dipoles, each equipped with PCB baluns and supported by T-shaped dielectric
structures, forming a hollow, cube-like bowl that can house one HB antenna. Sub-dipoles 1
and 3 are driven in-phase and with equal amplitude to generate +45° polarization, while
sub-dipoles 2 and 4 operate similarly to yield —45° polarization.

The T-shaped dielectric supports in Figure 3.4(b) hold the metallic portions of the
radiators, each comprising cuboid holders and cylindrical holders with helical grooves.
Figure 3.4(c) illustrates the metallic components of the LB radiator, each consisting of
two U-shaped enclosures and a helical filter. The helical filter is realized by winding
a conductor within the helical grooves, whose dimensions are carefully tuned. Two U-
shaped enclosures provide additional capacitance to counteract the significant inductance
introduced by the helical filters.

Four baluns, each implemented on both sides of FR-4 substrates (¢, = 4.4, tand = 0.02,
thickness = 1.016 mm), feed the LB antenna [Figure 3.4(d)]. These baluns incorporate
meander lines for added inductance and small rectangular patches on both surfaces for
extra capacitance. Together, these components refine the matching response and reduce
the effect on the HB antenna.

Figure 3.4(d) illustrates the structure of the LB balun, which is implemented on
both sides of FR-4 substrates (¢, = 4.4, tané = 0.02, thickness = 1.016 mm). The balun
incorporates meander lines to increase inductance and small overlapping rectangular
patches on both sides to enhance capacitance. These features improve LB matching
and mitigate its negative impact on HB gain. The T-shaped supports, metal parts, and

baluns in Figure 3.4(b)—(d) are manufactured individually and then assembled to form
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the overall LB antenna shown in Figure 3.4(a).

A zoomed-in detail Sub-dipole 2 ’.'
showing the balun-
radiator connection

i77 Sub-dipole 1

-
-

Cub01d holders

vk

\‘ (a) \\

\
\
_ )
Slot for securing

C 11(lrlcal holders the balun sub
th helical grooves

U-shaped : U-shaped
Square base enclosupe 1 Helicalfilter”: . cjamima

(b)
R 44 i
L! ’ B ) %
o liG 02
y i 08
Balun feeding line %
g =R Ny \
Meta& via Capacitors Inductors
3.5 : X
12
4
265 .

76

(d)

Figure 3.4: LB antenna design. (a) Perspective view of the complete structure. (b) T-
shaped dielectric support. (c) Metal portion of a radiator. (d) Top view of both sides of the
balun. (Unit: mm).
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3.3.1 Radiators with Wideband De-Scattering Capability

Helical filters are inserted into the LB radiators to suppress scattering at HB frequencies.
These inductive coils can be modeled as a practical parallel circuit, exhibiting high
terminal impedance at resonance while significantly decreasing on either side of it.
This indicates that the helical structure can be utilized to achieve a low-pass, high-stop
performance. By adjusting the dimensions of the helical structure, the low-pass, high-
stop filtering response can be precisely tuned, forming a wide stop band. Furthermore,
the insertion of the helical filter segments the LB radiators into electrically smaller
sections, keeping them well below half-wavelength at the upper HB frequency limit. As
a result, the LB antenna’s impact on the HB antenna is significantly reduced.

In the initial simulation stage, to quickly verify the de-scattering capability of the
filtered LB radiators, the monostatic radar cross section (RCS) results of both unfiltered
and filtered designs are compared, as shown in Figure 3.5. While simulating the total
scattering cross section (SCS) over the entire solid angle would provide a more com-
prehensive evaluation, it is time-consuming and requires more computing resources.

Therefore, monostatic RCS analysis was adopted at this stage as a practical approach.

o

o Unfiltered LB radiator g B —— Unfiltered LB radiator
~— 8-104, ---Filtered LB radiator
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44 2 -40- Ny et
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bt by 57081012714 106 18202224 26 2.8
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Figure 3.5: Comparison of the monostatic RCS of unfiltered and filtered LB radiators.

Both models are under identical plane-wave excitation, with the E-field aligned

parallel to the HB radiators. To better simulate a realistic resonant dipole, a lumped

51



CHAPTER 3. MULTI-BAND SHARED-APERTURE ANTENNA ARRAY BASED ON
EMBEDDED SCHEME

port is used in both cases to connect the two LB radiators. A comparison of the scattering
results shows that the filtered LB radiator achieves a significant reduction in RCS within
the HB frequency range: at least 14.8 dB at 1.4 GHz and up to 30.6 dB at 2.2 GHz. This
demonstrates the high-pass performance of the filtered LB radiators. In the LB frequency
range, the scattering result of the filtered LB radiators shows a comparable level with
the unfiltered LB radiators, confirming the intended low-pass characteristics. Notably,
after incorporating the helical filters, the effective LB dipole arm length is reduced from

approximately 0.517,, to 0.26Ap,,,.

Lumped port

e "[iB -4-C D=8mm B
: ‘ 2101 -0-C_D=10mm
i o C D=12mm
k ,t& 8-20‘ -C_
(=2
g =304
5
k §_40_
(=}
L Pl S
E, ane wave 08 1.0 12 14 1.6 1.8 20 22 24 2.6 2.8
Frequency (GHz)
(a) (b)
2 ‘T -G W=05mm i 2 B A-CP-12mm B
82 -10+ --G_W=1mm 2 -10 --C P=9.5mm
g -G W=15mm g -&C P=7mm
O - O -20+
~ (=2
2 - .2 .30
g- g -40-
5 5
= 504+t = 504+t
08 1.0 1.2 14 1.6 18 20 22 24 2.6 28 0.8 1.0 1.2 14 1.6 18 20 22 24 2.6 28
Frequency (GHz) Frequency (GHz)

(c) (d)

Figure 3.6: Parameter sweep of three key design parameters of the helical filter and their
effects on the RCS results. (a) Illustration of the three key parameters. Variation of the
monostatic RCS with different values of (b) C_D, (¢) G_W, and (d) C_P.

Figure 3.6 illustrates the parameter sweep of three key design parameters of the
helical filter and their effects on the RCS results. The three parameters include the
diameter of the cylindrical holder C_D, the diameter of the conducting wire G_W, and
the distance between neighboring turns C_P. During the parameter sweep, only one

parameter is varied while all the other parameters remain fixed with the values given in
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Figure 3.4.

As shown in Figure 3.6(b), for the HB, a larger C_D moves the minimum point of the
RCS to a lower frequency, corresponding to the parallel resonant point of the helical filter
moving to a lower frequency. This is because increasing C_D increases both L and C of
the helical filter, consequently decreasing the parallel resonant frequency. Figure 3.6(c)
shows a larger G_W shifts the minimum point to a higher frequency, as it reduces L.
Figure 3.6(d) shows a larger C_P moves the minimum point to a higher frequency, as it
reduces C.

Additionally, the change of these parameters could also affect the low-pass perfor-
mance in the LB. A larger C_D moves the maximum point to a lower frequency and a
larger G_W moves it to a higher frequency. The C_P has a minor impact on the maximum
point but could slightly influence the low-pass bandwidth. The final selected values for
the three parameters are C_D = 10 mm, G_W = 1 mm, and C_P = 9.5 mm, which ensure
that the filtered LB radiators attain the necessary low-pass, high-stop performance in
the two target bands.

The filtering ability of the proposed filtered LB radiators is further evaluated within
the dual-band embedded array. The configurations of the comparative models are depicted
in Figure 3.7, representing the smallest modular unit of the complete array shown in

Figure 3.1. In both cases, the LB baluns are removed to focus on the influence of the LB

radiators.
Casel Case2
] R |
95 mmI ﬁg._ﬂ. : L‘E‘%ﬂ ; @j E@;ﬂ | P\
Il 1] Il I ey
HB Antl HB Ant2 ‘ 140 mm
(a) (b)

Figure 3.7: Simplified dual-band BSA arrays. (a) Case 1: HB antennas with unfiltered
LB radiators. (b) Case 2: HB antennas with filtered LB radiators.
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Figures 3.8 and 3.9 compare the performance of HB Antl and HB Ant2, respectively,
in terms of radiation patterns, S-parameters, and realized gain when adjacent to either

unfiltered or filtered LB radiators.
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Figure 3.8: HB Antl performance with unfiltered and filtered LB radiators. (a) Radi-
ation patterns in the yoz-plane for +45° polarization at three sample frequencies. (b)
S-parameters. (c) Realized gain for +45° polarization.

In Figure 3.8, the presence of unfiltered LB radiators significantly degrades the
performance of HB Antl. This degradation manifests as distorted radiation patterns,
reduced HPBW stability, and increased cross-polarization levels. Additionally, the reflec-
tion coefficient deteriorates notably at lower HB frequencies, resulting in a constrained
operational bandwidth and a realized gain as low as 1.14 dBi at 1.86 GHz.

In contrast, when filtered LB radiators are employed, HB Antl demonstrates sub-
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stantial improvements. The radiation patterns become more stable with reduced cross-
polarization, as shown in Figure 3.8(a). Meanwhile, the reflection coefficient is effectively
restored, accompanied by a 6.66 dB increase in port isolation, illustrated in Figure 3.8(b).
In addition, the realized gain remains consistently above 6.75 dBi across the entire

frequency band, as depicted in Figure 3.8(c).
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Figure 3.9: HB Ant2 performance with unfiltered and filtered LB radiators. (a) Radi-
ation patterns in the yoz-plane for +45° polarization at three sample frequencies. (b)
S-parameters. (c¢) Realized gain for +45° polarization.

A comparison of the results in Figure 3.9 with those in Figure 3.8 reveals that HB
Ant2 experiences less performance degradation than HB Ant1. This is primarily due to
its greater distance from the LB radiators, which reduces the shielding effect. However,

the integration of filtered LB radiators still notably enhances HB Ant2’s performance.
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Specifically, cross-polarization levels are further reduced, port isolation improves by
over 9 dB, and the realized gain increases by 1.55 dB, as demonstrated in Figure 3.9(a),
(b), and (c), respectively. These results highlight the advantages of using filtered LB

radiators in embedded dual-band arrays.

3.3.2 Modified Balun for Impedance Matching and Gain

Enhancement

The LB balun plays a crucial role in this design, as it must both ensure appropriate
impedance matching despite the presence of helical filters and minimize its impact on
the HB antenna in the dual-band array. In this configuration, the LB baluns surround
the HB antenna, which can degrade the HB performance. To mitigate this, a microstrip
balun with LC series loading is introduced, utilizing meander lines as inductors and

overlapped patches as capacitors, as shown in Figure 3.4(d).

02 05 ‘Ly 20 50
-

2] ---Balunl — Balun2
flow: ® ® fhigh: © ©
5 3,

Balunl Balun2
Without LC circuits With LC circuits

Figure 3.10: Comparison of the LB antenna input impedances over 0.82—-0.96 GHz when
fed by Balunl and Balun2.

Figure 3.10 compares the input impedances of LB radiators fed by the balun without
LC loading (Balunl) and the one with LC loading (Balun2). For simplicity, ideal lumped

ports are used, and the inner feeding lines are omitted. The Smith chart is normalized
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to 150-200jQ to shift the impedance loci toward the center, facilitating observation. As
shown, adding LC series structures concentrates the impedance locus, particularly in
the lower frequency range, improving better matching. Furthermore, it introduces a new
resonance that broadens the overall bandwidth. Subsequent fine-tuning of the feeding

line transforms this impedance to the required 50 Q.

