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Abstract

The success of future multi-functional communication, radar, sensing, and coun-
termeasure systems heavily relies on ultrawideband (UWB) antennas. UWB an-
tennas have a very high demand in electromagnetic compatibility (EMC) testing,
radar calibration, satellite tracking, reflector feeds, remote sensing, wideband in-
strument for snow measurements (WISM), medical imaging, through-wall imag-
ing, and UWB radar systems. In an ideal case, these multi-faceted systems require
the use of a single UWB “one-size-fits-all” antenna that satisfies the bandwidth and
radiation requirements compared to using multiple narrowband antennas saving
time, labor, and overall cost of the system.

This dissertation delves into the theory, design, and feasibility of one of the
kinds of a single UWB antenna or a single integrated UWB antenna system for
their potential use in the characterization or calibration of weather radars or other
UWB communication systems. Firstly, detailed Maxwell-Garnett particle mixing
analytical models are presented and evaluated based on their performance and
error analysis. The correct analytical model is identified and used in the synthesis
of tunable artificial dielectric material (TADM) at microwave (S-band) and mm-
wave (W-band) frequencies for applications such as RF substrates for antennas
and microwave components such as filters. This technique allows for the utilization
of cost-effective materials that already offer outstanding thermal properties and

seamless compatibility with a multi-layer fabrication process, can now be equipped

XIX



with desired tunable e.f¢ and loss tangent characteristics. The measured results
show substantial reductions of 45% in e.r and 38% in loss tangent values in the
S-band, along with reductions of 32% and 72% in e.;; and tand, respectively,
in the mm-Wave frequency band. Impressively, the simulated, calculated, and
measured results demonstrate an excellent level of agreement.

To see the feasibility of using commercially available state-of-the-art UWB
antennas for in-situ characterization of radars, a detailed analysis is carried out
based on the idea of using a single UWB probe antenna for radars operating in
the L-, S-, C-,; X-, Ku-, and K-bands. This analysis shows in detail that using
commercially available UWB antennas is not suitable for in-situ measurements
due to their wide beamwidth performance, especially for weather radars operating
in the most commonly used S-band at 3 GHz. To solve this challenge, several
solutions are presented. Among the solutions presented based on using corrugated
horns and multi-layer or hyperbolic dielectric lenses, the Maxwell-Garnett theory
that laid the foundation of the design of tunable artificial dielectrics is also applied
in the synthesis of a UWB graded-index (GRIN) artificial dielectric lens antenna
(ADLA). Proposed novel solutions make the use of these commercially available
antennas viable for radars and communication systems.

A UWB open-boundary dual-polarized quad-ridged horn antenna (QRHA)
having an impressive absolute bandwidth of more than 30 GHz (32:1) covering 1-
32 GHz, is then presented making it an ideal choice for UWB communication and
radar systems covering a wide range of applications relying on common frequency
bands including L, S, C, X, Ku, and K. The unique design allows for a favorable
impedance matching, acceptable stable and narrow-beamwidth performance, and
most importantly no-pattern degradation at higher frequencies which is a common

concern for most ridged-horn antennas designed thus far.

XX



Chapter 1

Introduction

The rapid advancement of radars, communication systems, and multi-functional
RF front-end systems has generated a serious need for ultrawideband antenna sys-
tems. Several antennas are usually used across different frequency bands to achieve
multiple functionalities. However, with the use of an ultrawideband (UWB) an-
tenna system, multiple applications can be targeted using one single antenna aper-
ture saving cost, weight, size, time, labor, and power consumption. The greatest
benefit of a UWB communication system is evident from the famous Shannon

equation which relates channel capacity (C) to the bandwidth (B) as given by

(1.1) [1]:

C =B log (1 + (1.1)

BXN())

Where, C is the channel capacity in bits per second (bps), B is the channel
bandwidth in Hz, P is the power of the signal in Watts, and Ny is the noise power
spectral density in Watts/Hz. This equation shows that for the given power P,
capacity (C) can increase with bandwidth (B).

UWB antennas have been widely used in communication system applications
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Figure 1.1: Conceptual diagram of the applications of an ideal UWB antenna in
both radars and communication systems.

such as EMC testing, satellite tracking, reflector feeds, and other detection sys-
tems [2-5]. They have also been used in applications related to remote sensing
and synthetic aperture radar (SAR) based snow measurements [6], through-wall
imaging [7|, bio-medical imaging [8], cancer screening [9], automobile collision
avoidance [10], software-defined radio [11], UWB radio systems [12, 13], and UWB
radars [8]. Figure 1.1 shows a conceptual diagram of the possible applications of a
UWB antenna system in both radar and communication systems having an ideal

bandwidth of 1-40 GHz.



1.1 Problem Statement

1. Non-existence of a UWB antenna probe for Unmanned Aerial
Vehicle-based in-situ radar characterization: The studies reported in
[14-17| related to probe selection for a Unmanned Aerial Vehicle (UAV)-based
radar characterization have selected a “Stop Sign: SS” microstrip patch antenna
array of 4 x 4 elements whose geometry is shown in Figure 1.2, and a horn
antenna element. However, one key limitation to these probes is the narrow
bandwidth performance. For instance, in the case of the microstrip SS array,
the bandwidth is merely 70 MHz, while in the case of the horn, it is around
100 MHz, both targeting the S-band. This narrow bandwidth performance re-
stricts the use of such probes across multiple frequency bands. Moreover, each
antenna behaves differently in terms of its RE performance, when mounted on
the UAV. This further involves the utilization and subsequent re-calibration of
multiple probes, thereby contributing to elevated costs and increased labor ef-
forts. Thus a single UWB antenna is highly desired that when calibrated with
the drone, can be used for radar characterization in covering several frequency

bands.

2. Non-existence of an acceptable Quad-ridged Horn Antenna: As will be
discussed in the coming chapter that the Quad-ridged Horn Antenna (QRHA)
is the ideal candidate for not only UWB communication systems but also for
UWB radar systems. However, these antennas suffer from pattern degradation
at frequencies usually greater than 12 GHz due to the presence of higher-order
modes. This significant degradation makes these antennas unsuitable for UWB
communication or radar systems where “well-matched patterns” are required.

These antennas have very wide beamwidth performance typically 150°—80° es-



(b)

Figure 1.2: The microstrip SS patch array having a bandwidth of only 70 MHz
(a) front view (b) rear view [17].

pecially in the lower part of the frequency band from 1-6 GHz, where 150°
corresponds to 1 GHz and 80° corresponds to 6 GHz. The wide beamwidth
performance exhibited by these antennas restricts their use in a crucial segment
of the frequency band, which is predominantly utilized by weather radars and
communication systems. It will be shown through detailed analyses in Chap-
ter 2 that even the commercially available probe antenna in [18] is not suitable
for UAV-based radar calibration due to its wide beamwidth performance in the
lower region of the band where most of the weather radars operate. Such wide
beamwidth radiation performance creates undesired scattering from the UAV
structure thus producing ripples in the co-polar patterns as well as affecting
the cross-polarization performance. Given these challenges, the majority of re-
search on ridged-horn antennas done in the past is centered around frequencies
starting from 6 or 8 GHz and beyond. Thus, there is the non-existence of a
sustable UWB antenna that covers for instance the 1-32 GHz band without pat-
tern degradation and at the same time having good VSWR along with narrow

and stable beamwidth performance throughout the entire band of operation.



1.2 Motivation

The preceding discussions have culminated in the identification of a research prob-
lem that needs to be addressed. The motivation behind this endeavor is to have

the following goals:

1. To assess, analyze, and compare several Maxwell-Garnett particle mixing ana-
lytical models and to choose the correct model through detailed error analyses.
It is then desired to use this technique in the synthesis of tunable artificial
dielectric material (TADM) at microwave (S-band) and mm-wave (W-band)
frequencies for applications such as RF substrates for antennas and microwave
filters. The analytical model must also be validated and compared for its perfor-
mance with full-wave simulation, and measured results. (This work constitutes

Chapter 4).

2. To use the particle mixing theory in the design of a 3D-printed graded index
(GRIN) dielectric lens to address the wide beamwidth problem in the existing
UWB QRHASs, aimed at in-situ characterization of weather radars using UAVs.
Aside from this, it is also desired to propose other efficient and cost-effective so-
lutions to the aforementioned problem. Specifically, the desired UWB antenna
must satisfy the probe requirements set by previous works for the UAV-based
characterization of radars, i.e. along with UWB performance, the desired probe
must also have narrow and stable 3 dB HPBW performance of 40° in both E-
and H-planes, and co-polar mismatch of no greater than 0.1 dB in H- and V-
polarized patterns, in the entire frequency band of operation. (This work forms

Chapter 5).

3. To present a low-cost and simple UWB antenna to meet the requirements of



both UWB communication and radar systems. A single UWB “one-size-fits-
all” antenna covering the 1-32 GHz band, is thus highly desired covering the
important radar frequency bands such as L-, S-, C-, X-, Ku, and K-bands. Such
a UWB antenna can eradicate the necessity for re-installation and re-calibration
of multiple antennas that are usually required to cover various frequency bands,
thus providing substantial savings in terms of cost, time, and labor. Along
with the UWB and narrow beamwidth performance in the 1-6 GHz region, it
is highly desired that the proposed antenna shows good voltage standing-wave
ratio (VSWR) performance (VSWR<2), especially in the 1-6 GHz region, and
at the same time is free of pattern degradation above 12 GHz thus addressing
major challenges that are currently associated with the commercially available

as well as existing QRHA literature works. (This work forms Chapter 6).

1.3 Hypothesis

This research hypothesizes that lenses based on artificial dielectric material can ad-
dress the current challenges related to wide beamwidth and beamwidth variability
across the entire band when using commercially available ridged-horn antennas for
UAV-based radar characterization. It is also hypothesized that the dual-polarized
QRHA is a “one-size-fits-all” candidate that is capable of providing a low-cost and
efficient UWB performance spanning the 1-32 GHz band, thus covering important
radar and communication system frequency bands. Lastly, this research postu-
lates that the proposed QRHA is capable of addressing major challenges currently
faced in the radar community in terms of wide beamwidth performance, pattern

degradation, and poor impedance matching performance.



1.4 List of Contributions

The main contributions originated from this research work are the following:

1. For the first time, this research work presents a detailed study, compilation,
comparison, and assessment of several analytical models related to the Maxwell-
Garnett particle mixing theory. Through full-wave simulations and detailed
comparison as well as error analyses, the correct analytical model is identified.
For the first time, the effects of the direction of excitation as well as the polar-
ization of the incident field on the e.¢; of the anisotropic particle are analyzed

and discussed in detail.

2. Particle mixing theory and the correct analytical model are used in the syn-
thesis of a low-loss tunable artificial dielectric material (TADM) for antennas
and microwave components. The analysis is validated by fabricating and test-
ing the proposed TADM in the microwave frequency (S-band) at 3.5 GHz, as
well as in the mm-Wave frequency (W-band) at 77 GHz. These contributions

together resulted in [19].

The aforementioned contributions establish the groundwork for a solution that
can tackle the losses associated with the silicon-based semiconductor fabrica-
tion of on-chip antennas. By using TADL, ¢, and tand of the portion of the
silicon substrate on which the antenna is to be realized, can be lowered to im-
prove the efficiency and gain of the on-chip antenna. Moreover, this technique
has the capability of mitigating the scan blindness resulting from the surface

waves [20].

3. Through rigorous analyses and far-field measurements of the commercial

QRHA QH2000 probe antenna [18] including the UAV platform, the incompat-



ibility of such QRHAs is reported due to the wide beamwidth performance of
the QRHA. This contribution led to several important findings. Based on this
study it is concluded that commercially available QRHA generates undesired
scattering from the drone structure, leading to the development of undesired
ripples in the co-polar radiation patterns and high levels of cross-polarization.

This study contributed to [21-23].

4. To address the wide beamwidth problem of the commercially available QRHAs
for UAV-based in-situ characterization of radars, for the first time, several solu-
tions are presented including the design of a 3D-printed graded index (GRIN)
dielectric lens [24], multi-layer superstrate lens [25], hyperbolic lens [26], and
corrugated QRHA [21].

5. For the first time, a “one-size-fits-all” low-cost and simple UWB antenna cov-
ering a 1-32 GHz band, is proposed to satisfy the requirements of both UWB
communication and radar systems. The proposed antenna covers the impor-
tant frequency bands such as L, S, C, X, Ku, and K. Along with the UWB
and narrow beamwidth performance in the lower band: 1-6 GHz, the proposed
QRHA exhibits good VSWR performance (VSWR<2), especially in the 1-6
GHz region, and at the same time is free of pattern degradation above 12 GHz
thus addressing major limitations of QRHAs. This work contributes to [27,
28|.

1.5 Dissertation Overview

This dissertation is divided into seven chapters. This chapter (Chapter 1) high-

lighted the problems associated with the current UAV-based radar characteri-



zation setup as well as discussed the motivation and main contributions of this
work.

Chapter 2 provides a detailed literature review as well as a comparison of UWB
antennas including both arrays and standalone antennas. It also highlights the
choice of the antenna probe for UAV-based radar characterization. Furthermore,
this chapter provides an overview of the past in-situ calibration techniques and
highlights the RF requirements for UAV-based radar characterization.

Chapter 3 identifies and addresses the incompatibility of the commercially
available ridged-horn antenna probes for UAV-based in-situ characterization of
radars due to their wide beamwidth performance, especially in the lower frequency
band.

Chapter 4 provides an in-depth review as well as a comparison of several parti-
cle mixing analytical models. It validates the proposed particle mixing technique
through detailed error analyses, simulations, and measurements of several artificial
dielectric samples at microwave and mm-wave frequencies.

Chapter 5 presents and discusses several dielectric lens antenna solutions as
well as a corrugated ridged horn antenna to address the wide beamwidth prob-
lem of commercial ridged horn antennas. A “one-size-fits-all” QRHA UWB an-
tenna covering the 1-32 GHz band is presented in Chapter 6 that satisfies the re-
quirements of both UWB communication and radar systems. Finally, Chapter 7
summarizes the findings of this dissertation, presents its conclusions, discusses

limitations, and outlines directions for future research.



Chapter 2

Literature Review and Background

This chapter provides an overview of UWB antenna arrays as well as standalone
antenna elements. Limitations in terms of cost and complexity vs absolute band-
width are discussed for both UWB arrays and single antenna elements. The choice
of the antenna element between arrays and standalone antenna is contingent upon
the targeted application. For instance, one can choose a UWB array consisting
of several elements if electronic beam-steering is required. It should be noted
that for UAV-based in-situ measurements, beam steering is not required. Thus,
standalone antennas can be chosen for this task if: firstly, they can provide UWB
performance so that a single probe UAV platform can be used for the character-
ization of several radars targeting S-, C-, X-, Ku-, and K-bands, secondly, they
satisfy the UAV-based probe beamwidth requirements. It will be discussed and
shown in the following chapters that a standalone antenna such as QRHA is pre-
ferred over arrays for UAV-based radar characterization. This choice is driven
by the standalone antenna’s ability to offer a broader absolute bandwidth com-
pared to arrays while maintaining a similar narrow beamwidth performance with

a relatively simpler geometric configuration.
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(a) (b)

Figure 2.1: Tightly-Coupled Dipole Array having frequency range between 2-18
GHz (a) single-polarized (b) dual-polarized [32].

2.1 UWB Antenna Arrays

Based on their configuration, UWB arrays can be categorized into three groups:

quasi-planar, fully planar, and vertically-integrated arrays.

2.1.1 Quasi-Planar UWB Antenna Arrays

e Tightly-Coupled Dipole Array: Munk [29] for the first time proposed the
idea of utilizing mutual coupling between the arrays to have a bandwidth of
around one decade. It was then patented by Harris Corporation [30]. This
antenna array configuration is widely known as a tightly-coupled dipole array
(TCDA) in which mutual coupling between the dipole elements is utilized
to achieve wide bandwidths. This technique is based on Wheeler’s current
sheet technique [31]. Such antennas have been reported to operate from 2-18
GHz [32] shown in Figure 2.1, and 8-40 GHz [33|. Aside from these benefits,
these arrays can be complicated in design and fabrication since they involve

complex feeding and multi-layer dielectric superstrate layers.
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2.1.2 Fully-Planar UWB Antenna Arrays

e Planar UWB Modular Antenna Array:

» \Feed »

7 Jal )R U

- -db- -db- -|db-

(a) (b)

Figure 2.2: Planar UWB modular antenna array covering 7-21 GHz (a) complete
design view (b) feeding view [34].

