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Abstract

A configurable aperture antenna is a type of antenna that can dynamically adjust its radiation
pattern, gain, or frequency response through electronic or mechanical means. This flexibility
allows the antenna to adapt to varying operational conditions, optimizing performance for dif-
ferent scenarios such as changing communication environments, targeting specific directions,
or improving signal reception. In this thesis, we introduce design methodologies to implement
configurable multi-port antennas that can provide far more design flexibility. Using a small-
scale abstraction of the multi-port network, we develop scalable circuit-level interpretations of
the radiators that overcome the need for full-wave design and simulation of the apertures. As a
proof of concept, we developed some large-scale multi-port antenna prototypes with the ability
to adjust their center frequency while synthesizing a desired far-field pattern only by modulating
the excitation phasors applied to the input ports.

In our first project, we present a scalable design methodology to implement configurable
apertures based on an abstract modeling and representation of multi-port coupled antennas.
As proof of concept, we design, fabricate, and measure an 11-port wire antenna based on the
proposed approach. The prototype shows both frequency and beam reconfigurability and rea-
sonably matches design predictions. Additionally, we provided a strategy for synthesizing the
power spectrum in multi-port antennas through phase profile optimization of port excitations.
The proposed method enables wideband operation while selectively accepting power within
desired frequency bands, effectively handling part of the RF filtering on the receiver side. Ex-
perimental results on a multi-port wire antenna prototype demonstrate the ability to maximize
accepted power at target frequencies and reduce the accepted power level at undesirable fre-
guencies.

Our second project introduces the concept of a multi-port periodic antenna for generic beam
synthesis in 2D apertures. We propose the use of a periodic structure based on a strategically
designed unit cell excited at its boundaries, forming a multi-port traveling wave structure. We
introduce an analytical method to predict the large-scale radiation properties of the antenna only
based on the S-parameters of the unit cell and by incorporating Bloch eigenmodes of the peri-
odic structure. As a proof of concept, we design and fabricate a 12-port Dirac periodic antenna
prototype capable of synthesizing a desired 2D far-field pattern by modulating the excitation

\'



phasors applied to the input ports. Measurements demonstrate that the proposed configurable
aperture can directly synthesize, radiate, and steer single or multiple beams.

Our final project explores the use of multi-port patch antennas as configurable radiators
in modern wireless systems for beamforming applications. We introduce an analytical design
method based on the cavity model. We illustrate two mm-wave antenna design examples as
the practical use of our proposed method to achieve both two-dimensional beam scanning and

multi-beam capabilities with the multi-port patch antennas.

Vi
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Chapter 1

Introduction to Con gurable Aperture

This chapter presents a comprehensive comparison of multi-port antenna methods for imple-
menting a con gurable radiating aperture, evaluating various alternative approaches from mul-
tiple perspectives, including power combining, beam synthesis, and ef ciency. It highlights the
advantages and disadvantages of the multi-port technique, offering a balanced assessment of
its capabilities. Additionally, the chapter references several published works in the eld, dis-
cussing key challenges that have been identi ed and addressed in the literature. Through this
analysis, it provides a deeper understanding of the complexities involved in multi-port antenna
design and explores potential advancements in the eld.

1.1 Power Combining

Antennas are a fundamental component in wireless communication systems, facilitating the
conversion of electrical signals into electromagnetic (EM) radiation [7]. The majority of con-
temporary antennas are designed with a single feed point, which presents challenges for wire-
less transmitters requiring substantial radiated power, particularly when constrained by limited
voltage supplies. Such scenarios are prevalent in applications like base stations, mobile devices,
and satellite transponders. In these contexts, passive networks with signi cantimpedance trans-
formation ratios are often employed to align the antenna impedance with the optimal load for
high-power transmitters or power ampli ers (PAs) [8]. However, these impedance-matching
networks are typically associated with insertion losses and restricted operational frequency



2
bandwidths, which can adversely affect the overall ef ciency of the transmitter and limit the fre-
guency range of operation [8]. Additionally, single-feed antennas are inherently constrained to
speci ¢ modes of radiation, thereby restricting their operational frequency range and radiation
patterns. Despite these limitations, antennas of a xed size can maintain effective performance,
governed by Chu's limit on the maximum achievable directivity [9].

Figure 1.1: Power combining for a single-port antenna using a passive network for impedance
matching and power combining.

To address these challenges, transmitter systems often rely on power-combining techniques,
which are essential for achieving the desired levels of radiated power. These techniques can be
broadly categorized into two principal approaches. The rstapproach involves the use of passive
power-combining networks to merge the outputs of multiple PAs at a single feed point of the
antenna, as illustrated in Fig. 1.1 [10]. However, these networks inherently introduce losses,
which can reduce the power delivered to the antenna, thereby decreasing the overall ef ciency
of the transmitter. Moreover, as the number of power-combining units increases, the cumulative
losses may outweigh the gain.

The second approach employs spatial power combining through antenna arrays, as depicted
in Fig. 1.2 [11]. This method enhances the total equivalent isotropically radiated power (EIRP)
by combining the radiated elds in the far eld. Despite its advantages, this technique presents
several challenges, including the requirement for large arrays of panels. Additionally, antenna
arrays typically produce narrow, or even pencil-shaped, beam patterns, complicating the align-
ment between the transmitter and receiver. This issue is particularly pronounced in dynamic
and mobile applications, such as millimeter-wave 5G wireless communications. Furthermore,
phased arrays are fundamentally constrained by the characteristics of their primary single-port
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radiators, limiting the frequency range and beam patterns to those inherent to the primary an-
tenna. As the number of frequency bands within the millimeter-wave spectrum that wireless
modules must accommodate continues to increase [12], there is a growing need for a more
versatile radiation scheme.

Figure 1.2: Array-based spatial power combined with conventional single-port antennas.

Figure 1.3: Proposed multi-port antenna for on-antenna power combining. The multi-port an-

tenna occupies only one antenna footprint and simpli es the passive networks at the PA outputs,
substantially enhancing the transmitter output power and system power ef ciency without sac-

ri cing the beamwidth or antenna panel size.

To overcome these challenges, researchers have introduced the concept of a multi-port an-
tenna (MPA) con guration, which is designed to achieve low-loss power combining directly on
the antenna, thereby enhancing the overall radiated power [1, 13, 14, 4, 2, 15, 16, 5, 17, 18]. The
fundamental principle of multi-port antennas is to enable the direct combination of power from
multiple individual ports on the antenna itself, thereby eliminating the need for numerous lossy
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components such as impedance matching and power combining networks (as illustrated in Fig.
1.3). This approach of power combining within a single antenna footprint has been successfully
applied to various antenna structures, including resonant cavity-based antennas [13], planar slot
antennas [14], square loop antennas [3], and microstrip antennas [4].

1.2 Con gurability Concept

Antenna con gurability is an important feature in modern communication systems, allowing
antennas to change their frequency, radiation pattern, and polarization as needed. This exi-
bility is especially useful in advanced wireless technologies. By using con gurable antennas,
different xed antennas can be replaced with a single, adaptable design, reducing complex-
ity, cost, and space requirements. Due to these advantageous features, con gurable antennas
have attracted signi cant attention, with numerous studies conducted in recent years. To show-
case con gurable antennas, several effective implementation techniques have been proposed for
various wireless systems, including electrical, optical, and physical con gurations, as well as
con gurable antennas utilizing smart materials.