—— Conventional balun without baffles Jsurt
[A/m)|
- - - Conventional balun with baffles : Imo
—-= LC loaded balun with baftles li::
T -HB Antl alone (reference) 24002
5 =
3 16006
g -
[+
o -
=
N o
S Inm
M 0.2009
4 T T T T T T T 0.0010 ’ |
14 16 18 20 22 24 26 28 e L
Frequency (GHz) Balunl BalLll’l2
(a) (b)

Figure 3.11: (a) HB Ant1 realized gains in four cases. (b) Current distributions at 1.5 GHz
on Balunl and Balun2 when HB Antl1 is excited.

What should be noted is that the four surrounding LB baluns affect the radiation
of HB Antl in the dual-band array configuration. As shown in Figure 3.11(a), two
noticeable gain drops around 1.5 GHz and 2.2 GHz appeared after adding the four
LB baluns. Adding baffles helps improve gain in the 1.7-2.7 GHz range, but they are
ineffective at lower frequencies. Incorporating LC circuits into the LB baluns addresses
this issue, increasing the realized gain at low frequencies. For instance, the realized gain
at 1.5 GHz is raised from 5.67 dBi to 7.95 dBi. This effect is further clarified by comparing
the current distributions on Balun 1 and Balun 2, as depicted in Figure 3.11(b). As shown,
at 1.5 GHz, the LC-loaded balun suppresses induced currents on the main balun body.

While significant induced currents remain in the meander line section, opposing currents
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along adjacent meander paths cancel each other’s far-field contributions, effectively

reducing the overall impact on the HB antenna.

3.4 Dual-Band BSA Array

3.4.1 Simulated and Measured Results

A 1L3H array prototype, consisting of one LB and three HB antennas, was constructed

to validate the filtering technique.

Port 2 Port 1

: Port 1+Port 3

350 mm —Port cl
'._450 % POI't 2+P0rt 4

: —Port ¢2

ey |
"'};F;45° v

(b)

Figure 3.12: (a) The fabricated 1L3H array prototype. (b) Port numbering of the 1L3H
array.

As shown in Figure 3.12(a), one HB antenna is housed inside the LB cavity, while
the other two are placed externally. The HB element spacing is 140 mm. Figure 3.12(b)

presents the assembled prototype. The T-shaped dielectric supports of the LB antenna
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were 3D-printed using ABS-M30 (¢, = 2.6), while the U-shaped enclosures were fashioned
from aluminum and tin-plated for soldering. Helical filters were formed by winding
copper wires onto designated grooves in the dielectric supports, with junctions soldered

for stable electrical contact. Two commercial power dividers were incorporated to feed

the LB antenna.
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Figure 3.13: Simulated and measured S-parameters of (a) HB Antl and (b) HB Ant2 in
the 1L3H array.

Figure 3.13 compares the simulated and measured S-parameters of HB Antl and
HB Ant2 in the 1L3H array. The measured reflection coefficients are mostly below -14
dB, with some values around -12.6 dB across the 1.36-2.72 GHz range (66.7%). The port

isolation remains above 20 dB.
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Figure 3.14: Simulated and measured realized gain of the HB antennas in the 1L3H
array for +45° polarization.
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Figure 3.15: Simulated and measured yoz-plane radiation patterns at five frequencies
for (a) HB Ant1 and (b) HB Ant2 in the 1L3H array for +45° polarization.
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Figure 3.16: Simulated and measured LB antenna performance in the 1L3H array. (a)
S-parameters. (b) Realized gain for +45° polarization. (¢) Radiation patterns at 0.82 GHz,
0.89 GHz, and 0.96 GHz in the yoz-plane for +45° polarization.

Figure 3.14 shows the measured realized gains, ranging from 6.95 dBi to 9.25 dBi
for HB Ant1 and 7.10 dBi to 8.86 dBi for HB Ant2. HB Ant1 has a slightly higher gain,
possibly due to the LB baluns forming a partially open cavity that concentrates the
radiated fields.

Figures 3.15(a) and (b) show strong agreement between the simulated and measured
radiation patterns of HB Antl and HB Ant2. For HB Ant1, the measured half-power
beamwidth (HPBW) remains within 65° + 22°, with a boresight cross-polarization dis-
crimination (XPD) surpassing 16.08 dB. For HB Ant2, the HPBW is 68.5° +12.5°, and
the boresight XPD exceeds 20.49 dB.
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Figure 3.16 presents the LB antenna’s performance in the 1L3H array. The measured
reflection coefficient remains below -10 dB in 0.8-0.96 GHz (17.1%), while port isolation
exceeds 28.91 dB, as shown in Figure 3.16(a). For the +45°polarization, the realized
gain ranges from 6.47 dBi to 7.38 dBi, as depicted in Figure 3.16(b). Notably, the LB
antenna maintains a realized gain below -19.78 dBi over the HB band from 1.36 to 2.72
GHz, confirming its effective filtering functionality. The radiation patterns exhibit stable
HPBWs of 59.5° + 9°, with XPD values exceeding 16.03 dB at boresight, as illustrated in
Figure 3.16(c). The results for the -45°polarization show a similar trend and are therefore
omitted.

Figure 3.17 shows the cross-band coupling coefficients between the proposed LB
antenna, HB Ant1, and HB Ant2. In Figure 3.17(a) and (b), the measured transmission
coefficients between the LB and HB antennas remain below —25.32 dB in the LB and be-
low —19.03 dB in the HB. The measured transmission coefficients between HB antennas

are below —19.29 dB, as shown in Figure 3.17(c).
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Figure 3.17: Simulated and measured transmission coefficients in the 1L3H array: (a)
between HB and LB antennas in the LB band, (b) between HB and LB antennas in the
HB band, (c) between HB antennas in the HB band.
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3.4.2 Comparison and Discussion

Table 3.1 compares the proposed structure with previously reported cross-band designs,
listed by increasing HB bandwidth. The LB antenna presented herein supports an

unprecedented HB bandwidth of 66.7% (1.36-2.72 GHz).

Table 3.1: Comparison with Published Cross-Band Array Designs

De-scatterin LB Antenna HB Antenna LB
Refs Measures g Bandwidth Bandwidth | Aperture Size
(GHz) (GHz) (Azg x ALy)
Back cavity 3.30-3.80
[30] array scheme 0.69-0.96 (32.7%) (14.1%) 0.50x0.50
1.71-2.17
[21] Embedded scheme | 0.82—0.96 (15.7%) 0.50x0.50
(23.7%)
1.71-2.28
[1] Chokes 0.82—-1.00 (19.8%) (28.6%) 0.42x0.42
Stacked array 3.50-4.90
[26] scheme 0.69-0.96 (32.7%) (33.3%) 0.69x0.69
1.70-2.40
[7] Etched slots 0.69-0.96 (32.7%) (34.2%) 0.42x0.42
Partially Reflecting 1.71-2.69
[81] Surfaces 0.68—0.96 (34.2%) (44.6%) 0.43x0.43
. . 1.36-2.72
This work Helical filters 0.80-0.96 (18.2%) 0.38x0.38
(66.7%)

AL, denotes the wavelength at the LB center frequency.

—— Aperture size: 0.49 i,
- == Aperture size: 0.43 &,
—-— Aperture size: 0.38 2,
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Figure 3.18: +45°-polarized in-band isolation between adjacent LB antennas at a fixed
element spacing of 280 mm (0.831r,,) for different aperture sizes.

The helical filters extends the current path on the LB radiators, thereby effectively

reducing the LB aperture to about 0.3817,, x 0.381r,,. As illustrated in Figure 3.18, a
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smaller aperture can improve in-band isolation for given element spacings. Notably,
achieving both enhanced scattering suppression and a reduced aperture comes with
trade-offs, including a narrower LB impedance matching bandwidth and increased

structural complexity.

3.5 Conclusion

This work presents a dual-band shared-aperture array based on an embedded scheme,
achieving wideband cross-band scattering suppression. By incorporating innovative
helical filters into the LB antenna, the adverse scattering interference of closely po-
sitioned LB antennas on HB antennas is effectively mitigated over a wide frequency
range of 1.36-2.72 GHz (66.7%). Despite the matching challenges introduced by the
helical filters, the LB antenna achieves reliable impedance matching within the 0.8-0.96
GHz band (17%) through integrating specially designed LC series circuits in the LB
baluns. Additionally, the extended current paths enabled by the helical filters allow for
a compact LB aperture, resulting in improved in-band isolation within the array. The
consistency between simulated and measured results of the fabricated array confirms

the effectiveness of this design approach.
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CHAPTER

MULTI-BAND SHARED-APERTURE ANTENNA ARRAY

BASED ON A NEW BUFFERING SCHEME

This chapter proposes a shared-aperture dual-band array based on a newly developed
buffering scheme. Unlike conventional shared-aperture array schemes, such as the
embedded scheme presented in Chapter 3, which primarily aim to minimize coupling be-
tween LB and HB antennas to mitigate cross-band interference, this design strategically
leverages structural coupling to enhance overall performance. This buffering-scheme-
based array introduces a unique tightly coupled buffering layer (TCBL) that is strongly
coupled with both the LB and HB radiators, offering three key benefits: (1) it significantly
reduces the profile of the LB antenna while maintaining wideband bandwidth, (2) it
enhances the bandwidth of the HB antenna from 45.5% to 59.0%, and (3) it acts as an
"electromagnetic buffer", capturing coupled energy and preventing its transmission to
cross-band ports, effectively suppressing cross-band interference. By leveraging this
innovative scheme, the developed dual-band array achieves stable radiation performance
across 0.69-0.96 GHz (32.7%) for the LB and 1.47-2.7 GHz (59.0%) for the HB, while

maintaining a ultra-low profile of only 0.0871;, (17, is the wavelength at the lowest LB
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frequency) and inherently suppressing cross-band coupling and scattering. The pro-
posed buffering scheme eliminates the need for additional filtering or frequency-selective

structures, offering a more compact and efficient array solution for dual-band operation.

4.1 Introduction

In multi-band antenna arrays, the close spacing between antennas operating at dif-
ferent frequency bands often results in significant cross-band scattering and coupling
interferences. To mitigate these effects, various methods have been proposed, typically
implemented through several typical array schemes. Their schematic typologies are
illustrated in Figure 4.1.

In the commonly used interleaved scheme, illustrated in Figure 4.1(a), LB and
HB antennas share a common ground, where the HB antennas naturally reside in
the shadows of the larger LB antennas. This arrangement obstructs HB radiation
and introduces significant cross-band scattering interference, leading to degraded HB
radiation performance [2]. To mitigate this issue, LB antennas are usually modified to
be ’electromagnetically invisible’ at HB frequencies using various techniques, including
chokes [1, 3-5], etched slots [6-9], U-/L-shaped structures [10-12], 2.5-D cloaks [13],
absorbing metasurfaces with bandstop characteristics [14, 15], and filter-based arms
paired with frequency-selective surfaces (FSSs) [16, 17], split-ring resonators (SRRs) [18],
or metasurfaces [19]. Although these methods effectively reduce LB-induced interference
on HB antennas, they often compromise LB antenna performance or complicate LB

impedance matching [13].
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Interleaved Embedded Stacked scheme Back-cavity Buffering
scheme scheme scheme scheme

LB LB HB HB LB Buffer

LB
HE | HB ,ﬂi "I'"_'E;'FSS ....... ] ....... rss BB [1ruB . HB .

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

Figure 4.1: Typologies of different dual-band shared-aperture array schemes. (a) Inter-
leaved scheme. (b) Embedded scheme. (c) Stacked scheme. (d) Back-cavity scheme. (e)
Buffering scheme proposed in this work.

