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This dissertation introduces various wideband, highly directional antennas and
examines their design and performance. Initially, it discusses a dual-polarized quad-
ridge horn (QRH) antenna with a 3:1 bandwidth. This antenna incorporates a spline-
based aspheric dielectric lens with a unique protrusion at its base to ensure sufficient
gain across +4° field of view (FOV). The antenna features exponential-shaped horns
and ridges to enhance impedance bandwidth and radiation pattern quality. It also
includes a dual-polarization orthomode transducer (OMT) with a turnstile junction
(TJ) and custom-designed single- and double-ridge waveguides. A coaxial transition
has been developed to adapt the horn for non-waveguide-based transmitters. The
design achieves a minimum gain of 21 dBi within the FOV and over 24 dBi in
broadside gain, with low sidelobe levels (SLLs) below -15 dB and a cross-polarization
discrimination exceeding 30 dB.

The second part of the thesis proposes a wideband, dual-polarized QRH
antenna, enabled by additive manufacturing (AM), that operates from 36 to 90 GHz.
This modular setup integrates a QRH antenna, a waveguide OMT, a dielectric lens,
and an absorber-lined cavity to control radiation patterns. Adding a plano-convex AM
dielectric lens augments aperture efficiency to over 70% across the bandwidth. The
configuration also features a cavity module with a current sheet absorber,
significantly improving the SLL and beam efficiency (BE) and allowing for flush
mounting. Achievements include a broadside gain exceeding 26 dBi and radiation and

beam efficiencies above 75% and 88%, respectively, with SLLs below -25 dB.



Further, the dissertation presents a 3-D printed wideband, multibeam array
with an inhomogeneous lens operating from 36 to 90 GHz. This design consists of five
double-ridge horn (DRH) antennas, an absorber-lined ring, a structural spacer, and
a shielding cover. Integrating an annular ring-shaped structure with a current sheet
absorber notably improves gain and SLL, while the shielding cover reduces
electromagnetic interference/compatibility (EMI/EMC) risks. Employing digital light
processing (DLP) 3-D printing technology enables prototype fabrication while
maintaining tight tolerances. Performance metrics include gains of over 12 dBi for
five feeds and a radiation efficiency above 62% at the high frequency end, with SLLs
below -12 dB and minimal scan loss (< 0.5 dB).

Finally, the thesis showcases a compact unit-cell design for a circularly
polarized microstrip patch array. The unit-cell consists of four sequentially rotated
microstrip patch elements with chamfered corners and a cross-slot mounted on a
single substrate. This configuration results in a compact size and broadens the axial
ratio (AR) and impedance bandwidths. The closely placed elements induce strong
mutual coupling. The design methodology and its feasibility are substantiated with a
2x2 finite array prototype featuring integrated series power dividers. Experimental
results demonstrate symmetric radiation patterns with a VSWR under 2:1 and a 1dB
AR bandwidth over a 56% range, validating the design's application potential in

various RF scenarios.
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Chapter 1
Introduction
1.1 Background
1.1.1 Quad-Ridge Horn Antenna

Dual-ridged waveguides have been widely used for their wideband
characteristic, with analyses predominantly employing transverse-resonance
techniques and equivalent circuit formulations to determine cutoff frequencies [1, 2].
Expanding on previous work, reference [3] conducted parametric studies focusing on
cutoff frequencies, attenuation, and related parameters. Reference [4] extended these
analyses to encompass the complete eigenvalue spectrum of dual-ridged structures.
It was demonstrated that dual-ridged waveguides could achieve substantially wider
bandwidths than traditional hollow waveguides because the ridges reduce the cutoff
frequency of the dominant mode. In this context, "bandwidth" refers to the inverse
ratio of the cutoff frequency of the dominant mode to that of the next higher-order
mode, representing the single-mode bandwidth [1]. The principal drawback of dual-

ridged waveguides and associated horns i1s their limitation to single linear



polarization. This limitation led to the adoption of quad-ridged structures, which were
initially presumed to support comparably wide bandwidths and were necessary for
dual linear polarization applications. These quad-ridged waveguides have been
studied through finite-element methods and magnetic field integral equations to
analyze cutoff frequencies and mode fields for the initial modes, considering variables
[6-7]. These studies indicate that although quad-ridged structures also exhibit a
reduction in the dominant mode cutoff frequency by nearly a factor of four, their
single-mode bandwidth does not match that of dual-ridged designs due to mode
splitting, particularly of the TE21 and TE20 modes in circular and square waveguides,
respectively [2]. This splitting causes a significant decrease in the cutoff frequency of
one of the split modes due to the ridge loading, affecting the overall bandwidth.
Despite these bandwidth limitations, quad-ridged structures remain prevalent in
numerous microwave applications that require octave to multi-octave bandwidths [8-

12].

1.1.2 Lens Antenna

Lens antennas are a specialized type of directional antenna that utilize
dielectric lenses to focus and direct radio waves, thereby improving the performance
of the antenna system. This concept was initially explored and developed in the early
20th century, with significant advancements during World War II for radar
applications [13]. The principle behind lens antennas is similar to optical lenses such
as plano-convex, bi-convex, equi-convex, and meniscus [13, 14], which manipulate
light waves; in lens antennas, dielectric materials are used to focus and shape radio
frequency (RF) waves. The history of lens antennas began in the 1940s when they

were first used in radar technology to enhance signal directionality and range [13].



The early designs were primarily Luneburg lenses, spherical lenses with a radially
varying dielectric constant, allowing for the focusing of electromagnetic waves to a
point on the lens's surface regardless of the direction of wave incidence, making it
highly effective for radar applications. Over the decades, various materials and
configurations, such as the Rotman and Fresnel zone lenses, have been developed to
address specific technical challenges and application needs [15, 16]. Lens antennas
offer several advantages, including high directivity and gain, focusing the energy
more efficiently than many other antenna types, which results in better range and
signal quality. They can also be designed to have broad bandwidth capabilities,
making them suitable for broadband applications. They can be engineered to have
low sidelobes, reducing the reception or transmission of interfering signals. Their
ability to precisely focus electromagnetic waves also allows for improved spatial
filtering, enhancing signal clarity and reducing noise. However, lens antennas also
have disadvantages such as their size and weight, especially at lower frequencies
where large lenses are required to effectively manipulate the longer wavelengths,
making them impractical for portable or space-constrained applications.
Additionally, the cost of materials and manufacturing of dielectric lenses can be high,
especially for large or specially tailored designs. The performance of lens antennas
can significantly degrade if the lens material absorbs too much energy or if

imperfections in the lens shape lead to wave scattering.

1.1.3 Antenna Systems for Wideband Direction Finding

This study argues that the difficulties of developing wideband antennas for
direction finding and spectrum sensing are manageable and can be effectively

addressed. Design of the multi-beam array for amplitude-only direction finding



(AODF) and spectrum sensing is possible by maintaining stringent pattern control
across a broad, absolute instantaneous bandwidth. This approach allows for high
accuracy and enhanced gain at millimeter-wave frequencies. Furthermore, wide
relative bandwidth for AODF and spectrum sensing can be realized through mode
and pattern management, incorporating dual polarization for improved performance
and efficiency. Additionally, the advent of 3-D printing technologies is crucial in
enhancing the feasibility of developing sophisticated, high-performance components
for wideband antennas. These technologies enable the fabrication of multi-beam
arrays and related devices that not only meet the criteria for wideband and low-loss
performance but also allow for significant internal complexity and miniaturization.
The integration of 3D printing in the antenna design process reassures the future of
antenna design, as it enhances the feasibility of developing sophisticated, high-
performance components tailored to the specific needs of wideband communication
systems. This innovation in manufacturing could pave the way for more advanced,
efficient, and compact antenna systems, facilitating improvements in wideband

direction finding and spectrum sensing technologies.

1.14 Phased Array

Since their first experimental demonstration in 1905 [17], phased array
technologies have developed remarkably, evolving into highly dynamic, responsive,
and capable systems. These systems find widespread applications across diverse
sectors, including radar, electronic warfare, and communications. Traditionally
confined to military and high-budget scientific endeavors due to their steep costs,
recent reductions in production expenses have been propelled by the increased

availability of cost-effective front-end electronics and enhancements in



manufacturing processes. This shift has enabled the widespread adoption of phased
arrays in commercial and civilian sectors, finding uses in satellite internet services,
cellular towers, automotive radars, and Wi-Fi1 routers.

The structure of phased arrays, which allows for the electronic steering of
beams without moving parts, contributes significantly to their versatility and
reliability in various applications. This electronic beam steering is achieved through
the precise timing and phasing of signals across multiple antenna elements, enabling
rapid directional changes of the beam. Such capabilities are critical in applications
requiring quick response times and high accuracy, such as tracking fast-moving
objects in military radar systems or managing multiple data streams in
communications satellites. As communication technologies continue to advance, the
role of phased arrays is expected to become increasingly significant. This growth is
driven by developments in the Internet of Things and the progressive upgrades of
cellular networks, including the implementation of 5G Advanced and the forthcoming
introduction of 6G technologies. These advancements are set to offer enhanced
connectivity and more sophisticated network functionalities, with phased array
technologies playing a pivotal role in shaping the future of communication
infrastructures. With ongoing advancements, phased arrays are anticipated to
become even more integrated and prevalent in telecommunication systems,

cementing their status as a fundamental component of modern communications.

1.1.5 Sequential Rotation Technique

The sequential rotation technique in antenna arrays is a sophisticated
method used to generate circular polarization (CP) and improve polarization purity

across the antenna bandwidth [19]. This technique involves arranging multiple



antenna elements in a specific geometric configuration, often in a circular or square
lattice, and systematically rotating each successive element by a predefined angle,
typically in increments of 90 degrees, corresponding to phase shifts of {0, £90°, 180°,
+270°. This rotation alters the phase of the radiation emitted by each element,
resulting in a composite beam that exhibits circular polarization. The technique
exploits the phase differences introduced by the rotation, where each component of
the array is fed with the same signal amplitude but with a sequential phase shift,
leading to circularly polarized radiation, where the electric field vector rotates in a
circle perpendicular to the propagation direction. Circular polarization 1is
advantageous for satellite and mobile communications, where antenna orientation
might vary and is less susceptible to multipath interference and reflections. Benefits
of this technique include enhanced polarization control, allowing for tailored antenna
arrays without additional components, and improved signal integrity, which is crucial
In environments where the receiver orientation varies. However, challenges such as
the complexity of design and implementation, which requires precise control over
phase and amplitude and limited aperture efficiency. Despite those drawbacks, the
sequential rotation technique remains a viable solution for enhancing communication
system performance through high-quality circular polarization, with ongoing
research and technological advancements continually expanding its potential and

easing implementation hurdles.

1.2 Hypothesis and Objectives

The hypothesis of this dissertation is that high quality, low-cost,
multifunctional antennas and arrays are enabled by modern design and
manufacturing techniques. The thesis introduces a variety of wideband, strongly

directional antennas customized for jamming, communication, and spectrum sensing



across various frequency ranges, including mmWave utilization. These designs
include primarily additively manufactured horn antennas and an array equipped
with a dielectric lens for augmentation of the gain or compact unit-cell configurations.

Specifically, the dissertation examines a variety of wideband antennas,
showcasing several methodologies with well-established designs that achieve
bandwidth across multiple octaves. The ridge horn antennas, detailed in Chapters 2,
3, and 4, function by transitioning broad waveguide modes into the free space where
they propagate as spherical modes [19]. Additionally, wideband microstrip patch
array is explored in Chapter 5. This array comprises multiple antenna elements fed
in a precise phase alignment to ensure that the radio waves from different elements
merge effectively. This superposition helps enhance the power radiated in preferred
directions while minimizing it in less desired ones, thus supporting wideband
functionality [19]. Moreover, a robust coupling techniques is proposed to achieve
wider bandwidth. Through capacitive coupling among neighboring elements, both the
aperture and impedance bandwidths of the array are expanded [20-24]. Thus, the
thesis focuses on developing three key antenna types: quad-/dual-ridge horn antennas

and strongly coupled microstrip patch arrays.

1.3 Methodology and Tools

Full-wave simulation is used throughout this work to study and design
antennas and arrays. Commercial tools include Ansys HFSS [25], Altair Feko [26],
and CST Studio Suite [27]. These provide three different computational
electromagnetic methods (finite element method, method of moments, and finite
Integration technique, respectively), each with its advantages and disadvantages, in

addition to validating results between them. Custom numerical processing and data



plotting is done by using MATLAB [28]. Keysight ADS [29] is used for circuit
simulations. When ready for fabrication, the devices go through a design for
manufacture (DFM) phase with practical considerations.

Prototyping is performed through a comprehensive combination of
subtractive (e.g., computer numerical control milling) and additive methods, ensuring
the most accurate representation of the final product. The latter include fused
deposition modeling (FDM), stereolithography (SLA), digital light processing (DLP),
and 3D printing with copper electroplating. Scattering parameter measurements are
performed using vector network analyzers (VNAs). Models used are the Keysight
E8363B PNA Network Analyzer. Radiation patterns are measured using the NSI
700S-30 combined spherical near-field and far-field anechoic chamber at the
University of Colorado Boulder. The experimental validation is necessary to confirm
the theories, simulations, and synthesized expectations presented herein, providing

reassurance about the reliability of the results.

14 Thesis Organization

This thesis is organized into chapters as follows:

e Chapter 2 discusses the design and performance of a dual-polarized QRH
operating over 3:1 bandwidth. In the proposed configuration, the QRH 1is
loaded with a spline-based aspheric dielectric lens having a protrusion on
the bottom designed to achieve the required gain over the +4° FOV.
Exponential-shaped horn and ridges are employed to improve both, the
impedance bandwidth, and the quality of radiation patterns. An OMT
with a TJ and custom single and double-ridge waveguides are developed

for dual-polarization. A coaxial transition is also engineered to expand the



horn’s use with non-waveguide-based transmitters. More than 24 dBi
broadside and 21 dBi minimum gain within the FOV are achieved.
Moreover, low sidelobe levels below -15 dB, cross-polarization
discrimination greater than 30 dB, and symmetric patterns are

demonstrated.

Chapter 3 presents additive manufacturing enabled wideband, dual-
polarized antenna operating from 36 to 90 GHz. This highly modular
configuration comprises a QRH antenna with a monolithically integrated
waveguide orthomode transducer, a dielectric lens, and an absorber-lined
cavity for pattern control. Exponential tapering of the horn, cavity, and
ridges enhances the impedance bandwidth and radiation patterns. A 3D-
printed plano-convex dielectric lens was added to increase aperture
efficiency by over 70% across the band. Moreover, including a cavity
module with a current sheet absorber has significantly enhanced the SLL
and BE while enabling flush mounting implementation. Various additive
manufacturing techniques such as FDM, DLP and SLA are deployed to
allow for a prototype with measured VSWR < 2.5:1 from 36 to 44 GHz and
< 2:1 for the rest of the band in both channels. Broadside gain exceeding
26 dBi, radiation, and BEs above 75% and 88%, respectively, are obtained.
The SLLs < -25 dB and symmetric patterns are also demonstrated. Good
agreement between simulation and measurements validates the

robustness of the proposed modular antenna system.

Chapter 4 discusses a 3-D printed wideband, multibeam array with an
inhomogeneous lens operating from 36 to 90 GHz.. This configuration

comprises five double-ridge horn antennas with a monolithically
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integrated absorber-lined ring, an inhomogeneous lens with a structural
spacer, and a shielding cover for pattern control. Including a ring
structure with a current sheet absorber has been shown to significantly
enhance the gain and SLL, while the shielding cover helps mitigate the
potential issues of electromagnetic interference and compatibility. DLP 3-
D printing technique is deployed to enable a prototype with a measured
VSWR < 2.1:1 across the entire frequency band. Gains of five channels
exceeding 12 dBi and radiation efficiency above 62% at the end of the
frequency band are achieved. The SLLs < -12 dB, a crossover level < 3.5
dB, and symmetric patterns in the E- and H-planes are also
demonstrated. The good agreement between theory and measurements
validates the robustness of the proposed array system. The feasibility of

correlation-based AODF systems is also discussed.