Among the fully-planar array configurations, the planar UWB modular an-
tenna (PUMA) array is based on the previously discussed Munk’s imple-
mentation of the current sheet concept. PUMA arrays are fully-planar hav-
ing multilayer PCB implementation and thus are low-cost and less complex
than the vertically-integrated UWB arrays. These arrays have a bandwidth
of around 5:1 |20, 34, 35] or 6:1 [36]. A depiction illustrating the geometric

configuration of the PUMA array can be seen in Figure 2.2 [34].

e Planar Tightly-Coupled Dipole Array: The design presented in [37]
and shown in Figure 2.3 is a full planar version that is based on the Planar
Tightly-Coupled Dipole Array (PTCDA). The reported bandwidth is around
28 GHz covering 17.1-45.6 GHz. However, due to its integrated balun feeding
mechanism, the design has the same complexity as the quasi-TCDA case but

with comparatively lower cost due to the full planar PCB structure.
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Figure 2.3: Planar UWB tightly-coupled array covering 17.1-45.6 GHz (a) feeding
network for the array (b) feeding rear view [37].

e Microstrip Patch Array: Among the planar UWB antenna arrays, mi-
crostrip patch arrays have the lowest bandwidth but are less costly and com-
plicated compared to other planar UWB arrays discussed so far. Although
these antennas also have a multi-layer structure, they are considered fully
planar due to their implementation on a simple PCB structure [38]. The
stack-patch configuration has been reported to have a fractional bandwidth

of around 20% [39, 40].

2.1.3 Vertically-Integrated UWB Antenna Arrays

e Vivaldi or Tapered-Slot Array: The other most famous category for
UWB arrays is the tapered-slot array (TSA) [42-44| also known as the vi-
valdi array. These arrays can provide a wide bandwidth performance for up
to a decade [45, 46|. For a single-polarization, TSA has a planar structure
and is printed on PCB sheets. However, when dual-polarization is required,
array elements are arranged in an egg-crate lattice and the whole structure
is vertically oriented. Such dual-polarized TSA involves high complexity in

the design and fabrication, needs an electrical connection between the ele-
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(a) (b)

Figure 2.4: Tapered slot array covering 0.7-9 GHz (a) isometric (b) back view

ments to avoid resonances, and also produces high cross-polarization levels
in the diagonal plane [47—49]. In some cases of modular TSA designs, special
machining is required (see Figure 2.4) and is difficult to implement above

the X-band [41, 50-52].

Dipole-Like UWB Array: Similar to TSA, these dipole-like arrays are
also vertically integrated but can provide low cross-polarization compared
to TSA and do not require an electrical connection between the antenna
elements. They can be found in literature as Antipodal Vivaldi Antenna
(AVA) [53] or Balanced Antipodal Vivaldi Antenna (BAVA) [54-57]. These
antennas have wider bandwidth for up to a decade [56]. Similar to the
dipole-like configuration, bunny ear arrays were introduced as a low-profile
alternative to the TSA [58, 59]. These antennas have been reported to
have an absolute bandwidth of up to 5:1 and its geometry can be seen in
Figure 2.5 [58]. Similar to the TSA, vertical integration of the bunny ear
array is complicated to implement for dual-polarization, especially above
the Ku-band. This configuration has also some issues related to efficiency

and power handling [60].
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Figure 2.5: Low-profile bunny ear dual-polarized array covering 1-5 GHz [58].
2.2 Standalone UWB Antennas

Standalone UWB antennas have been widely reported in the literature for several
decades and covering all of these antennas is itself a separate topic. Here, to
provide context, a brief overview of standalone UWB antennas is presented. For
a comprehensive study on planar UWB antennas, the reader is encouraged to
consult several detailed books such as [8, 61-63]. The majority of the planar
standalone UWB works have focused on the common commercial 3.1-10.6 GHz
frequency band while the non-planar UWB antennas have covered frequency range

from 2-32 GHz.

2.2.1 Planar UWB Antennas

e Frequency Independent Antennas: These Frequency Independent An-
tennas (FIAs) antennas are also known as self-complementary antennas.
This category includes spiral, sinuous, log-periodic, biconical, and bow tie
antennas [64]. The input impedance, gain, and circularly polarized radi-
ation pattern of these antennas remain stable and consistent across wide

bandwidths [64]. The geometry shown in Figure 2.6(a) has an absolute

15



bandwidth of 15 GHz [65].

e UWB Printed Monopole Antenna: Planar and printed monopole an-
tennas are excellent choices for UWB wireless technology due to their exten-
sive impedance bandwidth and nearly omnidirectional azimuthal radiation
pattern. Numerous variations of planar monopole antennas, often referred
to as planar discs, have been documented, resulting in wide bandwidths of
up to 12.5 GHz covering the 1.1-13.5 GHz band [66-68|. Figure 2.6(b) shows
an example geometry of a UWB printed monopole antenna [68| having an

absolute bandwidth of around 7 GHz.
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Figure 2.6: Geometry layouts of UWB planar antennas (a) a UWB spiral antenna
having absolute bandwidth of 15 GHz [65] (b) a UWB printed monopole antenna
having absolute bandwidth of 7 GHz [68] (c) a UWB tapered slot (vivaldi antenna)
having a bandwidth of 17 GHz [69].

e UWB Tapered Slot Antenna: Tapered Slot Antenna [70]| belong to the
category of end-fire radiating antennas, originating from vivaldi aerials [71].
The majority of these antennas have a bandwidth of around 17 GHz (1-
18 GHz) [69] (shown in Figure 2.6)(c) or as high as 42 GHz (9-50 GHz)
[72] and are widely utilized for radar and ground-penetrating radar applica-

tions. However, these antennas suffer from high cross-polarization levels of
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usually greater than -15 dB and also get complicated in terms of geometry

configuration (vertically integrated) when dual-polarization is required.

2.2.2 Non-Planar UWB Antennas

e Helical Antennas: These antennas were first introduced for space com-
munication by Kraus [73]. A few variants of the helical antenna were later
presented to broaden the bandwidth up to 2 GHz [74]|. These antennas come
with a single circular polarization whereas, for weather radars, dual linear

polarization is required.
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Figure 2.7: A helical antenna having a bandwidth of 2 GHz (a) geometry model
(b) fabricated prototype |74].

e (Quad-Ridged Horn Antenna: Traditional horn antennas are famous
for their distinctive features: ease of feeding, relatively straightforward con-
struction, high gain, and outstanding peak power handling capability. How-
ever, the advancement of wideband testing systems has constrained the use
of these conventional horn antennas. Acting as band-pass filters, horn anten-
nas exhibit limited bandwidth, thus prompting a pressing requirement for
techniques to broaden the antenna operational frequency range. The QRHA

represents the horn category with the broadest bandwidth. In these antennas,
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(a) (b)

Figure 2.8: QRHA geometries (a) CNC-machined MVG commercial QH2000 an-
tenna covering 2-32 GHz [18] (b) direct metal laser sintering (DMLS) fabricated
QRHA covering 45-110 GHz [79].

wavequides are loaded with dual- or quad-ridged structures thus lowering the
cut-off frequency of the dominant mode and increasing the bandwidth per-
formance. For the detailed theory and discussion on ridged waveguides, the
reader is encouraged to consider these pioneering works [2, 75-78|. The ma-
jority of the dual- or quad-ridged works have targeted the 1-18 GHz or 2-20
GHz frequency band thus reporting maximum absolute bandwidth of up to
20 GHz. Few commercially available QRHAs have covered frequencies from
2-32 GHz [18] providing an absolute bandwidth of 30 GHz. QRHA in [79]
has shown extreme broadband performance having an absolute bandwidth

of 65 GHz covering from 45-110 GHz.

2.3 Literature Review: Summary and Remarks

Figure 2.9 shows the comparison of both UWB antenna arrays as well as UWB
standalone antennas based on their absolute bandwidth performance vs. cost or
design complexity. From the detailed literature review, it can be noticed that in

the case of UWB antenna arrays, although microstrip patch arrays have less cost

18



and complexity, however, this comes at the expense of the lowest bandwidth per-
formance. TCDAs have been shown to provide the largest bandwidth performance
but at the expense of cost and complexity in the design and feeding mechanism
as well as the use of multiple superstrate layers. In the case of standalone UWB
antennas, the planar PCB-based UWB antennas have less associated cost and
complexity, but they can provide a maximum bandwidth of up to 20 GHz. More-
over, it is difficult to implement dual-polarization in many of these cases except
QRHA. Vivaldi or TSAs have shown wideband performance up to 40 GHz but
their geometries become complicated when they are vertically integrated for dual-
polarization and their fabrication is thus limited to the Ku frequency band. Also,
these antennas have been shown to have high cross-polarization levels of around
-12 dB.

Figure 2.10 shows another view of the comparison between arrays and stan-
dalone antennas for their absolute bandwidth and HPBW. It is worth noting
that the previously used ’Stop-Sign’ microstrip array meets the beamwidth re-
quirements but has a very narrow absolute bandwidth and a complex multi-layer
geometry, including a feeding network. On the other hand, commercial standalone
QRHASs offer a wider bandwidth but suffer from wide beamwidth performance,
making them unsuitable for UAV-based measurements. As illustrated in the fig-
ure, the first goal of this research is to adapt these commercial QRHAs for UAV-
based radar characterization by reducing their beamwidth performance through
the integration of dielectric lenses. The second goal is to propose a new UWDB

QRHA that meets both bandwidth and HPBW requirements.
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Figure 2.9: A comparison diagram of the UWB literature works based on their
absolute bandwidth vs. cost/complexity (to have a fair comparison in terms of
absolute bandwidth, only those designs are considered having a lower frequency
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A Proposed
QRHA Vivaldi
O
e
40 Goal-2 ( | W
‘H‘ Cogg;r;ml
35 = .
g ((}}oa}-é < Via Integrating lenses
oal-
o 30 Goal-1
~ TCDA (Quasi)
=) <
S 2 Q
=
G Vwali o
= ‘
8 20
2 |
8 15 PUMA oo
e )
< 10 K B
Helical
tfy.A 1
0.5 R ﬂ
20 30 40 S50 60 70 80
HPBW (degrees)

Figure 2.10: A comparison diagram of the UWB literature works based on their
absolute bandwidth vs. HPBW.
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Based on the literature works and discussions, it can be concluded that
QRHAs have the potential to provide wide bandwidth performance (can
have absolute bandwidth of around 30 GHz) without much increase in the
cost or complexity of the design compared to the UWB arrays. QRHAs
can be fabricated using modern 3D-printing, direct metal laser sintering
(DMLS), and CNC-machining. Moreover, these antennas also provide the
ease in implementation of dual-polarization and have a simple feeding mech-
anism compared to other available options. Finally, it will be shown in the
coming chapters that QRHAs are favored over UWB arrays for UAV-based
radar characterization. They offer a broader absolute bandwidth than ar-
rays and maintain similar narrow beamwidth performance while using a

comparatively simpler geometry and feeding mechanism.

2.4 Phased Array Radar: A Quick Overview

In the recent decade, there have been significant efforts to transition from con-
ventional mechanically steered dish-based radar systems such as WSR-88D and
NEXRAD to fully digital dual-polarized phased array radars equipped with elec-
tronic scanning capabilities [80]. Traditional weather and surveillance radars rely
on the mechanical movement of the radar dish to scan different areas of the atmo-
sphere. On the other hand, phased array radar (PAR) presents a groundbreaking
innovation through its stationary flat panel antenna comprising a fixed grid of
individual elements, each with the ability to transmit and receive signals inde-
pendently. This radar technology allows for electronic steering of the radar beam,
providing users with precise control over the scanning process, including timing,

location, and direction. Moreover, this technology allows the radar to focus its
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beam exclusively on areas where storms or desired targets are present, avoiding
unnecessary scanning of clear-air regions thus enabling faster updates. Within
a minute, the entire sky can be scanned, revealing critical weather phenomena
such as deadly storms, hail, or tornadoes. Additionally, it offers vital surveillance
support for homeland security and military applications [81].

Dual-polarization capability is required to accurately estimate and identify
weather phenomena. Dual-polarization is the ability of the radar to simulta-
neously transmit and simultaneously receive (STSR), alternatively transmit and
simultaneously receive (ATSR), and alternatively transmit and alternatively re-
ceive (ATAR) electromagnetic waves in horizontal and vertical orientations. This
allows for gaining more as well as accurate information about the characteristics
of the target. Some of the key benefits of a dual-polarized weather radar compared
to a single-polarized radar are proper identification of precipitation (rain, snow,
hail, sleet), rain-fall estimation, hail and debris detection, and hydrometeor classi-
fication. To achieve these benefits, the dual-polarized radar system has to satisfy
specific requirements in terms of correlation coefficient (pyv ), differential reflectiv-
ity (Zpr), and specific differential phase (Kpp) [82]. Errors in the measurements
of ppv due to the high cross-polarization or radiation pattern mismatch, can sig-
nificantly affect the ability of a radar to accurately distinguish between different
types of hydrometeors (precipitation particles), while rainfall rate estimates can
be significantly affected by biases in Zpr and Kpp due to high cross-polarization
and mismatch between the radiation patterns of the horizontal (H) and vertical
(V) polarizations [83-86]. These parameters thus enforce stringent requirements
on the mismatch between the co-polarization antenna patterns of no more than 0.1
dB and cross-polarization level of less than -45 dB for radars operating in STSR

mode [87]. This entails the use of precise antennas both in radars and as a probe
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for calibration as well as accurate in-situ calibration measurement techniques.

e Calibration or Measurement: For accurate evaluation of the radiation

performance of the antenna or antenna array, specialized indoor or outdoor
measurement facilities are required. Such facilities require specific RF equip-
ment, procedures, and physical space (in the case of non-mobile radars) to
conduct precise measurements. However, building such facilities has space and
cost constraints at the antenna installation site. Moreover, the indoor perfor-
mance of the antenna/array can deviate from the outdoor measurements due
to several external factors such as rain, temperature, humidity, dust, wind, RF
system interference, ground clutter, and component failure. To ensure the ad-
equate performance of a radar or communication system in a real operational
environment, it is crucial to conduct an in-situ (real-time) characterization of
the employed antenna. This involves evaluating the antenna’s performance in

its actual operating conditions and environment [14, 88-90)].

Several outdoor in-situ antenna measurement techniques have been used in the
past using tethered balloons [91], heliborne setup [92], and measuring the near-
field using telescope [93]. These techniques are costly, demand labor, and are
time-consuming. A recent surge in UAVs, has garnered significant attraction
for their use in antenna measurement and radar characterization. Several works
using UAVs for this purpose can be found in the literature [94-109]. UAV-based
radar characterization is a cost-effective and portable solution. Moreover, us-
ing UAVs, the characterization of the radars can be done in cylindrical or even
spherical modes, which can provide extra freedom and useful information which
is not usually possible in case of the stationary measurement setups. Further-

more, this technique is capable of removing the unwanted ground noise/clutter
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by flying the drone in the vicinity of the radar compared to the present expen-
sive stationary mounted calibration system where the ground clutter adversely

affects the measurement data which can lead to false detection and forecasting.

With all the above-mentioned benefits associated with using UAVs for radar
characterization, there are some challenges associated with it. Other than the
UAV’s flight performance and stability concerns, special attention is required
to RF performance when choosing probe antennas to be mounted on the UAV.
These probe antennas have to satisfy certain strict requirements set for weather
radar calibration in terms of half-power beamwidth (HPBW), and co-polar mis-
match between the patterns. The interference of the electromagnetic energy
between the probe antenna and the UAV structure can lead to unwanted scat-
tering and diffraction effects, thus producing undesired ripples and mismatch
in the co-polar patterns as well as degrading the polarization performance. As

a consequence, the overall performance of the system can be degraded.