Electrical con guration is the most common technique, utilizing active elements such as
positive-intrinsic-negative (PIN) diodes, varactors, and radiofrequency micro-electromechanical
system (RFMEMS) switches [19, 20, 21, 22]. Compared to RFMEMS switches, PIN diodes of-
fer acceptable performance at a lower cost. Another approach, known as optical recon guration,
relies on photoconductive switching elements [23, 24]. Con gurability can also be achieved by
modifying the antenna's physical structure, referred to as the mechanical con guration method
[25, 26]. Additionally, smart materials can be incorporated into the antenna design to enable
con guration [27]. This section explores various con gurable antenna implementation tech-
niques, providing detailed examples.

1.2.1 Electrical Con guration

In this con guration method, the antenna characteristics are modi ed through electronic switch-
ing components like PIN diodes, varactors, or MEMS. By ultilizing these switches, the antenna
structure can be altered, leading to a redistribution of the surface current and changes in the
antenna's fundamental characteristics, including frequency, radiation pattern, and polarization.
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The electrical parameters of the diode equivalent model, including forward and reverse bi-
ases in the ON and OFF states, are crucial in understanding the operation of PIN diodes. PIN
diodes are commonly used as switching components in various wireless systems [28, 29]. For
con gurable antennas, an additional dimension for both RF and direct current (DC) blocks is
necessary and must be considered during the antenna design. Varactors require a DC-voltage
source, and by adjusting the voltage levels, their capacitance can be varied, enabling tuning of
the antenna's performance. Integrating varactors into con gurable designs is a popular method
for achieving frequency tuning [30]. Con gurable antennas using MEMS switches have also
attracted signi cant research interest. MEMS switches function through mechanical movement
to create a short or open circuit in RF circuits. These switches can be designed in various con-
gurations, depending on the signal path (series or shunt), actuation mechanism (electrostatic,
thermal, or magnetostatic), contact type (ohmic or capacitive), and structural design (cantilever
or bridge) [31, 32, 33].

As a comparison of various switching components, MEMS switches offer several bene ts
over PIN diodes and varactors, such as high isolation, linearity, wide impedance bandwidth,
low noise gure, and reduced power losses. However, when compared to other RF switches,
MEMS switches require a high control voltage, exhibit slower switching speeds, and have a lim-
ited operational lifespan. Comprehensive studies on different recon gurable antennas utilizing
electronic switching components are explored in [34, 35, 36, 37].

1.2.2 Optical Con guration

This con guration method utilizes photoconductive switches, which are composed of semi-
conductor materials like silicon or gallium arsenide [38, 39]. In optical con guration, these
switches eliminate the need for metallic wiring and bias lines, offering lower interference and
higher isolation compared to electrical switches [40, 41, 42]. Moreover, they provide extremely
rapid switching speeds, functioning in nanoseconds. The use of photoconductive switches en-
ables optical control over the antenna's operational bandwidths and radiation pattern.

1.2.3 Mechanical Con guration

In mechanical con guration, the main radiator can be physically adjusted to exhibit different
characteristics [43, 44]. Unlike other recon guration methods that involve active elements,
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biasing systems, or switching mechanisms, this approach does not require such components.
However, the performance exibility of this type of antenna is constrained, and achieving multi-
functional con gurability is dif cult [45, 46, 47].

1.2.4 Con guration Antennas with Smart Materials

Con gurable antennas utilizing smart materials are a relatively new area of research, with sev-
eral challenges, such as reliability and ef ciency, still requiring further investigation. Nev-
ertheless, some designs with signi cant advancements have been reported in recent studies
[48, 49, 50]. In this con guration technique, the antenna's characteristics can be altered by
injecting uid into a hollow space behind the antenna, thereby modifying the substrate's prop-
erties in terms of relative electric permittivity or magnetic permeability [51, 52].

1.3 Radiation Pattern Synthesis

The problem of antenna pattern synthesis is crucial in nearly all antenna applications. As a
result, a vast number of studies have been conducted on this topic. In the last section, we have
conducted a comprehensive study of various con gurability methods. However, while all these
techniques can switch between different states, they are limited in their ability to cover a wide
frequency bandwidth or synthesize radiation patterns with arbitrary shapes. In this section,
we explore more advanced methods that are more complex but offer the potential to achieve a
higher level of synthesis for desired radiation patterns.

The antenna synthesis problem can be broadly de ned as the inverse of the analysis prob-
lem. That is, given a set of design speci cations regarding the desired far- eld pattern (or
multiple patterns in the case of scanning or recon gurable beam antennas), the objective is to
determine the appropriate antenna structure, geometry, and feeding system to achieve the spec-
i ed performance. Given their growing signi cance, considerable efforts have been directed
toward developing reliable and ef cient design methodologies for high-performance antennas.
As a result, numerous partial solutions to the synthesis problem have been proposed. However,
to the best of our knowledge, all these approaches inherently adopt a restrictive interpretation
of the problem from the outset.

From a structural perspective, antenna synthesis methods can be categorized into array or
aperture synthesis approaches [53, 54, 55, 56, 57, 58, 59, 60, 61, 62, 63, 64, 65, 66, 67] and
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re ector synthesis techniques [68, 69, 70, 71, 72, 73, 74, 75, 76, 77, 78, 79, 80]. The former ex-
hibits a more direct mathematical relationship between the source and the radiated eld, making
it theoretically robust and sophisticated. Consequently, most theoretical studies focus on linear
or planar sources [55, 57, 58, 59, 60, 66, 80]. In contrast, re ector antenna synthesis methods
are generally more heuristic, relying on numerical simulations to evaluate radiated elds. These
methods employ optimization algorithms to iteratively adjust system parameters until the de-
sired speci cations are achieved [68, 69, 70, 73, 74, 75]. Additionally, in practical applications,
the explicit relationship between primary sources and the far- eld pattern is often unavailable,
necessitating approximations to derive a simpli ed, closed-form expression.

Apart from de ning the radiating structure, another common constraint in antenna synthesis
involves selecting which part of the antenna can be modi ed. In the existing literature, two
primary approaches are observed. The rst category consists of xed-structure methods [55, 59,
61, 64, 65, 68, 69], where pattern speci cations are achieved by adjusting the source excitation
while keeping the structure unchanged. The second category includes variable-structure or
xed-source techniques [70, 71, 72, 76, 77, 78], wherein the far- eld requirements are met by
modifying the geometric and/or electromagnetic properties of the antenna while maintaining a
constant source excitation.

In most cases, far- eld requirements are expressed either through performance indices, such
as gain and ef ciency that must be maximized or in terms of a desired radiation pattern that
the synthesized pattern should approximate as closely as possible. However, practical antenna
design does not typically demand strict adherence to prede ned performance metrics; speci -
cations are given within tolerance limits, allowing for some degree of exibility in parameters
such as gain, pattern shape, sidelobe levels, and cross-polarization levels. Consequently, the
synthesis problem is often formulated as a nonlinear optimization task involving a large but -
nite number of parameters. These problems are commonly solved using numerical techniques,
which, despite their widespread use, may be computationally intensive and lack thorough anal-
ysis regarding convergence properties [68, 69, 72, 73, 74, 75].

1.3.1 Synthesis by Phased Arrays

Achieving adaptive radiation in compact devices pose a signi cant challenge in modern antenna
engineering. Phased arrays, employing multiple antennas, are necessary for beamforming in ad-
vanced wireless communication systems, enabling the adjustment of beam directions for robust
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communication [81, 82, 83, 84] (as illustrated in Fig. 1.2). However, integrating effective beam-
forming into devices with limited space presents technical dif culties. Strong mutual coupling
among array elements distorts active element patterns, leading to decreased estimation accuracy
and resolution in beamforming operations [85, 86]. Despite efforts to miniaturize radiating ele-
ments, the resulting antennas suffer from gain reduction and undesired frequency shifts due to
narrow matching bandwidth. Addressing these challenges demands approaching more con g-
urable apertures in wireless systems.