Another commonly used array scheme is the embedded scheme, shown in Fig-
ure 4.1(b), where an HB antenna is positioned within a bowl-shaped LB antenna. The
hollow-cubed structure of the LB antenna reduces its blockage effects on the HB antenna
compared to the interleaved scheme. However, it does not completely eliminate cross-
band interference, often necessitating additional solutions such as customized baffles
or increasing the height of HB antennas, which adds structural complexity [20-24].
Alternative approaches include lowering the height of LB antennas or using filtering LB
antennas introduced in Chapter 3 [82, 83]. However, this makes it more challenging to
achieve a wide LB bandwidth, restricting it to approximately 18.7% (0.82-0.99 GHz) [82]
or 18.2% (0.80-0.96 GHz) [83].

The stacked scheme [25—-29] and the cavity-backed scheme [30, 31], illustrated in
Figure 4.1(c) and Figure 4.1(d), respectively, offer alternative solutions. In the stacked
scheme, HB antennas are placed above [25-27] or below LB antennas [28, 29], with FSSs
in between to isolate LB and HB antennas. In the cavity-backed scheme, HB antennas
are raised to the LB aperture level, and backed cavities act as HB reflectors, ensuring
unobstructed radiation. While both schemes reduce cross-band interference, adjusting
HB or LB antenna heights and integrating FSSs or back cavities add complexity and
cost.

This work presents a novel buffering scheme for dual-band shared-aperture arrays

for the first time. The key innovation lies in the unique buffer TCBL, shown in Fig-
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ure 4.1(e), which enables an ultra-low-profile configuration while enhancing dual-band
impedance matching performance and inherently suppressing cross-band interference.
The developed buffering-scheme-based array covers a wide dual-band range, spanning
0.69-0.96 GHz (32.7%) in the LB and 1.47-2.7 GHz (59.0%) in the HB. Compared to
previous shared-aperture array schemes, the buffering scheme operates differently and

offers the following key advantages:

1. It attains a more compact structure with an ultra-low profile of 0.0871, (where Af,

is the wavelength at the lowest frequency of the LB, 0.69 GHz);

2. It avoids performance degradations in either band and further improves impedance

matching performance for both bands;

3. It inherently suppresses cross-band interference without resorting to de-scattering

or decoupling measures typically used in other array schemes.

This design can be readily extended to future multi-band shared-aperture BSA
configurations.

The remainder of this chapter is organized as follows. Section 4.2 presents the low-
profile wideband LB antenna design and analyzes its evolution process showing how such
a low profile is achieved. Section 4.3 discusses the HB antenna configuration, detailing
performance improvements when coupled with the TCBL. Section 4.4 focuses on the
buffering-scheme-based shared-aperture array and its inherent ability to suppress cross-
band interference. Section 4.6 provides fabrication and measurement results, along with

comparisons to leading-edge shared-aperture arrays.
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4.2 Low-Profile Wideband LB Antenna

Standard-height LB antennas often block adjacent HB antennas, degrading their perfor-
mance. Reducing the LB profile mitigates this issue but deteriorates impedance matching.
To address this, we introduce a novel TCBL and four shorting strips. This section out-
lines the evolution toward the final low-profile wideband LB antenna by analyzing the
input impedance of five models. Figure 4.2 illustrates this evolution. The initial design
(Model 1) uses a conventional standard-height bowl-shaped structure consisting of four
identical sub-dipoles that form a hollow-cubed assembly [20]. For analytical simplic-
ity, each of the four sub-dipoles is excited by a lumped port located at a corner (see

Figure 4.2(a)).

Model 1: Model 2:
Standard-height LB antenma Low-profile LB antenna

Port3 : . Port 2

M y
| 3357 .
. B y
164 y
(b) *

Model 3: Model 4: »>ia05
Low-profile LB antenna Low-profile LB antenna i
+ TCBL + TCBL+ shorting strips

Figure 4.2: Evolution process of the proposed low-profile wideband LB antenna with key
geometries. (a) Model 1. (b) Model 2. (¢) Model 3. (d) Model 4. (Unit: mm).
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Ports 1 and 3 are driven in-phase and equal-amplitude for +45° polarization, creating
a combined port c1, while ports 2 and 4 similarly form port co for —45° polarization.
We then calculate the S-parameters of the combined ports by applying the four-port

single-ended network transformations [84]:

Sc161=0.5x(S11+S13+S31 +S33) 4.1)
Sc2c2=0.5x (S22 +S24 +S42+S44) 4.2)

where S;; indicates the scattering parameter between ports i and j. These equa-
tions incorporate mutual coupling and allow an evaluation of the S-parameters for the

combined ports without any external power-divider network.

4.2.1 Evolution from Standard-Height to Reduced-Profile Model

Figure 4.3(a) displays the input impedance traces on the Smith chart for each intermedi-
ate model shown in Figure 4.2, while Figure 4.3(b) shows the corresponding reflection
coefficients.

Model 1 has a profile of 0.241¢, where 1 is the wavelength at the LB center frequency
of 0.82 GHz. Its impedance locus, as shown in in Figure 4.3(a), moves clockwise from low
to high frequencies, crossing the Smith chart’s real axis once at approximately 0.83 GHz.
Consequently, Model 1 has only a single resonance and is inherently bandwidth-limited,
which could be obviously observed in in Figure 4.3(b).

Model 2 is realized simply by directly reducing the height to 0.0981y. However, this
height reduction introduces significant inductive reactance [26], shifting the impedance
locus into the upper edge of the inductive region on the Smith chart. This results in
severely worsened matching, as seen in Figure 4.3(b).

To mitigate the newly introduced inductance, a TCBL is added, creating Model 3.

The TCBL is printed on the top layer of the horizontal substrate, separated from the LB
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dipole arms by a small gap equal to the substrate thickness, enabling strong capacitive
coupling. This added capacitance offsets the strong inductive reactance at low frequencies,
bringing the impedance locus closer to the center of the Smith chart. Additionally, a new
resonance at about 0.71 GHz is introduced, further enhancing the overall bandwidth,
as shown in Figure 4.3(b). Notably, the aperture size of Model 3 is reduced to 155 mm,

compared to 164 mm in Model 2.

—Model 1 - --Model 2
—.-Model 3 ..-... Model 4
1.0
0
)
=.-10t
5)
©
g€ .20f
o ——Model 1 ---Model 2
u? —-—Model 3 ----- Model 4
30t
0.7 0.8 0.9 1.0

Frequency (GHz)

(b)

Figure 4.3: Comparison of port c1 input impedances for Models 1-4 in Figure 4.2. (a) Input
impedance on the Smith chart over 0.69-0.96 GHz (normalized to 50 Q). (b) Reflection
coefficients.

To enhance high-frequency impedance matching, Model 4 incorporates four shorting
strips. Each strip is positioned between two adjacent sub-dipoles while maintaining
a small gap from the dipole arms. These strips generate additional resonance modes,
which help refine the impedance locus at the high-frequency range. As a result, Model 4

achieves a third resonance at approximately 0.95 GHz, as shown in Figure 4.3(b).
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¥ Metal
vias

Outer side: 5= Inner side: |1 T
(b)

Figure 4.4: Model 5: Model 4 with feeding baluns. (a) Full configuration with zoomed-in
details. (b) Hollow-cubed dipoles (enlarged). (Unit: mm).

The input impedance results of Models 1-4 are obtained without baluns to eliminate
their influence when evaluating the impedance matching capabilities of the different
designs. In Model 5, baluns are added to each sub-dipole of Model 4. The detailed
geometry of Model 5 is presented in Figure 4.4. The substrates supporting the LB dipoles
and the TCBL are made from Taconic RF-35, with a relative permittivity ¢, of 3.5, a loss

tangent tané of 0.0018, and a thickness of 1.016 mm.
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Figure 4.5: Performance of Model 5. (a) Input impedance on the Smith chart over 0.69—
0.96 GHz (normalized to 50 Q2). (b) S-parameters. (c) Radiation patterns (port c1) in the
yoz-plane. (d) Realized gain across the LB band.

The performance of Model 5 is illustrated in Figure 4.5. The impedance locus and
reflection coefficient, shown in Figure 4.5(a) and (b), demonstrate successful impedance
matching within the frequency range of 0.69-0.96 GHz for both +45° polarizations.
Exceptional port isolation of exceeding 51.2 dB is achieved, as displayed in Figure 4.5(b).
Notably, the TCBL plays a crucial role in enabling this LB antenna to achieve a wide
bandwidth with a significantly reduced profile. As shown in Figure 4.5(c), the antenna
maintains stable radiation patterns with XPD greater than 45.1 dB at the boresight.

Additionally, the realized gain ranges from 7.7 to 8.9 dBi across the operating bandwidth,
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as depicted in Figure 4.5(d).

4.3 HB Antenna

4.3.1 HB Antenna Alone

I Radiating arms
B Balun feeding line
Balun ground

Port5 Port 6

A
4

T60 g

335

Figure 4.6: HB antenna design. (Unit: mm).

Figure 4.6 illustrates the structure of the HB antenna. The design adopts a conven-
tional cross-dipole configuration, comprising two sub-dipoles oriented perpendicularly for
+45° dual-polarized radiation [85]. Each radiator and balun is fabricated on a Taconic RF-
35 substrate, which has a relative permittivity of €, = 3.5, a loss tangent tané = 0.0018,

and a thickness of 1.016 mm.
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Figure 4.7: Performance of HB antenna alone. (a) S parameters. (b) Realized gain. (c)
Radiation patterns for port 5 in the yoz-plane.

Figure 4.7(a)-7(c) present the simulated S-parameters, realized gains, and radiation
patterns, respectively, of the proposed HB antenna. Owing to the symmetrical structure
of the design, the radiation patterns for port 6 closely resemble those of port 5, and thus
the port 6 patterns are omitted for brevity. As depicted in Figure 4.7(a), the reflection
coefficients stay below -14 dB across the 1.7-2.7 GHz frequency range (45.5%), with port
isolation exceeding 26.4 dB in the same band. Figure 4.7(b) shows that the realized
gain varies from 8.1 dBi to 9.3 dBi for both port 5 and port 6 throughout the operating
band. Furthermore, from Figure 4.7(c), it can be seen that the radiation patterns exhibit

minimal variation over the entire bandwidth. The XPD is greater than 20.3 dB in the

75



CHAPTER 4. MULTI-BAND SHARED-APERTURE ANTENNA ARRAY BASED ON A
NEW BUFFERING SCHEME

boresight direction and stays above 9.5 dB for angles within —60° <6 < 60°.

4.3.2 HB Antenna with TCBL

The HB antenna is meant to be placed inside the LB antenna to maximize space utiliza-
tion efficiency. In such shared-aperture configurations, it is typically expected that the LB
antenna will deteriorate the performance of the HB antenna [21, 22, 24, 83], especially
given the wide operating bandwidth of the HB antenna. In [83], wide-band filters had
to be inserted into the LB radiators to ensure they were electromagnetically invisible
to the HB element. This not only increased fabrication difficulty but also reduced the
bandwidth of the LB antenna. In contrast, no additional filtering is needed in this work
because, rather than degrading the HB antenna’s performance, the TCBL introduces a
new resonant mode that further expands the HB bandwidth from 45.5% to 59.0%.