The authors in [15-17] have recently conducted a detailed study on the selec-
tion of the probe for UAVs and have compared the flight vs RF performance
for different antenna probes specifically using dipole, single patch antenna,
patch antenna array, and horn antennas. These works have concluded that
using dipole and microstrip patch antennas having non-directional or omnidi-
rectional radiation patterns (having HPBW > 90°), significantly interfered with
the UAV structure and hence degraded the RF performance. However, due to
their lightweight structure, these printed antennas exhibited good flight per-
formance. In contrast, the microstrip patch antenna array (HPBW= 28°) and
the horn antenna (HPBW= 41°) showed excellent RF radiation performance

due to their narrow HPBW performance compared to dipole and single patch
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antenna. Among these two choices, although the horn antenna showed excellent
RF performance, the patch antenna array was chosen due to its lightweight and

compact structure compared to the bulky horn antenna.

This study has also set some requirements for the RF performance of
the probe to be mounted on the UAV for in-situ measurements. The de-
sired probe must have a 8 dB HPBW of around 40°, an H- and V-co-

polarization mismatch of no greater than 0.1 dB, and a ripples magnitude

of less than 0.15 dB, within +45° field of view.

2.5 Summary

This chapter has provided a comprehensive literature review on UWB arrays and
standalone antennas. Various comparisons between these two categories were
presented and analyzed. It was emphasized that for UAV-based radar charac-
terization, beam steering is not required. Therefore, standalone UWB antennas
are favored over complex arrays as long as they can meet both bandwidth and
beamwidth requirements. Standalone QRHAs were identified as suitable candi-
dates for UAV-based radar characterization, capable of delivering UWB perfor-
mance. Their beamwidth can be reduced to meet the requirements through the
integration of dielectric lenses, which will be discussed in the upcoming chapters.
Additionally, this chapter has given an overview of PAR in-situ calibration tech-
niques, including their RF requirements. In the next chapter, commercial QRHAs
are tested for their beamwidth performance based on the far-field measurements

when these probes are installed on the UAV platform.
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Chapter 3

Commercial Ridged Horn Antennas: Testing and Validation

3.1 Introduction

In the preceding chapter, several literature studies were presented related to using
UAVs for in-situ characterization of radars. Through various UAV-based far-field
antenna measurements as well as EM simulations, these works have established
detailed guidelines and have studied the effects of coupling between the UAV
structure and the probe antenna in order to mitigate many error sources as well
as provide a selection criterion to choose the best type of probe antenna that
meets the mission requirements.

It was discussed that in previous UAV-based works, a very narrowband mi-
crostrip SS patch array having a bandwidth of only 70 MHz was used for the
characterization of radars. The main disadvantage of using narrow-band probes
for a particular application is the dedication of a UAV platform and probe for a
specific mission. Assigning a UAV platform for a single task is not cost-effective.
On the other hand, reusing the same UAV platform for other bands requires te-
dious characterization and RF calibration of the probe with the UAV platform to
guarantee a good antenna test during flight. Ideally, a single probe mounted on a

UAV that operates in a wide frequency bandwidth is desirable.
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Through a detailed literature review, It was identified that a QRHA is well-
suited to deliver exceptional UWB performance, potentially serving as a “one-
size-fits-all” antenna capable of encompassing the majority of radar and commu-
nication system bands operating within the 2-32 GHz range. The advantages of
ridged horn antennas were discussed, along with their ability to provide extensive
bandwidth and ease of dual-polarization, at a low cost with reduced complexity
compared to arrays or other standalone antenna options. Nonetheless, amidst the
various challenges discussed before, one notable concern pertains to their wide
beamwidth performance, particularly in the lower frequency range between 1-6
GHz, as well as beamwidth variability throughout the entire band. It was claimed
that the wide beamwidth performance of the commercially available dual-ridged
horn antenna (DRHA) or QRHA, limits their use in several applications includ-
ing UAV-based in-situ characterization of radars. This chapter thus validates
this claim and presents the analysis based on the measurements conducted using
these commercially available ridged horn probe antennas when mounted on a UAV

platform.

3.2 UAV Metrology System Description

Nowadays, antenna test and measurement, and radar characterization using UAVs
are very popular, ranging from micro and small to medium and large frames. It
has seen a fast-paced evolution in the past decade, in virtue of the increased
availability of commercial off-the-shelf flight solution suites with a high degree of
precision and performance at lower costs. The proposed metrology system, shown
in Figure 3.1, was developed to provide a UAV platform with a single front-end

equipment to perform in-situ antenna patterns, calibration of communication,
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Figure 3.1: Proposed UWB (2-32 GHz) UAV-based metrology system using [18]
for in-situ testing of antennas in radars and communication systems.

and radar systems that operate in the frequency range from 2 GHz to 32 GHz
using commercial DRHA (SH2000 [110]) and QRHA (QH2000 [18]). The system
is mainly composed of three subsystems. The UAV platform, the gimbal, and
the front-end subsystem which is composed of a UWB dual-polarized antenna
probe interconnected with a CW transmitter source. The summary of the system

specifications is listed in Table 3.1.

3.2.1 UAV platform

The UAV platform is the hexacopter DJI Matrice 600P that provides a maximum
flight time from 20 min to 60 min with three sets of interchangeable batteries.
This platform provides excellent stability for a maximum payload of 2 kg. The
system was tested with a wind load of up to 20 mph providing excellent test
results. Real-time kinematic differential GPS (RTK D-GPS) is integrated with

the UAV platform, and it provides position accuracy lower than 2 cm.
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Table 3.1: UAV metrology system specifications.

\ Category \ Specifications \ Value
UAV Model/Maker Matrice 600P/DJI
Platform Dimensions 1.66 m x 1.52 m x 0.727 m
Weight (no payload) 10 kg
Max. takeoff weight 15.5 kg
Position accuracy GPS: £5.5 m to £0.5 m
Position accuracy RTK: +1 cm to £2.0 cm
Max. angular velocity Pitch: 300°/s, Yaw: 100°/s
Max. pitch angle 25°/s
Max. ascent speed 5m/s
Max. descent speed 3m/s
Max. serv. ceiling 2500 m
Hovering time 20 min (up 1 hr with 3 sets of batt.)
Operating temp. -10°C to 40°C
Gimbal Model/Maker Ronin-MX/DJI
Operation modes Free, Follow, FPV
Dimensions 28 cm x 34 cm
MIU Independent
Connectivity Bluetooth and USB connections
Operation. Freq. 2.4 GHz
Running time 3 hrs
DC voltage 12 VDC
Operating temp. -15°C to 50°C
Transmitter | Model/Maker Windfreak technologies
Freq. operation 10 MHz to 32 GHz
Tx. power 20 dBm (CW)
Dynamic range 50 dB
Amplitude resol. 0.01 dB
Phase resol. 0.01°
Dimensions 4cmx4cmx2cm
DC voltage 12 VDC
Weight <0.11b

29




3.2.2 Gimbal

The DJI Ronin-MX gimbal, which is used to carry the antenna probe, is very
stable and flexible for accurate position alignment between the AUT and the
probe. Independent IMUs make this gimbal to be accurate. This gimbal can be
controlled automatically and manually or by point-of-interest (POI) through the

mission planner application, with an accuracy of 0.02°.

3.2.3 Transmitter

On the gimbal, a CW transmitter source and antenna are used for the AUT test in
receive mode. The transmitter is a two-channel synthesizer that generates signals
from 10 MHz to 14 GHz. An active multiplier is used to expand the frequency
up to 34 GHz with an output power up to 30 dBm. High dynamic range and
amplitude (0.001 dB), and phase resolution ( 0.01°), make this transmitter an

ideal candidate for this UAV metrology concept.

3.3 Probe Antenna and UAV Considerations

In the proposed system, two commercially available UWB antenna probes:
SH2000 and QH2000 are mounted on the drone to perform radiation pattern
measurements in the E- and H-planes. Figure 3.2 shows the geometry models of
the two commercial probes used, realized gain, and E-plane and H-plane HPBW
comparison. These figures are generated from the data provided in the data sheets
in [18, 110]. Table 3.2 summarizes the overall performance of these two antenna
probes.

In many cases, commercial probes, mounted on UAV platforms, are used with

the basic assumption that the probe antenna performance will be not affected by
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Figure 3.2: Commercial antenna probes used in this study. (a) pictures and basic
geometries of the DRHA (SH2000) and QRHA (QH2000) (b) realized gain for
both antenna probes (c¢) E-plane HPBW of both antenna probes using V-port (d)
H-plane HPBW of both antenna probes using V-port.

the electromagnetic scattering and coupling of the energy between the probe and
the UAV platform. This assumption can be valid when the electrical dimensions
of the antenna are large in comparison with the UAV platform. For microwave
or mm-Wave applications, the UAV platform is always larger than the electrical
dimension of the antenna, thus the characterization of the probe with a UAV
platform is crucial for accurate measurements of the radiation patterns of the
antenna under test (AUT). Previous work done by the authors in [15, 16, 108]

performed exhaustive numerical simulation analysis to characterize the impact of
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Table 3.2: Summary of performance comparison of the commercial probes.

Freq. (GHz) HPBW (°) Gain (dB) | RL (dB) Size (in) Weight (Ib)
Probe Type || (fimin/fmaz) | E-plane (fimin/fmaz) | H-plane (fimin/ fmaz) | (fmin/ fmaz) (x-y-2)
Dual-ridged 2/32 110/22 142/23 3/16.5 =7 413x24x4.1 1.1
Quad-ridged 2/32 110/23 165/23.5 2.2/16 6 | 432x4.13x4.13 0.53

electromagnetic scattering of the drone on the radiation performance of the probe
antenna. These studies have established a set of requirements in which the 3 dB
HPBW of the antenna should be around 40° when using Matrice 800 and Matrice
600 platforms, in order to have less scattering between the antenna and the UAV
[15].

Another important aspect of guaranteeing an antenna or radar test using a
UAV platform relies on flight stability, position accuracy, dynamic range, and
alignment between the AUT and the probe. Matrice 800/600 drone uses mature
and proven technology that enables stable test operation in wind conditions up
to 20 mph with a flight time of 20 min to 60 min using 1 to 3 sets of batteries.
Differential GPS based on a real-time Kinematic (D-GPS RTK) algorithm was
tested on flight conditions. Previous results demonstrated a drone position with
an accuracy +2 cm (in x-,y- and z-axis) [108, 109]. Having an accurate position of
the drone during each mission is quite important to compensate for any position
deviation due to the wind of anomaly in the flight path. A high dynamic range
is required for antenna patterns test, about 30 dB SNR is desirable for far-field
antenna patterns. In the proposed system, the synthesizer source can provide a
maximum power of 30 dBm to compensate for the path loss, especially at high
frequencies, a gain of 30 to 40 dB is required in the receiver path. The probe
and transmitters were mounted on a Ronin-MX, and this was implemented with a

smooth-track algorithm that ensures smooth movements during flight conditions.
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Probe, synthesizer, and battery position on the gimbal are critical to guarantee
balance and stability with a low power consumption in the motors and IMUs. The
slip ring on the gimbal allows 360° continuous rotation in azimuth. This feature
enables the possibility of a wide range of probe position selection with respect to
the UAV platform that helps to minimize the induced scattering of the UAV when

the probe is transmitting.

3.4 The Need for Narrow Beamwidth at Low Frequencies:

Preliminary Results

For measurements, both SH2000 and QH2000 are used as a probe and also as
an AUT. Since both probes exhibit very similar performance (see Table 3.2),
measurement results for cases using a single-polarized SH2000 probe are presented
for the sake of simplicity. Full characterization of the probe with and without the
UAV was performed. The indoor far-field anechoic chamber of the Advanced
Radar Research Center (ARRC) was used. For this study, a frequency range from
3 GHz to 12 GHz is used due to the limitations of the antenna range system of the
chamber. Figure 3.3 illustrates the measurement plan and configuration used to
achieve both co-and cross-polarization patterns with and without the drone cases.

For illustration, measured radiation patterns at the lower and the upper-
frequency bands are shown in both E and H planes and for both polarizations: ver-
tical polarization (V-polarized) and horizontal polarization (H-polarized). These
results are shown in Figures 3.4 and 3.5. The solid lines represent the co-polar
patterns, and the dashed lines represent the cross-polar patterns. The black color
represents the AUT measured with an isolated probe (no drone). The solid blue

and red lines represent the patterns of the AUT measured with a probe mounted
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Figure 3.3: Illustration of the far-field chamber measurement setup used for char-
acterization of the AUT using the drone.

on the drone.

From these figures, it can be seen that when the antenna is V-polarized (Figure
3.4), the boresight cross-polarization for the drone case is less than -25 dB at low
frequencies in both E and H planes. However, when the antenna is H-polarized
as shown in Figure 3.5, the cross-polarization for the drone case gets worse at low
frequencies, especially in the H-plane where it is around -16 dB. This is due to the
fact that at low frequencies, the beamwidth is wider and the fields strongly inter-
act with the drone structure and create ripples in the co-polar patterns as well as
increasing the cross-polarization contamination. On the other hand, at higher fre-
quencies, for both polarizations, the cross-polarization levels are not significantly
affected because the beamwidth at higher frequencies is narrower in both planes
and thus the scattering from the UAV platform is minimum. Moreover, it can also

be noticed that in both of these polarizations, there is also a mismatch /asymmetry
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Figure 3.4: Comparison of the measured radiation patterns in E and H planes
at different frequencies for with and without drone cases, when the antenna is
vertically polarized (V-polarized) .

in the co-polar patterns of the E- and H-planes when the UAV is taken into consid-
eration. These results validate the claim raised and also necessitate the need for

beamwidth reduction in these probes for in-situ characterization of radars using

UAVs.
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Figure 3.5: Comparison of the measured radiation patterns in E and H planes
at different frequencies for with and without drone cases, when the antenna is
horizontally polarized (H-polarized).
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3.5 Summary

Ridged horn antennas are useful for UAV-based measurements since they offer
wide bandwidth and compact size. A single wideband ridged horn probe can be
used for the characterization of radars in the S-, C-, X-, and Ku-bands, instead
of using multiple probes for characterization and measurements. This is cost-
effective and time-saving. However, on the dark side, these ridged horn antennas
suffer from wider beamwidth performance, especially at low frequencies between
1-6 GHz. Through detailed measurement analyses, it is shown that specifically at
low frequencies, when the beamwidth is wider (> 40°), the fields strongly interact
with the drone platform, thus increasing the cross-polarization levels by around 9
dB as well as causing a mismatch or asymmetry in all the co-polar patterns. These
results indicate a requirement for reducing HPBW beamwidth at lower frequencies
and maintaining consistent beamwidth across the entire band to effectively utilize
these antenna probes for UAV-based characterization of radars. Several solutions

to this problem will be discussed in detail in the forthcoming chapters.
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Chapter 4

Theory and Design of Artificial Dielectric Material for

Microwave and mm-Wave Applications

4.1 Introduction

This chapter presents in detail, the theory, design, and synthesis of a low loss
tangent (tand) artificial dielectric material (ADM) with desired effective permit-
tivity or effective dielectric constant (e.ss) values for microwave and mm-Wave
applications. A detailed review and comprehensive error analysis of the most com-
mon particle mixing techniques are conducted to guarantee an accurate design for
high-performance ADM. Several analyses based on the geometries of various par-
ticles are carried out to identify the most accurate mixing model used in the
design of the proposed substrate. Accurate analytical particle mixing models are
highlighted for various particles. The proposed ADM is then designed and charac-
terized based on the well-known two-phase Maxwell Garnett mixing theory, where
the e.ss of the ADM is synthesized depending on the geometry and the permit-
tivity of mixing particles and the permittivity of the host material. The effects of
the direction of excitation as well as the polarization of the incident field on the
eeff of the anisotropic particle are analyzed and discussed in detail. The analysis

is validated by fabricating and testing the proposed ADM in the microwave fre-
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quency (S-band) at 3.5 GHz, as well as in the mm-Wave frequency (W-band) at
77 GHz.