Chapter 5 proposes a compact unit-cell configuration for a circularly
polarized microstrip patch array. This wunit-cell comprises four
sequentially rotated microstrip patch elements with chamfered corners
and a cross-slot on a single substrate. Incorporated features lead to a more
compact size (0.22As6cHz X 0.22A26cHz), wider axial ratio (AR), and
impedance bandwidths. Designed elements are placed close to each other
with an inter-element spacing of 0.22\26GHz, thus leading to strong mutual
coupling. An 8X8 finite array example achieves >56% bandwidth with
radiation and aperture efficiencies of >95%, and >97%, respectively.
Moreover, the array can scan within an elevation cone of +60° while
maintaining < 3.8 dB scan loss and AR < 3.5 dB from 20 to 32 GHz. The
design methodology and its feasibility are validated with a proof-of-

concept prototype consisting of a simplified 2x2 finite array with
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integrated series power dividers. Measured results showcase symmetric
radiation patterns over >56% wide VSWR < 2:1 and 1dB AR bandwidth.
Good agreement between simulation and experiments validates the
proposed unit-cell, its design concept, and its candidacy for many RF

applications.

Chapter 6 summarizes the work, lists contributions to this thesis, and

outlines possible extensions to the research contained herein.
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Chapter 2

High EIRP Dielectric Lens-Corrected Quad-Ridge Horn Antenna

2.1. Introduction

Horn antennas have been deployed in traditional and innovative terrestrial-
and space-based RF systems for applications such as microwave communications,
metrology, remote sensing, ground penetrating radars, and electronic warfare. These
systems can achieve high directivity, gain, and power handling capability across their
operating bandwidth [1, 30]. To further enhance bandwidth, horns typically use
ridges within smooth walls to simultaneously lower cutoff frequency while increasing
the turn on frequency of the higher-order modes. A quad-ridge embodiment is used
in the context of dual-polarized operation, making them even more desirable
candidates for the previously mentioned applications. One of the significant
challenges to achieving high gain with single-mode horns is the long axial length

required to compensate for the aperture’s quadratic phase errors [31]. To overcome
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this, methods such as corrugations, metamaterials, or reflectors [32-35] are often
considered. It is seen that a corrugated horn with a short axial length and 15-20° flare
angle has radiation shoulders that broaden the pattern and increase the spillover [32,
33]. Reflectors are more difficult to integrate on a platform [34, 35], whereas
metamaterials reduce power handling and typically restrict bandwidth to an octave
[36]. A well-known method to correct phase errors on horn aperture is to use dielectric
fill or lens. Various shapes and materials can be combined to correct the phase error
of relatively short horns and thus improve their directivity [36]-[46]. Interesting
results are obtained with metamaterial structures having artificially engineered
permittivity profiles [36-39]. Whereas these antennas demonstrate some size and
weight reductions, their realizability at very high frequencies [37, 38], dispersion, and
anisotropy [39] may present a challenge for widespread use. Gradient refractive index
(GRIN) [40-42] lenses are broadband and particularly interesting for aperture phase
correction. They can achieve high gain at the expense of one or more between
heavy/bulky structures, complicated realization, and/or high cost. For mechanical,
cost, and technology maturation considerations, a constant dielectric lens [43-46]
remains a viable solution when high gain over a wide bandwidth is required.
Furthermore, lower-weight dielectrics, such as high-density polyethylene (HDPE),
can be utilized in cases where weight and environmental exposure are critical.

In this chapter, the design of a lens-corrected dual-polarized quad-ridged
horn antenna (Fig. 2.1) operating over 3:1 bandwidth (6.5-20 GHz) is discussed. Based
on our initial work in [46], to achieve high/constant minimum gain in the required
narrow 8° field of view, the lens profile is modified into a spline curve with a
protrusion at the bottom. As a result, high directivity, gain in FOV >21 dBi, and cross-
polarization discrimination (XPD), as well as low side lobe levels, are obtained. For
dual-polarized operation, a turnstile junction orthomode transducer with custom

designed single and double-ridge waveguide lines is designed and integrated with the
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Fig. 2.1: Photograph of the fabricated lens-corrected dual-polarized QRH antenna
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lens loaded QRH. Whereas double-ridge waveguide allows integration with the
traveling wave tubes, custom coaxial adapters have also been developed to connect
with contemporary solid-state amplifiers. The impact of mechanical tolerances and
theoretical peak power are studied, and relevant conclusions are provided. Good
agreement between the measurements and simulations validates the robustness of
the delivered configuration.

This chapter is organized as follows. Sections 2.2 and 2.3 discuss the quad-
ridge horn and spline-based aspheric dielectric lens, respectively. Antenna and lens
fabrication/measurement are described in section 2.4. Finally, Section 2.5 concludes

the chapter.

2.2, Quad-Ridge Horn Antenna

Fig. 2.2 shows the configuration of the QRH antenna having an exponential
profile tuned to obtain the highest minimum gain in FOV over the operating
frequency band. ai and ao are the radii at the feed point and horn aperture,
respectively. L is the horn taper length. The aperture diameter and horn length
predominately control the low-frequency performance and impedance matching,
respectively. Wri is the ridge width, and sr is the gap between the ridges at the feed.
The designed values for horn parameters are given in Table 2.1. The basic design of
the conical horn antenna profiles consists of tuning several key parameters to achieve
the requirements [47]. Since the horn/ridge profiles have a significant impact on the
gain response, we studied sinusoid, tangential, elliptical, x, and exponential profiles
(see Fig. 2.3). As the outcome of this study, the exponentially tapered profile, defined

in (2.1) is selected due to the reduced aperture phased errors and wider return loss
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(b)

(c)
Fig. 2.2: QRH antenna: (a) Configuration (b) Aperture, and (c) Feed.
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Parameter

Table 2.1 Design Parameters of QRH Antenna

al

ao

L

Wr1

ST

Value
(mm)

12.9

124.7

252

4.4

6.06
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bandwidth. Moreover, the exponential taper has a higher degree of freedom in design

than other profiles [47]:

a(z) = A(C1efz + Co)+(1-A)[ a: H(ao-a)(z/L)] 2.1)

where C1 = (ao—ay)/(e%—1), C2 = (a; eft—ao)/(e#.—1), parameter A (= 0.86) should be
between 0 and 1 for the added linear taper. R (= 28.31) is the exponential opening
rate. Note that the former significantly affects the impedance bandwidth such that
when the radius is increased, the return loss bandwidth of the horn is broadened
while that of the turnstile junction is decreased. The horn aperture diameter and
axial length significantly affect both directivity and bandwidth. The ridge and wall
profiles are determined by tuning their constitutive parameters to achieve the
highest minimum gain in the 8° FOV. The exponentially tapered profile is chosen due
to the reduced aperture phased errors, wider return loss bandwidth, lower cross-
polarization, and higher design degree of freedom compared to other common options

discussed in [47].

2.3. Spline-Based Aspheric Dielectric Lens

In a conventional horn, the tapering of the throat inherently leads to lower
directivity. By lens-loading the horn aperture, one can achieve improved directivity
or, if desired, a specific beam shape. This is accomplished by correcting and
collimating the wavefronts, effectively transforming them from spherical to planar.
Specifically, the phase correction is achieved with a dielectric lens having a refractive
index (=/e,) greater than unity, where er represents the relative permittivity of the

lens material. The conventional design approach for such lenses assumes the
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Fig. 2.4: Lens configuration with denoted critical parameter needed to fully
reconstruct the three-dimensional lens shape.

applicability of geometric optics, conceptualizing the power emerging from the horn
apex as a ray. The foremost principle in geometric optics postulates that power is
transmitted along ray paths, and the cumulative power traversing any enclosed
surface constitutes a tube of rays. This implies constancy in the total power across
any cross-sectional area of a ray tube. The second principle, Fermat's principle,
indicates that energy traversing between two points follows the route that minimizes
the optical path length [48].

When it comes to lens design, the practical application of an aspheric shape
based on cubic spline curves is a crucial consideration. This shape, controlled by
several connected nodes, is particularly useful in the context of the lens's axis-
symmetry. Only half of the full 2-D profile, as seen in Fig. 2.4, is used for optimization,
demonstrating the efficiency and practicality of this design approach. This shape
comprises 11 spline nodes (P1-P11) defined by Adx and Azs (k and s = 1,...,10), whereas
the optimal number of nodes is based on the parametric study. Specifically, the values
of P1 and P11 along the y-direction are fixed due to the horn aperture size, and the

lens shape is determined by the remaining y- and z-direction values. A protrusion (hy
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= 15.9 mm) on the bottom of the lens is chosen to improve the minimum gain in the
FOV further. Due to its low loss, weight, cost, and manufacturability, the HDPE
material (- = 2.26 and tand = 0.0005 @ 12.4 GHz, p = 0.91 g/cm3) is used for the lens.
The HDPE lens was fabricated in-house using computer numerical control (CNC) 3-
axis machining. Since the geometrical algorithm method from [49] cannot accurately
calculate the impacts on impedance matching, internal reflections, diffraction,
interference, and polarization, the full-wave optimization of the horn and lens is
carried out in CST-MWS with the covariance matrix adaptation evolutionary strategy
global, and trust region framework local optimizers. The optimization goal was the
highest minimum gain in the 8° FOV over the operating frequencies while keeping
the SLL lower than -15 dB. The co-design/optimization of the horn and lens is carried
out considering the design for manufacturing of both the horn and lens, as well as the
desired high-power operation. The OMT consists of a quad-ridge circular waveguide
that feeds the horn, a cone-loaded turnstile junction, two bifurcations, both
transitioning from single-ridge waveguide to double-ridge waveguide and two custom
double-ridge waveguide ports. This design achieves wide fractional bandwidth,
reduced insertion loss, high-power handling, and polarization division/combination
control while preserving similar electric lengths in both polarization paths [50]. Figs.
2.5 and 2.6 show propagation constants for two dominant modes (to delineate the
single-mode bandwidth) and the cross-section of the designed SRWG and DRWG.
Shaded regions are the results of sensitivity analysis based on fabrication tolerances.
As seen, even with the considered tolerances, the single mode bandwidth is safely
within the desired bandwidth of the antenna. The single-ridge waveguide is the same
width but one-half height as the double-ridge waveguide. Its ridge-width and -height
are 4.4 and 3.1 mm, respectively. To evaluate the peak-power handling capability of
the waveguides densely meshed HFSS and CST models are analyzed (see Fig. 2.7).
In the inset formula of Fig. 2.7(b), Ec =3 MV/m is the air dielectric strength. Emax/1W
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Fig. 2.7: (a) Waveguide configurations to calculate power handling capability, (b)
Peak-power handling capability of waveguides

1s the max electric field intensity for 1W input power. The safety factor is 4. In Fig.
2.8, turnstile-junction in OMT has a metallic cone-shaped tuning stub located at the
center of the waveguide and machined such to maintain symmetry (needed for
wideband operation) [51]. A custom adapter with an orthogonal E-plane transition
and N-type connector completes each branch (polarization) of the antenna. Note that
N-type connectors can sustain up to 400 W of continuous power through 18GHz [52].

This adapter is built from 3 pieces and resembles a conventional WRD-650 to coax
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Fig. 2.9: Reflection coefficients of turnstile junction, bifurcation, and custom

adapter.
adapter [53]. However, its design is customized for a given application to enable a
perpendicular connection between the waveguide and connector in the reduced
volumetric footprint. Fig. 2.9 shows the simulated reflection coefficients of the
turnstile junction, bifurcation, adapter, and OMT. The OMT reflection coefficients
are below -10 dB from 6.7 to 20 GHz. The OMT and adapters are built using split-
block machining [54]. The RF leakage and harmful performance spikes are
significantly suppressed by placing metallic pin walls at the split block seams [55].
The proposed configuration is shown in Fig. 2.10. The horn is built as a single
aluminum piece by combined high-precision electrical discharge machining and CNC
processes. The total assembly weighs 4.6 kg (QRH, OMT, and lens are at 1.9 kg, 1.1
kg, and 1.6 kg, respectively). A fluid dynamic module for thermal analysis in Ansys
Mechanical Workbench was used to estimate the power handling capability of the
proposed lens. Considering an HFSS computed power loss of up to 3% at the high-
frequency end, the lens temperature reaches ~ 76°C under a 300 W excitation. Given
the continuous usage temperature range for HDPE from -46° to 82° C [56], this

confirms the suitability of this lens for operation even with input powers up to 350W
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Fig. 2.11: (a) Power loss of a dielectric lens, (b) Simulated lens temperature
attributed to input power.

in Fig. 2.11. Notably, a coated matching layer with the lens is not considered. The

lens-corrected quad ridge horn antenna with an ideal feed (waveguide port in HFSS)
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Fig. 2.12: (a) Lens-corrected quad-ridge horn antenna with the ideal feed
(Waveguide Port) in HFSS, (b) Simulated VSWR in both CST-MWS and HFSS.
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Fig. 2.14: Back-to-back results of custom adapters.
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Fig. 2.15: Adapter sensitivity analysis.

has good VSWR (<2:1) over the entire band as depicted in Fig. 2.12. However, the

issues with impedance match arise mainly from manufacturing tolerances of the
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OMT and custom adapter. In Fig. 2.13, the simulation result for the worst-case
scenario (highlighted in gray) is provided with measurement derived from a
sensitivity analysis considering tolerances based on the DIN ISO 2768 standard [58]
potentially arising in the fabrication process. As seen, VSWR < 3 is measured over
6.5-10 GHz, and VSWR < 2 for the remainder of the bandwidth. Note that the higher
mismatches are often tolerated in antenna systems aimed for wideband high-power
operation [59, 60]. In our analysis, we observed that the designed custom adapter is
more sensitive to fabrication tolerances and is the chief reason for impedance match
issues at the low frequency end. We can conclude that the coated matching layer could
mitigate the effect of possible reflection on the low frequency end while complicating
the lens realization and introducing additional signal losses due to absorption and/or
scattering. Furthermore, as depicted in Fig. 2.14, the measured back-to-back results
of the custom adapter distinctly indicate a high VSWR in the low frequency band,
which cutoff frequency was shifted. This finding leads to the inference that the
matching result of the antenna may have been impacted due to the observed
1mpedance mismatching of the adapter in low frequency end, potentially affecting the
antenna's performance. Furthermore, the simulation results in Fig. 2.15 reveal
that altering the gap between the Teflon piece and the ridge has a considerable
influence on the impedance bandwidth (cutoff frequency).

Even a small deviation in the spacing, such as £0.05 mm from the designed
baseline dimension (0.5 mm), can shift the cutoff frequency of the adapter at a low
frequency band, leading to the observed mismatching problem. Thus, we can conclude
that this is attributed to the manufacturing tolerances in the design of the custom
adapters. It is reassuring to know that the custom adapters with N-type connectors
were designed as a temporary measure to verify the horn antenna and OMT's design,
as mentioned previously in the paper. The intention to use traveling wave tubes

(TWTs) in practice is a sound approach to solving the mismatching issue in the low-
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frequency band. TWTs have excellent capabilities to handle wider impedance
bandwidth and high-power levels, making them a suitable choice for addressing the
practical requirements of the antenna system. Considering the limitations of the
custom adapters used for testing purposes and planning to utilize TWTSs in actual
applications, our research demonstrates a comprehensive approach to address
mismatching challenges. It ensures that the high-gain antenna system will be well-

suited for real-world high-power applications.

2.4. Far-Field Measurements

The far-field measurement is conducted in the anechoic chamber at the
University of Colorado Boulder (see Fig. 2.16 for a photo of the antenna inside the
range). The unmeasured port is terminated with a 50 Q load to eliminate unwanted
reflections that could interfere with the measurements. Fig. 2.17. shows the
measured and simulated far-field behavior of the QRH with (w/) and without (w/o)
the lens. Results between ports show good agreement. As seen in Fig. 2.17(a), the
lens-loaded horn has a directivity > 24 dBi, corresponding to aperture efficiency
variation from 62 to 88% (the lowest value is at the high end of the band). Since the
axial length of the horn optimized with the lens is relatively short, the aperture
efficiency of the horn itself becomes very low, 1.e., from 8 to 20%. Fig. 2.17(b) shows
the minimum gain in the required 8° FOV over all azimuth planes. As seen, values
greater than 21 dBi over 6.5-20 GHz are achieved, with shaded areas and dashed
lines representing the range and average values of minimum gain, respectively. By
loading the QRH with the designed lens, minimum gain in the FOV is improved
significantly at the low frequency end (6.5-12 GHz), and highly stable gain is achieved

over the entire band. The radiation efficiency extracted from measurements and
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Fig. 2.17: Simulated and measured far-field performance of the designed QRH
with and without the lens, specifically (a) Directivity, (b) Minimum gain in FOV.
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Fig. 2.18: Simulated and measured far-field performance of the designed QRH
with and without the lens, specifically and (a) Aperture efficiency. (b) Peak RSLL
in all ¢ cuts.

simulations is over 90%. As seen in Fig. 2.18(a), aperture efficiency with a lens is

significantly increased from 7 to 15 %. Additionally, in Fig. 2.18(b), as expected, the
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Fig. 2.19: Simulated (solid) and measured (dashed [co-polarization] and dotted
[cross-polarization]) (a) E- and (b) H-plane radiation patterns of the fabricated
antenna with (light-color) and without (dark-color) the lens.
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Fig. 2.20: Simulated (solid) and measured (dashed [co-polarization] and dotted
[cross-polarization]) D-plane radiation patterns of the fabricated antenna with
(light-color) and without (dark-color) the lens.

peak SLLs in all ¢ cuts noticeably deteriorate with the lens; however, their value
remains < -15 dB over the operating bandwidth.