To investigate this improvement more thoroughly, the HB antenna is examined under

three different scenarios, as illustrated in Figure 4.8:

¢ Case A: HB antenna alone

¢ Case B: HB antenna + TCBL

¢ Case C: HB antenna + TCBL + LB antenna

Figure 4.8(a) shows that the stand-alone HB antenna (Case A) exhibits resonances
at approximately 1.8 GHz, 2.2 GHz, and 2.55 GHz, labeled R 41, Ra2, and Ra3.When
the TCBL is introduced in Case B, additional capacitive coupling is added, enhancing
impedance matching at lower frequencies. This modification gives rise to a new resonance,
Rpo, at 1.5 GHz, effectively extending the HB bandwidth from 45.5% (1.7-2.7 GHz) to
60.2% (1.45-2.7 GHz). Meanwhile, R 41 shifts to Rp1 at 1.7 GHz, and R 49 moves to Rps at
2.0 GHz. The third resonance, R g3, remains nearly unchanged from R 43 due to weaker

coupling at higher frequencies. Notably, in Case C, the inclusion of the LB dipoles does
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not negate the bandwidth enhancement. Instead, the HB bandwidth under Case C still
achieves 1.47-2.7 GHz (59.0%), with a reflection coefficient lower than —14 dB, which is

broader than the initial stand-alone scenario (Case A).
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Figure 4.8: Comparison of |S55| of the HB antenna in three cases: Case A: HB antenna
alone; Case B: HB antenna + TCBL; Case C: HB antenna + TCBL + LB antenna.

To clarify the reason behind this bandwidth enhancement, Figure 4.9 compares the
current distributions at resonances R 49—R 43 in Case A to Rgo—Rp3 in Case B, using
arrows to indicate the direction of current flow. At 1.5 GHz, the HB antenna in Case A
has an aperture size of only 0.26 x 0.26 wavelengths, which limits the current paths and
restricts efficient radiation. In contrast, Case B at this frequency exhibits significantly
extended coupled currents on the TCBL. These currents on the TCBL, which are more
pronounced than the currents on the HB aperture, form an effective resonance mode at
1.5 GHz. For the other three resonances, the current distributions on the HB radiators in
both Case A and Case B remain similar, with minimal induced currents observed on the
TCBL. Consequently, the TCBL contributes a newly generated resonance mode, while

leaving the original resonant states of the HB antenna largely unaffected.
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Figure 4.9: Current distributions on the TCBL and HB radiators in Case A at Ro-R a3
and in Case B at Rpo-Rp3 when port 5 is excited (-45°polarization).

4.4 Shared-Aperture Dual-Band Antenna Array

Controlling cross-band scattering and coupling is critical for shared-aperture arrays, as
they directly affect radiation patterns and port isolation. The proposed buffering-scheme-
based array incorporates the novel TCBL, which not only enables a compact low-profile
configuration but also functions as an “electromagnetic buffer” to suppress cross-band
interference. This section explores how the TCBL minimizes unwanted scattering and
coupling, with Part A and Part B demonstrating its respective impact, and how it
contributes to overall array performance.

Figure 4.10 shows the final structure of the buffering-scheme-based shared-aperture
antenna array. To reduce the gain variation observed in the HB antenna when it is placed
in the array environment, additional side reflectors are incorporated between the HB
and LB antennas. These side reflectors follow a conventional approach widely adopted in
array optimization [20, 22, 23, 82]. Various slots and protruding blocks are strategically
incorporated on the dielectric substrates and ground plane to form reliable mechanical

and electrical connections across different parts of the overall structure.
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HB antenna

13 mm

)‘y - (HB -45°) (HB +45°)
X Port 1+Port 3—Port c1; Port 2+Port 4—Port c2

Figure 4.10: Final configuration of the shared-aperture dual-band antenna array. (Unit:
mm).

4.4.1 Mitigated Cross-Band Scattering

In conventional dual-band array arrangements such as those shown in Figure 4.1(a)
and (b), the HB antennas are often placed under the LB antennas. Consequently, the
HB radiation is blocked and scattered by the overlying LB antennas, causing significant
pattern distortion. To alleviate this distortion, LB antennas are often redesigned with
filtering properties so that they become electromagnetically transparent in the HB [2].
By contrast, the LB antenna in the proposed buffering scheme has a height similar to
that of the HB antenna, significantly reducing its blockage of the HB radiation. This
is investigated by comparing the HB antenna’s radiation performance in four different

scenarios, as shown in Figure 4.11:

Scenario 1: HB antenna alone

Scenario 2: HB antenna with a standard-height LB antenna

Scenario 3: HB antenna in the proposed buffering scheme

Scenario 4: HB antenna in the buffering scheme with side reflectors
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Scenario 3 Scenario 4

Figure 4.11: Four scenarios for evaluating HB scattering.
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Figure 4.12: Comparison of HB realized gains in all four scenarios.

Figure 4.12 shows the realized gains in these four scenarios. In Scenario 1, the
stand-alone HB antenna maintains stable gain within its original impedance bandwidth
(1.7-2.7 GHz) but experiences a sharp drop below 1.7 GHz due to poor matching. In

Scenario 2, embedding the HB antenna in a standard-height LB cavity causes severe
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gain fluctuations, reaching a minimum of 3.4 dBi at 2.4 GHz with a variation of 6.8 dB,
primarily due to blockage and scattering by the LB antenna, as noted in prior studies.
In Scenario 3, however, when the HB antenna is integrated with the newly proposed
low-profile LB antenna, the gain performance improves significantly: the minimum gain
is raised to 6.0 dBi, and the overall variation narrows to 3.0 dBi. Finally, by introducing
side reflectors in Scenario 4, the HB gain difference further decreases to 1.7 dB, while

the realized gain spans from 7.1 dBi to 8.8 dBi.
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Figure 4.13: Co-polarized patterns at 1.5, 1.9, 2.3, and 2.7 GHz for Scenarios 1, 2, and 4.

The radiation patterns in Figure 4.13 further confirm these findings by comparing

the HB antenna’s performance in Scenarios 1, 2, and 4 at 1.5 GHz, 1.9 GHz, 2.3 GHz, and
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2.7 GHz. In Scenario 1, the standalone HB antenna maintains stable beamwidths but
exhibits low boresight gain at 1.5 GHz due to impedance mismatch. In Scenario 2, the
HB patterns are clearly degraded by severe scattering, leading to substantial beamwidth
variations. Conversely, in Scenario 4, the HB antenna patterns are nearly restored
to what they were in the standalone configuration (Scenario 1), indicating that cross-
band scattering from the LB is effectively suppressed. This demonstrates that the
proposed buffering scheme yields mitigated scattering and hence preserved HB radiation

performance.

4.4.2 Suppressed Cross-Band Coupling

Leveraging the uniquely designed TCBL, the proposed shared-aperture dual-band array
achieves effective cross-band isolation without requiring any added decoupling structures.
Figure 4.14 demonstrates this by comparing the cross-band coupling coefficients |S 15/,
IS16l, 1S95], and |S9g| in both bands for two cases: with and without the TCBL. Due to
symmetry, the behavior of other ports is similar and thus omitted.

From Figure 4.14(a), without the TCBL, the cross-band coupling coefficients remain
below —18.7 dB in the LB but only —10.7 dB in the HB. In comparison, Figure 4.14(b)
demonstrates that incorporating the TCBL provides considerable isolation improvement
between the LB and HB antennas: the cross-band coupling coefficients improve to below
—19.7 dB in the LB and —25.4 dB in the HB. This outcome confirms that the TCBL acts
as an “electromagnetic buffer,” effectively preventing cross-band energy from reaching
other ports when either the LB or HB antennas are excited. Notably, the sharp resonance
at 0.84 GHz in the LB cross-band coupling curves corresponds to a minor resonance
of the HB antenna at this frequency. While this shift could be moved further from the
operating band by adding a small resonance shifter to the HB balun [13], the cross-band

isolation still remains above 24 dB even without such an adjustment.
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Figure 4.14: Comparison of cross-band coupling coefficients in both bands (a) without
and (b) with the TCBL.

To illustrate this point, Figure 4.15(a) and (b) depict the current distributions in
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the array at three representative frequencies in the LB and HB, respectively. In Fig-
ure 4.15(a), when the LB ports (port 1 and port 3) are driven, strong coupling currents
are observed on the TCBL, but the coupling to the HB antenna is well suppressed.
In contrast, Figure 4.15(b) demonstrates that, with port 5 of the HB antenna excited,
there is minimal current distributed at the LB ports, despite relatively strong coupling

between the HB antenna and the TCBL at 1.5 GHz. This confirms that the TCBL effec-
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tively isolates the LB and HB antennas from one another, thus diminishing cross-band

interference.

LB antenna excited HB antenna excited

y 0.96 GHz

(a) (b)

Figure 4.15: Current magnitude distributions at (a) 0.69, 0.8, 0.96 GHz in the LB and (b)
1.5,2.2, 2.7 GHz in the HB.

4.5 Experimental Results

Figure 4.16 presents a photograph of the fabricated prototype. Two commercial power

dividers are integrated into the LB antenna to feed its two polarization ports. A Rohde &

84



4.5. EXPERIMENTAL RESULTS

Schwarz ZNBTS8 Vector Network Analyzer was employed for the S-parameter measure-
ments, while a Keysight (Agilent) N5183A MXG Microwave Analog Signal Generator
and an N5264B PNA-X Measurement Receiver were used in the far-field chamber for

the radiation measurements.

= A —— o

Figure 4.16: Fabricated array prototype.

4.5.1 Measurement and Simulation Results

Figure 4.17 summarizes the performance of the completed LB antenna within this dual-
band array. Generally, the measured results show good agreement with simulation. As
observed in Figure 4.17(a), the measured reflection coefficients |S¢,.,| and |S¢,,| are both

under —10 dB over 0.69-0.96 GHz (yielding 32.7% bandwidth), and the measured mutual
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coupling [S;,¢,| is below —28.6 dB. Discrepancies between simulated and measured
IS¢,c,| values can be attributed to the fact that the simulation is idealized, whereas the
practical setup includes real power dividers. Figure 4.17(b) indicates that the measured
realized gains vary from 6.3 dBi to 8.3 dBi for port ¢; and from 6.8 dBi to 8.4 dBi for
port co. Figure 4.17(c) shows stable measured radiation patterns for port c1, where the
boresight XPD exceeds 23.9 dB. Owing to the symmetrical geometry, the patterns for

port cg remain similar and thus are not shown.
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Figure 4.17: Measured and simulated LLB performance. (a) S-parameters. (b) Realized
gain. (c¢) Radiation patterns (port c1) in the yoz-plane.
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Figure 4.18 compares the measured and simulated HB antenna results. From Fig-
ure 4.18(a), it can be seen that most of the measured |S55| and |Sgg| values remain below
—14 dB within 1.47-2.7 GHz (59.0% bandwidth), except for a very narrow frequency
region in which |S55| slightly rises to —12.8 dB. The measured |S5g| stays below —22.3 dB
throughout the same band. Figure 4.18(b) shows that the measured realized gains lie
between 6.6 dBi and 7.9 dBi for port 5, and between 6.7 dBi and 8.0 dBi for port 6. In
Figure 4.18(c), the measured HB radiation patterns align well with simulated results,
and the measured XPDs exceed 18.5 dB at the boresight. Because the patterns for port 6
closely resemble those of port 5, only port 5 patterns are provided for succinctness.

Figure 4.19 illustrates the cross-band coupling levels between the LB and HB anten-
nas in the realized array. The measured data agree closely with simulation, confirming

cross-band coupling below —20.1 dB in the LB band and below —23.4 dB in the HB band.

0
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Figure 4.19: Measured and simulated cross-band coupling (a) in the LB and (b) in the
HB.