The proposed method enables the use of existing high-performance materials
that do not necessarily provide a low dielectric constant (&,) and low tan(d). For
mm-Wave antenna applications, materials with a ¢, of 2 — 4, and tan(d) of less
than 0.002 are desirable to maximize gain and radiation efficiency. Commercial
RF substrates can satisfy those requirements, however limited thermal expansion
coefficient and lamination difficulties increase the cost significantly. The proposed
method enables the use of inexpensive materials that provide excellent thermal
properties and great compatibility with a multi-layer fabrication process with
desirable e.;; and tan(d). Measured results show a reduction of 45% in the e.¢¢
and 38% in the tan(J) values in the S-band, and 32% and 72% reduction in €. ¢ and
tand, respectively, in the mm-Wave frequency band. The simulated, calculated,

and measured results show a very good agreement.

4.2 Background

A complete understanding of the propagation of electromagnetic waves inside the
dielectric material is of great importance in the modern applications of material
design, remote sensing, aerospace, lens manufacturing, electromagnetic absorbers,
carbon nanotubes, and polymers, etc. [111-113]. The dielectric properties of
the material depend on the internal structure of the particle, its shape, and the
fractional volume (f). Several analytical models or mixing rules exist in the
literature that provide information about the dielectric properties via simplified
modeling of the complex fields generated in or between the mixing particles inside

the host material.
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Material mixing rules are a set of algebraic formulations intended to calculate
the e.5¢ of the inclusions or particles inside the mixture based on the individual
permittivities of the particles as well as their fractional volumes. These mixing
rules differ based on several factors such as the structure or geometry of the par-
ticle (sphere, elliptical, disc, cubic, cylindrical, rod, needle-like, or any random
shape) and their distribution inside the host material (aligned or randomly dis-
tributed). The geometry of the particles inside the host material determines the
isotropic or anisotropic properties of the material. For instance, a spherical inclu-
sion is considered isotropic as the e.¢¢ evaluated in x-, y-, and z-directions remains
the same. This is because, the sphere is symmetric due to which the induced elec-
tric field inside the particle is uniform, thus making the polarizability («) as a
scalar quantity. On the other hand, in the case of anisotropic particles, €.z is
a tensor and is evaluated in each direction of the applied electric field. Gener-
ally, for antennas or other microwave devices, e.f¢ is evaluated in the z-direction.
However, characterization of the material for its ¢ in the z- or y-directions can
be important in applications such as leaky wave antennas or in the devices where
the surface waves are critical to the performance of the system.

Several works on controlling the permittivity of the material are presented for
various applications such as multi-band arrays and integrated systems [114-119].
The concept of using perforations to control the e.s; for the substrate integrated
image guide (SIIG) was first reported in [114, 115]. Cylindrical metallic particles
were embedded in the host medium in [117] to change the overall permittivity
of the substrate material and to obtain frequency tuning for a microstrip patch
antenna. In [118], linearly tapered slot antennas were presented for 30 and 94
GHz bands on the synthesized low-permittivity of the perforated substrate. A

leaky-wave antenna based on a dielectric layer with periodic perforations covering
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96 — 108 GHz frequency band was presented in [119].

Choosing the right printed circuit board (PCB) material is significantly im-
portant for both microwave and mm-Wave frequency bands. The main losses
associated with PCB materials are radiation losses, dielectric, conductor, and
surface-wave losses. None of these losses can be ignored at mm-Wave frequencies,
specifically, the conductor losses, which become significant at mm-Wave frequen-
cies. To achieve optimum performance from a PCB at any frequency of operation,
several factors are evaluated: ¢,, tan(d), copper roughness, coefficient of thermal
expansion (CTE), moisture absorption, and material thickness [120]. However,
at high frequencies, some of these factors become more critical such as e,, tand,
copper roughness, and material thickness [121].

At microwave frequencies, high ¢, material (8 — 500) can be used to achieve
miniaturization of the circuit [122]. However, at mm-Wave frequencies, low &,
material (2 — 4) is preferred in order to reduce losses in the material (tand).
The conductor losses, which are either due to the material’s surface finishing
or copper roughness, become critical at mm-wave frequencies. The losses from
the copper roughness are directly related to the frequency of operation through
the skin depth. At higher frequencies, these losses are significant because the
value of the skin depth becomes smaller than the copper roughness. Moreover,
the thickness of the PCB is also a very important factor of consideration during
material selection. For instance, at higher frequencies, thick materials are prone
to significant radiation losses as compared to thin materials. But at the same
time, thin materials are dominated by conductor losses. Therefore, choosing a
thin material with lower copper surface roughness is highly recommended for use
at mm-wave frequencies over a thick material with low conductor losses but higher

radiation losses [121].
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As applications move up in frequency, affordable and high-performance sub-
strates are required. In military applications, polytetrafluoroethylene (PTFE)
substrates have been considered one of the best materials for RF applications.
Teflon or PTFE-based substrates provide very low tand (0.0018 at 10 GHz)
and offer great chemical resistant properties, small water absorption, and high-
temperature resistance [123]. However, when the applications require high-
performance substrates such as PTFE, those substrates present limitations in cost.
For example, PTFE is ten times the price of epoxy glass (FR4) and five times the
price of ceramic-based materials. In addition, PTFE requires extra preparation
for good adhesion for the multi-layer PCB process. Moreover, conventional PTFE
substrates are soft and the CTE of the conventional PTFE substrates is very high
(180 to 205 ppm/°C)[123]|. The proposed method enables the use of the existing
inexpensive materials that provide excellent thermal properties and great com-
patibility with a multi-layer fabrication process to obtain high RF performance in

terms of desirable e.5¢ and tand values for antenna applications.

4.3 Effective Permittivity and Mixing Techniques:

Analytical Models

Several dielectric mixing rules have widely been used in literature such as Maxwell
Garnett mixing formula [124], Bruggeman [125], Looyenga [126], Polder—van San-
ten rule [127], and Lichtenecker mixing formula [128], etc. The most common of
all these models is the Maxwell Garnett rule which is in the simplest form and
is broadly applicable to a variety of particles. The theoretical background and
analytic derivation of the Maxwell Garnett formula are not discussed here, as it is

not the focus of this work. However, in this section, the required formulations that
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can be used for finding the e.¢; of any isotropic (sphere, cubic) and anisotropic
(cylindrical, disc, elliptical) particles, are presented.
The generic Maxwell Garnett mixing rule having the depolarization informa-

tion is given by the expression: (4.1) [129]:

_ (€1 —e)f i
Eeff; = €2 (1+€2+(€1—52)(1_f)Nj) ) =2,Y, 2 (4.1)

where, €, and e, are the permittivities of the particle and the host material,
respectively. f is the fractional volume of the mixing particle, and Nj; is the

depolarization factor opposing the direction of the applied field.

4.3.1 Isotropic Particles

For an isotropic particle, the value of N; = 1/3, where j = z, y, and z [129]. An
example geometry of the isotropic particle is shown in Figure 4.1(a). By replacing
the value of N =1/3 in (4.1), it can be easily shown that the .¢; for an isotropic
particle can be calculated from a more common form of Maxwell Garnett mixing

formulation expressed as:

€1+ 2e2 4+ 2f(e1 — €2)

g1+ 29 — f(e1 — &2) (42)

Eeff = €2
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Figure 4.1: Isotropic and anisotropic unit cell geometries used for the mixing
technique. (a) sphere (b) ellipsoid (c) disc (d) cylinder

4.3.2 Anistropic Particles

e Ellipsoid Particle

The geometry of an ellipsoid inside a host medium is shown in Figure
4.1(b). The depolarization factor N, can be calculated from the expres-
sion in (4.3)[130]:

L s (43)
2 Jo (s+a2)y/(s+a)(s+b?)(s+ )

where, a, b, and ¢ are the semi-axes of the ellipsoid. N, and N, can be
calculated by interchanging b and «a, and ¢ and a, respectively. Closed-form
expressions of (4.3) can be found in [131]. The depolarization factors of a
general ellipsoid can also be found in [132] -[133]. Once the depolarization
factors are known, the equation of (4.1) can be used to find the e.ff in any

direction.

e Disc Particle

The unit cell geometry of a disc particle is shown in Figure 4.1(c). As the

particle is symmetric in z- and y-directions, the permittivity in either x- or
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y-, and z-directions need to be evaluated. Equations (4.4) and (4.5) can be

used to find the e.s; in the z- and z- or y-directions, respectively [134].

Ll (4.4)
Eeff. €1 €2
Ectfey = fE1+ (1= f)ea (4.5)

e Cylindrical Particle

The geometry of the unit cell of the cylindrical particle is shown in Figure
4.1(d). The formulations for the cylindrical particle that is used in the
design of our proposed material are discussed in detail. Unfortunately, the
exact analytical models for finding the e.f¢ of the material consisting of
cylindrical particles do not exist. However, very few models discussing the
approximate depolarization factor for the cylindrical particle exist, which are
discussed in this section. In the following sections, the performance of these
models based on their depolarization factors is compared. It is shown that
after choosing the right depolarization factor, the generic Maxwell Garnett
formulation is then applicable to find the e.; using the cylindrical particle,
in any direction (z-, y-, z-) or any polarization (|| or L) of the applied field

with an overall error of < 5% in all cases.

The polarizability («;) for a cylindrical particle is calculated numerically
using the method of moments (MoM) [135] -[136]. For the anisotropic par-

ticle, a; for j = z and j = z or y are given by the expressions of (4.6) and
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(4.7), respectively:

a, ~ 3.8662(s, — 1)x

€3 — 0.0519¢2 + 0.9427¢, + 1.5840 (4.6)
et + 3.2226e3 — 0.0021€2 + 5.3391¢, + 3.8662
Qg ~ 3.1691(e, — 1)X
(4.7)

e3 +2.0283¢2 + 1.9821¢, + 1.5799
e + 4.4453¢3 4 6.2134¢€2 + 6.05¢, + 3.1691

where €, is the permittivity of the mixing particle. The depolarization factor
Nj can then be found from «; using (4.8) [129], which is then substituted in
(4.1) to find the e.fy.

o — ( e2(e1 —e2) f ) =y, 2 (4.8)

g2+ (€1 — £2)N;

The second formulation, known as Van Beek model [134], uses (4.1) for
a prolate spheroid case with approximate N; values and provides a final

expression for calculating e.y, is shown in (4.9):

(4.9)

Another famous formulation, known as Rayleigh’s model for finding e.ss

in the direction perpendicular to the cylinder axes (e.sy, ) is expressed in

(4.10)[137):
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€1+ 2+ f(e1 — e2)
€9
€1+ 62— fe1 —€2)

Eeffoy = (4.10)
The approximate value of N, = 1/2 for a cylindrical particle in the z-
direction is given by the Kittel model [138]. To obtain the most accurate
results, this value is optimized slightly. It should be noted that all the
mixing rules that exist so far, have certain limitations, either in terms of the
f or the particle geometry. There is no single formulation that works best
for any particle’s shape or any f. However, some of these models provide
a good starting point, and then after some optimization, close agreement

between the simulated and analytical results can be obtained.

4.4 Effective Permittivity Analysis

This section shows the complete analysis for finding the .7 of both isotropic
(spherical) and anisotropic (cylindrical) particles. Moreover, for each particle,
two cases: conventional and complementary are considered. In a conventional
case, the particle’s permittivity (e = 3.66) is considered greater than the host
permittivity (g5 = 1), i.e. €1 > &5. For the complementary case, the particle’s
permittivity (¢; = 1) is set lower than the host permittivity (g2 = 3.66), i.e. 1 <

9.

4.4.1 Isotropic Particle

Figures. 4.2(a) and (b) show the unit cell geometries for the conventional and

complementary isotropic particles, respectively. The dimensions of the unit cell
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Figure 4.2: Permittivity analysis for the isotropic spherical particle. (a) Unit cell
geometry of the conventional particle. (b) unit cell geometry of the complemen-
tary particle. (c) simulated and calculated e.f¢ for the conventional particle as a
function of the f. Calculated results use (4.2)[129]. (d) permittivity perceptual
error (%) for the conventional particle as a function of f. (e) simulated and calcu-
lated e.fs for the complementary particle as a function f. calculated results use
(4.2)[129]. (f) permittivity perceptual error (%) for the complementary particle

as a function of f.
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(length (1), width (w), and height (h) are chosen as: [ = w = h = \;/10 = 4.5
mm, at a frequency of 3.5 GHz, where )\, is the guided wavelength given as:
Ag = Xo/\/€, and A, is the free-space wavelength. a is the radius of the sphere.
As the particle has a full symmetry, the e.¢; remains the same irrespective of the
direction of excitation as well as irrespective of the polarization of the incident
field (|| or L). The f of the spherical particle inside the host medium can be
calculated as:

dra®

f= 3lwh

(4.11)

Different values of f are obtained by varying a. The range of f is given as:
fmin = 0 (no particle inside), fia: : @ = (I = w = h)/2 (touching condition).

Figures 4.2(c) and (e) show the simulated and calculated (using Eq. 4.2) e.¢¢
curves for the conventional and complementary cases, respectively. Figures 4.2(d)
and (f) show the % error for both cases. It can be seen that the results are in very
good agreement with an overall error of < 2% for the whole range of f. Also, it
can be observed that the % error starts increasing for the large values of f. This
is one of the widely discussed limitations of the Maxwell Garnet mixing rule (4.1)
and (4.2).

The other limitation of these formulations is in terms of the difference (A)
between e, and €5. This is shown in Figure 4.3, where it can be seen that by
increasing the particle’s permittivity €; from 2 to 10, while g5 = 1, the calculated
results start diverging from the simulation ones. However, for the small values
of f, a good agreement can be noticed. This analysis shows that the Maxwell
Garnett mixing rule can still be used for large A only by considering very small

values of f.
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Figure 4.3: Limitation of Maxwell Garnett model (4.2)[129]. (a) Comparison of
the simulated and calculated e.s; for different values of £y when 5 = 1. (b)
permittivity perceptual error (%) as a function of f.

4.4.2 Anisotropic Particle
® c.¢s in the z-direction

— Conventional Particle:
To find the .f¢ in the z-direction (e.yy. ), consider a cylindrical particle
having £, = 3.66 (RO4350B), embedded in the host medium of g5 = 1

as shown in Figure 4.4(a). The dimensions of the unit cell (I, w, and h)
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Figure 4.4: Permittivity analysis for the cylindrical particle excited in the z-
direction. (a) unit cell geometry of the conventional particle. (b) unit cell geome-
try of the complementary particle. (c¢) comparison of the models: MoM (4.6)[135],
Van Bheek (4.9)[134], Kittel (N, = 1/2)[138], with the simulation results, for the
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Bheek (4.9)[134], Kittel (N, = 1/1.85), with the simulation results, for the com-
plementary particle. (f) permittivity perceptual error (%) in the models for the
complementary particle.
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are chosen as: [ = w = \,/10, and h = 2.97 mm, at a frequency of 3.5
GHz. H is the height of the particle, H=h. The particle is excited in
the z-direction using Floquet ports with Master & Slave boundaries in
HFSST™ . As the direction of propagation (K) is parallel to the axis
of the cylinder, the polarization of the incident E-field (|| or L) does
not affect the e,y due to the symmetry of the structure. The f of the

particle is given as:

2 2
Ta*H Ta
fi _

T 4lwh 4w (4.12)

where a is the diameter of the cylinder. Figure 4.4(c) shows the com-
parison of the models with the simulation results for .., considering
a conventional particle, and Figure 4.4(d) shows the % error. It can
be seen that the value: N, = 1/2 from the Kittel model is in good
agreement with the simulation results with an error of < 5% for the

whole range of f.

Complementary Particle:

Figure 4.4(b) shows the unit cell geometry of the complementary cylin-
der particle having ;=1 inside a host medium having £9=3.66. The
complementary particle having ;=1 is represented by a perforation (a
through-drill where H=h). Figures 4.4(e) and 4.4(f) show the ¢ and
% error, respectively, for the complementary particle. It can be seen
that for a very small value of f < 0.03, the models show good agree-
ment. However, for the large values of f, the MoM model presents

a significant departure as compared to the other two models. This is
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because the o; values in the MoM model were calculated for e; > e5.
The N, value given in the Kittel model is slightly tuned to N, = 1/1.85

to get an error of < 5% for around 58% of f.
® c.¢r in the z-, y-directions

To evaluate the e.f¢ in - or y-direction, it is important to note that the
particle is symmetric in both z- and y-directions, therefore, ccrs, = ecyy, -
However, the polarization of the incident field: E; or E; as shown in Fig-
ure 4.5, has an impact on the polarization field created inside the particle,
which ultimately affects the ecsy. Hence, the e.fr and ecpp, are evaluated

separately, for both conventional and complementary cases.