The electric far-field components of the fabricated antenna are measured
over a full sphere in our anechoic chamber. Then, the directivity is calculated using

(2.2) [21] through subsequent post-processing in MATLAB.

D(6,¢) = "L, where U(8,¢) ~ o= (1Eo (6,01 +|E4(6,9)|")
Uo= = Jpeo ;’:0 U(8, $)sind dodgp (2.2)

Finally, utilizing directivity results, the aperture efficiency of the antenna is

calculated using (2.3).
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. . Frequency . Aperture
Ref. Loading Technique (Bandwidth) Gain Efficiency
[36] Metasurface EXte”O('g‘?'lg:'ba”d >17.3 dBi > 46 %
X- to Ku-bands , 0
[37] Metasurface (1.26:1) > 19 dBi >18 %
Metasurface X-band . 0
[38] (Metallic) (127:1) > 12 dBi >27%
X-band . 0
[39] Metasurface (1.11:1) > 14.5 dBi > 60 %
X-band . 0
[40] GRIN (151:1) > 17 dBi > 49 %
[41] GRIN X-to Ku-bands 4 45 > 63 %
(2.4:2)
X-band
[42] GRIN (1.5:1) > 21.2 dBi > 57 %
Dielectric C- to Ku-bands . 0
[43] (Homogeneous) (3:1) > 15 dBi >35%
Dielectric W-band . 0
[44] (Homogeneous) (1.21:1) > 24 dBi > 44 %
Dielectric Ka-band . 0
[4] (Homogeneous) (1.22:1) > 16 dBi >61%
, Dielectric C- to Ku-bands : 0
This work (Homogeneous) (3.1:1) > 24 dBi >62 %
_ * Do
eap T 4w Ap

(2.3)

Where 1 is wavelength and A, is the physical area (= nr?) of the aperture with radius

r.

The measured E-, H- and D-plane radiation patterns, shown in Fig. 2.19 and

20 are symmetric for both configurations. As expected, the lens loading leads to more

directive patterns with deteriorated XPD and SLL than a stand-alone QRH. Within

the FOV, the measured XPD surpasses 30 dB in both the E- and H-planes while

exceeding 12 dB in the D-plane. Slight variations observed between the measured

cross-polarization and simulation results can be ascribed to asymmetry during

fabrication. Excellent agreement between measurements and full-wave simulations
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is a clear indicator of the robustness of the developed prototype and the configuration.
The comparison between the proposed configuration and several high gain antennas
published in the literature is given in Table 2.2. As seen, the herein proposed aspheric
dielectric lens-loaded QRH stands out in terms of combined gain and aperture

efficiency over a wide bandwidth.

2.5. Conclusion

A lens-corrected QRH antenna operating from 6.5 to 20 GHz is introduced.
The proposed horn has exponentially tapered ridges and is top-loaded with a spline-
based aspheric lens. These features enable directional patterns with improved gain
profiles over a wide bandwidth and required FOV. A phase-matched OMT with cone-
loaded turnstile junction and custom single- and double-ridge waveguides are
developed to achieve dual polarized operation and theoretical high-power handling.
The fabricated antenna has VSWR < 3, minimum gain in the desired FOV of > 21.5
dBi, and high-quality radiation patterns with low SLL and high XPD over the entire
bandwidth. A comparison with other designs shows that the combination of wide
bandwidth, high directivity, effective isotropic radiated power, and robust design
makes this antenna a good choice for various uses across commercial and defense

sectors.
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Chapter 3

Modular Lens-Corrected Dual-Polarized Horn with Cavity

3.1. Introduction

Advancements in wireless communication technologies have perpetuated the
need for diverse, highly directional antenna systems, including those that offer wide
bandwidth, dual-polarization, and modular configuration to adapt to ever-changing
and expanding needs. Applications span from satellite/terrestrial communications to
electronic warfare, where sensing, efficiency, pollution, signal integrity, and range
are of utmost importance. Among the broad family of antenna topologies, the horn
has long been a mainstay in high-frequency applications due to its simplicity, good
understanding, wide achievable bandwidth, and consistent radiation patterns [1].
Furthermore, the QRH, an advanced iteration of a classical horn, significantly
augments its fundamental characteristics by enabling dual-polarization, further
bandwidth enhancement, and higher XPD. Despite these intrinsic benefits, wideband
QRHs share similar limitations with traditional horns regarding lower aperture

efficiency, which leads to reduced directivity and gain.
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Moreover, a substantial axial length is necessary to counteract the quadratic
phase errors inherent to their geometry [61], which makes their fabrication
expensive. To address some of these challenges, integrating a corrective lens offers a
viable approach compatible with the existing mechanical framework, cost-
effectiveness, and established technological maturity [62]-[65]. A dielectric lens, in
particular, can correct a planar phase front, thus reducing quadratic phase errors and
Increasing directivity. Nevertheless, incorporating a lens into the design introduces
some challenges, particularly in controlling SLLs and mismatch arising from the
discontinuities between the air and dielectric at the horn aperture. Various
techniques have been explored to mitigate this issue, including the use of
corrugations, curved edges, and trifurcation and the recent integration of periodic
structures or graphene [66]-[74]. Corrugations effectively tailor sidelobes and
1mprove the patterns overall [66]-[68].

Similarly, curved edges can reduce the impact of scattering from the edges of
the horn aperture [69, 70]. A trifurcated horn is used to create a stepped amplitude
pattern in the E-plane [71], whereas the periodic structures such as mushroom [72]
or pyramidal [73] have been applied on the inner walls to create a high-impedance
electromagnetic band gap that is proven effective in suppressing surface waves. All
these configurations contribute to reducing energy in undesired lobes by controlling
aperture field distribution and, therefore, the radiation pattern. Finally, graphene
was proposed in [74] to address the abovementioned challenges. However, achieving
the desired aperture distribution over the wide bandwidth often necessitates trade-
offs, including bulky structure, complex fabrication, reduced bandwidth, and/or
increased overall costs. This paper demonstrates a low-cost, high-performance, lens-
loaded, dual-polarized horn, shown in Fig. 3.1, as a viable, highly modular option for

wide bandwidth needs at millimeter-wave (mmWave) frequencies.
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Conventional QRHs are typically prototyped using metal-based CNC
machining due to its precision, well understood split-block assembly, and maturity.
At mmWaves, manufacturing precision is often critically important, and the proposed
design, a low-cost, high-performance, lens-loaded, dual-polarized horn, maintains
this precision. This precision, combined with the advantages of AM techniques,
commonly referred to as 3-D printing, offers a high level of confidence in the

performance of the design, particularly during the research and development stage.

In this chapter, we demonstrate design for AM fabrication and performance

-
—— ey — -

-
—
~

’

Fig. 3.1: (a) Proposed configuration of the lens-corrected QRH with cavity. (b)
Fabricated cavity with absorber and Kapton cover.
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over 36-90 GHz bandwidth of a monolithic, wideband, OMT backed, dual-polarized
QRH integrated with a phase-correcting dielectric lens. The initial steps of the horn-
only design in [76] are expanded upon with not only greater detail in the design and
fabrication but also measurements and new features added to further develop the
range of applications while enabling improved performance. Specifically, to lower the
SLLs and enable flush-mounting while preserving other performance features, an
exponentially shaped cavity with a current sheet absorber is added to the system, as
shown in Fig. 3.1. This arrangement effectively functions as a spatial filter
engineered to mitigate wave propagation in undesired directions. This minimizes
reflection and diffraction effects while preserving wideband and dual-polarized
characteristics as well as main-beam performance. The OMT is backed by custom
double-ridge waveguide orthogonal channels designed to cover the entire 36-90 GHz
range with safe margins on both sides of the band. The measured performance agrees
well with simulations, therefore demonstrating the maturity of the proposed designs
and the ability of the AM technology to create highly functional prototypes in this and
other parts of the RF spectrum.

The rest of the chapter is organized as follows: Section 3.2 discusses the lens-
correction design, detailing the lens process and realization using two different AM
techniques. Section 3.3 is dedicated to the design of a 3-D printable OMT
monolithically integrated with the horn. Section 3.4 describes fabrication and
measurement results, whereas Section 3.5 discusses the modular cavity design,
fabrication, and measurement results along with the comparisons with the state-of-

art 3-D printed antennas.
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3.2. 3-D Printed Lens-Corrected Quad-Ridge Horn

The foundations of a 36-90 GHz QRH horn were introduced in [76], where a
computational design of a (lens-less) dual-polarized antenna was first proposed. This
model had a simulated VSWR < 2.2, directivity > 18 dBi, and symmetric radiation
patterns with peak SLL in all ¢ planes < -32 dB. To achieve dual-polarization, a
phase-matched OMT was integrated with the QRH and a photograph of the
monolithic fabrication was provided. However, no measured results or further
enhancements were discussed. The main focus of this section is to introduce and
discuss the design and performance of an AM dielectric lens, a key element in
1mproving the directivity (aperture efficiency).

In a conventional horn, the tapering of the throat inherently leads to lower
directivity. By lens-loading the horn aperture, one can achieve improved directivity
or, if desired, a specific beam shape. This is accomplished by correcting and
collimating the wavefronts, effectively transforming them from spherical to planar.
Specifically, the phase correction is achieved with a dielectric lens having a refractive
index (=/e,) greater than unity, where er represents the relative permittivity of the
lens material. The conventional design approach for such lenses assumes the
applicability of geometric optics, conceptualizing the power emerging from the horn
apex as a ray. The foremost principle in geometric optics postulates that power is
transmitted along ray paths, and the cumulative power traversing any enclosed
surface constitutes a tube of rays. This implies constancy in the total power across
any cross-sectional area of a ray tube. The second principle, Fermat's principle,
indicates that energy traversing between two points follows the route that minimizes
the optical path length [48]. Based on these foundational principles, the subsequent
subsections discuss the designs and results for homogeneous and perforated lenses

with a plano-convex profile.
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3.2.1. Design and Realization of Plano-Convex Lenses

The designed lens aims to achieve a constant phase front at the horn
aperture. To achieve this goal, various convergent lens configurations, such as plano-
convex, bi-convex, equi-convex, and meniscus, are considered in the literature. All
these lenses are depicted in Fig. 3.2 [77]. As seen, the biconvex and equi-convex lenses
(characterized by their two convex surfaces) and meniscus lenses (with their crescent
moon-like appearance due to one convex and one concave side) have more complex
geometrical characteristics compared to the plano-convex lenses that exhibit just one
curved surface. Employing a design that reduces the number of curvatures and
incorporates a flat surface not only supports the explanation of “simplicity and
seamless integration” but also helps in mitigating challenges such as increased
manufacturing and design complexity, more significant spherical aberrations, a
restricted range of applications, alignment difficulties, and even prolonged setup

times [78]. Among these, the plano-convex lens stands out for design simplicity and

Fig. 3.2: Lens profiles [77]: (a) Biconvex (b) Equi-convex (c) Plano-convex (d)
Meniscus lenses.
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n = /&
n = refractive index
& = relativity permittivity of lens material

F T
(a) (b)

Fig. 3.3: (a) Depiction of a shaded plano-convex lens with its critical parameters
including focal distance (F), thickness (T), and diameter (D) alongside ray paths
for the two rays with angular separation of 8; and (b) achieved phase-front
correction when this lens is integrated with a QRH antenna. (1-W power
excitation).

seamless integration [48]. The surface of the plano-convex lens is described in (3.1),

(3.2), and (3.3) [78]:

_ F+(n—1)T+(n?-1)Fsec6—FS tanf

= 2
(sine _S)

z = (r — Ftan@)S (3.2)

— 1 )l _q|EP
_ [\/{1+(2F/D)2} 1|22 (3.3)

(3.1)

(SR e
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where r 1s the transverse radius of the lens while F, T and D denote focal
length, thickness, and diameter of the lens, respectively. 6 represents semi-flare
angle, whereas S can be computed as {(ﬁ)z - 1}. z1s the longitudinal co-ordinate.
As delineated by the equations (3.1)-(3.3), there is a discernible relationship between
the F/D ratio and the semi-flare angle. An increase in the semi-flare angle
necessitates a longer axial length to transform the spherical phase front into the
planar. The axial length of the lens is exclusively determined by the dielectric
constant of the lens material. At mmWave wavelengths, a smaller F/D ratio offers
manufacturing benefits by simplifying lens fabrication. As senn in Fig. 3.3, this lens,
with its singular curvature, offers a more straightforward fabrication process
compared to lenses with two curved surfaces. The planarity of one of its surfaces not
only aids in the manufacturing process but also ensures versatile mounting options.
This, in turn, guarantees precise alignment, making the audience feel secure about
the accuracy of the system.

Referring to the QRH in [76], the lens is meticulously optimized to achieve
maximum aperture efficiency across the operating frequencies. This is achieved by
fine-tuning the F/D ratio, thickness, and material permittivity. The particle swarm
optimizer (PSO) in CST-MWS, a fitting choice for structures with multiple variables,
1s employed for this purpose [27]. The result is an optimal lens design for operation
over 36-90 GHz, featuring a permittivity of 2.15, a height of 20 mm, and an F/D ratio
of 0.64. With an aperture size of 45.1 mm, this design ensures over 70% aperture
efficiency throughout the frequency band, instilling confidence in its performance.

Two approaches, which rely on modern AM, are explored to realize this lens.
The first method yields a homogeneous lens of 3-D printable bulk material specifically
chosen for its permittivity that closely aligns with the optimal value. As seen in Fig.

3.4(a), a 19.5 mm (2.35A36GHz) tall homogeneous lens made of polypropylene (PP) (er =
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Fig. 3.4: (a) Homogeneous lens configuration. (b) Permittivity and loss tangent
characterized for the unit-cell of the perforated lens with the associated periodic
boundary conditions delineated in the inset. (c) Perforated lens configuration.
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Fig. 3.5: Variation of relative permittivity with the diameter of cylindrical
perforations.

2.2, tand = 0.0005) [79], is designed. The second approach fully exploits AM to realize
a lens with perforations such that the effective permittivity is ideally the same as the
optimal value. This is accomplished by placing the cylindrically perforated air holes
[44, 80] into a higher permittivity material. Shown in the inset of Fig. 3.4(b) are the
unit-cell features for this perforated lens, featuring a square lattice pattern and

prototyping resin with measured & = 2.5 and tand = 0.005 at the Ka-band [81]. The
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hole diameter and spacing between the holes are 0.45 mm and 0.5 mm, respectively.
As seen within the operating bandwidth, the effective permittivity of this material
varies between 2.08 and 2.16, while the loss tangent is maintained consistently below
0.0025. To reduce the impact of the dispersion seen in Fig. 3.4(c), the height of the
optimized perforated lens is changed to 20 mm. Contrary to functioning as quarter-
wavelength transformers or matching layers, our perforated lens utilizes cylindrical
perforations to attain a specific effective permittivity (approximately 2.15), as
delineated by the effective medium theory (EMT) [82], leveraging 3-D printing resin
that inherently possesses high permittivity (~2.5). EMT is a conceptual framework
that predicts a composite material's macroscopic properties, such as permittivity,
permeability, and refractive index, based on the properties and proportions of its
constituent materials. Fig. 3.5 illustrates the simulation results for varying
permittivity, achieved by adjusting the air-to-material ratio through changes in the
hole radius, while the unit-cell size remains constant at 0.95 mm. Based on the

previously discussed for achieving maximum aperture efficiency, we explored two

Table 3.1: Comparison of mechanical properties with each lens type

Homogeneous Lens (FDM) Perforated Lens (DLP)

v Strength and Durability v" Surface Finish and Precision
Stronger and more durable than the Achieve a high-quality surface
perforated lens, as the process finish and intricate details because
involves the extrusion of the process involves curing
thermoplastic filaments, which photopolymer resins with light,
bond layer by layer. which allows for finer control over

the shape and surface.

x  Surface Finish x Brittleness
Relatively rough surface finish due Photopolymer resin tend to be more
to the layer-by-layer deposition brittle compared to thermoplastics

x  Precision
Struggle with fabricating the high
precision due to the nature of the
extrusion process and the size of the
nozzle
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Fig. 3.6: Lens-corrected QRH with perforated and homogeneous lenses.

approaches for fabricating the optimized lens. Upon utilizing the perforated lens, we
anticipated results comparable to those of a homogeneous lens rather than an

enhancement in performance.