Figure 1.4: Manipulating incident electromagnetic waves from another radiating source to
achieve desired beam patterns by metasurfaces.

1.3.2 Synthesis by Metasurfaces

A subset of con gurable apertures known as tunable metasurfaces offers an alternative approach
to beamforming compared to traditional phased arrays [87, 88, 89, 90, 91]. Unlike phased ar-
rays, which manipulate electromagnetic signals within their feed networks and combine them
in the air, metasurfaces directly manipulate incident electromagnetic waves from another radi-
ating source to achieve desired beam patterns without playing any role in power combining (as
illustrated in Fig. 1.4). However, developing large metasurfaces is challenging due to the elec-
tromagnetic computations required for modeling and designing large coupled structures. This
complexity appears to be a disadvantage to the realization of metasurfaces for practical wireless
systems.



1.3.3 Synthesis by Multi-Port Antennas

From this brief analysis, it becomes evident that the vast of existing synthesis procedures, in-
cluding the most effective ones, fail to provide a uni ed framework that is suf ciently general to
encompass all synthesis problems. Another subset of con gurable apertures is Multi-Port An-
tennas (MPAs), which have garnered signi cant attention in recent work for their potential to
develop con gurable radiation patterns [1, 13, 14, 4, 2, 15, 16, 5, 17, 18]. As illustrated in Fig.
1.3, manipulating electromagnetic waves in MPAs lies somewhere between phased arrays and
metasurfaces. MPAs enable the direct combination of power from individual ports on the an-
tenna itself and from multiple sources directly on the antenna. However, most existing research
on multi-port antennas has primarily focused on utilizing them for low-loss power combining
directly on the antenna, minimizing grating lobes.

1.4 State-Of-The-Art MPAS

The concept of MPA is a relatively recent development. Before discussing the works in MPAs,
it is essential to establish a clear and precise de nition of what constitutes an MPA. It is im-
portant to note that an MPA should not be confused with antennas that simply possess two or
more ports. Rather, an MPA is de ned as an antenna with multiple ports that are capable of
simultaneously combining power. This distinction allows us to exclude numerous published
works that, despite using the term "multi-port antenna” in their titles, merely utilize different
ports to excite distinct frequency bands separately or radiate with different polarization. Addi-
tionally, while the differential excitation of a patch antenna represents a well-established area
of research, it does not fall within the scope of MPAs, as this con guration is typically lim-
ited to only two ports. In contrast, MPAs are characterized by their ability to accommodate an
expandable number of input ports.
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Figure 1.5: (a) MPA antenna with a substrate mounted on a PCB ground plane, with traveling
wave currents on the ring marked as solid arrows, and standing wave ground spoke currents
marked with dashed arrows [1]. (b) Block diagram of the MPA radiator showing driver core
circuitry blocks as well as ring, ground spokes, and upper ground plane of MPA [1].

One of the pioneering works in the eld of MPA was presented in 2013, as documented
in [1]. The primary concept introduced in [1] for power combining on antennas involved the
ef cient generation of coherent currents in signal lines by creating a traveling wave current
around a near-wavelength-sized ring, as illustrated in Fig. 1.5(a). This approach facilitated
phase inversion and spatial rotation of the current, resulting in two aligned maxima on opposite
sides of the ring. Fig. 1.5(b) provides a block diagram of the MPA con guration used in this
setup.

In [2], the ring antenna design was replaced with a slot antenna, as depicted in Fig. 1.6. This
study utilized the concept of electromagnetic duality related to slot antennas, which is derived
from Babinet's principle. Babinet's principle states that the combined elds of a conducting
screen with an opening and its complementary structure are equivalent to the eld produced in
the absence of the screen. By adapting the MPA concept to a slot antenna con guration, the
researchers were able to signi cantly reduce the antenna’s spatial footprint while preserving its
power-combining capabilities.

In [3], a 3-port slot antenna was introduced, as illustrated in Fig. 1.7(a). In this design,
the length of the MPA was maintained around the wavelength. Feed points 1 and 3 were sym-
metrically positioned on the slot, while feed point 2 was located at the center of the slot. The
peak antenna gain of the 3-port antenna sample closely tracked that of the single-feed antenna
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sample, as shown in Fig. 1.7(b). This observation demonstrates that the multi-port antennas
yield the same radiated power as conventional single-feed antennas and validates the concept of
on-antenna power combining.

Figure 1.6: Electromagnetic duality for the MPA slot ring antenna converts a four series port
wire ring antenna into a four-port slot ring driven in quadrature, producing a traveling wave
around the ring and circular polarization in the far eld [2].

One of the recent advancements in this eld was presented in 2023 [4]. The authors intro-
duced a numerical method based on eigenvalue analysis of the scattering matrix. This approach
enables the extraction of optimal excitation for each port of microstrip antennas to maximize re-
ection ef ciency. As an example, they considered a rectangular patch, as shown in Fig. 1.8(a).
As you can see in Fig. 1.8(b), the re ection ef ciency is 100 percent around the optimum
excitation amplitude of port 1, while other ports are under the optimum excitation.
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Figure 1.7: (a) The three-port slot antenna [3]. (b) Measured peak antenna gain [3].

Figure 1.8: Four-feed rectangular microstrip antenna [4]: (a) geometry. (b) Effect of port 1
excitation on the accepted power, re ected power, and re ection ef ciency.

In [5], a MPA was designed to achieve circularly polarized radiation through the excita-
tion of a multi-port rotationally symmetric radiator. The proposed multi-port structure is an
octagonal-shaped circular cavity, constructed using a metal stack, as illustrated in Fig. 1.9.
This design employs a single cavity resonance and an excitation network that demonstrates a
narrow-band negative resistance around the resonance frequency of interest. This MPA works
as a power combiner and radiates a single xed radiation beam.
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Figure 1.9: Octagonal cavity implemented [5]: (a) Corresponding excitation phases. (b) Chip
micro-photograph of the circularly polarized multi-port radiator.

The concept of power combining within a single antenna structure is not limited to the pre-
viously discussed studies but has been implemented across various antenna designs [13, 18,
14, 92, 93, 94, 95, 96, 97, 98]. In [13], a resonant cavity antenna utilizing spherical dielectric
resonators was proposed for on-antenna power combining. A multiport radiator with circularly
polarized radiation introduced in [18], demonstrates high output power. While these architec-
tures allow exibility in port number and placement, their structural complexity poses chal-
lenges for device packaging. The method presented in [14], and [92] is constrained to antenna
con gurations with one-dimensional eld distributions and does not account for polarization
effects. To overcome this limitation, a slot loop con guration supporting two simultaneous
radiation modes with orthogonal polarizations was investigated in [99]. More recently, mul-
tiport antenna-in-packaging has been explored within fan-out wafer-level packaging [93, 94].
Furthermore, studies in [95, 96] introduced multiport networks as an alternative approach for
power combining in E-band radar transceivers. Beyond power combining, antenna-electronics
co-design has advanced on-antenna signal processing and performance optimization, leading to
innovations such as the integration of on-antenna Doherty power ampli ers [97, 98].
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1.5 Conclusion

As demonstrated in this review, current efforts in multi-port radiators have certain limitations,
primarily stemming from their extensive and iterative numerical simulations of the entire elec-
tromagnetic structure. Techniques like the method of moments and full-wave solvers become
progressively more time-consuming as the aperture size and the number of ports grow. This
imposes a signi cant burden on the iterative design of large-scale multi-port structures. In ad-
dition, it's worth noting that these works primarily focused on MPAs with a limited number of
ports and xed dimensions, often with a xed radiation pattern.