— Conventional Particle:

Figure 4.5 shows the geometry of the conventional particle as well as
the comparison of the models for both || and L polarizations. It can be
seen that the MoM model presents a minimum of 10% error for both
cases. The Rayleigh model shows a comparatively large deviation in
the || case while its error is < 5% for the whole f, in the L case. The
initial value of NV, = 1/2 provided by the Kittel model is tuned to have
an error of < 5% for both cases. This analysis shows the sensitivity of

geff to the polarization of the incident field.

— Complementary Particle:

Figure 4.6 shows the geometry of the complementary particle and the
e analysis for both || and L polarizations. It can be seen that, as ex-
pected the MoM models show significant deviation from the simulation
results for both || and L cases. The Rayleigh model shows a maximum

of 12% error for the || case while it converges well for the L case with
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Figure 4.5: Permittivity analysis for the conventional particle excited in the z-,
y-directions. (a) unit cell geometry of the conventional particle. (b) comparison
of the models: MoM (4.7)[136], Rayleigh (4.10)[137], Kittel (N, = 1/15), for ey, -
(c) permittivity perceptual error (%) error in the models for g5y . (d) comparison
of the models: MoM (4.7)[136], Rayleigh (4.10)[137], Kittel (N, = 1/1.8), for
eff, - (e) permittivity perceptual error (%) in the models for ey, .

an error of < 5% for the whole f. The values of N, in the Kittel model

are tuned for both cases to have an error of < 5%.
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4.5 Material Design and Synthesis: Microwave and mm-

Wave Frequencies

4.5.1 Material Requirements

Among the several critical parameters discussed in the introductory section for
choosing the right material for both microwave and mm-Wave applications, the
e, and the material’s dielectric loss or tand are of significant importance. As
compared to the microwave frequencies, where a high e, can be used, at mm-
Wave frequencies, a low ¢, material is highly recommended because using a high
e, material would further reduce the size of the structure thus creating more
challenges in the fabrication [139]. Also, the losses in the material are often
related to the value of €,. The higher the value of ¢,, the higher the losses in the
material [139]. Therefore, at mm-Wave frequencies where the losses are significant,
a low ¢, material is used to reduce further losses in the material. Moreover, at
high frequencies, the speed of signal propagation in the high-speed circuits is
very important. The signal propagation delay (t;) depends on both the guiding

structure as well as on the ¢, of the material and is expressed as (4.13)[122]:

ta = Ve X LxC (413)

where L and C are the inductance and capacitance of the line. Eq. (4.13) shows
that by using a low &, material or different transmission line structures (microstrip,
stripline or coplanar waveguide, etc.), t; can be directly reduced. Cross-talk is
also of utmost consideration when referring to mm-Wave frequencies. Using a
low £, material in the high-frequency circuits can decrease the capacitive coupling

between the conductors and thus cross-talk can be reduced [122]|. Aside from the
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values of €,., more important is the consistency of the ¢, at mm-Wave frequencies.
A slight variation in material €, can cause a change in the impedance of the trans-
mission line which can cause unexpected variations in the phase angles resulting
in errors in radar signal detection [121].

Another important property of the material is the tand. At both microwave
and mm-Wave frequencies, dielectrics with low losses are used to reduce atten-
uation and heating in the circuit [122]. Current substrate materials have tand
values between 0.002 < tand < 0.02. However, At the mm-Wave frequencies, the

requirements become more stringent, and tand values of < 0.002 are desired [139].

4.5.2 Design Trade-offs

As compared to other particles previously discussed in Sec. 4.4, the complemen-
tary cylindrical particles inside a host medium which are commonly known as air
perforations, offer several advantages in terms of easiness in fabrication (can be
easily drilled) and measurement, reduce complexity in modeling the depolarization
field due to its perfect alignment inside the structure, and help in the reduction of
the tan(d) of the material. The air perforations in the host material with ¢, ~ 1
and a tand ~ 0, have a very useful feature of reducing the overall tand. Figure 4.7
shows the reduction in the tan(d) of the host material by using a complementary
cylindrical particle. It can be seen that when there is no particle inside i.e. f =0,
the original value of tand = 0.004 (RO4350B). However, for the maximum value
of f = 0.78, the value of tand = 0.0012, which shows a reduction of around 70%

in the tand of the core material.
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Figure 4.7: Reduction in the overall tan(d) of the material based on different
values of f.

4.5.3 Design Procedure

Figure. 4.8 shows the simulation setup for the unit cell geometry of the proposed
material structure using an infinite array approach in HFSS™. The required
Floquet ports along with the Master and Slave boundaries are used. In this
case, the material is excited in the z-direction with two de-embedded ports. The
real and imaginary parts of the S-parameters are used to extract the constitutive

parameters (€., ftr, tand) by using the Smith algorithm [140].

4.5.4 Size of the Unit Cell

Determining the size of the unit cell of the periodic structure in terms of the
wavelength is critical for extracting the correct values of the constitutive param-
eters [141]. For this, the particle should meet the effective-homogeneity condition
which is when the size of the unit cell is < A,/4 [141]. Moreover, a slight change in
the value of ¢, over the range of frequencies can degrade the performance specifi-

cally at mm-Wave frequencies. Figure 4.9 shows the effect of the size of the unit
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Figure 4.8: Simulation setup showing the unit cell geometry of the periodic struc-
ture with Floquet ports excitation and boundaries.
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cell on the .7 and tand over the range of frequencies, for z- and z-,y-directions.
For the purpose of illustration, a cubic unit cell of a complementary cylindrical
particle excited in the z- and - or y-directions is considered with f = 56%. Dif-
ferent dimensions of the unit cell are considered in terms of the A\; at the highest
frequency of operation i.e. 40 GHz. The cases considered have the dimensions <
0.5, because, for the size of the unit cell greater than 0.5\, no convergence was
observed. For comparison, f should remain the same for all the cases. Therefore,
for each case, the diameter of the cylinder is adjusted to get the same values of f.

Figures. 4.9(a) and (b) show the e.¢; and the tand in the z-direction. Figure
4.9(a) shows the difference in the values of e.ss, at lower frequencies as well as
an increasing trend at higher frequencies for different dimensions of the unit cell.
However, for the case of 0.1),, the values of ¢.;s. are stable over the entire fre-
quency range. Figures 4.9(c) and (d) show this analysis for the z-, y-directions.
It can be seen that for the unit cell size of 0.1),, stable performance is obtained.
However, when the size gets larger, a decreasing trend can be observed. From
this, it can be concluded that in order to have a steady performance in terms
of ecpy, or €efy,,, the z- or x-, y-dimensions of the unit cell should be at least
< 0.1A4 at the higher frequency of operation. The smaller the size of the unit
cell, the more stable the performance. However, fabrication tolerances should be
considered while determining the size of the unit cell.

The results from this analysis are summarized in Table 4.1. The dimensions of
the unit cell are 0.1\, at 40 GHz. As the reference RO4350B sample is isotropic,
the values of .5y and tand for any direction are the same given in the datasheet.
However, for the proposed sample loaded with anisotropic complementary cylin-
drical particle, the values of €.y and tand slightly differ between the z-, y-, and

z-directions. The reason for this has been explained in detail in Sec. 4.4.
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Table 4.1: Summary of e.5y and tand for z-, y-, and z-directions for solid and
proposed material for 1 GHz to 40 GHz.

Freq. | Size Results
(GHz) | () Parameters

‘ ! ! f ! Ceffuy ! Eeffs ! taném,y ! tan(g.z ! Eeffory ! Eeff. ! tall&m’y ! tancSz

Reduction factor

Solid Reference |
4350 40 0.1), 3.66 | 3.66 | 0.004 | 0.004

Proposed 40 0.1x, | 0.56 | 1.92 | 1.95 | 0.0022 | 0.0024 | 47.5% | 46.7% | 45% 40%

For determining the size of the unit cell for the W-band, the same unit cell size
analysis was carried out at 77 GHz, using solid RO3003 as the reference sample.
The dimensions of the unit cell were chosen based on the stable performance as
well as keeping the fabrication tolerances in consideration. As the permittivity
is measured in the z-direction, for sample-3 the z-dimension or thickness H of
the material, which is more sensitive to the performance, was chosen to be small
as 0.226), at 77 GHz in order to achieve accurate and stable results. The other
dimensions of the unit cell were kept comparatively larger as 1\, due to fabrication

restrictions.

4.5.5 Results and Discussion: ADM for Antennas

To validate the analysis presented before, two different samples were fabricated
and measured in the S-band at 3.5 GHz and a third sample in the mm-Wave W-
band at 77 GHz. The proposed samples were designed using the analysis presented
in the previous sections. These samples were fabricated using the LPKF Protomat
5103 machine and were measured using the setups shown in Figure 4.10. The €.4¢
of the S-band samples: sample-1 and sample-2 were measured using the waveguide
setup of Figure 4.10 (a), and the W-band sample-3 was characterized using the
mm-Wave RF scanner shown in Figure 4.10 (c).

The measurement results were compared with the reference samples. The

61



Solid RO4350B sample

- o
/" S-band waveguide (a)

S-band waveguide to coaxial transition Samples holders for different thickness

Frequency extender 2

EALLLELL LY ]

(c)

Figure 4.10: Material measurement setups for microwave and mm-Wave frequen-
cies. (a) photo of the measurement setup for the S-band, based on the waveguide
method. (b) material samples used for the S-band test. (c) photo of the measure-
ment setup for the W-band, based on the free-space Gaussian beam method. (d)
material samples used for W-band test.

simulated, calculated, and measured results in terms of €.¢;, and tand are shown
in Figure 4.11 for the S-band samples, and in Figure 4.12 for the W-band sample-
3. Figure 4.10(b) and (d) show the reference and the proposed samples for the
S-band and the W-band, respectively. For the S-band samples: sample-1 and
sample-2, the dimensions of the unit cell are kept < A,/10 at 3.5 GHz based on
the analysis presented in Sec. 4.4. The dimensions of the unit cell in both cases
are varied to obtain different values of f. Figures 4.11 and 4.12 show an excellent
agreement between the simulated, calculated, and measured results. For sample-

3, the thickness H of the material is chosen to be as small as 0.226), at 77 GHz in
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Figure 4.11: Comparison between measured, simulated, and calculated results in
the S-band. (a) e.fs solid sample (RO4350B). (b) e.s proposed sample-1.(c) €.y
proposed sample-2 with Kittel (N, = 1/2.4). (d) tand solid RO4350B sample. (e)
tand proposed sample-1 with Kittel (N, = 1/2.8). (f) tand proposed sample-2
with Kittel (N, = 1/2.4).

order to achieve accurate and stable results. The other dimensions of the unit cell
are kept comparatively large due to fabrication challenges at 77 GHz. However,
all the dimensions are tuned to get convergence in the results.

All the dimensions as well as the results for the S-band and the W-band sam-
ples are also summarized in Table 4.2. It should be noted that the measured value
of the tand for the reference RO4350B sample given in Table 4.2 is 0.008 and not
0.004 (from the datasheet). Similarly, the values of ¢, and tané for the reference
RO3003 sample are 2.91 and 0.0072, respectively, measured at 77 GHz. This vari-
ation in the results can be attributed to the selection of the measurement method,

frequency of operation, external environmental conditions, and slight inaccuracy

in the measurement setup. It should also be noted that each measured €.y curve
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Figure 4.12: Comparison between measured, simulated, and calculated (Kittel
model N, = 1/30) results in W-band. (a) e.sf solid sample (RO3003). (b) e.ss
proposed sample-3. (c) tand solid sample (RO3003). (d) tand proposed sample-3.

in Figure 4.11 or 4.12 represents the statistical average of several repeated mea-
surements to ensure stability in the results and to reduce errors associated with
the measurement. It can be seen that for sample-1 having f = 37%, the reduction
in e.;s, and tand is 33% and 25%, respectively. For sample-2 with f = 55%, a
reduction of 45% and 38% is obtained in the e.7s, and tand, respectively, as com-
pared to the solid reference sample RO4350B shown in Figure 4.11(a). Similarly,
for sample-3 with f = 50%, a reduction of 32% and 72% is achieved in the values
of e.¢y and tand, respectively, as compared to the reference RO3003 sample shown

in Figure 4.12(a).
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Table 4.2: Summary of the measured results of .7y and tand in the z-direction

for solid and proposed material in the S-band and W-band.

Material | Freq. Size Results
(GHz) (mm) Parameters | Reduction factor

| | | L | w | h | H | a| [ |é&gs]| tand, ‘ Eepf. | tand,
Reference | RO4350B | 35 | — | — | | 297 | | — |366] 0008 | — |
Sample-1 | RO4350B 3.5 4.51 | 4.25 | 2.97 | 2.97 3 1037|246 | 0.006 | 33% 25%
Sample-2 | RO4350B 3.5 3.8 | 340 | 297 | 2.97 3 | 0.55 2 0.005 | 45% 38%
Reference | RO3003 7 - - - 0.508 | — - 2.91 | 0.0072 - -
Sample-3 | RO3003 7 2.25 12250508 | 0.508 | 1.8 | 0.5 | 1.98 | 0.002 | 32% 72%

Table 4.3: Performance comparison of the proposed work with other related works.

References  Theory Design Particle Polarization &  Error Application Freq.
& procedure geometry excitation analysis (GHz)
modeling analysis

114 * * Cylindrical * * SIIG 94
115 * * Cylindrical * * SIIG 94
116 * * Cylindrical * * SIIG 94
117 Yes Yes Cylindrical * * Reconfigurablility — 4.2-4.9
118 * * Cylindrical * * mm-Wave imaging 94
119 * * Cylindrical * * mm-Wave 100

This work Yes Yes Any isotropic or anisotropic Yes Yes Any 1-110

" Not discussed in the paper.

Table 4.3 shows the performance comparison of the proposed work with other

related works. It can be noticed that as compared to other works, the proposed

work validates the analytical models based on the error analysis and also discusses

the anisotropy of the material based on the direction of excitation and polarization

analysis. Moreover, the proposed design procedures can be applied in the design

of a high-performance material at any frequency between 1-110 GHz, for many

applications.

4.6 Material Design and Synthesis: THz frequencies

Characterization of materials is a hot topic in the current research community:.

The constitutive parameters ¢, and tand are frequency dependent, and their per-

formance is not constant at higher frequencies [19]. Thus, proper characterization
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techniques are required to analyze the behavior and losses in the materials at
such high frequencies. Also, for antennas, low-loss materials with small values of
e, between 2 — 4 are desired at such higher frequencies [19]. The lower the value
of ¢,, the lower the capability of a material to store energy. Moreover, at THz
frequencies, tan(d) values of <0.002 are usually used [139]. The thickness of the
substrate material is also another important parameter in choosing the materials
for high frequencies. Thick substrates usually suffer from surface wave losses, and
thus, it is recommended to choose thin substrates at high frequencies.

This section shows the applicability and potential of the proposed particle mix-
ing technique at THz frequencies. It is well-known that fabricating high-frequency
antennas on thin substrates using standard PCB fabrication is not a feasible op-
tion. It imposes constraints on achieving finer size resolutions, potentially result-
ing in a lower limit for trace/space dimensions. This limitation in PCB fabrication
comes from the fact the chemical wet-etching technique cannot properly etch a
thick copper having a thickness of 17.5 um (1/2 oz copper), and 9 um (1/4 oz cop-
per). Currently, copper cladding lower than 9 pgm is not commercially available.
To overcome this, a solution that is usually discussed in literature, for instance,
presented in [142], where at 165 GHz, traditional PCB etching is used when a 5
pm thick copper is deposited on a 50 um thick LCP organic substrate. The fab-
rication issue can be solved by using micro-fabrication techniques. Silicon (Si) or
silicon-germanium (SiGe) based semiconductor micro-fabrication techniques are
commonly employed where the fabrication limitation can go to a few nanometers.