4.5.2 Performance Comparison

Table 4.1 compares the proposed dual-band buffering-scheme-based shared-aperture
array with several state-of-the-art designs. Within each category of array schemes, one

recent work and one work with the lowest profile are included, sorted by ascending array
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Table 4.1: Comparison of State-of-the-Art Dual-Band Dual-Polarized Shared-Aperture
Arrays Based on Different Collocation Schemes

Ref. Array Array | LB Antenna LB HB C;;)slsa-fjrrlld
Year Scheme Profile Size Bandwidth Bandwidth ( dBl)
*
[14] Interleaved 0.159 N.G. 45.5% 14.1% >28.0 (LB),
90924 e . xN.G.* (L7-2.7GHz), | (33-38GHw), | 0.0
L x0.1591, VSWR < 1.92 VSWR < 1.92 '
[16] Interleaved 0.192 0.303Az, 40.0% 14.1% >20.0 (LB),
2091 Sehoms . x0.30311, (18-2.7GHz), | (33-38GH»), | 7)o qro
L x0.19211, VSWR < 1.92 VSWR < 1.92 :
0.3941; 18.7% 51.9%
2[3?8 E‘S‘ﬂ}’f‘ﬂe‘l 0;09 x0.3941; | (0.82-0.99 GHz), | (1.68-2.86 GHz), izg'g %I?B))
cheme L x0.1091;, VSWR < 2 VSWR < 2 :
0.2841; 40.2% 45.5%
z[ggé EISnll’le‘Iljed 0'507 x0.2841; | (0.69-1.02 GHz), | (1.70-2.71 GHz), izg‘g EI;IP];))
cheme L x0.207A1, VSWR < 1.43 VSWR < 1.43 :
0.2851; 32.7% 8.5%
5?2 22?1‘;1$‘: 0;38 x0.2851; | (0.69-0.96 GHz), | (3.4-3.7 GHz), ii‘;g EI;IBB))
L x0.11917, VSWR < 1.92 VSWR < 1.92 ‘
0.30317 30.0% 77%
%gi 22;‘&2 °f85 «0.3031;, | (1.7-2.3GHz), | (2.5-2.7 GHz), Zzzg %11133))’
L x0.136L VSWR < 1.7 VSWR < 1.7 '
. 0.4141; 32.7% 14.1%
2!3(2)]1 Ca"étBI’l’B;"ked 0'507 x0.4141; | (0.69-0.96 GHz), | (3.3-3.8 GHz), Zééi EI;IBB))
cheme L x0.207AL, VSWR < 1.5 VSWR < 1.5 :
. 0.3961; 32.7% 5.7%
Z[g;]l CavétiBaCked 0'522 x0.3961; | (0.69-0.96 GHz), | (3.4-3.6 GHz), 52‘5‘3(&]?])3’)
cheme L x0.22211 VSWR < 1.5 VSWR < 1.5 :
. . 0.3451,, 32.7% 59.0%
VTVZI;T{ Bsﬁiﬁf O';)87 «0.3451;, | (0.69-0.96 GHz), | (1.47-2.7 GHz), Z;gi EIP‘I%))
L x0.087AL, VSWR < 1.92 VSWR < 1.5 :

N.G. represents Not Given.
Ar, represents the free-space wavelength at the corresponding lowest frequency of the LB antenna.

profile. Compared to these other published methods, the newly proposed buffering scheme
provides a substantially lower overall profile and simultaneously covers wide dual-band
bandwidth. In fact, this configuration achieves the smallest array profile and the widest
HB bandwidth among all compared works [14, 16, 24, 29-31, 82, 86]. Additionally, unlike
other approaches requiring filtering or frequency-selective components [14, 16, 29, 82, 86],
or that elevate the HB antenna [24], or utilize both concepts [30, 31], the proposed
buffering scheme intrinsically suppresses cross-band coupling and scattering without

additional filtering or decoupling measures.
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4.6 Conclusion

An innovative shared-aperture dual-band array has been presented, based on a new
buffering scheme that achieves a notably low profile of 0.08717,, stable radiation char-
acteristics, and suppressed cross-band interference across wide dual-band coverage of
0.69-0.96 GHz (32.7%) in the LB and 1.47-2.7 GHz (59.0%) in the HB. In contrast to
existing shared-aperture arrays, this design leverages structural coupling to improve
the overall performance while mitigating cross-band effects without resorting to any
filtering or frequency-selective structures. Specifically, it features a unique buffer layer
TCBL, which is tightly coupled with both the LB and HB radiators. By coupling to the
LB radiators, the TCBL facilitates a notably low-profile LB design, leading to diminished
blocking of the HB antennas and thus preserving the HB radiation patterns. Simultane-
ously, the TCBL introduces an additional resonance mode in the HB, extending the HB
bandwidth from 45.5% to 59.0%. Moreover, even though the HB and LB antennas are
positioned in close proximity, the array attains effective cross-band isolation exceeding
20.1 dB in the LB and 23.4 dB in the HB. The measurement results on a fabricated

prototype corroborate the simulations, confirming the effectiveness of this approach.
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CHAPTER

UWB TIGHTLY COUPLED DIPOLE ARRAY

Compared to multi-band antenna arrays that must address cross-band interference,
the UWB array inherently avoids this issue by covering a continuous UWB frequency
range. This chapter presents an UWB frequency-reconfigurable tightly-coupled dipole
array (FR-TCDA). The proposed array achieves high radiation efficiency and wide-angle
beam-scanning through a custom-designed frequency-reconfigurable layer combined with
a wide-angle impedance matching (WAIM) structure. The reconfigurable layer, which
employs PIN diodes, functions as a phase-shifting surface that transforms an unwanted
out-of-phase ground-plane (GP) reflection into a favorable in-phase reflection with mini-
mal insertion loss in each of its two contiguous frequency bands. Integrated dual-level,
double-sided capacitively loaded loops (DLDS-CLLs) arranged in a coplanar configuration
with the dipole elements serve as an effective WAIM structure, substantially improving
beam-scanning performance. Each array element is fed by a Klopfenstein tapered balun
equipped with a capacitance-loaded shorting pin, effectively suppressing common-mode
resonances across the entire operating range. A 14 x 14 prototype was fabricated and

measured, and the results align well with simulated predictions. In the broadside di-
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rection, the two reconfigurable states cover 0.37 —0.93 GHz and 0.85 —5.85 GHz with a
VSWR < 3 and radiation efficiency exceeding 95%. These two contiguous bands yield a
combined bandwidth of 15.8:1 (0.37-5.85 GHz). When scanned up to {+70°,+70°,+50°} in
the {E—,D—,H}-planes, the array achieves a combined bandwidth of 13.7:1 (0.42-5.77

GHz).

5.1 Introduction

The rapid growth of modern communications infrastructure drives the need for antenna
arrays capable of supporting broad frequency range and wide-angle beam-steering
while ensuring high-speed, stable, and uninterrupted connectivity [2]. Such stringent
requirements have propelled the development of UWB phased arrays that meet evolving
demands for bandwidth and angular coverage [87, 88].

Among various UWB phased array designs, tightly-coupled dipole arrays (TCDAs)
[46, 89], based on Wheeler’s current sheet theory [44, 45], have attracted significant
interest. TCDAs offer exceptional bandwidth, compact form factors, low profiles, and
excellent cross-polarization performance [48].

Typically, TCDAs achieve bandwidths around 5:1 by exploiting inter-element coupling
[50, 89], and some variants have reached 10:1 bandwidths without lossy materials
[561, 52]. However, further bandwidth extension is hindered by short-circuit resonances
induced by the GP [89]. To mitigate these effects, highly lossy components have been
introduced [53-55], but at the expense of reduced radiation efficiency. Another approach
utilizes polarization-converting ground planes to achieve up to a 20.9:1 bandwidth
without resistive losses, albeit with increased cross-polarization levels [56].

WAIM structures are often employed to broaden scan coverage and stabilize
impedance [46, 58], achieving scanning angles up to 60° using dielectric superstrates

[569, 60]. However, these methods can increase cost and weight. Some WAIM designs uti-
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lize PCB fabrication methods, offering lightweight solutions. FSS-based WAIMs [55, 901,
metasurfaces [62—64], planar metallic strips [65], wide-angle conjugate impedance match-
ing (WACIM) layers [91], and planar split rings [66] have also been explored, but their
bandwidths typically remain below 10:1.

This work introduces a frequency-reconfigurable TCDA (FR-TCDA) that employs
a custom-designed reconfigurable layer and a DLDS-CLLs-based WAIM structure to
achieve high efficiency and wide scanning angles across two contiguous frequency bands.
The reconfigurable layer uses PIN diodes to provide a low-loss solution for overcoming
short-circuit resonances without resorting to highly lossy materials. As a result, the
array covers 0.37—-0.93GHz (2.51:1) and 0.85—-5.85 GHz (6.88:1) at broadside with VSWR
< 3, providing a combined bandwidth of 15.8:1 (0.37-5.85 GHz) while maintaining high
radiation efficiency exceeding 95°. Under scanning up to +£70° in the E-plane, +70° in
the D-plane, and +50° in the H-plane, these two states cover 0.42 —0.93GHz (2.21:1)
and 0.90 —5.77GHz (6.41:1), respectively, realizing a combined 13.7:1 bandwidth (0.42-
5.77 GHz). A 14 x 14 prototype was fabricated and tested, confirming the simulated
performance.

The main contributions of this work are:

1. A new low-loss approach to overcome short-circuit resonances in TCDAs by employ-
ing a two-state reconfigurable layer that shifts in-phase reflection bands, enabling

substantially enhanced bandwidth without sacrificing efficiency.

2. ADLDS-CLLs-based WAIM design to achieve improved scanning performance over
two contiguous bands. Integrated in a co-planar configuration with the dipoles, the
WAIM design is lightweight and features a straightforward, fabrication-friendly

layout.

3. A specialized feeding scheme with Klopfenstein tapered baluns and capacitively-

loaded shorting pins, ensuring UWB operation without undesirable resonances.
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Section 5.2 describes the array configuration, including the reconfigurable layer,
DLDS-CLLs, dipole arms with coupling pads, and the feeding scheme. Section 5.3
presents the fabrication and measurement results of the 14 x 14 prototype. Section

5.4 concludes the chapter.

5.2 Array Design

Figure 5.1(a) illustrates the unit cell of the proposed array, which was modeled and

analyzed in ANSYS HFSS. The design exhibits a periodic spacing of 22 mm (0.43 1g,

where Ay represents the wavelength at the highest frequency) along both the x- and
y-axes.

h 1) DLDS-CLLs _

. 2) Dipole arms E i}{} ‘ N

Layer-1 Layer-2 Layer-3

& coupling pads

. - Substrate-2
. 3) Reconfigurable layer .

4) Capacitively-loaded
shorting pin
5) GP

4) Tapered balun i
)\}.

X
5) Supporting plane

Substrate-1

Supporting plane

Input port

(a) (b) (c)

Figure 5.1: Unit cell design. (a) Isometric view. (b) Exploded view with vertically oriented
elements. (c) Exploded view with horizontally oriented elements.

94



5.2. ARRAY DESIGN

From top to bottom, the core parts of the unit cell include:

1) DLDS-CLLs WAIM structure,

2) dipole arms with coupling pads,

3) reconfigurable layer,

4) feeding section (incorporating the Klopfenstein tapered balun and the -

capacitance-loaded shorting pin),

5) GP and the supporting plane.