These challenges highlight the need for a shift toward theoretical studies and the devel-
opment of systematic design approaches that can reduce computational overhead while main-
taining accuracy. By formulating analytical models and optimization frameworks, we can gain
deeper insight into the underlying electromagnetic behavior of multi-port structures, enabling
more ef cient and scalable designs. Such approaches can facilitate rapid prototyping, reduce
dependency on full-wave simulations, and ultimately lead to the creation of more adaptable and
high-performance radiating systems.

1.6 Dissertation organization

This dissertation is organized into six chapters, each focusing on an important aspect of our
research into con gurable multi-port antennas as shown in Fig. 1.10. Together, these chapters
guide the reader through the theoretical and practical contributions of this work in antenna
technology.

Chapter 2 delves into the design and implementation of a multi-port wire antenna, focus-
ing on its use as a one-dimensional con gurable aperture. This chapter provides a theoretical
framework for synthesizing beam patterns using multiple excitation ports and introduces a sys-
tematic design methodology to achieve recon gurability across a wide frequency range. It also
presents an 11-port MPWA prototype as a proof of concept, with detailed discussions on its
fabrication, testing, and performance evaluation. Analytical predictions, simulation results, and
measurements are compared to demonstrate the practicality and accuracy of the proposed de-
sign methodology. Additionally, this chapter provided a strategy for synthesizing the power
spectrum in multi-port antennas through phase pro le optimization of port excitations. The
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proposed method enables wideband operation while selectively accepting power within desired
frequency bands, effectively handling part of the RF Itering on the receiver side. Experimental
results on a multi-port wire antenna prototype demonstrate the ability to maximize accepted
power at target frequencies and reduce the accepted power level at undesirable frequencies.

Figure 1.10: Dissertation organization

In Chapter 3, the focus shifts to periodic structures, introducing the concept of multi-
port periodic antennas. The chapter provides an analytical framework for modeling both one-
dimensional and two-dimensional periodic structures using unit-cell-based abstractions. These
abstractions enable ef cient and scalable designs that can synthesize complex radiation patterns.
The chapter highlights the advantages of periodic structures in achieving exible beamwidths
and beam angles, independent of operating frequency. Design examples are used to illustrate
the potential of MPPAs for advanced beamforming applications.

Chapter 4 provides an in-depth discussion of the implementation of a multi-port Dirac pe-
riodic antenna. This chapter describes the fabrication and experimental validation of a 12-port
Dirac periodic antenna capable of synthesizing arbitrary beam patterns through controlled port
excitations. Measurement results are presented to validate the analytical and simulated predic-
tions, showcasing the antenna's ability to adjust beamwidths and steer beams. The proposed
antenna's performance is compared with state-of-the-art designs, emphasizing its superior re-
con gurability and ef ciency.
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Chapter 5 explores the application of multi-port patch antennas for mm-wave beamform-

ing. Building on the cavity model, this chapter develops analytical techniques to design patch
antennas with multi-oeam and two-dimensional scanning capabilities. Practical examples illus-
trate the versatility of multi-port patch antennas in modern wireless systems. The chapter also
examines how multi-port patch antennas overcome the limitations of traditional phased arrays
by combining low-loss power distribution with exible radiation pattern control.

Finally, Chapter 6 concludes the dissertation by summarizing the key contributions of this
research. It highlights the advancements made in designing scalable, con gurable, and ef -
cient multi-port antennas. The chapter also identi es potential applications of this technology
in next-generation wireless communication systems and suggests directions for future research,

including further exploration of multi-mode patch antennas and integration with emerging wire-
less standards.



Chapter 2

Multi-port Wire Antenna

2.1 Con gurable Radiation

A generic multi-port scatterer as shown in Fig. 2.1 consists distributed points of excitation
each of which can be excited by a frequency-dependent complex phasor. The theory of multi-
port scatterers demonstrates the possibility of arbitrary beam synthesis within the diffraction
limit set by the size of the aperture with respect to the wavelength [9]. In this particular design,
our objective is to create a multi-port wire antenna (MPWA) as an example of a 1-dimensional
con gurable antenna suitable for microwave applications. We aim to represent the antenna as a
multi-port circuit module to enable an abstract design procedure. This relies on the assumption
that the eld produced by the antenna is the superposition of the eld produced by the small
subsection of the structure as well as the inter-coupling produced as a result of their interactions.
A single port antenna is only able to excite few excitation modes, constraining the frequency
range and beam pattern, as shown in Fig. 2.2. Although, deliberate current synthesis across an
aperture is not practical due to physical constraints, the use of multiple ports should bring an
antenna closer to an ideally synthesized aperture. In this chapter, we use the theory of multi-
port antennas to develop further insight into a more systematic design methodology. Toward this
goal we study the multi-port wire antenna (MPWA) as a basic example. In the next section we
derive the surface current distributions for the multi-port structure. Next, we establish guidelines
for choosing the number of ports and the excitation phase and amplitude in each port in order
to achieve a desired radiation pattern at a target center frequency. Finally, by comparing the
results with those from full wave simulation, we demonstrate this to be a practical approach for
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designing a radiation scheme with exible center frequency and beam pattern without the need
to perform extensive full-wave simulations.

Figure 2.1: A generic wire antenna excited frddnpoints produces a surface current pro le
and radiation pattern that is dependent on the physical distribution of its ports and the resulting
coupled impedance matrix, as well as the phase and amplitude of the input sources.

Figure 2.2: Single-port versus multi-port wire antenna.
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2.1.1 Surface Current Distribution

Fig. 2.2(row (a)) shows the geometry of a single-port wire antenna of lénglbng thez-axis.

The distance of the feed point from the origirdisWe assume a current source with a magnitude

of | and phase 0&/% excites the antenna at the feed point. Assuming a phase constant of

we can use a sinusoidal function to approximate the common-mode current of a wire antenna
[100]. Thus, the surface current distribution (SCD) of the single-port antenna becomes:

lel9sin(b(L d))sin(bz) for 0 z d

D7 fensinbaysinb(L 2) for d z L 2.1)

Assuming the same SCD for a multi-port structure we use superposition to extend the results
from (2.1) to a generdll-port antenna. Fig. 2.2 (row (b)) depicts an MPWA excited\bgorts
with currents equal téhel®™:1 n  N. The distance of that" port from the origin isd,, and
the total length of the antennalis TheN ports divide the structure intoOm N subsections.
Thus, the superposition of all excitations witldy z  dn. 1 €qual to:

m ) N
In(2 = § he!®sin(bdy)sin(b(L 2)+ & e sin(b(L dy)sin(b2)
n=1 n=m+1 (2.2)

whereln(2) is the SCD in tharf" subsection of the line. Note that (2.1) is a special case
of this general equation fdd = 1. Furthermoredy = 0 anddy+1 = L correspond to the two
ends of the line. Fig. 2.3 shows the calculated results from (2.2) for two different sets of
current excitations. The results closely follow those obtained from the full-wave simulation of
the antenna structure. Next, we use these results to predict and synthesize a desired radiation
pattern.
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Figure 2.3: Comparison between the normalized current distribution of the proposed method
and simulationfoN= 4,L= 7] =6,d; = | =5,d,= 2| =5,d3= 3| =5,d; = 4| =5.