The conclusion is that different 3D printing technologies (in this case, FDM
and DLP) can be utilized to achieve optimal results. Thus, antenna engineers have

flexible options based on which 3D printer and resin are available to them.
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Fig. 3.7: Performance of QRH without (w/0) lens and with (w/) perforated and
homogeneous lenses. (a) VSWR. (b) Directivity and gain.

Additionally, Table 3.1 provides each lens type's mechanical advantages and

disadvantages.

Fig. 3.6

illustrates the geometry differences between the

homogeneous and perforated lenses.
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Performance Comparison

The performance of the lens-corrected QRH antenna is shown in Fig. 3.6. As

expected, the dielectric lens leads to additional reflections and diffraction, resulting
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Fig. 3.7: Performance of QRH without (w/0) lens and with (w/) perforated and
homogeneous lenses. (c) Aperture efficiency. (d) Peak relative SLL in all ¢ cuts.
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in the standing waves within the QRH throat. This causes fluctuations in the VSWR
seen in Fig. 3.7(a), with their periodicity closely related to the horn’s axial length.
Nevertheless, the VSWR remains below 2:1 across the operating frequency band.
Regarding directivity and IEEE gain, as shown in Fig. 3.7(b), the loading lens yields
a significant increase of approximately 8 dB compared with the lens-less QRH. The
computed radiation efficiency exceeds 97%. As seen in Fig. 3.7(c), the aperture
efficiency varies from 70 to 96%, with the lowest value at the high end of the band.

Also seen is that the substantially lower aperture efficiency is observed without the

lens, l.e., from 8 to 20%. Note that this
36 GHz @ E-plane

36 GHz (@ H-plane

40 : ‘
90 -60 -30 0 30 60 90 90 -60 -30 O 30 60 90
A [deg.] 0 [deg.]
40 90 GHz @ E-plane ) 0. 90 GHz @ H-plane

—w/o Lens
- -w/ Perforated Lens
""" w/ Homogeneous Lens

Fig. 3.8: Radiation patterns of QRH without lens and with perforated and
homogeneous lenses at 36 (upper) and 90 (lower) GHz in E- (left) and H- (right)
planes.
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range can be improved with the more extended horn. However, this is not attempted
here as it would require a much larger 3D printing volume, making monolithic
integration with OMT impossible with our current resources. Fig. 3.7(d) shows the
worst-case relative SLL across all ¢ planes sampled in 5° increments. As expected,
the SLLs noticeably deteriorate with the lens; however, their value remains < -15 dB
over the operating bandwidth. The radiation patterns shown in Fig. 3.8 show
increased directivity with more pronounced lobing, as expected from the discussion
above. The comparative analysis between the homogeneous and perforated lenses
reveals a decent agreement, underscoring the validity of both design and realization

approaches for this purpose.

3.3. 3-D Printable Orthomode Transducer

A discussion leading to the design of the 3-D printable OMT is given in this
section. To achieve dual-polarization with a QRH, the typical methods include coaxial
probes with a balun [83, 84], microstrip/stripline [85, 86], and OMT [87, 88]. Though
geometrically complex, OMTSs are often favored among these approaches due to their
compact form factor, power handling, high isolation, and achievable wide bandwidth.
Moreover, with the recent advances in AM, these complex structures can now be
monolithically integrated with the QRH, further reducing the cost and removing the
need to deal with the leakage and other issues associated with split block assembly.
The OMT topology in this work is comprised of a quad-ridge circular waveguide
(QRWG) facing QRH, a turnstile-junction, two bifurcations transitioning from custom
single-ridge waveguide (SRWG) to custom double-ridge waveguide (DRWG), and two
DRWG outputs. Conceptually, this OMT is similar to those fabricated in primarily
subtractive technologies [50, 57, 87, 89, 90]; however, its design is guided by modern
AM abilities.
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SRWG
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Fig. 3.11: (a) OMT with turnstile-junction and bifurcation in the insets. (b) Side

views of OMT.
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Table 3.2: OMT Parameters and corresponding dimensions

Parameter Dimension (mm) Parameter Dimension (mm)

s, 928.2 L 11.1

s 13.5 L 2

53 28.2 Is 2

54 12.6 Ly 2

r 11.1 I 26.3

Ty 2 lg 2

Ta 93.4 L 8.1

T 7.6 s 12.6

Ts 15.1

Shown in Figs. 3.9 and 3.10 are the results of the sensitivity analysis for
propagation constant of the OMT’s SRWG and DRWG. Their baseline dimensions,
shown in the insets, are chosen to ensure 36-90 GHz coverage with some margins on
both sides. All custom lines (SRWG, DRWG, and QRWG) have fillets with a 0.2mm
radius to account for the 3-D printing fabrication. The sensitivity analysis shows that
even with tolerances varying by +5%, the single-mode propagation bandwidth is
safely maintained across the operating band, underscoring the design robustness.
The turnstile-junction has a metallic cone-shaped tuning stub located in the center
designed based on the parametric studies, with dimensions including a bottom radius
of 1.43 mm, a top radius of 0.25 mm, and a height of 1.3 mm. This tuning stub is
crucial for preserving the symmetry needed to ensure wideband operation with high
channel-to-channel isolation. Since the split position of the bifurcation significantly
affects the impedance match, its value is determined using PSO in CST-MWS. A
notable design feature of the waveguide in OMT channels is a 45° inclination angle,

intentionally selected to facilitate the layer-by-layer AM process. This allows printing
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without sacrificing support, enhancing printing quality and simplifying post-
processing. It is shown in Figs. 3.11(a)-(b) are the parametrized model of the designed
OMT, with Table 3.2 providing corresponding dimensions. If we assume the length of
the bent waveguide indicated by the dotted circle marker in Fig. 3.11(b) to be a, the

feed parameters must satisfy (3.4) to align the electrical lengths of the two ports:

51+SZ+S3+S4+2(X: l1+lz+l3+l4+ls+l6+l7+lg+6a: T'1+T‘2+T'3+T'4+
T5+l8+4‘a (34)

Each parameter has been calculated to ensure consistency with the 45°
inclination angle required for effective 3D printing while minimizing its overall
volume based on TJ and bifurcation designs. While adhering to equation (3.4),
designing an OMT with increased volume by extending the dimensions of its
parameters does not substantially impact its matching performance. This
configuration allows for precise control over the polarization division and combination
processes while ensuring that both channel pathways have equivalent electrical
lengths. This balance is essential for maintaining consistent performance across both
polarization channels [57]. As seen in Fig. 3.12, the OMT topology in this work is
comprised of a quad-ridge circular waveguide facing QRH, a TdJ, two bifurcations (Y-
junctions) transitioning from custom single-ridge waveguide to custom double-ridge
waveguide, and two double-ridge waveguide outputs. A turnstile-junction in the
proposed OMT consists of a quad-ridge circular waveguide aligned with the QRH,
which splits into four single-ridge waveguides arranged in a cross pattern. Fig. 3.13
illustrates the concept of the turnstile as a polarization discriminator, where each
linear polarization is directed to its corresponding pair of output ports aligned with
the input's H-plane orientation. Specifically, port 1 is capable of receiving two

independent linear polarizations, denoted as A and B. Due to the symmetry of the
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Port 3

Port 2

Fig. 3.12: Description of operation for the turnstile-junction.

Reflection Coefficient [dB]
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Fig. 3.13: Parametric study of cone-shape tuning stub in turnstile-junction.
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Fig. 3.14: Parametric study of bifurcation in OMT.

junction, the signal is evenly split between the aligned output ports, albeit with
opposite phases.

Consequently, minimal signal leakage into the opposing ports ends the
turnstile with its characteristic high cross-polarization separation. The turnstile-
junction features a cone-shaped tuning stub centrally positioned and designed
following parametric studies. The dimensions of this stub include a bottom radius (by)

of 1.43 mm, a top radius (t;) of 0.25 mm, and a height (h) of 1.3 mm. This tuning stub
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plays a pivotal role in maintaining symmetry that ensures wideband operation.
Fig.3.14 presents the simulation results of the parametric analysis, illustrating the
impact of the tuning stub's dimensions. Furthermore, the studies into bifurcation
demonstrate that the impedance matching at the common port depends on the
various radii (radii 1-3 and the fillet radius) of the bends, as illustrated in Fig. 3.14.

Consequently, selections were made for the fillet radius at 1.5mm, radius 1 at 2.25
mm, radius 2 at 2 mm, and radius 3 at 1.46 mm, leading to a VSWR of less than 1.28
across the operational bandwidth. For the final OMT structure, waveguides
extending from the turnstile-junction have been meticulously calculated to align the
electrical lengths of the two ports [57], ensuring consistency with a 45° inclination
angle and minimizing its overall volume. This chapter uses single, double, and quad-

ridge waveguides for the OMT to enhance its performance and reduce the overall
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volume. As discussed in the paper, the quad-ridge waveguide cross section is selected
at the input of the QRH horn to achieve a wideband dual-polarization operation. The
proposed OMT consists of three primary elements: the turnstile junction, E-plane
bends, and bifurcations. The turnstile-junction, a six-port device, merges two
polarizations from four single-ridge waveguides into the QRH antenna. The
bifurcation, functioning as a three-port power divider, is designed by dividing a
double-ridge waveguide into two single-ridge waveguides of equal cross-sectional
areas. Employing a single-ridge for the turnstile-junction and a combined

2 . . . . ‘

—Turmnstile-junction
T Bifurcation ]

1 | | | | |
36 45 54 63 72 81 90

Frequency [GHz]
(d)

4 T T T T 9

36 45 4 54 63 72 81 90
Frequency [GHz]
(e)
Fig. 3.16: (a) VSWRs of turnstile-junction and bifurcation. (b) VSWR at the
DRWG port of the OMT and phase difference between two DRWG ports.
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:
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double/single ridge waveguide configuration for bifurcation facilitates the design of
an OMT with a shorter overall length (see Fig. 3.15) compared to traditional methods
referenced in [89, 91, 92], which is crucial for achieving high-quality 3D-printing.
Simulations of the proposed bifurcation, turnstile-junction, and OMT are shown in
Figs. 3.16(a)-(b), show good impedance match with VSWR < 1.3:1, 1.6:1, and 1.8:1,
respectively. Moreover, the phase difference between the two polarization channels

of the OMT 1is confined within +£3° across the entire bandwidth.

3.4. Fabrication and Measurement

The QRH and OMT discussed in Sections 3.2 and 3.3, respectively, are
integrated and fabricated as a single piece with a Formlabs Form3 SLA 3-D printer
[93] using Rigid 4000 resin. To help with the copper plating uniformity, the elliptical
holes [94] and long cuts along one of the H-plane walls in OMT are added to the model.
The hole size is chosen to minimize their impact on RF performance, i.e., ellipse
major/minor axis lengths are 1.6/0.75 mm, and spacing between center to center of
ellipse 1s 1.55 mm. The waveguide walls are covered with copper tape attached to
1dentical 3-D printed pieces, as shown in the inset of Fig. 3.17(a). The tape is applied
across the entire OMT to reduce leakage from the holes. Destructive tests after
plating have shown tolerances and surface roughness of < 0.03 mm and < 20pm,
respectively.

The homogeneous lens, made from PP using FDM with a Raise 3D Pro2
printer [95], is a key component in the antenna system. The perforated lens, built in
the DLP with a Phrozen Sonic Mini 8K 3D printer [96] with prototyping resin, serves
a specific function in the system. Both lenses are shown in Fig. 3.17(b). The VSWR

comparison of all simulated and fabricated antennas with and without lenses is
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(b)

Fig. 3.17: (a) 3-D printed lens-corrected QRH with OMT. (b) Fabricated lenses
(homogeneous: left, perforated: right).
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Fig. 3.18: VSWRs of fabricated QRH with and without lens loading.

plotted in Fig. 3.18. As seen, the level below 2.5:1 is achieved at the lower-end of the
band, specifically, within the 36-44 GHz range and <2:1 across the remaining
frequencies. The VSWR results exceeding 2:1 at lower frequencies in Fig. 3 .18 are
attributed to some issues with the 3-D-printed custom adapter (Fig. 3.19) utilized in
our measurement setup. This adapter is needed to enable the tests with a 2.4mm
connector and is not part of the final system. This is evidenced by the discrepancy
between the experimental back-to-back measurements of the custom adapter and its
simulated performance at these frequencies, as illustrated in Fig. 3.20. It is important
to note that this adapter is only required to facilitate the measurements of our
antenna system, and it is not an integral component of the antenna system itself. As
seen in Fig. 3.18, simulation results indicate that our antenna system achieves a
VSWR of less than 2.1:1 across the entire frequency band. We believe these
simulation results are trustworthy and clearly show a good impedance match over
the claimed bandwidth of operation. The far-field is measured in the anechoic
chamber at the University of Colorado Boulder (see the inset of Fig. 3.21(a)). Results

from the two channels show good agreement; therefore, only the port 1 data are
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Far-field performance of the fabricated QRH with and without lens

loading. (a) Gain. (b) Worst-case SLL across all ¢ cuts.

plotted. As seen in Figs. 3.21(a)-(b), the lens-corrected QRH achieves a significant

gain improvement at the expense of slightly worsened SLLs compared to a baseline,

lens-less case. The measured gain is > 24.5 dBi with relative worst-case SLL for all ¢

cuts < -15 dB. The radiation patterns in Fig. 3.22 are symmetric in both E-and H-

planes, with maintained high cross-polarization rejection (>40 dB) and increased



68

Normalized Pattern [dBi]

90 60 30 0 30 60 90
0 [deg.]

Freq.= 54 GHz @ E-plane

g g
= =
=1 =]
5 5
5 g
~ ~
o =l
8 g
S 'S
£ _, £ EXFN ‘
2 5 # | o S ' 2 50° A e a1 R | A
90 -60 -30 0 30 60 90 90 -60 -30 0 30 60 90
0 [deg.] 0 [deg.]
= 0 Freq.= 72 GHz @ E-plane Freq.= 72 GHz @ H-plane
= b : i : : - : i il A
2
=-10]
g
£-20,
A
o
Q
i
S
=
8 S 1
- -30 90

0 [deg.]
Freq.= 90 GHz @ H-plane

Normalized Pattern [dBi]

60 30 0 30 90

0 [deg.]
—w/o Lens —Sim.
—w/ Perforated Lens — ~Meas.(Co-pol)
—w/ Homogenecous Lens - Meas.(X-pol)
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patterns of QRH without(black) and with perforated (blue) and homogeneous (red)
lenses at 36, 54, 72 and 90 GHz in E-(left) and H-(right) planes.
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directionality compared to the lens-less case. This indicates that the fabrication
imperfections with FDM and DLP are not detrimental to the lens performance.
Excellent agreement between the measurements and full-wave simulations
demonstrates the proposed designs' robustness and the maturity of the 3-D printing

needed to achieve such well-performing prototypes.

3.5. Cavity Module for SLL Reduction

As discussed in previous Sections 3.2 and 3.4, the integration of the lens
significantly enhances gain while deteriorating SLLs. This trade-off is important for
applications such as spectrum sensing, polarimetry, direction finding, and resilient
communications, just to mention a few. To address the increased SLLs with lens
loading, an approach that utilizes a cavity and current sheet absorber is proposed
and demonstrated over the entire operational bandwidth. This method, which allows
for flush-mounting of the entire system, is not just a solution to a problem, but a
potential game-changer in the field of antenna design. The cavity, also designed for
AM, is strategically positioned around the QRH/lens with absorbers laid on the
interior walls, as illustrated in Fig. 3.23.