Another reason to go for Si semiconductor fabrication is the growing demand
for fully integrated systems in which the antenna is integrated with other mm-
Wave RF components. There are two widely and commercially used integration

techniques: antenna-on-chip (AoC) and antenna-in-package (AiP). In AoC, the
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Figure 4.13: Cross-sectional view of a GND-shield technique in AoC technology

Antenna array.
GND metal

SO, £,.=39 <«— Isolation layer

Substrate S, g =119

on a Si substrate.

antenna is integrated with other front-end components on the same chip, while in

AiP, the antenna is realized on a different substrate such as LCP or 3D glass, and

then integrated with Si-based components.

7~

In AoC, since the antenna is integrated on the same chip using a Si-wafer,
this eliminates the component’s interconnection losses and also reduces the
overall size and cost of the system. However, Si which has a high ¢,, an-
tennas implemented on a Si substrate have very low radiation efficiency as

well as low gain and directivity.

4.6.1 Solutions Available in the Literature

e Several solutions exist in the literature to improve the gain and efficiency of

such integrated antennas. One of the techniques usually used in literature is
to isolate the lossy Si substrate by using a metallic ground (GND) shield as
shown in Figure 4.13. Using this, the energy or radiation is reflected back
and not absorbed in the Si substrate. In such a case, the antenna is then
printed on a SiO, substrate having ¢, = 3.9. The issue with this technique
is that using the GND plane limits the thickness of the SiO, substrate and
in most cases, its thickness is between 9-15 pm. Using such a thin SiO,

substrate for the antenna (around 1% of the guided wavelength) creates
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Gnd

Figure 4.15: Illustration of the silicon substrate when loaded with air-cylindrical
particles (perforated silicon).

ground image currents which limits the bandwidth and in such a case the
ohmic losses also get much stronger which affects the radiation efficiency

and gain of the AoC. [143].

e Another solution that is discussed in the literature is to use a high impedance
surface (HIS) below the antenna (HIS is on layer M5 while dipole is on
layer M1) as shown in Figure 4.14. The HIS is mainly used to improve the
radiation efficiency and gain of the antenna. However, with this technique,
the gain achieved is still low around 1 dBi as reported in [143]. Moreover, HIS
is a narrow-band technique and does not show improvements in performance

over a wide bandwidth [142].
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4.6.2 Proposed Solution: Using ADM

By using the proposed ADM, ¢, and tand of the portion of the silicon substrate on
which the antenna or antenna array is to be realized, can be lowered to improve
the efficiency and gain of the AoC. This section shows that the particle mixing
technique can be extended to the sub-THz region for both antennas and filters on
the same Si substrate. A Si substrate loaded with the perforated air-cylindrical
particle is shown in Figure 4.15. Figure 4.16 shows a conceptual diagram of a
future mobile phone having in-package or on-chip modules for low frequencies
3G /4G communication as well as semiconductor-based high frequencies on-chip
modules for 5G/6G wireless communication. Figure 4.16(b) shows the detailed
view of the 5G/6G module where antenna arrays and other RF components such
as a filter can be integrated on the same silicon substrate. The ¢, for the antenna
part can be tuned to as low as 2 from the initial value of 11.9, while for the filter

the ¢, can reduced to a value of 5.

4.6.3 Results and Discussion: ADM for Si-based Fabrica-
tion

Figure 4.17 shows the unit cell simulation of the proposed ADM in the Z-direction.
The excitation is done through Floquet ports with Master and Slave boundaries
in HFSS”. The length (/) and width (w) of the unit cell are kept \,/10 = 87 um
at 100 GHz while the height (h) is kept the same as the thickness of the silicon
layer which is 200 gm. The diameter (a) of the particle is then adjusted to achieve
the desired f (ratio of the volume of the cylindrical particle over the total volume

of the unit cell). The fractional volume (f,) for the cylindrical particle can be
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Figure 4.16: Ilustration of the proposed ADM in the future mobile phones (a)
mobile phone integrated with 3G/4G and silicon-based 5G/6G modules (b) ex-
ploded view of the 5G/6G module with ADM having patch antenna array on a
lower ¢, part and a filter on a high e, part of the silicon substrate.

calculated as:

7TCL2

fo= 0 (4.14)

It can be seen that by keeping [ and w constant, varying a would give different
fv thus controlling the e.¢;. The real and imaginary parts of the S-parameters
are used to extract the constitutive parameters (e.ss,tand) by using the Smith

algorithm [140].
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Figure 4.17: Unit cell simulation in the Z-direction for the proposed ADM using
Floquet ports with Master and Slave boundaries in HFSS™M .

Slave Master

Figures 4.18 and 4.19 show the e.7; and tand, respectively, for the solid Si,
porous Si for the filter part and porous Si for the antenna part. For the filter part
a = 70 um, while for the antenna part a = 87 um. It can be seen that for the filter
part the e.;y = 5 while for the antenna part e.;y = 2 which shows a reduction
of around 58% and 82%, respectively, compared to the solid Si substrate. It is
assumed that these constitutive parameters of Si are constant in this frequency
band. Similarly, in the case of the tand, for the filter part it is reduced by 20%
while for the antenna part, it is reduced by 55%, compared to the value of solid

Si which is 0.015.

4.6.4 Results and Discussion: ADM for Si-Glass based Fab-

rication

As silicon-based substrates are lossy, there is currently an increasing research
trend towards using 3D glass substrates for antennas integrated with other Si-
based CMOS components. Glass provides a low-cost and low-loss solution for
instance a Borosilicate glass has a ¢, of 5.4 and a tand of 0.005 at 10 GHz [144]. A
D-band (130-170 GHz) phased array radio-on-glass (ROG) module was recently
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Figure 4.18: Simulated .5 as a function of frequency for solid Si, ADM for filter
part when a = 70 pum (58% reduction in &, compared to solid Si), ADM for
antenna part when a = 87 pm (82% reduction in €, compared to solid Si).
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Figure 4.19: Simulated tand as a function of frequency for solid silicon, ADM for
filter part when a = 70 pm (20% reduction in tand compared to solid Si), ADM
for antenna part when a = 87 um (55% reduction in tand compared to solid Si).

designed by Nokia [145]. A unit element is shown in Figure 4.20. The Tx and Rx

chips are implemented using a 130 nm SiGe BiCMOS process while the slotted-
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RF Input/Output

Figure 4.20: D-band phased array Si-glass integrated module. The power divider
and chips are on a SiGe substrate connected to a WR-6 waveguide, while the
slotted-waveguide array is on a glass substrate [145].

waveguide array is realized on a glass substrate. Figure 4.21 shows another such
example at 28 GHz where an LNA-MMIC chip is embedded in a glass cavity along
with integrated microstrip patch antennas and band pass filters [146].

Using the proposed technique discussed in the previous section i.e. controlling
the f,, lower values of .y and tand can be obtained for the Si-3D glass integrated
solutions. For the illustration purpose, a solid glass substrate with ¢, of 5.4 and a
tand of 0.005 has been loaded with air-cylindrical particles as discussed previously.
Simulation results of the .5y and tand for the unit cell when a = 80 pm are shown
in Figures 4.22 and 4.23. The size of the unit cell is A\;/10 = 87 pm at 100 GHz
while the height is chosen to be 100 pum. From the figures, it can be seen that the
e can be reduced from the original value of 5.4 to 2 showing a 62% reduction.
Similarly, the tand can be reduced from 0.005 to 0.00289 showing a reduction of
42%.
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Figure 4.21: Glass-based embedded LNA-MMIC and integrated microstrip patch
antenna and filters at 28 GHz [146].

4.6.5 Results and Discussion: Silicon or Glass-based Tune-

able Lens Surface for 5G/6G Base Stations

A Lens antenna fed at the focal point transforms the spherical phase front of the
feeding antenna into a planar phase front at the opposite side of the aperture
with enhanced gain and directivity. They provide an effective solution for beam
shaping, low sidelobe levels, and beam steering along with maintaining a compact
size. A 3D Luneburg lens is well-known in the literature as having a gradient index
profile (the &, of the lens is varied in a way that the central layer has high ¢, while
the outer layer has €, close to 1 ideally) in order to minimize the reflections at
each layer.

It is well-known that antennas realized on a lossy silicon substrate have very

low gain. In the previous section, it was shown that by using the proposed tech-
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Figure 4.22: Simulated e.¢s as a function of frequency for the Borosilicate glass
substrate when a = 80 pum (62% reduction in &, compared to solid glass).
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Figure 4.23: Simulated tand as a function of frequency for the Borosilicate glass
substrate when a = 80 pum (42% reduction in tand compared to solid glass).
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nique, the silicon substrate can be made less lossy by decreasing its €. and tand.
Along with using the proposed ADM, a novel idea is proposed that can further
enhance the radiation properties of the silicon-based antenna arrays. A Tuneable
Lens Surface (TLS) is proposed that can be made of the same material as used
for substrates thus no need of additional material is required to implement this
TLS making it a low-cost and less complex solution to enhance the gain and to
achieve directional radiation patterns.

Figure 4.24 shows the illustration of the proposed lens concept for the
semiconductor-integrated antennas to be used in the 5G/6G base stations. Mas-
sive MIMO configuration containing hundreds of antenna elements is shown in
Figure 4.24(a). The proposed lens surface is based on a 2D gradient concept
rather than a traditional 3D spherical Luneburg lens. From Figure 4.24(b), it
can be seen that the proposed TLS can be directly laminated on the top of the
antenna array. Moreover, the TLS uses the same Si or SiO, which is commercially
used in semiconductor fabrication processes. In the proposed TLS, the gradient e,
profile can be obtained by tuning the €, of each layer according to the procedure
discussed in the previous section. The inner or the center layer can be left solid
to have high e, or around 12. while the outer layer can be tuned to have a e.s¢ of
1.1 (close to air) so that the reflections are minimized as shown in Figure 4.24(c).
From the analysis presented in the previous section, it was noted that using the
perforation technique, the minimum e.;; that can be achieved for the antenna
part was 2 reduced from 11.9. We cannot go lower than 2, since the air-cylindrical
particle diameter has a maximum dimension that is equal to that of the unit cell.
Further increasing the diameter is not possible. For this purpose, to achieve a e.¢
of close to 1 for the outer layer of the TLS, a SiO, layer can be used for the outer

surfaces of the TLS since SiO4 has a ¢, of 3.9, it can be tuned to have .5 of close
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Figure 4.24: Illustration of the proposed TLS integrated on the top of the silicon
ADM-based on-chip antenna array (a) 5G/6G base station tower with M-MIMO
or UM-MIMO (b) TLS on the top of the on-chip antenna array on a silicon ADM
substrate (proposed in the previous section) (c) cross-sectional view of the TLS
with gradient e, profile with a center layer uses the solid Si with roughly e, = 12.
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Figure 4.25: Cross-sectional view of the proposed TLS above a PC-MPA in
HFSS™

to 1.1. It is worth mentioning that, as previously discussed in the earlier section, a
glass substrate can also serve as a suitable option for both the substrate and TLS.
The proposed TLS structure acting as a superstrate on the top of the microstrip
antenna, can be realized by stacking up several artificial dielectric layers of Si and
SiO, using semiconductor fabrication. The €.y for each layer can be obtained by
the particle mixing technique discussed previously.

Figure 4.25 shows the cross-sectional view of the proposed TLS modeled in
HFSS™ above the PC-MPA at 200 GHz. The total thickness of the structure is
1100 pm. The substrate has a thickness of 200 pm while each layer of the lens
has a thickness of 100 pum with a total of 9 layers. The TLS is designed from a
TADL-based Si and SiO, material. It should be noted that the structure is not
fully optimized at this stage and just initial quick simulation results are shown
to prove the concept. Full optimization and analytical modeling can be done in
future work.

Figure 4.26 shows the 2D radiation co- and cross-polarization patterns for the
PC-MPA at 200 GHz with and without the proposed TLS. The difference in the

results is obvious. With TLS (solid lines), the patterns in the E, D, and H planes
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Figure 4.26: 2D co and cross-polarization radiation patterns of the PC-MPA
with and without TLS at 200 GHz (a) co-polarized patterns (b) cross-polarized
patterns. In the E-plane, the -3 dB beamwidth is now: 0335 = 35 dB compared to
67 dB showing almost 48% reduction or more directionality. In the D-plane (0345

= 37 dB compared to 69 dB) and H-plane (0345 = 40 dB compared to 78 dB) the
reductions are 46% and 49%, respectively.
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are now directional compared to the non-TLS case (dotted lines). The gain has
been improved by 2 dB. In the E-plane, the -3 dB beamwidth is now: 63,5 =
35 dB compared to 67 dB showing almost 48% reduction or more directionality.
Similarly, in the D-plane (#3455 = 37 dB compared to 69 dB) and H-plane (0355 =
40 dB compared to 78 dB) the reductions are 46% and 49%, respectively. Figure
4.26(b) also shows improvements in the cross-polarized patterns for the TLS case

compared to the non-TLS case.

4.7 Summary

In this chapter, theory, procedures, and analysis for designing artificial dielectric
material based on the Maxwell Garnett theory have been thoroughly discussed.
Correct analytical models of Maxwell Garnett mixing theory were used to obtain
a high-performance RF material, from an existing highly thermally stable and
compatible material. A complete set of design equations for finding desirable e.¢¢
of both isotropic and anisotropic particles was presented. The permittivity anal-
ysis for both isotropic and anisotropic cases was thoroughly studied including the
effects of the direction of excitation as well as the polarization of the incident field
on the e.s¢. Detailed design procedures and requirements were discussed for both
microwave and mm-Wave applications. Several analytical models were discussed
and evaluated for their performance. The most accurate model was identified
and used to find the e.f¢ of the anisotropic cylindrical particle in any direction
of excitation as well as any polarization of the incident field. Building on all the
advantages of the existing substrate materials, the proposed method can be used
to obtain the desired lower ¢, and tand values. Thus, enabling the use of inexpen-

sive materials to be used as high-performance RF substrates for applications that
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require high antenna efficiency, multi-layer PCB compatibility, and high thermal
stability. For the proof of concept, several samples were fabricated and tested in
the S-band at 3.5 GHz as well as in the W-band at 77 GHz. A reduction of 45% in
the €57 and 38% in the tan(d) values were obtained in the S-band, and 32% and
72% reduction in €. and tand, respectively, in the W-band. Excellent agreement
was obtained between the simulation, calculated, and measured results.

It was also shown that the proposed particle mixing technique has the potential
to be used in semiconductor fabrication at THz frequencies to reduce the losses
associated with the substrate having a high ¢, for on-chip antennas. Finally, a
TLS structure was also discussed to enhance the gain and improve the radiation
performance of on-chip antennas at THz frequencies. In the following chapter,
various solutions, including the artificial dielectric lens based on the particle mix-

ing theory, are discussed to address the wide beamwidth problem associated with

QRHAs for UAV-based radar characterization.
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Chapter 5

Ultrawideband Artificial Dielectric Lens-Integrated

Antenna Solutions

5.1 Introduction

Ridged horn antennas seem a promising antenna choice for a variety of UWB radar
and communication system applications. However, in Chapter 2, it was mentioned
that due to the wide beamwidth problem of these ridged horn antennas, the ra-
diation performance of the antenna probe is adversely affected in terms of the
mismatch and cross-polarization, when the UAV platform is taken into consider-
ation. Chapter 7?7 then established the theory and foundation work for designing
artificial dielectric materials at both microwave and mm-Wave frequencies. This
chapter uses this theory and principles in the design of a 3D-printed graded index
(GRIN) artificial dielectric lens antenna (ADLA), thus (GRIN-ADLA), presenting
an interesting and feasible solution to the wide beamwidth problem of commercial
ridged horn antennas for UAV-based characterization of radars. Towards the end
of the chapter, several other lenses as well as corrugated ridged horn antenna solu-
tions are also briefly presented as suitable configurations for beamwidth reduction

problems in these commercial probe antennas.
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5.2 Dielectric Lenses: Background

Because of the growing number of applications, availability of low-loss dielectric
materials, and advanced fabrication techniques, the interest in dielectric lenses
has been renewed in the research community.