2.1.2 Radiation Pattern
MPWA Radiation Pattern

A line source on the-axis source radiates the following electric eld [101]:

jpr-
|(Z(5ejbz°cosqd20

Eq = jwmsing
! 4pr 2.3)

wherel () represents the current distribution of the line source feem0 to L. In the MPWA
structure, we add the current contributiomM# 1 sections to get the eld as:

; Am .
jbr N+1 ) jbr
S NG Gl J'he4prf(q)

m=1
dml

Eq = jwmsing 2.4)

Therefore, by replacing the current distribution from (2.2) in the above relation and we can
rewrite the radiation pattern as:
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Eq = rrc'ill[( sing (cos(bdm 1) jcosgsin(bdm 1))
ejbéﬂ(cos(b dm) jcosgsin(bdm)))
. sing m1 (2.5)
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This relationship predicts the radiation pattern of an MPWA based on its input amplitudes
and phases. As an example, we consider a designNvithl5,L = | =2, DI = L=(N+ 1), and
Dq= g1 Qo We choose a constahitand a linear phase progressiorogfas:

dn= < +( 2 )Dl;
gh=(n 1)Dq; 2.6)
n=1:2::::N

Fig. 2.4 shows the calculated radiation pattern from (2.5) in comparison to results from
a full wave simulation. The derived equation provides a means to predict the pattern for a
deliberately large number of ports and can be used to design the radiation pattern and beam
angle as a function of the input excitation.

Figure 2.4: The synthesized radiation pattern using the proposed method for different beam
angles using ahl = 15 MFWA.. Analytically predicted patterns are compared with results from
full-wave simulation.
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Radiation Pattern Synthesis

Next, we introduce a systematic design procedure for the design of a general MPWA. The
objective of the proposed process is to design an antenna with a desired radiation pattern at a
particular center frequency.. We assume a xed overall antenna length of L as the design
constraint. This is a realistic constraint since in practice, the overall antenna aperture is chosen
based on the required overall antenna gain as well as the available real estate for the radiator
[101].

The proposed design ow is summarized in Fig. 2.5. As the rst step we choose the length,
the desired radiation pattern, and an initial value for the total number of portéyext, we
choose an initial value for the locatiod,]j and currentl) of each port. Afterward, using (2.5)
we calculate the resulting radiation pattern. At this step, we compare the resulting pattern with
the desired pattern. To do so we use the Mean Squared BASE)(metric to quantify this
difference betweerfiy(q) and the actual radiation pattefiq):

>
MSE=  jfa(q) f(q)i*dq (2.7)
0

Based on this error, we update the valuek,@ndd, using gradient descent toward achiev-
ing the minimum possible value MSE. Once we have converged on the optimal combination
of port locations and excitations we evaluate this achieved value. If the level of error is still
too high, we increase the number of ports and repeat this process until the resulting radiation
pattern becomes suf ciently close to the desired pattern. Finally, the accuracy of the design is
evaluated by full-wave simulation.

In practice, the radiation pattern would deviate from the desired pattern due to design con-
straints such as the shape and dimensions of the aperture. For instance, the Fourier transform of
an ideal radiation patterfy(q) with a limited beamwidth corresponds to a current distribution
iq(2) with non-zero values across the entire range ¥f< z< +¥, requiring an in nitely long
line [101]. This places a limit on the minimum achievaM&E in this method. However, this
approach provides a fast design algorithm and provides a solution close to the nal structure
without the need to perform the time-consuming traditional EM based iterative design.
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Figure 2.5: Flowchart of the proposed procedure for MPWA design.

2.1.3 Impedance Matrix and N-port Excitation

From results obtained in the previous section one can nd the required current excitation on each
of the N ports to produce a desired radiation pattern. A typical port is excited by an ampli er
circuit with an internal impedance and voltage amplitude. Thus, to produce the desired current
from a port with a known voltage amplitude and impedance, one should have knowledge of
the impedance matrix of thg-port network. Similar to the radiation pattern, it is desirable to
calculate thidN-port Z-matrix without performing full EM simulations of the structure. To do
so, we utilize an expanded version of the EMF method rst used in [102]. To oBfginve
apply a current; to the jt port keeping other ports open and calculate the resulting voltage
across thé" port. As shown in Fig. 2.6, we apply this process by calculating the main diagonal
elements, the leading diagonal elements, and the remaining elements.
In calculating the main diagonal elemeris, all ports are open except for tit& port. This

is equivalent to a single-port wire antenna starting, at and ending atl; 1 with the feed point
atd;. In this case, we can directly use results obtained in [101] to calculate the self-impedance
as:

Vi 1 Zd

i+1
Zijici = 2= — E(2)1(2)dz
=] Ini ilnil? d . @2 (2.8)

Wherel(2) is the current distribution from (2.2) artel2) is the resulting electric eld in the
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z-direction derived from this current distribution.

Figure 2.6:Z-matrix calculation using port excitations. Setup for calculating (a) main diagonal
elements, (b) leading diagonal elements, (c) remaining elements.

For the leading diagonal elements de nedZasji  jj = 1, every port is open other than the
j!" port. This is equivalent to a single-port wire antenna startirdy atand ending alj+ ; with
the feed point atl;. In this case we are interested in the resulting voltage across the adfacent
port resulting in the impedance:

4
, Vpi 1
ZijJi=j 1=fp_'= — E(2dz
Inj  Inj gap (2.9)
For other remaining elements, i&;,ji jj 1, every portis open other thj& port. In this

case, there is at least one open circuit between pandj, i.e. the measured and excited ports.
The method we used above leadd/te= 0 resulting inZ; = 0. This is an approximation that
ignores near- eld coupling between non-adjacent ports. However, we observe these secondary
couplings have a negligible effect on the overall impedance. The overall concept of Z-matrix
calculation is abstracted and illustrated in Fig. 2.7.

Next, by using the derived matrix, we can directly compute the far- eld radiation pattern
of the antenna as a function of the magnitude and phase of the input current excitations. Fur-
thermore, we can use a gradient descent algorithm to predict the optimal combination of inputs
for a desired radiation pattern. Crucially, increasing the number of ports assists with a better
approximation of the target pattern.
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Figure 2.7: Derivation of théN-port impedance-matrix using port excitation and the EMF
method

To implement this scheme in hardware and provide the target inputs to all the ports, we
need to consider the loading constraints imposed by the input sources. Asstynismghe
source impedance at th& port, the required voltage at the source can be writteNsas
Vpi + Zsi |ni. Based on the cross-coupling impedancefZinwe can calculat¥,; in terms of
voltage contributions from each of the= 1:::N ports onto thé'" port:

N
Vpi = é Ziklnk: (2.10)
k=0

Furthermore, by replacing the port voltage with the corresponding current¥fglr [ Z][I,],
we can rewrite this equation in the matrix form:

Vsl = ([ Z]+ [ Z)ln: (2.11)

In Eq. (4.4),[In] and[Vs] are 1 N vectors representing the port currents and the source
voltages, respectively{Zs]n n is a diagonal matrix representing the impedance values of the
N input sources. The relationship in Eqg. (4.4) provides a direct means to compute the optimal
combination of input source phasors to achieve a desired port current distribution and radiation
pattern.

2.1.4 Antenna Synthesis

We aim to design a con gurable MPWA suitable for microwave applications centered at 12GHz
with an adjustable operating frequency capable of covering thd8GHz frequency range.
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This adaptability allows the antenna to effectively support multiple microwave frequency bands.
Before determining these phasors the rst step toward implementing the module is to determine
hardware and fabrication constraints. In this prototype, we target a con gurable antenna with
a broadside beamwidth of, = 15 at this center frequency. To facilitate the fabrication of the
prototype, we introduce two additional practical constraints in selecting the ports: we consider
a constant spacingd = d, d; 1 between adjacent ports and apply equal amplitudgs= Vs
to all source excitations. Furthermore, we consider a uniform excitation phase pro le across the
N ports. Thus, the phase at th2input current with respect 8@ can be written as

ai=(i "2 hDa+(i DDy: (2.12)

One can show that the optimal value fog andDy at the target frequency determine the aper-

ture beamwidth and beam angle, respectively. These phase and amplitude restrictions limit the
shape of the pattern to a singular beam and by selecting the proper values, we can simultane-
ously control the frequency and angle of radiation.