The objective is for the absorber to tailor the aperture distribution such that
the desired amplitude taper across the new cavity opening is maintained. If done
correctly, this can lead to improved SLLs with minimum compromise in directivity,
thus effectively functioning as a spatial SLL filter. The absorber sheet primarily
influences the performance impact and bandwidth with this module. Herein, the
Coolzorb 600 current sheet absorber (¢, = 19, u, = 1, tandy = 0.04 - 0.09, tand,, =0.13
— 0.28) i1s used due to its listed performance from 1 to 90 GHz [97] and favorable

mechanical features that allow for easy integration with curved cavity walls. To offer
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70 mm

Fig. 3.23: Proposed configuration of the lens-corrected QRH with cavity

the designer greater tuning options, the cavity walls have an exponentially tapered

profile. Their mathematical formulation is given in (3.5) [47]:

a(z) =A(Ci1e%% + C2)+(1-A)[ Ri +(Ro-R)(z/ 2)] (3.5)
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Absorber

(b)
Fig. 3.24: (a) Fabricated cavity with absorber and Kapton cover. (b) Weight of the
proposed antenna system.
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Fig. 3.25: Performance of QRH without(w/o) and with(w/) perforated and
homogeneous lenses. (a) VSWR. (b) Gain.

where C; = (Ro—R))/(e%—1), C2 = (R; e®.—R,)/(e.—1), Ri and R, are the radii at the
bottom and the top of the cavity, respectively. L is the cavity axial length, A = 0.79,
and R = 21.9 is the exponential opening rate. As before, the PSO is used to find the

cavity parameters that yield the lowest SLLs. The cavity is fabricated in SLA and
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Fig. 3.26: Performance of QRH without(w/o) and with(w/) perforated and
homogeneous lenses. (a) Radiation efficiency. (b) Beam efficiency.

plated with in-house electrolytic copper plating process. A thin layer of 50pm-thick
Kapton (er = 4.1, tand = 0.003) 1s used to provide the environmental protection (see
Fig. 3.24(a)). The weight of the new antenna assembly including 3-D printed adapters
(12.20z = 0.346kg) 1s provided in Fig. 3.24(b). The measurements in Figs. 3.25 (a)- (b)
show that the cavity has a negligible impact on VSWR (2.5:1) and isolation (> 34 dB).
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Fig. 3.27: Peak RSLL in all ¢ cuts performance of QRH without(w/o) and with(w/)
perforated and homogeneous lenses.

A gain increase to >26 dBi in the lower frequency band is also obtained. Considering
that the new aperture is slightly larger than the lens loaded QRH, this increase is
expected. Due to the absorber, the cavity slightly reduces the radiation efficiency
above 46 GHz (Fig. 3.26(a)); however, the BE increases by approximately 10% (Fig.
3.26(b)). Most importantly, as shown in Fig. 3.27, the proposed design reduces the
worst-case SLLs by about 10 dB to values below -25 dB across the band. This impact
on SLLs over a wider field of view 1s even more exhibited in the measured E-, H—and
D-plane radiation patterns in Figs. 3.28 and 3.29. Adding the cavity module with a
laid-in absorber yield much-reduced radiation in SLLs over the entire band and field
of view with minimum impact on other important parameters, including XPD.

The E-field contour maps at 36 and 90 GHz clearly show how the absorber
effectively suppresses the side lobes without impacting the main beam, as seen in
Figs. 3.30 and 3.31. This design balance is further demonstrated by the addition of

the cavity module, which yields reduced radiation in SLLs over the entire band and
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patterns of QRH (black), with homogeneous lens (blue), and with cavity (red) at 36,
54, 72 and 90 GHz in E-(left) and H-(right) planes.
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Fig. 3.29: Simulated (solid line) and measured (dashed and dotted lines) radiation
patterns of QRH (black), with homogeneous lens (blue), and with cavity (red) at 36,
54, 72 and 90 GHz in D-plane.

field of view, with minimal impact on other important parameters, including XPD,
mnstilling confidence in the overall design. This cavity-based approach is not just
versatile, but also liberating in its independence from frequency constraints, as long
as the absorber is operational within the desired frequencies. To highlight the
performance and uniquness of this work, a comparison with other AM horns [73],
[98]-[106], is presented in Table 3.3. Note that the only dual-polarized versions are
[102], [105], and this work. As seen, a viable wideband mmWave option with good
performance across all important parameters is demonstrated herein.

The SLL represents the peak value of sidelobes (i.e., a radiation lobe (local

maxima) in any direction other than that of the major lobe [27]), and further
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Fig. 3.30: E-field contour maps of the lens-corrected QRH without cavity and
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Fig. 3.31: E-field contour maps of the lens-corrected QRH with cavity and absorber
in yz-plane plane at (c) 36 GHz, (d) 90 GHz.

examination of the E-field phase results reveals that the phase near what is identified
as a sidelobe should transition from positive to negative [87]. As illustrated in Fig.

3.32, the amplitude of the radiation patterns and the E-field phase result for the
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Table 3.3: Comparison with other 3-D printed horns

Ref Fab. Tovolo Frequency Gain SLL b(})(rigi @h ¢
" Technique POy (GHz) dBi)  (dB) ( dB)g
8.2-12.4
[73] DMLS EBG (1.5:1) >9 <-25
70-90
[98] DLP Slot (1.29:1) >20 <-11 >32
: 26-40
[99] DMLS Corrugation (1.54:1) >12 <-22 >29
: 2-18
[100] DMLS Double-Ridge ©:1) >5 <-20 >17
28.4-34.5
[101] DMLS Metal Lens (1.21:1) >25 <-16 >33
DMLS and Conventional 89.19.4
[102] FDM Pyramidal (1.5:1) >14 <-10 >45
Horn
[103] FDM GRIN Lens 8('i2'51_21')4 >18 <-15 >35
Dielectric 9-15
[104] FDM Loading (1.67:1) >16 <-19 >21
. 3.5-11.4
[105] FDM Quad-Ridge (3.26:1) >7 <-22 >9
Double-Ridge, 75.18
[106] SLS and GRIN X >12 <-12 >23
(2.4:1)
Lens
This SLA, Qll)liae(t}({:il:;iie’ 36-90
FDM, and >26 <-25 >4(
work Lens, (2.5:1)
DLP .
and Cavity

proposed antenna with a lens and cavity manifest that the sidelobe emerges around
0 = 35 degrees. The minor shoulder lobe (A radiation lobe that has merged with the
major lobe, thus causing the major lobe to have a distortion that is shoulder-like in
appearance when displayed graphically) [86] observed with lens+cavity configuration
H-plane pattern is not considered as a side lobe at 36 GHz. The simulation

configurations and results in Figs. 3.33, 3.34, and 3.35 illustrate the impact of
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Fig. 3.32: Normalized pattern and E-field phase result of lens-corrected horn
antenna with cavity in H-plane at 36 GHz.

elongating the lens-loaded horn axial length. Notably, increasing the horn axial
length by an extra 50 mm, equivalent to the cavity-mounted structure, does not
significantly enhance the SLL and directivity (i.e., aperture efficiency), as shown in
red markers in Fig. 3.34 and 3.35. Given that the lens has been integrated, the flare
angle is sufficiently small, thereby limiting the potential for enhancing the SLL by

extending the horn length. Thus, despite leading to an increase in overall volume, our
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work offers a straightforward and effective approach to improve both SLL and BE.
Furthermore, the methodology introduced herein encompasses aspects of both
modularity and reconfigurability. Specifically, it introduces a compact horn antenna
configuration that allows for adjustments to varying operational needs. Incorporating
a cavity into the design facilitates an improvement in the SLL. Should the
enhancement of SLL not be a priority or flush-mounting, the cavity can be readily
disassembled from the configuration.

The distinctions between Chapter 2 and Chapter 3 are foundational,
extending from the operating frequency range to the design objectives,

manufacturing techniques, the lens/OMT designs tailored for 3-D printing, as well as
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Fig. 3.35. Simulated directivity with increased axial length of the lens-corrected
quad-ridge horn antenna.

performance enhancements achieved. In what follows, we detail these distinctions to

emphasize the novelty and technical contribution of this chapter:

1. Operating frequency range
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Chapter 3 explores the design and performance of a dual-polarization horn antenna
within the frequency range of 36-90 GHz, a substantial shift from the 6-20 GHz range
discussed in Chapter 2. This introduces new challenges and opportunities for antenna
design, particularly relevant for millimeter-wave communications and sensing

systems applications.

2. Objectives

While Chapter 2 concentrated on attaining a high minimum gain within a very
narrow field of view, even if it sacrifices the antenna's directivity/aperture efficiency
at a higher frequency band, this manuscript outlines two specific goals: enhancing
aperture efficiency through loading the horn with a 3D-printed dielectric lens and
achieving a substantial enhancement in SLI/BE by incorporating an absorber-lined

cavity.

3. Manufacturing techniques

A significant innovation highlighted in our study is the adoption of several 3D-
printing techniques for antenna manufacturing, diverging from the EDM and CNC
manufacturing methods utilized in the prior research. This shift not only proves the
practicality of 3D printing for constructing high-frequency antennas but also enables
fast prototyping and lowers the cost thereof. Note that the horn in Chapter 2 was
EDMe-ed, which is impossible to fabricate in the 36-90GHz band.

4. Lens design

In pursuit of its objectives, Chapter 2 compromised on directivity/aperture efficiency
in higher frequency ranges by designing a lens of intricate configuration (curved
outline). The jammer using that antenna needed to cover specific EIRP field-of-view.

Conversely, in Chapter 3, aiming for optimal aperture efficiency, we have developed,
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fabricated, and measured both a homogeneous and perforated lens that exhibit

comparable efficiency, employing two distinct 3-D printing methods (FDM and DLP).

5. OMT design

To maintain the feasibility of 3D-printing, the OMT was meticulously designed with
a 45-degree inclination angle. This strategic design choice effectively eliminates
overhanging areas. It reduces the necessity for supporting structures, thereby
optimizing the printing process compared to traditional non-monolithic (split-block)

CNC machining in Chapter 2.

6. Performance enhancements for sidelobe control

Our manuscript further distinguishes itself by implementing cavity and absorber
structures, leading to significant SLL reduction and BE improvement. These
Improvements are important for some applications that require high accuracy and

minimal interference.

7. Modularity and reconfigurability

Chapter 3 presents a dual-polarized horn antenna design with monolithically
integrated OMT adaptable to different operational requirements. The integration of
the lens and the cavity into the design contributes to enhancements in directivity and
SLLs, respectively. If improving the SLL is not essential, whereas improving

directivity is, then the cavity can easily be removed from the design.

8. Comparison with state-of-the-art papers of 3D printed horns
All the novelties are supported with favorable agreement between the measurements
and simulations and high-quality performance that is on par and better than other

possible solutions in commercial and/or academic domains.



84

Table 3.4 clearly summarizes our explanations as follows:

Table 3.4: Comparison with the structure of Chapter 2

Chapter 2 Chapter 3
Frequency
(GHz) 6.5-20 36-90
. High min. gain over 8° 1. High aperture efficiency w/ lens
Objective FOV 2. SLL improvement w/ cavity
Manufacturing i (N machining  3-D printing (SLA, FDM, DLP)
Technique
. Sphn.e-based aspheric Plano-convex lens
Lens Design dielectric lens
(Homogeneous and Perforated)
(Homogeneous)
. . Printable
OMT Design Non-printable (450 inclination angle)
Performance SLL and BE
Enhancement
Modularity, v
Reconfigurability
3.6. Conclusion

An additively manufactured, dual-polarized, cavity-integrated, lens-
corrected QRH, operating from 36 to 90 GHz, is demonstrated. A phase-matched OMT
with custom single- and double-ridge waveguides i1s integrated with an antenna to
achieve wide bandwidth and dual-polarization. To increase gain and reduce the SLLs,
3D-printed homogeneous or perforated lenses and absorber lined cavity are added in
a highly modular fashion. Gain improvements of 8-10 dBi, radiation and beam
efficiencies of >75% and 88%, respectively, and SLL < -25 dB are measured. The
VSWR at both channels < 2:1 over 85% of bandwidth (44-90 GHz) with port-to-port
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isolation > 34 dB are obtained. This chapter shows the ability of AM to produce high-
quality modular and versatile antennas for wideband uses across the mmWave

spectrum.
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Chapter 4

Inhomogeneous Spherical Lens Multi-Beam Array

4.1 Introduction

Beam steering technology is extensively employed across various domains
such as communications, radar, remote sensing, just to name a few [107, 108]. The
significance of beam steering lies in its ability to adaptively point the beam towards
desired users or objects while reducing interference from undesired directions,
thereby maximizing the efficiency and reach of the antenna system [108]. Over the
decades, advancements in electronic and material technologies have transformed
beam steering from mechanically adjusted antennas to sophisticated electronically
steered phased arrays. Mechanically scanned antennas, while capable of directing
beams to any chosen direction without degrading performance, are limited by
cumbersome mechanical structures and slow scanning speeds. In contrast, phased
array antennas, used in conjunction with digital signal processing algorithms, offer
electrical scanning capabilities that mitigate these limitations. This method provides
finer control over beam shaping and direction, enabling the simultaneous creation of

multiple beams from a single physical array, though it comes with high costs and
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complexity due to the extensive use of phase shifters and transceivers [109].
Alternatively, considerable interest and numerous studies have focused on multi-
beam or switched-beam antennas [110, 111]. Although they usually provide less
flexibility than digital beamforming solutions, they have several advantages, such as
simplicity, lower power consumption/fabrication cost, and ease of integration.
Additionally, in pursuit of achieving high directional characteristics, various forms of
lens-based multi-beam arrays have been developed, including flat [112-114],
ellipsoidal [115, 116], spherical [117, 118], and hemispherical configurations [119-
121]. Notably, inhomogeneous spherical lenses (i.e., gradient-index lens) are
frequently chosen for multi-beam arrays due to their distinct advantages that
significantly improve system performance across multiple applications. The inherent
spherical geometry of these lenses helps in precise focal point adjustment, which
enables more accurate control over beam direction, covering a broad field of view.
However, the necessity for a gradient-index at millimeter-wave (mmWave)
frequencies introduces specific constraints in the traditional manufacturing process
such as material limitation, quality control and scalability issues. Recently, AM
techniques, also known as 3-D printing, have shown considerable promise in
overcoming some inherent limitations associated with traditional manufacturing
methods. These techniques provide significant benefits, including design flexibility
and rapid and cost-effective prototyping, while achieving suitable precision for
mmWave applications [122].

In this chapter, we demonstrate the design for AM fabrication and performance
over 36-90 GHz bandwidth of a monolithic, wideband multi-beam array consisting of
five double-ridge horns (DRHs) with a stable phase center and absorber-lined ring to
achieve gain improvement and lower SLL and a phase-correcting 3-D printed lens
with structural spacer. The initial step involves designing a phase-center stabilized

DRH with a custom double-ridge waveguide [76] that covers the operating frequency.
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Fig. 4.1: Photographs of the fabricated multi-beam array with an inhomogeneous
lens and a shielding cover.
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New features have been added to expand the range of applications and enhance
performance. Specifically, an inhomogeneous lens (2 shells) with a structural spacer,
a cylindrical-shaped ring with a current sheet absorber, additional beams with a +£12°
tilt angle in both E- and H-planes, and a shielding cover designed to proactively
mitigate potential issues related to electromagnetic interference (EMI) and
compatibility (EMC), as shown in Fig. 4.1. This cylindrical-shaped ring effectively
functions as a spatial filter, engineered to mitigate wave propagation in undesired
directions. It minimizes reflection and diffraction effects while preserving wideband
characteristics and improving main-beam directional performance. The measured
performance agrees well with simulations, demonstrating the maturity of the
proposed designs and the ability of AM technology to create highly functional
prototypes in this and other parts of the RF spectrum.

The rest of the chapter is organized as follows: Section 4.2 discusses the
design of a DRH, an inhomogeneous lens, and a multi-beam array. Section 4.3 is
dedicated to the realization of 3-D printable prototypes. Section 4.4 describes
fabrication and measurement results along with comparisons with state-of-the-art 3-
D printed multi-beam arrays. Finally, Section 4.5 discusses the feasibility of

amplitude-only direction finding (AODF) systems.

4.2 Multi-Beam Array Design

A 36-90 GHz double-ridge waveguide was firstpresented in [76], illustrating
the cross-section of a non-standard waveguide along with its simulated propagation
constants in CST-MWS, as shown in Fig. 4.2. The design of double-ridge waveguide

aims to ensure good performance within the target frequency range of
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Fig. 4.2: Propagation constants of custom double-ridge waveguide.