A conventional lens can take any structure and most commonly: hyperbolical,
bi-hyperbolical, elliptical, or hemispherical lenses are reported in the literature.
Such structures are mainly used to converge the scattered energy coming from the
feed to make a directive beam [147]. Lens antennas are end-fire radiators having a
single directive radiation beam in one specific direction. From the literature, it can
be noticed that the dielectric lens antenna can be constructed from conventional
dielectrics such as Lucite or polystyrene and also from artificial dielectrics.

Lens antennas transform spherical phase fronts into planar phase fronts across
an aperture to enhance their directivity. Lens antennas provide an effective solu-
tion for beam shaping, low sidelobe levels, and beam steering along with main-
taining a compact size. Dielectric Lenses are more advantageous as they can be
efficiently constructed using simple molding or 3D printing.

Lens antennas provide flexibility in terms of feeding. In literature works, horn
antennas, dipoles, microstrip patch antennas, and even arrays of antenna elements
are used to feed the lens structure. However, open-ended waveguides and horn
antennae are widely used for feeding the lens.

A spherical lens having a uniform dielectric material inside is termed a
“constant-index lens”. It has a mediocre performance in terms of collimation of
the feed energy and sidelobe level performance. However, a “variable-index” or
“spherical stepped-index” lens also well-known as a Luneburg lens [148] is usually

used to achieve optimum performance. An illustration of rays emitting from a
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Figure 5.1: Ray paths showing beam collimation in a typical spherical stepped-
index Luneburg lens [147].
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Figure 5.2: Illustration of beam scanning using a spherical lens antenna with
multiple feeds [147].

typical Luneburg lens forming beam collimation is shown in Figure 5.1 [147]. In

such lenses, the permittivity varies according to (5.1) given below:

6 =2 (1)2 (5.1)

where r is the axial radius from the center point and R is the outer radius of the
lens.

The Luneburg lens provides excellent performance but at the cost of the com-
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plexity of the design due to the gradient refractive index profile. Such a structure
having multiple concentric dielectric layers, is difficult to fabricate, especially at
mm-Wave frequencies. However, simpler lenses having constant index or two-layer
lenses consisting of two different permittivity values can be easily fabricated and
it also ensures good performance [149].

Spherical lens antennas are simple in configuration and have good electrical
performance. They can provide wide-angle beam scanning without losses. If the
spherical lens is fed with an array of feeding antennas, beam scanning can be dig-
itally achieved by switching from one feed to another feed or through mechanical
rotation of the feeds around the lens [147]. Figure 5.2 demonstrates the beam
scanning mechanism by using spherical lenses having multiple feeds.

An approximate estimation of the HPBW from a circular aperture is given by

(5.2) [150]:

29 x A
R

O35 = (5.2)

Using (5.1) and (5.2), the dielectric profile of a Luneburg lens can be plotted
when the beamwidth is known. Figure 5.3 shows the dielectric profile of this lens
for different HPBW values with respect to the normalized radius of the lens. For
this profile, the frequency is assumed to be 84 GHz. It can be seen that for the
smaller HPBW values, the lens’s overall radius R is larger since the HPBW is
inversely related to the size of the antenna aperture.

The focal point (f) of a typical spherical Luneburg lens is the outer surface.
However, in some cases, f can be modified based on the source antenna used to

excite the lens structure. A modified permittivity profile of a Luneburg lens in
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Figure 5.3: Permittivity profile of a typical Luneburg lens.

which f can be adjusted is given by (5.3) [151] and shown in Figures 5.4 and 5.5.

For this profile, the frequency is assumed to be 77 GHz while the HPBW is chosen
to be 10°.

£=09 =1 =11
Figure 5.4: Ray tracing trajectory in a modified Luneburg lens [151].
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Figure 5.7: Effect of the number of layers on the gain and sidelobe level perfor-
mance (a) Gain (b) sidelobe level.

5.3 A Spherical Luneburg Lens: Results and Discussion:

To validate the aforementioned Luneburg lens theory, a spherical Luneburg lens
with 5 gradient layers is designed and the results are presented. The geometry and
E-field (V/m) distribution inside the lens are shown in Figure 5.6. The antenna is
designed at 77 GHz, with a total size R = 22.90 mm in order to have a HPBW of
around 10°. A rectangular waveguide is used to feed this antenna on the surface.
Both the lens and the source antennas are modeled and simulated in HFSS™™
One can observe that as the number of layers increases, there is a noticeable
improvement in field collimation, resulting in more directed energy compared to
scenarios with no layers. This highlights the effectiveness of the Luneburg lens.
Figure 5.7 shows the effect of the number of layers on the gain and sidelobe
level performance. It can be seen that with increasing the number of layers and
thus due to small discretization of permittivity (minimal internal reflection within
layers), the gain is increased and the sidelobe level is reduced. Figure 5.8 shows

the normalized radiation patterns in both E- and H-planes of the Luneburg lens.
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Figure 5.8: Normalized 2D radiation patterns of the multi-layer Luneburg lens.

It has a gain of 24 dB, sidelobe level of -17 dB, and a HPBW of 10.40°.

For the purpose of demonstration, only a uniform dielectric lens is fabricated
using a Formlabs Form 3 resin-based 3D printer, since it is challenging to fabricate
such a multi-layer lens with varying dielectric profile with the available 3D-printed
fabrication capabilities. Figure 5.9 shows the 3D printed prototype of the lens
along with its mm-Wave RF scanner near-field measurement setup. Figure 5.10
shows the comparison of the simulated and measured 2D radiation patterns of
the lens in the E-plane revealing a high degree of agreement in the results. A
slight mismatch at 15° may be attributed to non-uniformity resulting from the
manual polishing of the printed lens or could be due to a slight misalignment in

the measurement setup.
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Figure 5.9: Uniform dielectric lens fabricated prototype (a) 3D printed lens using
Formlabs Form 3 resin-based 3D printer (b) near-field RF scanner measurement
setup .
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Figure 5.10: Comparison of the simulated and measured 2D patterns of the lens
in the E-plane.

5.4 Planar UWB Graded-Index Lens

Several works can be found in the literature related to beamwidth reduction and
beamwidth constancy in ridged-horn antennas. These beamwidth constancy or

pattern stability techniques can be divided into three main categories i.e. using
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H-plane pinwalls [152], shaped ridges [153] or shaped sidewalls [154], and corru-
gations [21, 155-159]. In [152], beamwidth constancy has been achieved over a
band of 4—16 GHz, by combining two techniques: using pinwalls in the H-plane
and shaped walls in the E-plane. However, the horn has a large length of around
9\ at the lowest frequency of operation which is around 635 mm. Moreover, the
design has significant pattern degradation at higher frequencies of the band. The
design presented in [153] has combined the technique of using pin walls in the
H-plane with the shaped ridges in the E-plane, however, limited contribution has
been made to achieve beamwidth constancy as well as pattern degradation over
the entire band of operation. The design reported in [154] has used a conical horn
with shaped boundary walls to achieve a constant 10 dB beamwidth. However,
the design has a narrow bandwidth of around 2.25 GHz. The corrugated designs
presented in [21, 155-158| have either narrow bandwidth (corrugated slots have
dimensions in terms of wavelength), targeted high frequencies: 8—18 GHz, or have
used complex geometries. Fabrication of such designs usually involves four-axis
CNC machining which increases the overall cost of the design.

The availability of a range of low-loss dielectric materials, coupled with the
development of low-cost, high-precision 3D-printing technology, has facilitated
the successful implementation of numerous high-performance planar graded index
(GRIN) lens antennas. Several works related to 3D-printed planar GRIN lens
antennas can be found in the literature [160-164]. Dielectric or metamaterial-
based lens antennas have been used with horns or ridged-horns to reduce the
phase error and to improve their radiation performance [165-171]. However, these
works have not focused on beamwidth constancy, pattern symmetry, and also have

narrow frequency bandwidth performance.

The proposed GRIN-ADLA is designed based on the previously established
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Maxwell Garnett particle mixing theory. This antenna provides a novel, cost-
effective, simple, and efficient wideband solution to existent antennas that has
asymmetric radiation pattern and wide HPBW problems. The wideband perfor-
mance of the proposed GRIN-ADLA broadens the range of applications by cover-
ing several maritime, weather, surveillance, and airborne radar frequency bands.
The incorporation of the proposed GRIN-ADLA allows for the effective utiliza-
tion of commercially available wideband probe antennas (SH2000 and QH2000)
on UAVs, thus addressing a previous limitation caused by the undesirable back-
scattering resulting from the wide beamwidth performance of these commercial
probes.

The proposed GRIN-ADLA ensures achieving symmetric radiation patterns as
well as reducing the wider beamwidth performance in the E- and H-plane patterns
from 120°—40° to 35°—20° within the desired 3—18 GHz frequency band, provid-
ing an average beamwidth reduction of 68%, thus satisfying the probe antenna
requirements set for conducting radar characterization using UAVs in the field.
The required values for half-power beamwidth and co-polar pattern mismatch are
less than 40 degrees and 0.2 dB, respectively, and the proposed probe antenna
meets these requirements. The proposed antenna is fully characterized and tested
in the frequency range of 3—18 GHz, and the simulation, as well as measurement
results, show a very good agreement, confirming the suitability of the proposed
antenna system for in-situ antenna measurements of radars and communication
systems. To the best of the author’s knowledge, the proposed work is the first of
its kind in the open literature that uses a simple 3D-printed GRIN lens antenna
to achieve pattern symmetry, beamwidth reduction, and beamwidth constancy in
such a wide frequency band of operation. These features make this antenna an

ideal candidate for not only UAV-based radar characterization applications but
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Figure 5.11: Antenna geometry models used in this work (a) illustration of the
plane wavefront obtained using the proposed GRIN lens excited by SH2000 feed
antenna (b) graded e,y profile of the GRIN lens.

also open the door for a range of other UWB communication applications where

“well-matched” patterns are required such as in EMC testing systems.

5.4.1 Design Procedure and Fabrication
5.4.1.1 Lens Design and Formulation

Figure 5.11(a) shows the geometry model of the proposed GRIN lens consisting
of six rings having a gradient distribution of e.;s across the aperture. Where D
is the diameter of the lens, ¢ represents thickness, € is the e.¢s of the first ring,
and [y is the distance of the first ring from the focal point (FP) of the lens. The
lens is excited by the commercially available dual-ridged horn antenna [110].

By approximating the desired radiation pattern coming out of a circular aper-
ture, the diameter (D) of the aperture can be related to the desired HPBW at

the output of the aperture (0345_,) in degrees, by the expression [172]:
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598.5,

D=__"—"°
O34p—0 X €T

(5.4)

where €7 is taper efficiency, and for a circular aperture, er ~ 0.85, considering a
non-uniform illumination of the aperture [172]|. In the above expression A, is the
free-space wavelength and its value is 100 mm considering the lens is designed at
the lowest frequency of the band i.e. at 3 GHz. Using the desired HBPW value
of 35° at 3 GHz, the value of D ~ 197 mm. The F'P can then be determined by

using simple trigonometry and is given by the expression:

D

FP=——~
2 tan (%saB-s /2)

(5.5)

where 0345_, is the HPBW of the source antenna used to illuminate the lens.

In order to achieve the required phase shift and desired planar wave propa-
gation at the output of the lens, a dielectric constant profile is required for the
lens. For the gradient permittivity profile, a similar procedure reported in [160]
was followed to obtain the desired profile using the expression presented in (5.6).
In consideration of the fabrication tolerances and the need for a sturdy structure,
the e.¢¢ for the outermost ring €5 was established at 1.1. This corresponds to a

relatively lower achievable e.¢¢, slightly higher than that of air.

g1 =

[lﬁ S \/Wr (5.6)

where ¢ is the thickness of the lens, €, is the e.¢f of the innermost ring, and
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[y and lg are the respective distances of the corresponding rings from the focal
point. From (5.6), it can be observed that the thickness of the lens dictates the
gradient permittivity profile, and hence, the thickness is usually assumed to have
a certain value that provides the desired achievable ¢, provided the values of [;
or F'P, lg, and €g are known [160]. The lens thickness was selected as 50 mm in
order to obtain an achievable profile, given that the ¢, of the material is 2.7.

To calculate F'P or Iy, using (5.5), the HPBW of the source antenna is required.
Due to the asymmetric patterns, the HPBW of the dual-ridged horn antenna at
3 GHz has two different values of 118° and 58° in the H and E plane, respectively
[110]. It can be seen that when 0345, = 118°, FFP = [} = 59.18 mm. However,
when this value is used in (5.6), gives €; = 4.6, which is greater than the maxi-
mum dielectric value of the core material 2.7. Therefore, the other value of the
beamwidth 03455_s = 58° was used that makes FFP = [; = 177 mm. Interestingly,
it can be seen that in order to fully illuminate the desired aperture, the focal
point is adjusted based on the beamwidth of the source. For instance, when the
beamwidth of the source is wider (f345_s = 118°), the source antenna is placed
near to the aperture (FP = 5 = 59.18 mm), and when the beamwidth is narrow
(f345—s = 58°), the source antenna is placed at a far distance from the aperture
FP =1y = 177 mm, in order to have efficient illumination of the lens. Figure
5.11(b) shows the gradient permittivity profile calculated based on (5.6) when F'P

= [y = 177 mm, lg = 118 mm (using trigonometry), and ¢ = 50 mm.

5.4.1.2 Unit Cell Design and Formulation

Hexagonal unit cells for each ring were first designed and characterized in HFSS™™
using periodic boundary conditions and floquet ports as shown in Figure 5.12.

The core material was loaded with air-cylindrical particles using the theory of
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Maxwell-Garnett discussed in detail in Chapter ?? as well as in [124], and the f
was varied by varying the radius r of the cylindrical particle, to achieve desired
eff (€efr) for each ring of the proposed lens. This procedure is also previously
discussed in Chapter 7?7 and also in [19]. The cylindrical particle was chosen due
to its simplicity and ease of fabrication. A commonly available Formlabs Form
3 3D printer having photopolymer general purpose grey resin (RS-F2-GPGR-04)
was used as a core material having a ¢,) of around 2.7 at 3 GHz. The f of the

cylindrical particle inside a hexagonal unit cell is given by the expression:

2 2
f= 3%52 (5.7)

where 1 represents the radius of the air-cylindrical particle, and s is the length
of one of the sides of the hexagon as shown in Figure 5.12. As discussed in [19],
geff of an anisotropic particle is dependent upon the direction of the propagation
of the wave. In this case, as the wave propagation is parallel to the length or the
t-dimension of the cylinder, Van Beek model [134] represented by the expression
in (5.8) was used to find to e.sf in the desired direction.

f (eqa — €p)(5ep + €4)

off =Ep+ = 5.8
“efl “b 3 (€b + €a) ( )

where ¢, is dielectric constant of the loaded particle (in the case of air-cylindrical
particle, e; = 1.0006), and €, = 2.7 for the core Resin material. The e.;; values
obtained from the HFSS™™ were verified using Van Beek analytical expression
of (5.8). For brevity, the comparison of €.y values from simulations and the

analytical model is not shown here but can be found in detail in [19].
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Figure 5.12: Hexagonal Unit cell used to build the proposed GRIN lens (a) de-
scription of the unit cell and its dimensions, where s = 3.67 mm (0.06),), and
Ag = Ao/+/€, t = 50 mm (0.82)\;), and 7 is varying radius (b) unit cell simulation
setup in HFSS™™ using Floquet ports and periodic boundaries.

Table 5.1: Calculated parameters of the proposed GRIN lens.

Ring | Dielectric constant | Fractional volume | Hole radius (mm)
1 2.2713 0.1931 1.4667
2 2.2130 0.2194 1.5632
3 2.0445 0.2953 1.8136
4 1.7838 0.4128 2.1442
5 1.4580 0.5595 2.4965
6 1.1000 0.7208 2.8336

To achieve the desired values of e.fs for each ring of the lens, the side of
the hexagonal unit cell was kept constant to s = 3.67 mm for all the rings. This
allowed for the variation of r based on the fabrication tolerances as well as covering
the whole lens aperture without any gaps.