The minimum physical dimensions for the aperture size can be determined from the diffrac-
tion limit. The total length is almost twice the minimum achievable beamwidth from Chu's limit
[9]. However, given the additional constraints introduced on port locations and input phasors,
this margin is necessary to ensure synthesizable beams. The overall antenna length, denoted
by L, is selected based on the physical constraint imposed by the target beamwqgth-aj.

2.8(a) illustrates the relationship between the antenna length and the beamwidth of the MPWA.
For this design, we selett= 210mm andjo = 15 .

Fig. 2.8(b) depicts the relationship between the number of ports and MSE, the mean squared
error between the target beam and the desired beam. Based on this error, we update the port
locations and excitations using gradient descent to achieve the minimum possible value of MSE.
Once we have converged on the optimal combination of port locations and excitations, we use
the obtained antenna structure and verify its expected performance from synthesis with results
from standard EM simulation. The results indicate that the ideal radiation pattern is better
approximated as the number of ports increases. However, we observe that this trend plateaus
beyondN = 11.

In Fig. 2.8(c), we show the minimum achieved MSE for 11 and a constant port spacing
of Dd = 12.5mm for several target center frequencigs Interestingly, the resulting MSE levels
are almost independent of frequency, suggesting that the proposed method can achieve a suitable
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response across a broad bandwidth. Fig. 2.8(d) shows an example of this radiation pattern for
a design optimized with a broadside patternfat 12GHz. The phase difference between
adjacent input ports from the analytical result®@s= 6 . The comparison demonstrates good
agreement between the estimated pattern from synthesis and the resulting pattern from EM

simulation.

Figure 2.8: Beam synthesis analytical results. (a) Beamwidth vs. frequency for various MPWA
lengths. (b) Normalized MSE as a function of the number of portk at 12GHz. (c) Nor-
malized MSE optimized at different center frequencieN at 11. (d) Comparison between the
ideal, synthesized, and simulated radiation patterrisat12GHz.

2.1.5 Antenna con guration

The MPWA structure is presented in Fig. 2.9. The MPWA is implemented as a printed solution
on a board, showcasing the practical realization of the design. The proposed aperture is located
on the surface of a dielectric substrate with thickntes0:508mm, dielectric constamt = 4,

and dielectric loss tangent ts 0:02. Each of the ports is fed by a microstripV8line with
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a width of 204mm. Each microstrip line is connected to the MPWA using a microstrip-to-
coupled line transition. This realization uses both sides of the board, and vias are employed to
establish connections between the top and bottom layers. The center-to-center separation of the
microstrip lines is 15mm. The length of the microstrip-to-coupled line transition :Bn¥m
and the MPWA wire width is Gmm.

Figure 2.9: MPWA con guration.

To verify this proposed design methodology and its analytical predictions, we use the def-
inition of input impedance&Zin = Vpi=lh whereV,; is the port input voltage. Fig. 2.10(a-b)
compares the analytical results&f for porti = 1 across frequency with those obtained from
the Ansys HFSS full-wave simulator. The analytical results perform well in predicting the res-
onance frequencies, as well as the amplitude across frequencies. The predicted amplitude only
deviates near resonance frequencies which is a known limitation of the EMF method [102].
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Figure 2.10: The real part (a) and imaginary part (bXpf

The overall antenna structure is presented in Fig. 2.11. In this design, we have constrained
the port optimization scheme such that Mllports have equal magnitude with only varying
phases. Therefore, the proposed design should evenly divide the input signal between all the
ports. Additionally, we need to control the relative phase when exciting the ports. To achieve
this, the feeding network in this design includes a power divider stage and a phase shifter stage.
The power divider is designed solely to facilitate antenna testing. In practical applications, this
power divider is not essential, as the proposed MPWA can be directly driven by separate power
ampli ers each providing an arbitrary amplitude. Two types of Y-junction microstrip power
dividers were designed and optimized to generate a 1 to 11 power divider, as can be seen in Fig.
2.11. Type | has a characteristic impedance &/adthe output ports and ¥8Bat the input port.

On the other hand, Type Il has a characteristic impedance\WWfa2%he output ports and 50
at the input port. The unused ports have been terminated with matched high-dtteshuators.
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Figure 2.11: MPWA con guration. The proposed MPWA along with the input feeding network
and phase shifters. The magni ed gure highlights the wire antenna structure.

Fig. 2.12 shows the S-parameters of the power divider. A re ection coef g&yjt
11dB, withi denoting thenput port, indicates that the input port is well matched t&\b@'he
transmission coef cientsj§;ij; j = 1,2;:::;11) from the input port to all output ports change
from 15dBto 25dB for frequencies ranging from 5GHz to 18GHz.

Figure 2.12: Simulated re ection and transmission S-parameters for Y-junction power dividers.

To produce the necessary phase in each port we use CMD297P34, an analog phase shifter
with an operating frequency between 38GHz. The phase shifter utilizes a single positive
control voltage between 010V to control the relative phase shift. The phase shifter has a
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consistent 3dB insertion loss versus phase shift, demonstrates monotonic phase response with
respect to control voltage, and has Bdput and output matching which works well with our
design.

Fig. 2.13(a) shows the prototype of the fabricated multi-port wire antenna. Fig. 2.13(b)
shows the prototype MPWA and the far- eld test setup. We construct the aperture using a stan-
dard 2-layer FR4 process. An auxiliary control voltage circuit board controls the individual
phase shifters in order to regulate the relative phase shift between the antenna ports. The volt-
age to phase adjustment is carried out using voltage regulators and trimmer resistors that can
produce the 0 10V phase control voltage.

Figure 2.13: (a) Photograph of prototype. (b) Far- eld test setup.

As the rst step, we measure the input port re ection coef cient using a network analyzer
to verify the input matching and compare with simulation results. To obtain the simulated
re ection coef cient from the input port, we combine the simulated S-parameters of the power
divider, phase shifters, and MPWA. Since the S-parameters data of the phase shifter is not
available, we model it using a ¥0p-attenuator. Fig. 2.14 shows the simulated and measured
input re ection coef cients of the MPWA prototype across a wide bandwidth centered around
the design frequency of 12GHz. It can be observed that the antenna is well matched across the
5 18GHz bandwidth (113% fractional bandwidth). The proximity between simulation and
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measurement is a remarkable performance in the context of the available multi-port antenna
literature.

Figure 2.14: Comparison between simulated and measured input re ection coef cients of the
MPWA.

Fig. 2.15 shows the broad side radiation pattern of the MPWA at 4 selected frequencies.
At each selected frequency, we adjust the phase pro le, in this dxsedirectly from the
outcome suggested by the synthesis algorithm. The measurements (dotted lines) demonstrate
the validity of the synthesis method as it closely follows the predicted pattern (solid lines). This
demonstrates the ability of the MPWA to exhibit predictable radiation across a wide frequency
bandwidth, verifying the frequency con gurability of the proposed coupled multi-port structure
in contrast to typical phased arrays.

Figure 2.15: Comparison between the synthesized and measured radiation patterns at 4 selected
target frequencies.
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Fig. 2.16 demonstrates the ability of the proposed synthesis algorithm and the MPWA to
perform continuous scanning by a similarly predictable control of the excitation phases. The
results are shown fof, = 15GHz and similar beam scanning is achievable at all synthesizable
frequencies. The produced beam exhibits a broad scanning range from 55 to 125 degrees and
a low sidelobe level withk 1dB gain variable throughout the scanning range. The synthesis
algorithm can go even beyond singular beam scanning and can produce an arbitrary beam within
the bounds of the diffraction limit.