36-90 GHz. Precisely, to determine the outer dimensions of the double-ridge
waveguide, the cutoff wavelength for the higher-order mode TEo: is nearly equal to
twice the waveguide height [123]. Fig. 4.3 corresponds to an outer height (b) = 1.57
mm if the TEo: mode is to be prevented from excitation below 99 GHz, which is ~ 10%
above the desired upper-frequency end (i.e., 90 GHz). To achieve low attenuation, the
outer width is set to twice the height (i.e., waveguide width (a) is 3.14 mm) [124].
Parametric studies concerning the ridge-width and -gap between ridges are
undertaken to determine this transmission line's optimal dimensions (w =0.94 and g
= 0.47 mm respectively) while maintaining 3-D printing manufacturability. The
sensitivity analysis accounts for + 5% tolerances of all critical dimensions, ensuring
that the single-mode propagation bandwidth is consistently maintained across the

operating band, underscoring the design's robustness.
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Fig. 4.3: Proposed DRH configuration (Dimensions are in millimeters).

4.2.1 Phase-Center Stabilized Double- Ridge Horn

Based on the proposed double-ridge waveguide cross-section, the objective is
for the designed horn to achieve the stability of the phase-center (PC) position. To

achieve this goal, the ridges have an exponential profile given in (4.1) [47]:

a(z) = A(C167= + Co)+(1-A)[R: +H(Ro-R)(2/ L)] (4.1)

where C1 = (Ro—R,)/(e?~1), C2 = (R; e#.—R,)/(e’—1), Ri and R, are the radii at the
bottom and the top of the cavity, respectively. L is the cavity axial length, A = 0.58,
and R = 565.7 (unitless) represents the exponential opening rate. The particle swarm
optimizer (PSO) in CST-MWS [27] is employed to find the parameters that yield a
stable phase center. In Fig. 4.3, the proposed DRH configuration is shown, while Fig.

4.4(a) illustrates VSWR below 2:1 across the operating frequency band and directivity
> 7 dBi.
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Fig. 4.4: Performance of the DRH: (a) VSWR and directivity, (b) HPBW.

Due to the compact aperture, the horn has the relatively wide half-power beamwidth
at the lower frequency end (see Fig. 4.4(b)). The phase-center is established at 40° in

FOV as determined from the radiated far-field within a 3 dB beamwidth on each cut-
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plane [125]. Consequently, the simulated phase center variation (PCV) remains below

0.18A in the E-plane and 0.15A in the H-plane in the worst cases as shown in Fig. 4.5.

4.2.2 Inhomogeneous Lens

The tapering of the throat inherently leads to lower directivity [19]. To
overcome this, a horn with a lens can be used to achieve improved directivity or, if
desired, a specific beam shape. This enhancement is achieved by correcting and
collimating the wavefronts, effectively transforming them from spherical to planar
forms. The conventional design approach for such lenses assumes the applicability of
geometric optics, conceptualizing the power emerging from the horn apex as a ray.
The foremost principle in geometric optics postulates that power is transmitted along
ray paths, and the cumulative power traversing any enclosed surface constitutes a
tube of rays. This implies constancy in the total power across any cross-sectional area

of a ray tube. The second principle, Fermat's principle, indicates that energy
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Fig. 4.6: Lens-corrected DRH antenna and cross-section of the lens (2 shells).

traversing between two points follows the route that minimizes the optical path

length [48]. Furthermore, the radially varying refractive index from the center to the

surface or along the lens's axis enables the lens to manipulate electromagnetic waves

in more complex ways to achieve better performance than a traditional lens with

uniform material properties.
In this chapter, as seen in Fig. 4.6, an inhomogeneous lens design consisting

of two shells was developed to simplify the manufacturing process. Increasing the
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Fig. 4.7: Performance of the lens-corrected DRH: (a) VSWRs, (b) Directivity

number of shells does not yield a significant enhancement in directivity [126].
Furthermore, this is chosen to facilitate a more extended focal position in multi-beam
array applications, reducing the crossover level and adjusting the tilt angle of the
horn antennas [126]. To achieve high directivity, the inner and outer shells'
permittivity values and lens radius are optimized using the PSO in CST-MWS. Fig.
4.6 shows the optimized lens, featuring inner(e-1) and outer(er2) permittivity values
of 1.69 and 1.52, respectively. The radii of each shell are determined at 1.47 mm (~0.5
AoocHz) and 4.15 mm (~1.4 AgoGHz).
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Fig. 4.8: Radiation patterns of DRH without (w/0) or with (w/) lens at 36 GHz in E-
and H- planes.

As a result, there is an enhancement in gain through the lens in the radiation
patterns shown in Figs. 4.8 and 4.9. However, Fig. 4.10 shows a deterioration of the

SLL to <-3.9 and -4.5 dB in the E- and H-planes, respectively.

4.2.3 Multi-Beam Array

In Fig. 4.11, the proposed multi-beam array was engineered by integrating

four additional beams with =+12°ilting in both the E- and H- planes, an
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Fig. 4.9: Normalized pattern and E-field phase result of lens-corrected horn
antenna with cavity in H-plane at 36 GHz.
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Fig. 4.10: SLL of DRH with inhomogeneous lens in E-(solid) and H-(dashed) planes.
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Fig. 4.11: Lens-corrected multi-beam array with absorber-lined ring structure.
(Dimensions are in millimeters)

inhomogeneous lens, and an absorber-lined ring. As discussed in previous sections,
the integration of the lens enhances gain while significantly deteriorating SLLs. This
trade-off is important for the direction-finding system. As with a similar strategy in
[127], the proposed approach that utilizes a ring and a current sheet absorber is
demonstrated to address the increased SLLs with a lens over the entire operational
bandwidth. With the absorber thickness set at 2 mm, the ring's radius, position, and
height (see Fig. 4.11) are optimized to achieve the lowest peak SLL across the five
beams. As presented in Figs. 4.12(a)-(b), the VSWRs are maintained below 2:1 at all
ports of the array

The proposed configuration also results in a significant increase in directivity
by approximately 7-10 dB compared to the PC stabilized DRH antenna, with peak
SLL values in the E- and H- planes at -12 dB and -13 dB, respectively (see Fig. 4.13).
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Fig. 4.12: Performance of multi-beam array compared to DRHs with/without lens.

(a) VSWR. (b) Directivity.

Fig. 4.14 presents the boresight radiation patterns in the E and H planes for

configurations using the horn alone, horn plus lens, and horn plus lens plus ring,

highlighting the enhanced directional characteristics and reduced SLL. The objective

1s for the absorber to tailor the aperture distribution such that the desired amplitude
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Fig. 4.13: Peak SLL performance of multi-beam array compared to lens-corrected
DRH.

taper across the new ring opening is maintained. If done correctly, this can lead to
improved directivity and SLLs, thus effectively functioning as a spatial SLL
filter. Additionally, as shown in Fig. 4.15, the highest crossover level was observed

to be around 3.5 dB at the highest frequency, indicating a narrow beamwidth.

4.3 Prototype Design

A 3-D printable DRH antenna with/without a lens and multi-beam array is
prototyped to validate the proposed design. To realize a 2-shells lens with low
permittivities (- =1.69 and 1.52) using prototyping resin with measured & = 2.5 and
tand = 0.005 at the Ka-band [128], a unit-cell structure comprising three intersecting
rods [129] is designed as shown in Fig. 4.16 (a). When the unit-cell size is fixed at
0.7 mm, permittivity values are achieved as follows: to obtain a permittivity of 1.69,
w1 and wg are set at 0.33 mm and 0.185 mm, respectively, and to achieve a

permittivity of 152, w; is fixed at 0.2 mm and w2 at
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Fig. 4.14: Radiation patterns of DRH w/o lens, w/ lens and multi-beam array at
boresight.

0.21 mm. As seen, within the operating bandwidth, the effective permittivities of
those unit-cells vary between 1.63 and 1.69 or 1.47 and 1.52. Based on this lens
design, Fig. 4.16(b) illustrates the assembly of a lens-corrected DRH antenna, where
the lens is integrally designed with the lower radome. A top radome intended to
encase the lens is also shown. As senn, dividing the radome into two sections
facilitates resin drainage during 3-D printing. The performance of the antenna is not

significantly affected by a thin radome featuring a thickness of 0.25 mm.
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Fig. 4.15: Scanned radiation patterns of multi-beam array in E- and H-planes.

Furthermore, a 2 mm thick absorber is affixed to the flange of the horn antenna to
effectively absorb any reflections from the radome interior. For the mounting of the
lens onto the ring in the multi-beam array, a structural spacer characterized by a
permittivity between 1.04 and 1.15 and a loss tangent of less than 0.003 within the
operating frequency is designed with a cubic structure, as shown in Fig. 4.17(a). This

design facilitates a monolithic integration with the inhomogeneous lens in Fig.

4.17(b).
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prototype.
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The unit-cell of the structural spacer has a thickness (ti) of 0.15 mm and a spacing
(ws) of 0.7 mm. The proposed multi-beam array configuration is depicted in Fig. 4.18.
Elliptical holes [130] have been incorporated into the array model to ensure uniform
copper plating. These holes are dimensioned to minimize any adverse effects on RF
performance, with the major and minor axes of the ellipses measuring 1.60 mm and

0.75 mm, respectively, and a center-to-center spacing of 1.55 mm. The array is
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designed as a monolithic structure featuring an integrated ring structure and
supporting frame. A shielding cover lined with an absorber is incorporated to address

potential electromagnetic interference (EMI) and electromagnetic compatibility

(EMC) issues.
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4.4 Fabrication and Measurement

The DRH, lens and array discussed in previous Sections III are fabricated

using a DLP with Phrozen Sonic Mini 8K 3D printer [96] with prototyping resin.
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Fig. 4.19: Fabricated antenna configurations (a) DRH and inhomogeneous lens
with radome. (b) Lens with structural spacer for multi-beam array.
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The absorber sheet significantly influences the performance and bandwidth
of this array. Due to its specified bandwidth range of 1 to 90 GHz [97] and its
advantageous mechanical properties that facilitate integration with curved cavity
walls, the 2 mm-thick Coolzorb 600 (er = 19, ur = 1, tande = 0.04-0.09, tandm = 0.13-

0.28) current sheet absorber is utilized. Tape is applied across the entire waveguide
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Fig. 4.20: Fabricated multi-beam array with shielding cover.
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structure to minimize leakage through the holes. Post-plating destructive tests have

demonstrated that tolerances are within < 0.025 mm and surface roughness is less

than 15 pm.
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Fig. 4.21: Simulated and measured performance: (a) VSWRs of DRHs without/with
lens and multi-beam array at boresight (b) VSWRs of multi-beam array
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Figs. 4.19 and 4.20 show the fabricated components of the horn, lens, and
array structures. These components are assembled without additional glue; the same

resin used in their fabrication is applied and cured to secure them together. The

3 I I I I T
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Fig. 4.22: Simulated and measured performance: (a) Gain of DRHs with/without
lens and multi-beam array at boresight (b) Peak gains of multi-beam array
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Fig. 4.23: Simulated and measured performance: (e) Peak SLL of DRH with lens
and multi-beam array (f) Radiation efficiencies of DRHs without/with lens and
multi-beam array

VSWR comparisons of all simulated and fabricated antennas, plotted at boresight
and scanning conditions, are presented in Figs. 4.23(a)-(b), demonstrating a level

below 2.1:1 at the lower end of the band.



36 GHz @ E-plane

[V B ]

Norm. Pattern [dB]
s

-30 0 30 60 90
¢ [deg.]
54 GHz @ E-plane

Norm. Pattern [dB]

¢ [deg.]
72 GHz @ E-plane

Norm. Pattern [dB]
S &

ST ]
wn

f [deg.]

Norm. Pattern [dB]
ey
(=}

9
W

30 0 30 60 90
0 [deg.]

111

36 GHz @ H-plane

[V B ]

Norm. Pattern [dB]
s

-30 0 30 60 90
¢ [deg.]
54 GHz @ H-plane

=)
=,
=
=
:
Z
I
-90 -60 -30 0 30 60 90
¢ [deg.]
0 72 GHz @ H-plane
s
g-10}
2 \
5-15- /] 1
) o
o 200 [ R DN
=) LA M W R I !
Z -3 A I:[\[\}HI |.'| :Hr oy /\
L AN it Yo w Ll Vot
-90 -60 -30 0 30 60 90
f [deg.]
0
m -5)
=,
=-10}
2
=-157
-9
2 -20
:
z =257
_30 s L & 1 = >
-90 -60 -30 0 30 60 90
0 [deg.]

—w/0 Lens —w/ Lens — w/ Lens+Ring
—Sim. = -Meas.

Fig. 4.24: Simulated and measured radiation patterns of DRHs without/with lens
and multi-beam array at boresight in E- and H-planes



112

The far-field measurements, conducted in the anechoic chamber at the
University of Colorado Boulder, reveal that the multi-beam array results show
similarities between port 2 and port 4 (E-plane bending) and port 3 and port 5 (H-
plane bending), as depicted in Figs. 4.23(b) and (d). The multi-beam array with a ring
structure shows significant gain and SLL improvements compared to the baseline,
lens-less case, as shown in Figs. 4.23(c) and (e). The measured gain exceeds 12 dBi,
with the worst-case relative SLL in the E-plane at 90 GHz being less than -12 dB.
Fig. 4.23(f) indicates that the radiation efficiency is greater than 62% across the
entire frequency band. The radiation patterns in Figs. 4.24 and 4.25 are symmetric
in both the E- and H-planes, maintaining high cross-polarization rejection (>30 dB)
and increased directivity compared to the lens-less case. This suggests that
fabrication imperfections with DLP do not significantly impact lens performance.

The excellent agreement between the measurements and full-wave
simulations demonstrates the robustness of the proposed designs and the maturity of
the 3-D printing technology required to produce such high-performing prototypes. To
highlight this work's performance and innovation, Table 4.1 presents a comparison
with other AM multi-beam arrays [131-138], showing that this work offers a viable

wideband mmWave option with good performance across all key parameters.
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Table 4.1: Comparison with other 3-D printed multi-beam arrays

Ref Printing  Frequency EZ?E SLL CTEZS(:IIQY Beam
" Technique  (GHz) \ (dB) M Scan
(dBi) (dB)
350-360
[131] SLA (1.03:1) 17.3 <7 <-19 1D
110-170
[132] PuSL (1.55:1) 21.8 <-11.8 <-25 1D
7.7-8.2
[133] - (1.06:1) 15.3 <-9 3@ 7.9 GHz 2D
26-40
[134] - (L5:1) 21.2 <-9 <-5.5 1D
18-25
[135] SLA (1.38:1) 26 <-5 <-13 2D
26-40
[136] DMLS (L54:1) 23 <-11 11 @ 33 GHz 1D
9.8-10.2
[137] SLA (1.04:1) 13.2 <-4 <-20@10GHz 1D
[138]  SLA %()’ 19.8 <-11.2 -25@10GHz 1D
This 36-90
work DLP (2.5:1) 20 <-12 <-34 2D
4.5 Conclusion

An additively manufactured, ring-integrated, lens-corrected multibeam
array operating from 36 to 90 GHz is presented. To enhance gain and reduce SLLs, a
3D-printed inhomogeneous lens and an absorber-lined ring are incorporated. The
shielding cover structure proactively addresses potential issues related to EMI and
EMC. The measured VSWRs across all channels are below 2.1:1 over the entire
bandwidth, with a gain exceeding 12 dBi1 and SLLs less than -12 dB. This work
demonstrates the capability of additive manufacturing to produce a low-cost

multibeam array for wideband applications across the mmWave spectrum.



115

Chapter 5

Compact Unit-Cell for Wideband Circularly-Polarized Patch Array

5.1 Introduction

Widespread use of linearly polarized antennas and arrays in contemporary
communication systems is mainly due to their simplicity, smaller size and cost, and
typically lower loss. However, the utilization of these antennas causes some issues
such as reduced resilience to multipath, higher polarization loss factors due
sensitivity to orientation, just to name a few [139]. For these reasons, system
designers often consider CP antennas for a range of applications from mobile and
satellite communications to radar [140]-[142]. In this context, there has been a
notable increase in interest in CP arrays that employ microstrip technology. This
trend is attributed to ever increasing demands for devices that are not only smaller,
but also more power-efficient while being cost-effective and amenable for mass
production [143]. While microstrip patch arrays offer many of these advantages, they
still face some challenges, chief being high-quality operation over wide instantaneous
bandwidth. This is typically attributed to the resonant nature of individual patch

elements [144, 145]. Moreover, mutual coupling between elements can degrade
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performance by altering radiation patterns and efficiency [146], whereas surface
waves if excited can cause scan blindness. This paper proposes a compact unit-cell
with four patches that relies on coupling, mutual orientation, and excitation of its
constituents to achieve wide CP bandwidth (see Fig. 5.1).