Figures 5.1(b) and 5.1(c) provide exploded views of the vertically and horizontally
assembled structures, respectively. Components 1), 2), and 4) are printed on substrates
oriented vertically, whereas Component 3), the reconfigurable layer, is realized on a
horizontally oriented substrate. Substrate-1 is specially shaped to ensure secure vertical
insertion into the corresponding slots on Substrate-3, the GP, and the supporting plane.
Notably, the GP promotes unidirectional radiation and connects to the shorting pins.
Meanwhile, the supporting plane provides mechanical support and alignment. Both
the GP and the supporting plane have square apertures at their centers to prevent
interference with the balun performance.

Substrate-1 and Substrate-2 use Taconic TLY (relative permittivity &, = 3, loss
tangent tané = 0.0009, thickness = 1.016 mm), whereas Substrate-3 employs Taconic
TSM-DS3 (¢, = 2.2, tand = 0.0011, thickness = 1.016 mm).

Figure 5.2 provides examples of two array prototypes: a 1x3 linear array and a 3x3
finite array. Subsequent Sections 5.2.1-5.2.4 elaborate on the roles and design details of

each key component.
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Figure 5.2: Example arrays: (a) Front view of a 1 x 3 linear array. (b) Isometric view of a
3 x 3 finite array.

5.2.1 Reconfigurable Layer

Figure 5.3(a) illustrates the detailed configuration of the reconfigurable layer’s unit cell.
Each cell consists of four metallic patches with interdigital edges, four PIN diodes, and
two bias lines, all placed on the top side of Substrate-3. The Infineon BAR90-02ELS PIN
diodes, which operate up to 6 GHz with low loss and distortion, were selected. The diodes
are arranged between adjacent metallic patches, with a bias current of 10 mA. Those
placed along the x-axis share the same orientation, while those placed along the y-axis
are oriented oppositely. To control the diodes, each patch pair along the y-axis (in yellow
and blue, respectively) is connected to the positive or negative DC bias lines. These lines
are only 0.2 mm wide and oriented perpendicularly to the y-axis within each unit cell;

thus, their influence on the co-polarization performance of the array is negligible.
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Figure 5.3: Reconfigurable layer. (a) Unit cell structure (dimensions in millimeters). (b)
Biasing network schematic.

Figure 5.3(b) depicts the bias network for the reconfigurable layer, where a symbolic
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representation of a 3x3 patch array is shown for clarity, omitting the other cells. Two
commercially available UWB RF chokes (Mini-Circuits ADCH-80A+) are placed at the
bias line terminations close to the DC source to ensure proper DC/RF isolation.

One of the primary challenges in achieving a TCDA with over a 10:1 bandwidth is
the so-called short-circuit resonance band. Such bands appear when the dipole-to-GP
distance approximates A/2 at certain frequencies. In this configuration, the upward-
traveling wave and the wave reflected from the GP have nearly equal magnitude yet
opposite phase, causing mutual cancellation [47, 53, 87]. Moreover, these short-circuit
resonances repeat periodically at heights NA/2 (where N is a positive integer), degrading
radiation performance and limiting the bandwidth. The proposed reconfigurable layer
effectively prevents the occurrence of these bands.

In our design, the dipole surface is positioned 42 mm above the GP, leading to a
short-circuit resonance at 3.57 GHz where A = ¢/2(h1 + h9). By inserting the custom re-
configurable layer between the dipole and the GP, the undesirable out-of-phase reflection
band is replaced by an in-phase reflection band, facilitated by the PIN diodes that switch
between two distinct frequency-band states. This reconfigurability extends the overall
operating bandwidth while preserving the array’s aperture size and maintaining low
insertion loss.

A simplified unit-cell model was analyzed to investigate the in-phase reflection band,
as shown in Figure 5.4(a). The reconfigurable layer lies directly above the GP and is
surrounded by periodic boundaries in the x- and y-directions. A Floquet port is placed at
the same height as the dipole surface, with the electric field aligned along the dipole’s
co-polarization direction (i.e., the y-axis). According to the datasheet, the PIN diodes are
modeled as 1.8 Q in series with 0.2 nH inductance in the on-state, and as 0.21 pF in

series with 0.2 nH inductance in the off-state, consistent with lumped boundary modeling

in HF'SS.
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Figure 5.4: Reflection properties of the reconfigurable layer. (a) Simplified model. (b)—(c)
Reflective magnitude and phase for off- and on-states, respectively. (d)-(e) VSWR and
radiation efficiency of the FR-TCDA unit cell in broadside for the off- and on-states.

Figures 5.4(b) and 5.4(c) plot the reflection magnitude and phase for the simplified
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model in the off-state and on-state, respectively, highlighting the regions where +90°
in-phase reflection occurs. With the diodes off, the in-phase reflection band is at relatively
lower frequencies; when the diodes are on, it shifts to higher frequencies. This shift
enables the final array (Figure 5.1(a)) to achieve band reconfiguration, verified by the
broadside impedance matching results in Figures 5.4(d) and 5.4(e). The array’s VSWR
< 3 ranges from 0.37-0.93 GHz in the off-state and from 0.85-5.85 GHz in the on-state.
For convenience, these two states are referred to as the lower-band state (LS) and higher-
band state (HS) hereafter. The overall design further broadens the operating ranges of
both states via the DLDS-CLLs and coupling pads, shifting the LS slightly downward in
frequency to enlarge the contiguous dual-band coverage.

Critically, after parameter optimization, this reconfigurable approach offers high ra-
diation efficiency in both states (exceeding 95% when the beam is aimed in the broadside
direction), as evidenced in Figures 5.4(d) and 5.4(e). This advantage largely derives from
the low insertion loss of the reconfigurable layer: for the off-state, the loss remains below
0.015 dB, whereas for the on-state it stays below 0.35 dB, as observed in Figures 5.4(b)
and 5.4(c). These values are significantly lower than what is typically encountered in a
GP loading approach employing resistive frequency selective surfaces, which can incur
reflection losses near 3.8 dB [53].

To extend coverage of the LS while ensuring minimal overlap with the HS band, in-
terdigitated patch edges are introduced on the reconfigurable layer. Three representative

patch designs, illustrated in Figure 5.5(a), were examined:

* Model 1 has wider (3 mm) straight-edge gaps,

* Model 2 uses narrower (1 mm) straight-edge gaps,

* Model 3 employs interdigitated edges.

From Model 1 to Model 3, stronger coupling between adjacent patches arises, producing
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distinct phase responses. Figures 5.5(b) and 5.5(c) present the reflection phases in the HS
and LS, respectively. With the diodes on (HS), all three models exhibit nearly identical
responses since the patches are electrically connected. In the off-state (LS), they differ
noticeably. Model 1 shows a high-frequency segment of the LS in-phase reflection band
overlapping with the HS band, reducing the overall dual-band coverage. Progressively
increasing interpatch coupling (as in Model 3) shifts the LS band to lower frequencies,
mitigating overlap with the HS. However, the in-phase reflection band becomes narrower
as it migrates downward, necessitating careful parameter tuning of the interdigital

geometry to optimize the collective bandwidth.

Model 2 Model 3
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Figure 5.5: Influence of patch-edge configuration. (a) Three patch-edge models. (b) Reflec-
tion phases in the on-state. (c) Reflection phases in the off-state.

The power consumption of the diodes is minimal. It was assessed by comparing the
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realized gain of the actual unit cell (with real diode values) to that of a reference unit cell
(with ideal PEC segments in place of diodes). At the on-state, this difference was below
0.07 dB across the band of operation, and was negligible at the off-state (where ohmic

losses are virtually absent).

5.2.2 Dual-level Double-sided Capacitively Loaded Loops

(DLDS-CLLs)

The WAIM configuration, referred to as DLDS-CLLs, is illustrated in Figure 5.6. These
CLLs share a co-planar arrangement with the dipole arms, producing a lightweight,
readily manufactured structure. The DLDS-CLLs have a periodicity that is one-quarter of
the overall 22 mm unit cell spacing. Two levels of CLLs are implemented, each patterned
on both sides of Substrate-1. Minor dimensional differences are introduced at each level

to optimize performance throughout both contiguous frequency bands of interest.

0.2 33
Second-level ﬁ
ond-i ﬁq.—_nzl
21510 '

02 53

JC Jz JC 3

Figure 5.6: Dimensions of the DLDS-CLLs (in millimeters).

First-level
CLLs
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Figure 5.7: (a) Four simplified WAIM models. (b)—(c) Input impedance (normalized to
150Q2) at broadside for the off-state (b) and on-state (c).

The DLDS-CLLs help alleviate variations in input impedance that arise at broad-
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side and throughout beam scanning, across the array’s two reconfigurable bands. To
demonstrate how the DLDS-CLLs minimize impedance variation under broadside and

scanning conditions, four configurations were compared in simulation:

Case 1: no WAIM,

Case 2: single-level single-side CLLs,

Case 3: dual-level single-side CLLs,

Case 4: the final DLDS-CLLs.

These four cases are illustrated in Figure 5.7(a). A simplified model was used wherein
an ideal-fed dipole element was combined with a reconfigurable-layer state emulated
by changing the dipole’s height above the GP. Figures 5.7(b) and 5.7(c) show the active
input impedance results for the LS and HS, respectively, for all four cases. The results
confirm that the DLDS-CLLs (case 4) yield the smallest impedance variation and a
correspondingly superior matching profile.

A series of parameter studies elucidated the evolution from single-level to dual-level
CLLs. The selected key parameters include: WZ; (length of the first-level CLLs along
the z-axis), WH; (spacing between the dipole and the first-level CLLs), WZy (length of
the second-level CLLs along the z-axis), and WHj (spacing between the first- and second-
level CLLs). In case 2, the operational bandwidths for the LS and HS were comparatively
narrow, and a clear trade-off existed between them. Figure 5.8(a) demonstrates that
increasing WH; extends the LS band by pushing its upper frequency limit higher.
However, this also reduces available HS bandwidth, as shown in Figure 5.8(b). Likewise,

varying WZ; yields a similar trade-off, as shown in Figures 5.8(c) and 5.8(d).
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Figure 5.8: Parametric analysis of first-level CLLs in case 2: (a)—(b) effect of WH1 and
(c)—(d) effect of WZ1.

To address this trade-off, a second-level of CLLs (case 3) was added, leading to
an expansion of both bands simultaneously. As depicted in Figures 5.9(a)-5.9(d), the
design parameters WH9 and WZs primarily fine-tune HS bandwidth while exerting
less impact on the LS. Nevertheless, WH still controls the HS bandwidth, initially
increasing it, then gradually decreasing it for large values, as seen in Figures 5.9(a)

and (b). Meanwhile, WZ3 mainly modifies high-frequency matching in the HS, as seen in

Figures 5.9(c) and (d).
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Figure 5.9: Parametric analysis of second-level CLLs in case 3: (a)—(b) effect of WH2 and
(c)—(d) effect of WZ2.

Finally, placing dual-level CLLs on both sides of Substrate-1 (case 4) offered additional
mitigation of the high impedance variation present in case 3. The final dimensions of the
DLDS-CLLs resulted from an overall optimization that balanced performance in both
reconfigurable states. Figures 5.10(a) and 5.10(b) compare the input impedance loci when
the beam is scanned up to +45° in the E-/H-planes. Case 4 exhibits significantly less
variation compared to case 1, improving matching throughout scan. The fully optimized

geometries of the DLDS-CLLs are indicated in Figure 5.6.
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Figure 5.10: Input impedance under 45° E-/H-plane scanning for (a) 0.42—-1.0 GHz (LS)
and (b) 1.0-5.0 GHz (HS) in the no-WAIM vs. final WAIM case.
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Figure 5.11: Simulated radiation efficiency for various scan angles in the (a) LS and (b)
HS.