Figure 2.16: Con guring the radiation pattern and beam scanning by adjusting input excitations.
The measured patterns align with predictions from the analytical methodology.

Fig. 2.17 demonstrates the ability of the main beam to split into two beams providing the
ability of the antenna to cover two distinct areas and/or produce a null space in-between. This
is a particularly useful capability for multi-user communication systems and blocker-tolerant
receivers. Fig. 2.18 provides an extended comparison between the antenna gain predicted from
the theoretical model, electromagnetic simulation, and measurement across the entire frequency
range. In theoretical calculation, we assume a loss-less structure, i.e. an ideal radiation ef -
ciency, equating peak gain to directivity. The measured gain is approximately 1dB lower than
the simulated gain, which is attributed to measurement tolerances and higher board material
loss.
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Figure 2.17: Single and dual beam measured radiation patterns along with the applied input
phase pro le derived from the analytical scheme.

Figure 2.18: Comparison between the predicted, simulated, and measured peak gains of the
11-port MPWA.
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Fig. 2.19 illustrates the values of the total radiation ef ciency for the proposed MPWA and
the overall board ef ciency. The proposed MPWA radiates approximately 75% of the incident
power around the center frequency. However, this value decreases at higher frequencies due
to metal and dielectric losses in the board. The total ef ciency of the entire board exhibits a
lower percentage of radiation compared to the total ef ciency of the MPWA, primarily due to
additional material loss from using the power divider.

Figure 2.19: Simulated radiation ef ciencies.

Table 2.1 compares the features introduced by this multi-port synthesis scheme with pre-
vious multi-port antenna structures. The scalability of this approach enables predictable and
reliable performance with an 11-port antenna.

Table 2.1: Performance comparison between state-of-the-art multi-port antennas

Ref. | Antenna Type Ports | Bandwidth Beam Scanning
. . (145-161 GHz)
[1] Ring (traveling wave) 8 xed beam
10%
) (1.49-1.51 GHz)
[17] Patch (standing wave) 4 Y xed beam
0
) (9.95-10.5 GHz)
[3] Slot (standing wave) 3 xed beam
5%
) . (113-115 GHz)
[5] Cavity resonator (standing wave) | 8 1.8% xed beam
. 0
) (147-150 GHz)
[18] Slot (standing wave) 4 xed beam
2.3%
This , , (5-18 GHz)
Wire (standing wave) 11 (45 to 135) 90

work 113%
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2.2 Adaptive Filtering Method

The rapid advancement of wireless communication, particularly the widespread adoption of
fth-generation (5G) mobile technology, has led to an increasing number of components being
integrated into wireless communication systems. However, the limited available space imposes
stringent demands on antenna miniaturization and integration. Simultaneously, the growing
bandwidth requirements of high-speed communication systems have driven the design of RF
wireless links toward broadband con gurations. Despite this trend, only a small portion of the
bandwidth is typically utilized for speci ¢ applications or channels, necessitating the removal
of unwanted signals [103].

Traditionally, this challenge has been addressed using frequency lters to re ect unwanted
spectral components. However, such an approach often degrades intermodulation performance,
deteriorates the input standing wave ratio at each port, and may cause instability in active com-
ponents, thereby complicating RF system design [104]. Furthermore, conventional lIters are
often bulky and consume signi cant space. To mitigate these limitations, Itering antennas
have emerged as a promising solution by combining Itering and radiating functionalities into
a single component [105, 106, 107, 108, 109]. However, these designs often lack performance
exibility and are challenging to optimize due to their high integration and xed con gurations.

As shown in this chapter, multi-port antennas enable low-loss power combining and pattern
synthesis using multiple ports. In this section, we show that multi-port antennas can effectively
tune their accepted input power over a broad frequency range, handling part of the RF lter-
ing without introducing any additional components. Towards this goal, we propose a scalable
method to adaptively Iter the accepted power through a synthesis method based on the opti-
mization of the phase pro le of antenna ports. In this method, the antenna remains wideband at
the input port. However, the accepted power is con ned to the desired frequency band, meaning
the ltering effect occurs in the power spectrum.

2.2.1 Synthesis method

A generic multi-port antenna, as illustrated in Fig. 2.20, consistbl afistributed excita-

tion points, each of which can be driven by a frequency-dependent complex phel§di,=

1;2; ;N). We propose a Iter synthesis method to control the accepted power spectrum based
on optimization of the phase pro le of the port excitatiogg (= 1;2;:::;N).
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Figure 2.20: (a) A multi-port antenna excited frashpoints. (b) The ability to adjust the
accepted power spectrum in a wide frequency band.

As shown in this chapter, the lumped circuit representation of a multi-port antenna can be

reduced to an impedance matf&n n as illustrated in Fig. 2.21. This abstraction allows the

input impedance at each port to be calculated as a function of the impedance matrix and the

excitation phasors.

N

- N ki o

Zn(f)= A Zig @@ @ (2.13)
k=1 [

In (2.13),Z!, is the input impedance at th® port. The accepted power can be written as
follows:

N .
P(f)= & R(L ] Gi)
=1 (2.14)

) i Zi
PI 1 i ZS !I’]'Z
: oL) Zig 7 Z;nJ)

In (2.14),P! represents the received power at tfgport of the MPA.G is the re ection coef-

N
o

cient due to the mismatch between the MPA and the power combiner network. Adjusting the

received power at the antenna in effect changes the antennaldgai(qi), as shown in Fig.

2.21. This antenna gain tuning is the fundamental idea behind this method for providing RF

Itering.
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Figure 2.21: A multiport antenna witN ports at the receiver side is modeled with a coupled
impedance matrix. The accepted power spectrum pattern is dependent on the impedance matrix
as well as the phasor of excitation.

Fig. 2.22 summarizes the proposed antenna design ow. The process begins with selecting
the desired accepted power spectri@y(,f). To implement this spectrum, we rst calculate
the impedance matrix of the MPA based on its structure. Next, we choose an initial phase
value, g, for each of the ports. The input impedance at each port is then calculated using
(2.13). Subsequently, the total accepted power is computed using (2.14). At this stage, the
actual accepted power pattei f), is compared with the desired pattefy( f), using the
Mean Squared Error (MSE) metric to quantify the difference.

Zn
MSE= jPy(f) P(f)j%df (2.15)
fL
Based on the computed error, the phase vatyjiesre updated using gradient descent to
minimize the MSE. Once the optimal combination of port phase excitations is achieved, the
accuracy of the design is validated through full-wave simulation.



39

Figure 2.22: Flowchart of the proposed procedure for desired accepted power pattern.

2.2.2 Prototype Measurment

We demonstrate the ability of accepted power tuning using the multi-port wire antenna (MPWA)
prototype which is shown in Fig. 2.13. To demonstrate the effectiveness of the proposed
method, we provide a design example aimed at maximizing the accepted power at 14GHz while
minimizing it across other frequencies. Fig. 2.23 presents the performance metrics associated
with the optimization process and experimental validation. Fig. 2.23(a) illustrates the conver-
gence behavior of the proposed optimization algorithm, where the normalized MSE decreases
steadily with each iteration. The rapid reduction in MSE during the initial iterations highlights
the capacity of the algorithm to quickly approximate the optimal solution.

Fig. 2.23(b) provides the optimized excitation phases at each of the eleven ports. The dis-
tribution of phases re ects the careful balancing of port contributions to achieve constructive
interference at 14GHz while suppressing power at other frequencies. Fig. 2.23(c) compares the
normalized accepted power obtained from simulations and measurements. The power peak at
14GHz con rms the successful optimization, while the suppressed power at frequencies out-
side the target range ensures minimal spectral leakage and reduced interference. Fig. 2.23(d)
presents the gain versus frequency curve. The gain pro le shows a peak at 14GHz, with consis-
tent behavior between simulated and experimental results.
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Figure 2.23: Progress of accepted power maximizatioh=atl4GHz. (a) Normalized MSE
versus iteratins. (b) Optimized phase of port excitions. (c) Simulated and measured normalized
power spectrum. (d) Simulated and measured peak gains.