To increase bandwidth of microstrip patch antennas, several techniques are
considered in literature. Multilayer stacking uses cumulative contributions of each
layer to expand the overall bandwidth at expense of higher fabrication and tuning
complexity [147-149]. Excitation of multiple modes can also increase impedance
bandwidth; however, the common issues are increased height [150], small to
moderate bandwidth limits [151], or pattern stability. Recent research in meta-
surfaces have brought forward some interesting possibilities despite issues such as
fabrication tolerances, increased size, and cost [152, 153]. Slot-coupled topologies also
achieve wider bandwidth [154] at the expense of intricate impedance matching, high
profile, and pattern contamination, particularly front to back ratio [155]. A sequential
rotation technique requires a complex, typically analog, feed network to adjust
electric field vectors to achieve CP across a wider bandwidth [156, 157]. Arrays that
utilize tight coupling between elements have recently gained great popularity for
various wideband RF applications. Decade of bandwidth with low active scanning
coefficients and good patterns through wide scanning angles have been
demonstrated. The challenges are associated with one or more among complex
implementation, higher axial ratio (AR), lower gain, size, weight, power, and cost
[158-161].

A compact unit-cell for CP patch antenna arrays is introduced in this paper. To
expand the bandwidth, four small patches are chamfered, slotted, and sequentially
rotated with appropriate excitation provided. The proximity of elements causes high
coupling, which is explicitly included in the design of the unit-cell topology. Infinite

and finite 8x8 array examples are discussed. Our previous work presents the
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Fig. 5.1: Photographs of the fabricated 2x2 array with dummy elements.

simulations of a conventional CP patch array with cross-slots [162]. The herein
proposed sequentially rotated configuration has significantly wider AR bandwidth
while preserving compactness and broad impedance bandwidth over wider scanning
angles. To assess the cost/complexity tradeoff and to validate the proposed concept, a
5x5 array, shown in Fig. 1, is fabricated. For experiments, four unit-cells (2X2 array)
with integrated series power dividers at the center of the array are excited. The
measured results show more than 56% wide impedance/AR bandwidth and their

favorable agreement with simulations validates the proposed unit-cell. The arrays
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with this kind of unit-cell can achieve higher radiated powers when directly driven
by four-channel integrated circuit active beamformers.

The rest of the chapter is organized as follows: Section 5.2 discusses the
design of the compact sequentially rotated unit cell and its implementation in infinite
and finite 8X8 arrays. Section 5.3 presents the prototype with practical adjustments
to validate previously discussed concepts and the design of a compact feed network.

Section 5.4 discusses fabrication, measurements, and comparison with literature.

5.2 Unit-Cell Design and Demonstration

The proposed sequentially rotated microstrip patch array builds upon the
work discussed in [162], where a tightly-coupled unit-cell was introduced. Past
research showed that by optimizing loading cross-slot in rectangular chamfered
patches, impedance bandwidths increased (from 19.2 to 36.5 GHz by 66%), and 3dB
AR bandwidths improved (from 24.2 to 28 GHz by 15%). These changes also affected
the currents inside the patch, leading to enhanced bandwidth and ensuring high
aperture efficiency [162]. However, there was still a notable constraint in the 3dB AR
bandwidth. This limitation paved the way for the use of the sequential rotation
technique. Implementing sequential rotation in antenna arrays involves two main
steps for each subarray element: physically adjusting its position relative to its
neighbors and assigning an input phase value. Both steps are crucial for arrays with
a specific number of elements predominantly radiating in their dominant mode. The
determination of the physical rotation angle and the input phase value of m-th

elements is mathematically described in equation (5.1) [163]:

_ pm-m

Pp = po =T (5.1)
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where, ¢p represents the physical rotation angle, ¢. is the feeding phase shift of m-th
element and N stands for the total number of radiating elements (m < N). Here, p is
an integer such that 1< p < N-1, referencing its position relative to the first element.
For this study, Nis 4 and p is 2, resulting in ¢, = ¢, = 90°. This configuration with 4
feeds has been observed to provide a better axial ratio than cases with N = 2 or 3,
attributed to the cancellation of higher-order modes [164]. Results are presented for
both the infinite array scenario and an 8X8 finite array case in the following sub-
sections. is discussed in the context of an infinite array scenario and an 8x8 finite

array case in the following sub-sections.

5.2.1. Infinite Array

The performance of the proposed unit cell is initially assessed in an infinite
array environment using Ansys HFSS, as depicted in Fig. 5.2. The sequentially
rotated unit cell measures 5xX5 mm? (0.44A26 gHz X 0.44A26 GHZ). It 1s printed on a 0.762
mm-thick (A2 guz / 15) Rogers 4350B substrate with a permittivity (er) of 3.66 and a
tand of 0.004. The patch, chamfer, cross-slot, and feed location dimensions are
optimized to achieve a good impedance match and axial ratio over the 18.5-33 GHz
frequency band. The array is designed for cost-effective fabrication on a single-layer
substrate board. To counteract the pin’s inductance, a 0.39 mm wide capacitive
annular ring is integrated into the unit cell, allowing the inner radius to be adjustable
while maintaining a constant outer radius of 0.85 mm. Active VSWR and far-field
measurements of the proposed unit cell are illustrated in Fig. 5.3. The positive effects
of the cross-slot and sequential rotation technique are evident from these data. The
cross-slot integration enhances the impedance bandwidth through additional current

perturbation while lowering the center frequency due to the increased effective
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Fig. 5.2: (a) The proposed sequentially rotated patch antenna unit-cell in infinite
array environment. (b) Top view. (Dimensions are in millimeters).
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Fig. 5.3: Performance of the proposed unit-cell in infinite array environment (solid,
dashed, and dotted lines) with (w/) and without (w/0) cross-slot and/or sequential
rotation (a) VSWR. (b) Axial ratio at boresight.
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rotation (c) Realized gain at boresight. The performance of standalone unit-cell
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1
o

wavelength, contributing to the compactness of the unit cell structure. As shown in
Fig. 5.3(a), a VSWR less than 2:1 is achieved from 18.5 to 33 GHz (~56%). Employing
the sequential rotation technique results in a slight reduction in impedance
bandwidth due to variations in mutual coupling. However, the axial ratio
significantly improves with sequential rotation (see Fig. 5.3(b)), along with an
enhanced realized gain (Fig. 5.3(c)). Additionally, the cross-slots contribute to a more
uniform gain across a wide bandwidth.

For completeness, the performance of a standalone unit cell is also shown in Fig. 5.4.
This individual element exhibits a noticeably smaller bandwidth, further
highlighting the importance of strong mutual coupling to achieve the desired
performance over a wide bandwidth. The proposed design achieves both unit-cell
miniaturization (enabling more actives and higher effective isotropic radiated power

(EIRP) per unit area) and improved gain and axial ratio bandwidth while
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maintaining high radiation efficiency (>95%) and aperture efficiency (>97%).
However, in the absence of direct element excitation and control with a chipset
beamformer, this unit cell requires a compact feed network to achieve the necessary

patch excitation, contributing to higher loss and complexity.

5.2.2. 8x8 Finite Array

The unit-cell shown in Fig. 5.2 is utilized to create a finite array configuration
and assess the performance in a more realistic environment. The inset of Fig. 5.4(a)
shows the top view of the designed 8x8 array of unit-cells from Fig. 5.2 having a total
of 256 chamfered microstrip patches. The inter-element spacing is set to be 5 mm

(0.44\26GH2), with the overall size being 40 x 40 mm?2.
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Fig. 5.4: Performance of the 8x8 array: (a) Active VSWRs of the center and edge
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Fig.5.4(a) shows the active VSWRs with scanning results (S = 0°, 30°, and

60°) of the center [(row, column) : (8, 9)] and edge [(row, column) : (8, 16)] elements as
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Fig. 5.4: Performance of the 8x8 array: (b) Coupling (grey: all results, blue: between
center and its adjacent elements, red: between edge and its adjacent elements) and
aperture/radiation efficiencies for the broadside beam. (c) Axial ratio at the beam
peak while scanning.
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shown in the inset. As expected, the VSWR of the center element approaches that of
the infinite array. Moreover, even with an elevation scan angle of 60°, the VSWRs
remain below 3:1 over the operating frequencies (20 — 32 GHz). Regarding the
scanning mechanism, each unit cell functions as a fundamental structural entity with
a unique phase excitation differential with other unit cells to achieve the desired scan.
Simultaneously, distinct electrical phase variations among the individual elements
are preserved within each unit-cell. As shown in Fig. 5.4(b), the coupling between all
elements (grey shade) is less than -10 dB. The central and edge element couplings
with their neighbors are depicted by the blue- and red-colored lines, respectively. The
axial ratio at the beam peak and the designated scanning angle remains below 3 dB
over the operating frequency band (see Fig. 5.4(c)). The scanned realized gain over
frequency and radiation patterns at 20, 26, and 32 GHz for 6= 0°, £30° and +60° in ¢
= 0° are shown in Fig. 5.5. Due to the intrinsic symmetry of the unit-cell, similar
patterns are obtained at differentd-planes with broadside realized gain > 18 dBic at
20 GHz. Symmetric patterns with AR < 3.5 dB, scan loss < 3.8 dB, and low SLL (< -
12 dB) are maintained through the upper part of the band (32 GHz) and over the £60°

scan.

5.3. Prototype Design For Validation

A simplified, sequentially rotated array was prototyped to validate the proposed
design. A 5X5 array, shown in Fig. 5.1 and detailed in Fig. 5.6, was fabricated. Instead
of exciting all elements in the prototype, only four unit cells (16 patches) in the array's
center were excited to demonstrate the impact of mutual coupling and sequential
rotation on the performance of the circularly polarized (CP) array. This validation

approach, based on [165], though unconventional since it only considers the excitation
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Fig. 5.6: (a) Illustration of the 2 x 2 prototype array modules with its integral parts

(Dimensions are in millimeters). (b) Top and bottom views of the PCBs.
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of a few elements in the array, is a simple, cost-effective, yet thorough method that
fully validates the concept. In this design, the four sequentially rotated aspects of the
central unit cells were excited with a 90° phase progression using a compact wideband
microstrip power divider. Four power dividers were integrated with the array and
connected using a microstrip transition, as shown in Fig. 5.7. The unexcited elements
were grounded for simplicity. To eliminate backward radiation from the microstrip
feed network, the array was backed by a cavity filled with a 6.25 mm-thick
ECCOSORB LS-24 absorber [166].

5.3.1 1x4 Feeding Network

The series feed network of the prototype is discussed in this subsection. The
design 1s based on a microstrip line series power divider which equivalent circuit
model with an input and four output ports is shown in Fig. 5.7(a). Each output port
1s engineered for 90° phase progression and equal power distribution where each port
receives a quarter of the normalized input power. These ports are characterized by a
uniform load impedance, denoted as Zi.. To achieve this configuration, the four output
ports are interconnected using quarter-wave impedance transformers. Following the
divider’s design approach from [167], the characteristic impedances of these

transformers are obtained as in (5.2), (5.3), and (5.4):

P1=P2=P3=P4=P5 (5.2)

P3
P1—P;

N _  |ZIN2ZIN3ZL
Zl - ZIN,lle,Z' ZZ - _ )
Z1=ZIN,2

Py
P1—P,—P;3

P
ZIN,Z = ZLP_j' ZIN,3 =27 ’ ZIN,4— =27 (5-3)



130

Zinz Zing Zing
) SR Y r ™ ' ™\
74 Zy Z3 Zy
P I (1 =90°) (1 = 90°) (1 = 90°) (I =90°)
L — - \ J - y,
(2] (a]l (a]]n [&]ln [&]l»
Port 1 Port2 Port 3 Port 4 Port 5
(a)

[ {o.17 RO4350B |

1@ p—N

(b)
Fig. 5.7: Microstrip series power divider, specifically: (a) Equivalent circuit. (b)
Layout of the proposed design. (Dimensions are in millimeters)

ZIN3ZINAZL ZInaZE
Zy = |HhsfiNeti oz o | ZINAZL (5.4)
Z1-ZIN,3 Z1=ZINa

Notice that a load impedance (Z1) of 77 Q is purposely selected after extensive

numerical studies to facilitate the design of a well-matched and performing feeding
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Fig. 5.7: Microstrip series power divider performance: (c) Magnitude of S-
parameters. (d) Phase differences between port 1 and other ports 2, 3, 4, and 5.

network. The obtained line impedances Zi: to Zs are 30.6, 25, 37.5 and 75 Q,
respectively. When a Z1, of 50 Q load is utilized, it leads to impedance values of 25,
16, 25, and 50 Q for Z; through Z4, respectively. This requires the use of broader

microstrip lines to achieve the required lower impedance values, consequently



132

—-10 [ 7
g —5
'_' --=S
172}
£ 20! 21 |
L
=
5
?_—30
n

-40

20 22 24 26 28 30 32
Frequency [GHz]
(b)

Fig. 5.8: (a) Illustration of the designed GCPW transition. (Dimensions are in
millimeters) (b) Magnitude of computed S-parameters.

leading to a reduction in the inter-line spacing within the power divider. Such a
configuration results in increased mutual coupling, which adversely affects the
matching performance and increases the amplitude and phase imbalances. Fig. 5.7(b)
shows the final configuration of the series power divider for a 0.17 mm thick Rogers
4350B substrate. As shown in Fig. 5.7(c), the designed power divider has an input
reflection coefficient of less than -20 dB across the entire 20 to 32 GHz band. The
phase differences at 26 GHz between port 1 and ports 2-5 are £S12 = 1°, £S13 = 94°,

£S14 = 177°, and 4S15 = 266° respectively. The maximum phase and amplitude
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Fig. 5.10: (a) Illustration of patch modifications. (b) Series feed arrangement.
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imbalances are 6° and 0.3 dB, respectively. A simple transition between the input
microstrip line and grounded coplanar waveguide (GCPW) at the connector side is
implemented as shown in Fig. 5.8. The power divider outputs are directly connected
to the array elements through plated vias as can be seen from the PCB stack-up in
Fig. 5.9. The patches are slightly modified to ensure a proper vias connection as
suggested by the PCB manufacturer (see Fig. 5.10(a)). A 0.1lmm-thick Isola 370 HR
(er = 4.04, tand = 0.021) layer is used as a prepreg to attach the power divider and
patch array core substrates. Despite the reconfiguration of the integrated power
divider to fit the compact unit-cell size as seen in Fig. 5.10(b), the LHCP operation is
maintained. Finally, a Southwest Microwave end launch 2.92 mm connector [168]

completes the assembly.

5.3.2 Metalization and Via-Walls

This subsection addresses challenges encountered during the prototype
fabrication and introduces appropriate mitigation strategies. Fig. 5.11(a) displays the
radiation patterns in the ¢ = 0° and 90° cuts at 26 GHz, both with and without
substrate extension. The practical mounting's substrate extension induces distortion
in the co-polarized LHCP radiation pattern and degrades cross-polarized
performance. Upon analysis, this distortion is attributed to two primary factors. The
first is related to the fringing fields, which can be mitigated by metalizing the top
substrate extension, as shown in the orange-colored region of Fig. 5.11(b).

The second factor contributing to the aforementioned problem is the surface

waves which cutoff frequency can be calculated using (5.5) [169]:

(5.5)

_ nc n=0, 2,4 .. for TMmode
fc T 4n {n 1

UrEr—1 , 3,5 .. for TE mode
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Fig. 5.11: (a) Normalized radiation patterns at 26 GHz in ¢ = 0 and 90° cuts

without (w/o) substrate extension (blue solid- and dash-dotted lines) and with (w/)
substrate extension (red- dashed and dotted lines). (b) Modified prototype with
included mitigation (i.e., metallization and via-walls).

where c is the speed of light, h is substrate height, er and pr are relative permittivity
and permeability of substrate, respectively. As expected, the fundamental TMO mode
cutoff is at DC, while the TE1 mode starts at 60.3 GHz, which is beyond the operating
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Fig. 5.12: Fabricated 2X2 prototype array module: (a) Top view with unit-cell and
via-wall in the insets.

band. To mitigate the surface wave impact, a via-wall surrounding the patch is added
(highlighted in magenta color in Fig. 5.11(b)). The via-walls function as a surrogate

for a conductive fence and can significantly diminish the adverse effects of surface

waves.