Figure 5.11 shows the radiation efficiency of the array’s unit cell across several scan

angles: E-/D-/H-planes at 0°, 45°, and 70°. In the LS, the efficiency stays above 98.6%.
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In the HS, it exceeds 95.0% for most of the band, dropping only at its high-frequency
edge, particularly for oblique angles such as E-45°, D-45°, and D-70°. Even under these

conditions, it remains above 86.2%.

5.2.3 Dipole Arms with Coupling Pads

Figure 5.12 illustrates the dipole arms and their sandwich-like capacitive coupling pads,

which offset the inductive reactance at lower frequencies introduced by the GP [89].

I B Coupling pads
B Dipole arms

Shorting via

Figure 5.12: Dipole arms and coupling pads (in millimeters).
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Figure 5.13: Influence of single- vs. double-sided coupling pads on LS VSWR at broadside.

Figure 5.13 compares the broadside VSWR for the LS of the proposed frequency-
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reconfigurable TCDA (FR-TCDA) when employing single-side and double-side coupling
pads. It is seen that the double-side case notably extends the lower edge of the LS

bandwidth, confirming its effectiveness in improving low-frequency matching.

5.2.4 Feeding Scheme

A tapered balun approach is employed here, leveraging Klopfenstein tapers [76] to
achieve multi-octave coverage with high impedance transformation ratios and minimal
insertion loss [55, 63, 75, 77]. As shown in Figure 5.14(a), the designed balun transitions
from a 50 Q2 unbalanced “port 1” to a 150 QQ balanced “port 2”. Figure 5.14(b) depicts
the balun’s S-parameters for different taper lengths, demonstrating that increasing the
taper length improves the reflection coefficient at lower frequencies. The final optimized

length is 115 mm, ensuring |S11| < —15 dB and |S21| < 0.4 dB across the passband.

i)
25 0.58

Port 1 *Port 2

——|S11| B_L=40 mm
-==1]S11| B_ L=80 mm
------ [S11] B_1L=115 mm
—-—|S21] B_L=115 mm

Reflection coefficients (dB)

Transmisson coefficients (dB)

1 2 3 4 5 6
Frequency (GHz)

(b)

Figure 5.14: Klopfenstein tapered balun: (a) geometry (mm). (b) S-parameters for 50—
150 Q transformation at various lengths.
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Figure 5.15: (a) Evolution of the capacitance-loaded shorting pin. (b)-(c) VSWR perfor-
mance at E-45° (HS) and broadside (LS).

Although the baluns themselves function effectively, the dense array environment
can introduce undesirable common-mode currents on the baluns and dipole arms [67, 68],

leading to common-mode resonances that restrict the operating bandwidth. Previously
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reported TCDAs with bandwidths greater than 10:1 using tapered baluns often utilized
highly lossy materials and did not face the challenge of common-mode resonances.
However, this came at the expense of reduced efficiency.

In contrast, this design employs customized capacitance-loaded shorting pins to
suppress these common-mode resonances without resorting to excessive losses. Fig-
ures 5.15(a) and (b) illustrate the shorting-pin design steps. Initially, integrating the
balun into the unit cell introduced a common-mode resonance at 4.3 GHz in the HS
when the beam scanned up to 45°in the E-plane, as shown by the red solid line in
Figures 5.15(b). Normal shorting pins were added to suppress this resonance, but they
caused a new resonance at 0.84 GHz in the LS, as depicted by the blue dashed line in
Figures 5.15(b). To address this issue, a capacitance was added to the shorting pin, as
shown in step 3 of Figures 5.15(a). This adjustment eliminated the LS resonance while
preventing the HS resonance from reappearing, as indicated by the green dotted lines in
both Figures 5.15(b) and (c).

Figure 5.16 clarifies the mechanism for tuning out the LS resonance. As illustrated
in Figure 5.16(a), a resonance loop exists in each unit cell due to the GP and the
resulting image currents. This loop causes an unwanted resonance in the LS, with its
frequency determined by the loop path length and the inter-element capacitance related
to the coupling pads. Because the coupling pad dimensions were determined prior to
integrating the feeding parts, introducing a gap capacitance in the shorting pin below
the reconfigurable layer (Substrate-3) was necessary to break this unwanted loop at
0.84 GHz, as shown in Figure 5.16(b). Placing the gap capacitance below Substrate-3
ensures minimal interference with the reconfigurable layer’s role in suppressing the
HS common-mode resonance. Through systematic optimization, this final feed network

efficiently covers both reconfigurable bands without any detrimental resonances.
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Figure 5.16: Current loop at 0.84 GHz in the LS (blue arrows) (a) with normal pin and
(b) with capacitance-loaded pin.

5.3 Experimental Results

5.3.1 Fabrication and Assembly

Figure 5.17 presents the fabricated 14 x 14 element array. To assemble the array,
Substrate-2 was first secured onto Substrate-1 by using dielectric screws. Substrate-1
was then vertically inserted into the matching slots on Substrate-3 so as to ensure
precise alignment and stable positioning. In order to improve the overall mechanical

stability of the array, polymethacrylate (PMI) rigid foams with a relative permittivity of
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e, = 1.03-1.08 were placed between Substrate-3 and the GP, and also between the GP and
the supporting plane. These foam inserts not only help maintain the structure’s rigidity

but also introduce minimal electrical impact, owing to their low dielectric constant.

(a) (b)

Figure 5.17: Prototype photos: (a) Array elements. (b) Reconfigurable layer. (c) Measure-
ment setup in the chamber.

All active components on the reconfigurable layer were mounted using surface-mount
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technology (SMT), enabling compact and reliable interconnections. The scattering para-
meters (S-parameters) of the array were measured with a Rohde & Schwarz ZVB20
Vector Network Analyzer, allowing accurate characterization of the array’s input re-
sponse over the full operational bandwidth. Moreover, the unit-excitation active element
pattern (UEAEP) [92] of each element was measured in a far-field test environment,
which comprised a Keysight (Agilent) N5183A MXG microwave analog signal generator
and an N5264B PNA-X receiver. This measurement system facilitated precise beam

characterization, providing insight into each element’s fundamental radiation properties.

5.3.2 Measurement and Simulation Results

Figures 5.18(a)—(b) illustrate the measurement setup for evaluating the prototype array
in the E-/H-planes and D-plane, respectively. In these diagrams, each cell represents a
single array element. For the E-plane and H-plane measurements, a common 10 x 10
active-element aperture (shown in orange) was employed, while an 8 x9 aperture (shown
in cyan) was utilized for the D-plane measurements. The remaining (uncolored) elements
functioned as passive elements intended to mitigate truncation effects that arise from
finite array dimensions.

The active VSWR of the central element at coordinates (7,7) was extracted by analyz-
ing its measured reflection and transmission coefficients relative to every other element.
During this procedure, all other ports were terminated with 50Q) loads to ensure a
realistic array environment. The following expression, taken from [40, 92], was employed

to obtain the active reflection coefficient at a given scan angle (6o, ¢o):

M N
Tinn (60,80) = Y. Y Smnpq exp{—j[(p —m)kd, sinfycospo +(q —n)kd, sinfysingy| },
p=1q=1
(5.1)

where s,,, pq is the transmission coefficient between elements mn and pg, M and
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N are the total number of elements in the x- and y-directions, d, and d, are the inter-

element spacings, and % is the free-space wavenumber.

( lf 1 | H_pkme (1, 1?4)
| D-plane
¢ E-pla nﬁ
¥ ¥
(14.1) (14.14)
(a) (b)

Figure 5.18: Active apertures used for pattern measurements. (a) E-/H-planes. (b) D-
plane.

Figure 5.19 compares the simulated and measured active VSWRs in both the LS and
HS. Under broadside conditions, the simulated VSWR curves show a combined total
15.8:1 bandwidth across 0.37-5.85 GHz, with a VSWR below 3. Specifically, the LS covers
0.37-0.93 GHz (2.51:1), whereas the HS spans 0.85-5.85 GHz (6.88:1). In terms of beam
scanning, these two contiguous states jointly maintain a VSWR below 3 over a 13.7:1
bandwidth ranging from 0.42-5.77 GHz (LS: 0.42—-0.93 GHz, HS: 0.90-5.77 GHz) for scan
angles up to +70° in the E-plane, +70° in the D-plane, and +50° in the H-plane. Notably,
although most measured VSWR values remain below 3, a few narrow frequency regions
approach 3.5. Moreover, in the LS, the measured responses drift marginally toward
higher frequencies compared to the simulations. These slight deviations are attributed
to the practical differences between the idealized infinite-array model in simulation and
the actual finite-array implementation, as well as typical tolerances in manufacturing

and assembly processes.
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Figure 5.19: Simulated and measured active VSWR for broadside and various scans in
the E-/D-/H-planes: (a)-(d) LS and (e)-(h) HS.
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Figure 5.20: Simulated and measured scan patterns at (a),(c),(e) 0.8 GHz and (b),(d),(f)

5.0 GHz in the E-/D-/H-planes.

Figure 5.20 shows the simulated and measured co-polarization (Co-pol) and cross-
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polarization (Cx-pol) radiation patterns in the E-/D-/H-planes at 0.8 GHz (LS) and
5.0GHz (HS). In both frequency bands, the beam-scanned patterns exhibit a high degree
of consistency between simulation and experiment. At 0.8 GHz, the maximum scan angle
is restricted by the finite aperture size (only 0.587 wavelengths considering 0.8 GHz),
limiting the achievable angular range. Sidelobe levels remain below —10dB without any
dedicated amplitude tapering. Cross-polarization levels are maintained below —15dB
over most scan angles, reaching a slightly higher value of —10.37dB when scanning
to 70° in the D-plane at 5.0 GHz. The D-plane beam is marginally wider than its E- or
H-plane counterparts, primarily due to the reduced number of active elements along
that direction.

Figure 5.21 further illustrates the close correlation between simulated and measured
realized gains throughout the operating band. In particular, at lower frequencies within
the LS (and near the low end of the HS), the measured gain slightly exceeds the nominal
array aperture gain. This effect arises from the effectively enlarged aperture at lower
frequencies, where the peripheral elements and the GP region augment the radiation

through coupling mechanisms.
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Figure 5.21: Simulated and measured broadside gains in (a) LS and (b) HS.
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5.3.3 Performance Comparison

Table 5.1 provides a side-by-side comparison of this array with other published designs,
organized in ascending order of reported bandwidth. The first four entries (shaded) detail
TCDAs confined to less than 10:1 bandwidth without extra bandwidth-expanding layers,
while the fifth entry is a UWB Vivaldi array. The remaining references describe TCDAs

that integrate various techniques to surpass the 10:1 bandwidth limit.