Fig. 2.24(a) presents the measured peak gains for three different center frequineies,
9GHz, f; = 12GHz, andfc = 14GHz. Each curve exhibits a well-de ned passband, with a 3dB
bandwidth of approximately 2 GHz. The gain variation within each band is relatively stable,
peaking near the center frequency and decreasing gradually toward the edges. The center-to-
center rejection between adjacent bands is approximately 5dB, meaning that when one channel
is at its peak gain, the adjacent channels exhibit a 5dB lower gain at that frequency. The 10dB
gain difference we observe at 14GHz between the optimized phase pro Iésfot4GHz and
fc = 12GHz is a result of the larger re ection of the incident signal to the antenna at the Itered
frequencies. Fig. 2.24(b) depicts the simulated radiation patterfigssat4GHz for those three
phase pro les, con rming a corresponding difference in the antenna gain.
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Figure 2.24: (a) Measured peak gains for three examples of the center frequency with different
optimized phase pro les. (b) Simulated radiation patterrfat 14GHz for those different
optimized phase pro les.

To further demonstrate the versatility of the proposed multi-port antenna, optimization was
performed for both adjustable band and dual-passband responses. Fig. 2.25(a) illustrates the
simulated and measured normalized accepted power where phase-excitation optimization was
applied to increase the bandwidth around 13GHz, demonstrating the adjustable bandwidth ca-
pabilities of MPWA. This approach enables ef cient power delivery over a wider frequency
range without requiring additional Itering elements. Fig. 2.25(b) presents a two-passband re-
sponse, where excitation phases are adjusted to achieve strong radiation in two separate bands
while suppressing the intermediate region. The measured results closely follow the simulated
trends, validating the effectiveness of this approach in achieving tunable spectrum control.
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Figure 2.25: Simulated and measured normalized power spectrum (a) for wider bandwidth and
(b) for two passband.

2.2.3 Discussion

The proposed method, which optimizes the phase excitations of a multi-port antenna, presents
several advantages over conventional architectures that employ separate Itering components.
One of the primary bene ts is the enhanced compactness of the system. Traditional designs
require additional lter circuits that increase the overall footprint, introduce extra insertion loss,
and complicate integration. In contrast, the proposed approach achieves spectral shaping di-
rectly at the radiation stage, eliminating the need for external Iters and simplifying the system
architecture. Additionally, the method offers greater tunability, allowing dynamic adjustments
of the center frequency, bandwidth, and the number of passbands simply by recon guring the
phase pro le of the excitations. This level of adaptability is challenging to achieve with xed
Iters, where modifying the frequency response often requires physically changing components
or implementing complex tunable structures.

Despite these advantages, the proposed method does have some trade-offs compared to tra-
ditional lter-based solutions. One notable limitation is the lack of sharp band edges in the
frequency response. As observed in Fig. 2.25(b), while the power spectrum exhibits tunable
passbands, the transitions between passbands and stopbands are more gradual compared to con-
ventional bandpass lters, which typically provide steep roll-offs due to high-Q resonators. This
softer transition may lead to unwanted interference from adjacent frequency bands, which could
be a concern in applications requiring strict spectral con nement. Additionally, real-world im-
plementation challenges must be considered, such as the sensitivity of phase optimization to
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fabrication tolerances and environmental variations. While traditional Iters can be precisely
designed and manufactured with stable performance, the proposed approach relies on dynamic
tuning, which may require real-time calibration to maintain optimal performance.

Table 2.2: Performance comparison between state-of-the-art Itering antenna
Ref./Year | Thiswork | [105]/2023 | [106]/2022 | [107]/2022 | [108]/2020 | [109]/2022

Gain (dBi) 8 10.7 13.2 8.5 8 4.8
Rejection

20 21 23 20 17.9 15
level (dB)

. 5 18GHz | 33 37GHz | 9 11GHz | 23 40GHz | 3 5GHz 45 55GHz

Bandwidth

113% 11% 20% 54% 50% 20%
Ef ciency

80 85 95 60 90 93
(%)
Roll-
off rates | 3 70 30 20 36 74
(dB=GHz)
Adjustable X
Bandwidth

Multi-Band X

The comparison in Table 5.1 further highlights the trade-offs between the proposed multi-
port antenna approach and conventional Itering antennas. Notably, the bandwidth of the pro-
posed method is signi cantly wider than state-of-the-art Itering antennas, which typically op-
erate over much narrower bands. Additionally, the ability to achieve adjustable bandwidth and
multi-band operation distinguishes this method from conventional designs, which lack recon-
gurability and are often constrained to xed operating frequencies. While the ef ciency and
rejection level of the proposed antenna are competitive with other designs, the roll-off rate is
substantially lower compared to Itering antennas. This aligns with the earlier discussion re-
garding the lack of sharp band edges, meaning that while the system is highly exible and
tunable, it does not provide the same level of stopband suppression as dedicated Itering struc-
tures. These results reaf rm that the method is well-suited for dynamically recon gurable sys-
tems but may require a trade-off between recon gurability and edge sharpness in cases where
sharper spectral roll-offs are necessary.
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2.3 Summary

This chapter introduces the concept of multi-port wire antennas as one-dimensional con g-
urable radiators. It develops a theoretical framework for synthesizing beam patterns through
multiple port excitations and proposes a systematic design methodology. The chapter presents
an 11-port MPWA prototype, detailing its fabrication, testing, and performance validation. Ad-
ditionally, a strategy for power spectrum synthesis via phase pro le optimization is introduced,
demonstrating wideband operation with selective power acceptance. Experimental results con-
rm the practicality of the proposed approach. The content of this chapter has been partially
published in [110, 111, 112].



Chapter 3

Multi-port Periodic Antenna

As discussed in the last chapter, a subset of con gurable apertures is multi-port antennas, which
have garnered signi cant attention in recent work for their potential to develop con gurable
radiation patterns. As illustrated in Fig. 3.1, Manipulating electromagnetic waves in multi-port
antennas lies somewhere between phased arrays and metasurfaces. Multi-port antennas enable
the direct combination of power from individual ports on the antenna itself, and from multi-
ple sources directly on the antenna. Although most existing research on multi-port antennas
has primarily focused on utilizing them for low-loss power combining directly on the antenna
minimizing grating lobes, our last work which is described in chapter 2 shifted its focus to-
wards synthesizing con gurable patterns using multi-port wire antennas [112, 111, 110]. Our
last work offers methodologies for beamforming, one-dimensional beam scanning, and power
combining across wide frequency ranges through analytical and modular abstractions. Those
approaches show the ability to bypass the practical barrier of iterative electromagnetic model-
ing for large-scale con gurable apertures. Nevertheless, the structure presented in the last work
[112, 111, 110] only demonstrates one-dimensional beamforming.

In this chapter, we introduce a novel theory applicable to a broader spectrum of antenna
structures. Rather than concentrating on a speci ¢ design, we explore a range of multi-port
antennas that are built on the concept of traveling wave radiators [113, 114, 115, 116, 117, 118,
119, 120, 121], in which they gradually release electromagnetic energy as the wave propagates
within the guiding structure. Here, multiple ports can inject power into the guiding wave struc-
ture, and the resulting radiating elds are the collective sum of all port inputs. Furthermore,
we demonstrate how using a periodic multi-port structure provides the necessary conditions to
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