5.4. Fabrication and Measurement
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Fig. 5.12: Fabricated 2X2 prototype array module: (b) Bottom view with power
divider and GCPW in the insets (c¢) Additively manufactured cavity with the
absorber.
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Fig. 5.13: Simulated and measured performance of the fabricated prototype,
specifically: (a) Active VSWRs. (b) Coupling.

Figs. 5.12(a)-(b) show the top and bottom views of the fabricated sequentially
rotated array. An additively manufactured and copper plated cavity with inserted

absorber is depicted in Fig. 5.12(c). The cavity was fabricated using a 3D printer
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(Formlabs Form3 [93]) employing stereolithography technology with Rigid 4000
resin.

Measured and simulated active VSWRs and coupling are plotted in Figs.
5.13(a)-(b). As seen, active VSWRs < 2:1 and coupling levels < -10dB are measured
for all four ports across the entire bandwidth. The far-field is characterized in the
anechoic chamber at the University of Colorado Boulder, with unmeasured ports
terminated with 50 Q loads, as shown in the inset of Fig. 12(c). The results are
obtained by superimposing data from each port [165, 170]. As seen in Fig. 5.13(c), the
axial ratio and gain are maintained < 1 dB and > 5.8 dBic, respectively, across the
entire bandwidth (>56%) in both simulation and measurement. Moreover, as shown
in Fig. 5.13(d), the AR pattern over the elevation remains fairly symmetric. Fixed
beams with half-power beamwidth (HPBW) of 72, 45, and 64° are obtained at 20, 26,
and 32 GHz, respectively. The AR remains < 4 dB within the HPBW. Measured
radiation patterns at ¢ = 0° from 20 to 32 GHz are shown in Fig. 5.14. As seen, the
symmetry and clear cross-polarization discrimination with suppressed back
radiation, are achieved. Furthermore, the effectiveness of the mitigation approach,
involving metallization and the incorporation of via-walls, in addressing pattern
distortion is confirmed. The comparison between the proposed configuration and the
state-of-the-art sequentially rotated planar CP arrays, is given in Table 5.1. As seen,
the proposed configuration has wider impedance and axial ratio bandwidths while
maintaining compact unit-cell size and cost-effective fabrication. Specifically, the
proposed unit-cell area (~0.2)02) is significantly smaller than those reported in other
studies. This compact size enables packing more elements within specific areas
leading to a CP array with higher EIRP. Moreover, the absence of additional parasitic
layers enables the integration of both, a patch, and a feeding network within the
configuration comprising merely two substrate layers, thus reducing the cost, and

improving the overall efficiency. Conclusively, the proposed array demonstrates a



140

wider impedance bandwidth (>56%), 1dB/3dB AR bandwidth (>56%), and a 3dB gain

bandwidth of approximately 42%.
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Fig. 5.13: Simulated and measured performance of the fabricated prototype,
specifically: (c) Axial ratio and realized gain over frequency with measurement
setup shown in the inset. (d) Axial ratio at 20, 26, and 32 GHz in the ¢ = 0° cut.
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5.5. Conclusion

A compact, low-profile CP unit-cell is proposed and used to demonstrate a
wideband array operating from 20 to 32 GHz. The design incorporates chamfered,
cross-slot, and sequentially rotated four microstrip patch elements, leading to a small
unit-cell size and low axial ratio over a wide bandwidth. Performances of infinite and
8x8 finite arrays with the proposed unit-unit cell show wide scanning while
maintaining low-cost and scalability features across millimeter waves. A proof-of-
concept prototype featuring a simple and integrated feed network is fabricated for
experimental demonstration. Favorable agreement with simulations is achieved,
therefore validating the proposed framework. Among other discussed benefits, the
proposed compact unit-cell design can leverage active IC chip beamformers to realize

phased arrays with enhanced effective radiated power per unit area.
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Chapter 6

Conclusions and Future Work

6.1 Summary

This thesis delves into the theory, design, and practical implementation of
wideband, highly directional antennas with fixed and steerable patterns, including
unique lens antennas and a microstrip patch array. Chapter 2 discusses the high
EIRP dielectric lens-corrected quad-ridge horn antenna for electronic warfare
systems. Chapter 3 covers the additively manufactured modular lens-corrected horn
with cavity, emphasizing its modularity and reconfigurability. Chapter 4 introduces
the inhomogeneous spherical lens multi-beam array for the AODF system. A compact
unit cell for a wideband circularly-polarized patch array employing sequential
rotation techniques is developed in Chapter 5. The detailed explanations are as
follows:

A lens-corrected QRH antenna operating from 6.5 to 20 GHz is introduced,
featuring exponentially tapered ridges and a spline-based aspheric lens, which

improve gain profiles over a wide bandwidth and required field of view (FOV). A
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phase-matched OMT with a cone-loaded turnstile junction and custom single and
double-ridge waveguides achieve dual-polarized operation and high-power handling.
The fabricated antenna shows VSWR < 3, minimum gain > 21.5 dBi in the desired
FOV, and high-quality radiation patterns with low side-lobe levels (SLL) and high
cross-polarization discrimination (XPD) over the entire bandwidth. Compared to
other designs, this antenna combines wide bandwidth, high directivity, effective
1sotropic radiated power, and robustness, making it suitable for commercial and
defense applications.

An additively manufactured, dual-polarized, cavity-integrated, lens-
corrected QRH, operating from 36 to 90 GHz, is demonstrated. The antenna
integrates a phase-matched OMT with custom single- and double-ridge waveguides
to achieve wide bandwidth and dual polarization. Gain and SLL improvements are
achieved with 3D-printed homogeneous or perforated lenses and an absorber-lined
cavity. The measured performance includes gain improvements of 8-10 dBi, radiation
and beam efficiencies of >75% and 88%, respectively, and SLL < -25 dB. The VSWR
across both channels is < 2:1 over 85% of the bandwidth (44-90 GHz), with port-to-
port isolation > 34 dB, demonstrating the capability of additive manufacturing to
produce high-quality modular and versatile antennas for wideband mmWave
applications.

An additively manufactured, ring-integrated, lens-corrected multibeam
array, operating from 36 to 90 GHz, is also demonstrated. To enhance gain and reduce
SLLs, a 3D-printed inhomogeneous lens, and an absorber-lined ring are added. The
shielding cover structure addresses EMI and EMC issues proactively. The array
achieves VSWRs < 2.1:1 over the entire bandwidth, gain > 12 dBi1, and SLL < -12 dB,
1llustrating the potential of additive manufacturing to produce cost-effective

multibeam arrays for wideband mmWave applications. A framework using the
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proposed antenna system with the correlation method AODF technique is also
discussed for direction-finding applications.

A compact, low-profile CP unit cell is proposed and used to demonstrate a
wideband array operating from 20 to 32 GHz. The design features chamfered, cross-
slot, and sequentially rotated four microstrip patch elements, resulting in a small
unit-cell size and low axial ratio over a wide bandwidth. Performance of both infinite
and 8X8 finite arrays with the proposed unit cell shows broad scanning capabilities
while maintaining cost-effectiveness and scalability across millimeter waves. A proof-
of-concept prototype with a simple and integrated feed network is fabricated, showing
favorable agreement with simulations and validating the proposed framework. The
compact unit-cell design can leverage active IC chip beamformers to realize phased

arrays with enhanced effective radiated power per unit area.

6.2 Contributions

The contributions of this dissertation are summarized as follows:

Chapter 2
e Introduces a lens-corrected QRHA and demonstrates dual-polarized
operation from 7 to 20 GHz, featuring high minimum gain in the FOV,

high power handling capability, symmetric radiation patterns, and

acceptable SLL.

e A dielectric lens enhances performance by reducing quadratic phase error

in the aperture, with lens permittivity and shape being critical factors.

¢ QRH and lens are constructed using EDM and CNC, respectively.



Chapter 3

Chapter 4

Chapter 5
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Designs dual-polarized directional antennas with lenses for 3D printing,
operating over 36-90 GHz while maintaining high aperture efficiency (>

70%) and low SLL (< -15 dB).

A single QRH performs well without the lens, exhibiting lower directivity,
smaller SLLs, and wider HPBW.

Performance with 3D-printed PP, LLDPE, and perforated lenses are

similar, validating both design and realization approaches.

Cavity and absorber can be employed to improve SLLs and beam

efficiency.

Demonstrates an additively manufactured, ring-integrated, lens-
corrected multibeam array with gain improvement, low SLLs, crossover

levels, low fabrication cost, and immunity to EMI and EMC.

Explores the feasibility of correlation-based amplitude-only direction

finding (AODF) systems.

Proposes a strongly coupled circularly polarized K/Ka-band phased array

configuration.

Demonstrates wide bandwidth and scanning angle, good circular

polarization, high radiation and aperture efficiencies, while maintaining
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low-cost fabrication, compact size, and scalability across millimeter wave

bands.

e The proposed array topology and concept are promising candidates for

many applications.

6.3 Future Work

The work performed in this thesis could be expanded in many directions including:

e Investigating the elimination of adapter influence in Chapters 2 and 3

using the time gating technique, which presents a compelling avenue for

future research.

e Exploring methods to reduce SLL without significantly increasing the

volume of modular horn antenna structures..

e Developing a dual-polarized multi-beam array.

e Extending the field-of-view for direction-finding applications to achieve

hemispherical (180°) coverage, thereby increasing the detection range of

incoming signals.

e Designing an active phased array based on the compact unit-cell

structure.
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Appendix A

Bi-Static Simultaneous Transmit and Receive (STAR) system

Al Introduction

With the increasing congestion of the electromagnetic spectrum (EMS),
assigning channels to modern wireless services operating at different times (half-
duplex) or on different frequencies (out-of-band full-duplex) has become both
challenging and inefficient. To address this inefficiency, RF systems that can
simultaneously transmit and receive (STAR) at the same frequency and time have
been considered. STAR communication systems offer advantages such as reduced
latency, higher data rates, increased throughput, the coexistence of data
transmission and channel state information, and efficient reuse of the allocated EMS.
In electronic warfare applications, a STAR-capable system can simultaneously jam,
listen, and protect the entire platform from self-fratricide. Achieving this level of
operation is challenging and requires multiple stages of isolation, especially when
resources are scarce. STAR antenna systems can be monostatic, bistatic, or quasi-

monostatic. Monostatic systems use the same antenna for both transmission and
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reception, bistatic systems use separate apertures for transmission and reception,
and quasi-monostatic systems use separated transmission and reception apertures
that share the same volume determined by the larger antenna. Monostatic and
bistatic systems typically maintain high cross-correlation between the transmission
and reception beams, with bistatic systems achieving the highest isolation and best
performance as antennas.

In this appendix, we first design a 10X10 narrowband array operating at K-
band that maintains high-quality circular polarization over wide scanning angles in
all cardinal and inter-cardinal planes. Next, we consider a topological reconfiguration
where some elements are assigned as transmit (Tx) and others as receive (Rx). This
scenario 1s appropriate when transmit/receive modules are directly attached to each
antenna element in the array. For demonstration purposes and to ensure the highest
quality radiation patterns from both arrays, we consider an equal aperture split. We
then calculate the coupling from the Tx array to each Rx element and from the Tx to
the Rx array for different scanning conditions. A simple approach to increase isolation
is also evaluated, and relevant conclusions for different active scanning conditions

are drawn.

A.2 Design and Performance

The designed array unit cell, shown in Fig. Al.1, features four metal layers
on three Rogers 5880 substrates. Two prepreg sheets are used for bonding, and a
radome is added for environmental protection. All relevant electrical parameters for
this configuration are indicated in the figure. The corners of a 0.9 X 0.9 mm? single
stripline-fed patch are chamfered to achieve the necessary current perturbations for

elliptical polarization. A wide aperture-coupled parasitic patch is then integrated to
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(b) .

ML1: Parasitic ML2: GND 1
patch (Top ground) for stripline
6.73 mm (~./2) ML3: Feed patch ML4: Ground
with stripline ;
Radome & = 2.2, 5 mils : Plane
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Substrate - SL

Prepreg : PL (RO2929 ¢, = 2.9, tand =0.003)
Radome : RO5880, g, = 2.2, 0.13 mm

Fig. A1.1: Multi-layer patch antenna geometry: (a) patch parameters, (b) metal
layer configurations, and (c) PCB stack up.
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Fig. A1.2: Designed 10x10 phased array: (a) and (b) realized gains at (¢, 6) = (0, 0)°,
and (0, 60)°, respectively.
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Fig. A1.3: (a) Bistatic array configuration with array split in two halves along ¢ =
0°, and (b) coupling in scan planes ¢ = 0°, 45°, and 90°.

achieve wider bandwidth and, more importantly, wide-angle scanning with a low
axial ratio in all azimuthal planes. A 10X10 phased array antenna, incorporating the
described unit cell as an embedded element, is designed, and the radiation patterns
for two scanning conditions are shown in Fig. A1.2. The design achieves clear cross-
polarization discrimination in both beams, maximum aperture efficiency, and
expected side-lobe levels and positions.

The simplest reconfiguration with dislocated phase-centers of this phased
array aperture for STAR is to assign % of the array for Tx and another half for Rx
(see Fig. A1.3(a)). This way, we maintain high aperture efficiency for each subsystem
while allowing space to factor in the system-level aperture isolation. Fig. A1.3(b)
shows the Tx to Rx active couplings for scanning in three different azimuthal planes.
As seen, at the design frequency of the array (note this is a narrowband system), the

isolation between the Tx and Rx arrays remains more significant than 30dB over wide
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Fig. A1.4: Coupling (worst case : -35.82 dB) between all the Tx elements with a
single Rx element (highlighted) at (¢, 6) = (45, -60)°.

Table Al1.1: Worst case coupling levels for considered scans

0 scan ¢ sean b =0° b = 45° b =90°
0=0° -52.7 dB -52.7dB -52.7dB
0 =+15/-15° -49.5/-50.1 dB -51.6 / -48.0 dB -53.6 / -53.8 dB
0 =+30/-30° -52/-50.4 dB -45.6 / -47.3 dB -52.8 / -51.6 dB
0 =+45/-45° -48.3/-45.9 dB -38.7 / -35.9dB -48.4 / -50.8 dB
0 =+60/-60° -44.3/-46.2 dB -39.37 / -35.8 dB -44.5 / -45.3 dB

elevation scans. As expected, the worst case is when the Tx array scans in the plane
along the bisecting axis for the system.
Coupling from the Tx array to each element in the receiving array under

worst-case conditions is shown in Fig. Al1.4. Results indicate this occurs when the Tx
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array scans the intercardinal plane. Specific coupling values for all three cases are
provided in Table Al.1. The worst-case isolation is approximately 35 dB, suggesting
that robust low-noise amplifiers are necessary for the proper operation of this system.
To reduce coupling, the elements on the boundary between the two arrays can be
turned off (see Fig. A1.5(a)). For simplicity, a variable load (considered here as short,
open, and 93 Q) is attached to these elements, and active coupling for different scans
1s computed, with results shown in Figs. A1.5(b)-(d). For comparison, the coupling
with all elements ON is also displayed. Significant improvement in isolation of more
than 20 dB can be achieved over a narrower field of view for diagonal scans and over

a wider field of view for scans in the two cardinal planes. The impact of the load
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Fig. A1.5: Coupling between Tx and Rx when 5 and 6 columns elements are
terminated in matched load, open, and short: (a) configuration, (b), (c), and (d) for
scan planes ¢ = 0°, 45°, and 90°, respectively.
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appears to be insignificant. It is important to note that the quality of radiation
patterns during the scan is maintained; however, this approach results in lower
aperture efficiencies, which must be considered. All results presented in this paper
were obtained using Ansys HFSS, with proper modeling validations conducted at

each design step.

A3 Conclusion

A K-band circularly polarized planar phased array antenna achieving over
35 dB Tx to Rx isolation in a bistatic split-aperture STAR implementation is
discussed. The array is designed for fabrication using a multi-layered PCB process
and includes a radome. Element-to-element coupling coefficients determine the
isolation from the Tx array to individual elements in the Rx array and the isolation
to the fully beamformed Rx array. The approaches considered are simple and
maintain good scan pattern integrity; terminating the boundary rows reduces the

aperture efficiency.