Table 5.1: Comparisons with Published UWB Beam-scanning Arrays

Working band Maximum scanning angle Minimum | Minimum Extra
(GHz)/ total radiation bandwidth WAIM
Ref. i . . i . Profile
Relative E-plane D-plane H-plane efficiency efficiency expanding design
bandwidth (%) (%) structure
3.13-11.63/ 75°, 60°,
[93] i N.G. 83.0 *98.5 None FSS 0.100A7,
3.7:1 (1) VSWR < 3.0 VSWR < 3.0
0.69-2.88 / 45°, 45°, 45°, Etched
[94] ) 68.0 *97.8 None 0.147Af,
4.1:1 (@) VSWR<34 | VSWR<34 | VSWR<3.4 slots
0.8-4.38 / 70°, 55°, Meta-
[63] N.G. 78.0 *89.1 None 0.08811,
5.5:1 (i) VSWR < 3.15 VSWR < 3.15 surface
2.0-18.0/ 60°, 60°, 30°,
[90] 70.0 *95.0 None FSS 0.10217,
9.0:1 (1) VSWR<4.0 | VSWR<4.0 | VSWR<4.0
1.2-12.0/ 60°, 60°,
[42] . N.G. N.G. N.G. None None 0.29517,
10:1 (i) VSWR < 3.25 VSWR < 3.25
0.2-2.0/ 60°, 60°, . Ferrite Meta-
[72] N.G. *18.9 45.0 0.0871r,
10:1 (i) VSWR < 3.4 VSWR < 3.4 grids surface
Polarization
0.091-1.901/ 30°, 30°, 30°, .
[56] K *67.0 92.0 converting None 0.0671f,
20.9:1 (i) VSWR<25 | VSWR<3.0 | VSWR<3.5 ap
0.28-5.91/ . Resistive Dielectric
[53] . N.G. N.G. N.G. *48.0 73.0 0.05517,
21:1 (1) FSS superstrate
0.13-6.0/ 60°, 60°, Resistive
[55] . N.G. 30.0 *41.1 FSS 0.074Ap,
46:1 (i) VSWR < 4.0 VSWR < 6.5 FSS
This 0.42-5.77/ 70°, 70°, 50°, 70.0 95.0 Reconfigurable DLDS- 0.085A1,F
Work | 13.7:1 (co2) VSWR<3.0 | VSWR<3.0 | VSWR<3.0 ' ' layer CLLs 0.191A7%

N.G. represents Not Given.

(i) indicates instantaneous bandwidth; (co2) indicates combined overall bandwidth of its two contiguous operating bands.

The minimum radiation efficiency (total efficiency) values are calculated from the simulated total efficiency (radiation efficiency) and
VSWR values obtained for the infinite array when its beam points in the broadside direction.
A1, represents the wavelength of the lowest frequency in each work.
The developed array has two profiles of significance: 0.08517, 1 is the height from its top to its GP; 0.191A % is the height from its top
to its supporting plane.

Compared to arrays in [53, 55, 56, 72] that exceed 10:1 by employing additional
lossy or polarization-converting structures, the design presented here achieves higher

efficiency by avoiding large resistive losses. Although the bandwidth in [56] extends to

20.9:1 through polarization conversion, that method significantly compromises cross-
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polarization levels and thus restricts usage to polarization-insensitive scenarios. In
contrast, our array maintains efficiency comparable to TCDAs with narrower bandwidths
(e.g., [63, 90, 93, 94]) that do not rely on lossy materials.

Beam-scanning capability is another critical metric. Compared to advanced arrays
that apply bandwidth-expanding methods [53, 55, 56, 72] or the UWB Vivaldi in [42],
the proposed array exhibits broader scanning angles and more favorable impedance
matching at large scan angles. It supports scanning up to +£70° in both the E- and
D-planes and +50° in the H-plane, with VSWR below 3, exceeding or matching the
best reported scanning ranges in the literature. Even when evaluated against arrays
lacking extra bandwidth expansion, the proposed design achieves scanning angles and
impedance performance that surpass or closely approximate those in [63, 90, 93, 94].

Although the full structure is 0.191 A;, in profile (owing to the extended balun),
the height from the array’s top to the GP is only 0.085 A7, which is similar or smaller
than that of several TCDAs reported in [53, 55, 56, 63, 72, 90, 93, 94], and remains
below that of the Vivaldi array in [42]. Additional meandering or other feeding-line
modifications [63, 95] could shorten the balun further, though that aspect was not the
main focus of this study.

Moreover, rather than providing one instantaneous ultrawide band, the proposed
array furnishes two contiguous wide bands. Each state achieves high radiation efficiency.
Such a design is well-suited for multi-function systems performing, for instance, foliage
penetration (FOPEN) imaging in the lower band, or air-traffic control, weather monitor-
ing, and multi-band satellite/mobile communications in the higher band [96, 97]. These

extended contiguous bands also accommodate wider-spectrum sensing applications [98].
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5.4 Conclusion

This chapter presents an innovative UWB frequency-reconfigurable tightly-coupled
dipole array (FR-TCDA) that offers high radiation efficiency and a wide beam-scanning
capability. In contrast to previous TCDAs that incorporate highly lossy media to achieve
bandwidth extension, the proposed array leverages a reconfigurable layer to control
the GP reflection phase across two states, each maintaining VSWR < 3 and efficiency
exceeding 95%. It spans 0.37-0.93 GHz when the reconfigurable layer is in the off-state
and 0.85-5.85 GHz when it is in the on-state, resulting in a total bandwidth of 15.8:1 at
broadside. By employing a custom DLDS-CLLs-based WAIM design and a specialized
feeding approach (Klopfenstein balun with a capacitance-loaded shorting pin), the array
supports scanning angles up to {+70°,+£70°,+50°} in the E-/D-/H-planes, maintaining
a combined bandwidth of 13.7:1 between 0.42-5.77 GHz with its two states. A 14 x 14
prototype was constructed and tested, confirming the simulated performance. This work
thus offers a promising solution for multi-octave UWB applications requiring both high

efficiency and broad scanning coverage.
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CHAPTER

CONCLUSION AND FUTURE WORK

6.1 Summary of Contributions

This dissertation proposes innovative solutions for multi-band and UWB antenna arrays,
addressing critical challenges in modern wireless communication systems. The research
progresses from cross-band interference mitigation in multi-band arrays to UWB antenna
array performance enhancement, with each chapter building on the previous work. The

key contributions are summarized below.

6.1.1 Multi-Band Shared-Aperture Antenna Array Based on

Embedded Scheme (Chapter 3)

¢ Wideband cross-band scattering suppression: Unique helical filters are in-
troduced to effectively mitigate wideband scattering, achieving an impressive

de-scattering bandwidth of 66.7% (1.36—-2.72 GHz).

¢ Enhanced in-band isolation: The insertion of the helical filters extends current
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paths and enables a miniaturized LB aperture, facilitating enhanced in-band

isolation with fixed element spacing.

* Improved LB impedance matching performance: The integration of innova-
tive LC-circuit-load LB baluns effectively improved impedance matching perfor-

mance in the LB (0.8-0.96 GHz).

6.1.2 Multi-Band Shared-Aperture Antenna Array Based on a

New Buffering Scheme (Chapter 4)

¢ Exceptionally low-profile configuration: Enabled by the TCBL, the LB an-
tenna achieves a profile of 0.087 1, significantly reducing array height compared

to traditional shared-aperture array solutions.

* Enhanced LB and HB impedance matching performance: Unlike traditional
methods that degrade impedance matching, the TCBL compensates the inductance
in the LB and adds a new resonance in the HB, enabling wideband operation of

32.7% (0.69-0.96 GHz) in the LB and 59.0% (1.47-2.7 GHz) in the HB.

* Inherently suppressed cross-band interference: The low-profile LB design
reduces blockage effects on nearby HB elements, alleviating cross-band scattering.
Additionally, the TCBL acts as an “electromagnetic buffer,” trapping coupled energy
and blocking its transfer to cross-band ports, effectively suppressing cross-band

coupling.

6.1.3 UWB Tightly Coupled Dipole Array (Chapter 5)

* UWB operational bandwidth with adaptive reconfigurability: The array
achieves a remarkable 15.8:1 bandwidth (0.37-5.85 GHz) through two reconfig-

urable states, covering multiple communication bands with a single array aperture.
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* High radiation efficiency: The design maintains an efficiency of over 95%,

ensuring minimal power loss.

* Wide-angle beam scanning: The innovative DLDS-CLLs enable the array to
support beam scanning up to {+70°,+£70°,£50°} in the {E-, D-, H-}planes with

VSWR < 3 over both states, demonstrating enhanced scanning performance.

¢ Effective UWB feeding with bad resonances tuning: The design incorporates
a specialized tapered balun integrated with a capacitance-loaded shorting pin,

enabling effective feeding without undesired resonances.

6.1.4 Key Observations and Insights

The research presented in this dissertation highlights the progression from cross-band
interference mitigation in multi-band arrays to UWB performance enhancement. The
three chapters are interconnected, with each building on the previous work to address

increasingly complex challenges:

¢ Chapter 3 focused on cross-band interference mitigation in existing multi-band
array schemes, introducing helical filters and LC-loaded baluns to achieve sup-
pression of cross-band scattering and wideband operation. This work laid the

foundation for the development of more advanced array designs.

¢ Chapter 4 introduced a new buffering scheme for multi-band antenna arrays
that inherently suppressed cross-band interference without relying on complex
filtering structures. The TCBL offers three key advantages: reducing the array’s
profile, enhancing dual-band impedance matching performance, and suppressing
cross-band interference, demonstrating a significant improvement over traditional

multi-band array designs.
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* Chapter 5 advanced the research by addressing UWB challenges, specifically
focusing on bandwidth extension with high-radiation efficiency and wide-angle
beam scanning. The FR-TCDA achieved unprecedented bandwidth and efficiency,
leveraging the principles of coupling, impedance matching, and resonance tuning

techniques.

6.2 Future Work

While this dissertation has provided substantial contributions, several avenues remain

open for further research and exploration:

* Advanced Synthesis Methods: Future research can leverage Al-assisted opti-
mization techniques to expedite the design process, particularly for large-scale
arrays where balancing bandwidth, isolation, profile, and cost is critical. Addition-
ally, multi-objective optimization algorithms may be developed to simultaneously
enhance metrics such as radiation efficiency, beam-scanning range, and cross-band

isolation.

¢ Structural and Environmental Considerations: Investigating advanced ma-
terials with improved dielectric and conductive properties could enhance both
electromagnetic performance and thermal stability. Furthermore, ensuring envi-
ronmental robustness under varying conditions such as temperature fluctuations,

humidity, and mechanical stress is crucial for long-term reliability.

* Reconfigurable and Adaptive Technologies: Future antenna systems could
benefit from polarization-reconfigurable designs to enhance adaptability in dynam-
ically changing communication environments. Similarly, real-time beam control
and adaptive beamforming could significantly improve system-level performance,

particularly for high-speed mobile and satellite applications.
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¢ Industry Applications and Large-Scale Deployment: Research should also
focus on scalability and cost-effective manufacturing, including 3D printing and
flexible circuit technologies, to enable mass production. Additionally, the proposed
antenna solutions can be further optimized for 6G networks, supporting URLLC

and massive multiple-input and multiple-output (MIMO) applications.

6.3 Final Remarks

This dissertation has introduced and validated innovative multi-band and UWB antenna
array solutions to address key challenges such as bandwidth limitations, cross-band

interference, and beam-scanning constraints. The findings contribute to:

* Design advancements: The proposed methods offer new approaches for designing

compact, broadband, and high-efficiency antenna arrays.

¢ Practical engineering solutions: The research provides scalable and manufac-

turable antenna designs that can be integrated into modern wireless infrastructure.

* Future research directions: The insights gained from this work serve as a
foundation for further exploration of adaptive, high-performance, and intelligent

antenna technologies.

The proposed solutions offer broad applicability across modern wireless infrastruc-
ture, ranging from base stations to next-generation antenna array systems that demand
robust performance under compact spatial constraints. By leveraging innovative filter-
ing, coupling, and resonance-tuning techniques, this research has opened new paths for
designing multi-band/UWB platforms with high data rates, enhanced isolation, extended

signal coverage, and compact form factors. These innovations are expected to contribute
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to the ongoing refinement of array design methodologies, facilitating the realization of

high-performance antenna systems for future wireless communication applications.
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