Following the dielectric constant profile shown in Figure 5.11(b), r was varied
to obtain different values of f using (5.7) for each ring of the lens. These values of
f were then used to calculate e.r; using (5.8). Table 5.1 summarizes these values

STM and

for the proposed lens. The complete lens was finally modeled in HFS
then fabricated in four parts which were assembled together using epoxy. These

3D-printed prototypes are shown in Figure 5.13.
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a) b)

Figure 5.13: 3D-printed GRIN lens prototypes a) quarter section of the lens b)
complete assembled lens.

5.4.2 Supporting Frame: Design and Analysis

A detailed analysis was conducted before selecting a suitable frame to hold the
proposed GRIN lens structure. Several parameters were investigated including the
robustness of the frame and its effect on the radiation as well as the S-parameter
performance of the antenna. Two frame designs as shown in Figure 5.14 were
modeled and analyzed for their performance in HFSS™ . Figure 5.14(a) shows
the complete conical model encapsulating the whole structure. The frame was
3D-printed using ABS plastic material as shown in Figure 5.14(b). For the sec-
ond frame model depicted in Figure 5.14(c), two Rohacell® material: Roha-
cell® 300WF and Rohacell® 71HF, were utilized, and the frame was subse-
quently CNC-machined using Rohacell®) 300WF shown in Figure 5.14(d).
Figure 5.15 shows the effect of these frames on the radiation and S-parameter
performance of the lens antenna. Both co and cross-polarization patterns were
compared for various cases. Figures 5.15 (a) and (b) show the radiation patterns in

the E- and H-planes, respectively, while Figure 5.15(c) shows the cross-polarization
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Figure 5.14: Simulated and fabricated 3D frame models for holding the lens (a)
simulated model with ABS plastic frame (g, = 2.75, tand = 0.025) (b) 3D-printed
ABS frame model (c) simulated model with Rohacell®) 300WF (e, = 1.3, tand
= 0.009) and Rohacell® 71HF (e, = 1.093, tand = 0.0038) frames (d) CNC-
machined fabricated Rohacell®) 300WF frame model (e) far-field anechoic cham-

ber measurement setup.

patterns. From Figures 5.15 (a) and (b), it is obvious that in the “No-lens” case,
the patterns in both E- and H-planes are not directional compared to all the
cases when the lens is used. For the “Lens with ABS frame” case, it is evident
that it deteriorates the radiation pattern, particularly in the H-plane, slightly
increases the back-lobe radiation in both planes and also degrades the return-loss
performance as shown in Figure 5.15(d). Additionally, it was observed during the
fabrication process that the ABS plastic material was susceptible to deformation
due to its high sensitivity to temperature. For the remaining two cases in which
Rohacell®) frames were used, aside from slight degradation of the S-parameters,
it can be seen that the co-polar performance is not affected and is very similar
to the reference case: “Lens with no frame”. This is probably due to the frame
design and the lower ¢, values of the Rohacell®) material (Rohacell® 300WE:
e, = 1.3 and Rohacell®) 71HF: ¢, = 1.093), compared to the ABS-plastic frame
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Figure 5.15: Effect of the lens and supporting frames on the radiation pattern at 3

GHz (a) E-plane Co-pol (b) H-plane Co-pol (c¢) E-plane X-pol (d) H-plane X-pol.
(e, = 2.75).

As depicted in Figures 5.15 (¢) and (d), the cross-polarization patterns remain
largely unaffected by any of these frames. Furthermore, it can be observed that
when compared to the “No-lens case”, the use of the lens results in an increase
in the cross-polarization levels in both the E- and H-planes. This phenomenon
could be attributed to the minor gaps between the lens and the supporting frame
due to the hexagonal shape of the outermost layer, and to the diffraction effects
that occur at the edges of the lens, caused by slight over-illumination due to the
phase center instability of the dual-ridged horn across the wide frequency band of

operation. Furthermore, it could be due to the relatively higher dielectric value
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of the outermost ring with ¢, = 1.1. Ideally, to avoid any reflections or diffraction
effects at the edges, a foam material having ¢, < 1.1 is used for the outermost
ring to have a smooth dielectric transition between the outermost ring and the free
space. Based on these analyses, the Rohacell®) frame was chosen compared to the
ABS plastic frame. Among Rohacell®) frames, Rohacell® 300WF was selected
due to its lower cost, greater mechanical durability, and resilience to changes in

temperature compared to the Rohacell®) 71HF material.

5.4.3 Results and Validation

The finalized GRIN lens including the dual-ridged horn feed and the supporting
frame was simulated using HFSS™ Integral Equation (HFSS-IE) solver that uses
the MoM. The careful utilization of HFSS-IE with adaptive refinement meshing
proves to be highly effective when simulation involves large structures. Based on
the analysis discussed in the previous sections, the lens antenna was placed at
a distance of Iy = FP = 177 mm from the phase center (PC) of the source as
shown in Figure 5.11(a). The radiation characteristics of the 3D-printed GRIN
lens, along with the Rohacell®) 300WF supporting frame, were assessed within
the 3—18 GHz frequency band, in the far-field anechoic chamber as shown in
Figure 5.14(e).

Figure 5.16 presents the sample simulated patterns in the principal planes for
with and without the lens cases, at three specific frequencies. Figures 5.17 and
5.18 show the normalized measured co and cross-polar radiation patterns in the
E- and H-planes, respectively, for both the lens and without the lens cases. For
brevity, the comparison is shown for fewer frequencies. It can be seen that the

proposed GRIN lens is effective in reducing the 3 dB beamwidth in both E and
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Figure 5.16: Sample simulated radiation patterns at several frequencies for with
and without the GRIN lens cases (a) E-plane (b) H-plane.

H-planes, across the entire band of operation. However, in the case of the lens,
there is a slight increase in the cross-polarization levels, particularly at higher
frequencies ranging from 15 to 18 GHz. This phenomenon is common in both
E- and H-planes. This can be due to several factors as discussed in the previous
section. In order to demonstrate the performance through simulations, Overall a
good agreement can be seen in the simulation and measured results in the entire
3—18 GHz band of operation.

Figure 5.19 shows the E-field (V/m) intensity plots in the cross-sectional E-
plane for various frequencies. As anticipated, the proposed GRIN lens effectively
converts the spherical wavefront generated by the dual-ridged horn into a plane

wavefront, resulting in the collimation of the fields at the output. At higher of the
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Figure 5.17: Measured E-plane radiation patterns at several frequencies for with
and without the GRIN lens cases.
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Figure 5.18: Measured H-plane radiation patterns at several frequencies for with
and without the GRIN lens cases.
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Figure 5.19: Cross-sectional view of the E-field (V/m) intensity plots in the E-
plane for various frequencies.

band such as 15 and 18 GHz, it is evident that the influence of edge diffraction
effects becomes more pronounced, thereby contributing to slightly higher levels
of cross-polarization at these frequencies. In addition to the factors discussed
earlier contributing to edge diffraction, these plots indicate that there is a little
over-illumination of the lens occurring at these frequencies due to the dependence
of the phase center of the feed antenna on the frequency. As reported in [110],
the phase center of this dual-ridged horn antenna varies from 10 mm to 45 mm
between 3—18 GHz, especially in the E-plane. To achieve proper illumination of
the lens, the focal point of the lens must align with the phase center of the source
antenna at the desired operating frequency.

Figure 5.20 compares the simulated and measured HPBW performance in both
E- and H-planes for with and without the lens cases. It can be seen that without
the integration of the proposed ADLA, the HPBW of the source antenna in the

E and H-planes is around 75° and 120°, respectively, at the lowest frequency
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Figure 5.20: Measured and simulated 3 dB HPBW curves for with and without
the GRIN lens cases (a) E-plane (b) H-plane.

of 3 GHz. Moreover, it can also be seen that there is significant variation in the
beamwidth in both E- and H-planes across the band of operation. For instance, in
the E-plane, the beamwidth varies from 75° to 40°, while in the H-plane, it varies
from 120° to 40°, within the frequency band, representing a variation of 30.4%
in the E-plane and 50% in the H-plane. Due to this discrepancy, the dual-ridged
horn antenna itself fails to meet the specified beamwidth requirements (0345 =
35° £ 5°) established for UAV-based radar characterization. In contrast, when
the proposed GRIN lens is integrated, the HPBW is reduced to 35° at the lowest
frequency of 3 GHz, and to 20° at 18 GHz, representing an average reduction of
around 68% within the entire frequency band. Furthermore, with the proposed
lens, the beamwidth varies from 35° to 20°, exhibiting a variation of around 27%
across the frequency band. For both scenarios: with and without the GRIN lens,
both the simulation and measured results exhibit an excellent level of agreement.

Figure 5.21 presents the HPBW patterns for both cases, capturing the sym-
metrical behavior in the E- and H-planes within a single plot. It can be seen

that both simulation and measured results confirm the asymmetric radiation per-

105



150

Meas H-plane
= = = Sim H-plane
125 & Meas E-plane
- = = Sim E-plane
100 7
m .
= 75¢ _.--—=—=—>Wwithout lens
SN \ , N

507
257

0 ‘ ‘ ‘ et | ‘ ‘
2 4 6 88 10 12 14 16 18
£(GHz)

Figure 5.21: Comparison of symmetry in the measured and simulated E- and H-
plane patterns for with and without the lens cases.

formance in the principal planes of the feed antenna when the lens is not used.
However, upon integrating the proposed lens, the patterns demonstrate excellent
symmetry in both the E- and H-planes. Both the simulation and measured re-
sults demonstrate the wide bandwidth and excellent beamwidth performance of
the proposed lens, making it highly suitable for a diverse range of applications in
radars, direction finding, and various communication systems.

Table 5.2 summarizes and compares the characteristics of the proposed de-
sign with other relevant works that focused on beamwidth reduction. It can be
seen that the proposed work is the first to use a simple 3D-printed and low-cost
lens solution for wideband beamwidth reduction compared to the complicated
and costly corrugated or pinwall techniques. Additionally, the proposed work
has the second highest absolute bandwidth after [153]. However [153| has used
a complex technique of pinwalls, reported only H-plane beamwidth, and has a
significant beamwidth variation of around 56%. Furthermore, it is important to
highlight that, in contrast to other works, the proposed design with integrated

lens encompasses the important S-band for weather radars and offers a consistent
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Table 5.2: Performance comparison of the proposed technique with other works
related to beamwidth reduction.

Frequency (GHz HPBW (Deg HPBW Variation (%) | HPBW Reduction .
References Srow | frigh 11(\bs4 ])3W' E-plane (H—p>lane E-plane H—plalfe ) Technique Complexity | Cost
Multi-layer Lens
|21] 2 12 10 15°-95° 15°-85° + 73 + 70 & High High
Corrugation
[152] 4 16 12 20°-21° 18°-23° + 2.4 + 12.2 Pin Walls High High
Modified Ridges
[153] 1 18 17 - 18.3°-65° - =+ 56 & High High
Pin Walls
[155] 45 | 18 13.5 29.5°-42.9° | 28.2°-33.6° | £ 185 + 10 Pin Walls High High
Pin Walls
[156] 45 | 18 13.5 32.2°-42.6° | 28.5°-33.5° | + 14 +38 & High High
Corrugation
158 7.5 18 10.5 40°-50° 42°-46° + 11.1 +4.5 Corrugation High High
159 8 18 10 22°-36° 30°-35° + 24 + 7.6 Corrugation High High
SH2000-[110] 3 18 15 40°-75° 40°-120° | £+ 30.4 =+ 50 - - -
Proposed GRIN | 3 18 15 20°-35° 20°-35° + 27 + 27 3D-printed Lens Low Low

beamwidth of 35° in both E- and H-planes, thus satisfying the criteria for the

UAV-based in-situ characterization of radars.

5.4.4 Proposed GRIN Lens: Summary

A UWB 3D-printed GRIN-ADLA is presented that enables the use of any wide-
band antenna to be used on any UAV platform for in-situ characterization of
radars and communication systems, which was not possible otherwise due to the
wide beamwidth problem. The antenna is fully characterized and tested, and
the simulation as well as measured results show promising results in terms of
beamwidth reduction as well as pattern symmetry, especially at lower frequen-
cies where achieving these characteristics, is challenging. It is shown that with
the integration of the proposed GRIN-ADLA, radiation patterns in the principal
E- and H planes are in excellent symmetry and the beamwidth is reduced from
120°—40° to 35°—20° within the desired 3—18 GHz frequency band, providing an
average beamwidth reduction of 68%. The proposed technique of beamwidth re-
duction and achieving pattern symmetry is ultrawideband, effective, and low-cost

compared to the narrow band and complex techniques presented in the literature.
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In the coming sections, a few other lens and corrugated designs are presented
to address the wide beamwidth problem of the QRHAs. However, these solutions

are presented as a proof of concept and are only based on simulation results.

5.5 UWB Hyperbolic Lens

In this section, another solution to the wide beamwidth problem faced in ridged
horn antennas is presented. The proposed UWB dielectric hyperbolic lens has a
uniform e,. A QRHA serving as a feed for the lens is also designed having a size
of 190x160 mm?. The proposed integrated system achieves narrow beamwidth
in both E- and H-planes throughout the frequency of operation. For instance,
at 3 GHz, the beamwidth is reduced by around 50% by integrating the proposed
dielectric lens. The proposed integrated system has an absolute bandwidth of 20
GHz (1-20 GHz). Unlike the previously presented GRIN-ADLA, this hyperbolic
lens provides ease of integration directly on the QHRA aperture thus providing
more stability and compact overall size. The aperture opening of the QRHA is
calculated such that the lens can be integrated exactly on the aperture of the
QRHA with a focal point that coincides with the phase center of the QRHA.
The proposed hyperbolic lens has a simple structure and can be fabricated using
a commonly available Formlabs Form 3 resin-based 3D printer using a general-
purpose grey resin (RS-F2-GPGR-04) having a ¢, of around 2.7).

Figure 5.22 shows the description of the proposed QRHA with an integrated
dielectric hyperbolic lens antenna. The lens is symmetric in both planes thus
helpful for its use with dual-polarized ridged horn antennas. The proposed lens
is compact in size (160x160 mm?) keeping in view targeting a lower frequency of

3 GHz. The lens is designed based on the theory presented in [173]|. The size of
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Figure 5.22: Geometry description of the proposed hyperbolic lens-integrated
QRHA.

the proposed QRHA is 190 x 160 mm?.

Figure 5.23 shows the comparison of the HPBW of the proposed QRHA for
with and without lens cases. It can be seen that reduction in beamwidth specif-
ically at lower frequencies, is evident in both E and H-planes. At 3 GHz, the
worst-case reduction in beamwidth is around 50%. From 2.5 GHz onward, the
beamwidth in both planes is below the maximum required beamwidth for UAV-

based applications.
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Figure 5.23: Simulated HPBW comparison in the principle planes for with and
without the proposed hyperbolic lens structure.

5.6 Multi-Layer Lens and Corrugated Horn Antenna

In this section, two other beamwidth reduction techniques are discussed. The
first technique involves the integration of a wideband multi-layer dielectric lens
antenna (MDLA). In the second technique, corrugations are introduced in the
DRHA to reduce the H-plane beamwidth for the entire band of operation. Both
lens and corrugations reduce the H-plane HPBW by around 70% (for instance at
3 GHz) and show almost similar performance within the entire frequency band.
Figure 5.24 shows the geometry models of the standard (SH2000), proposed
lens-integrated, and proposed corrugated dual ridged horn antennas. For the
purpose of illustration, this figure also shows the E-field (V/m) distribution on
the aperture of the antenna for each case, at 6 GHz. From the aperture field
distributions, it can be observed that in the case of the SH2000 horn antenna
shown in Figure 5.24(a), the fields are not symmetric in the E- and H-planes. If
these fields are projected to a radiation pattern, it can be seen that the beamwidth

is wider in the H-plane compared to the E-plane for a SH2000 horn antenna.
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Figure 5.24: Antenna geometry models and E-field distribution on the antenna
aperture at different frequencies (a) standard dual-ridged horn antenna without
lens or corrugations (b) lens integrated dual-ridged horn antenna (c) corrugated
dual-ridged horn antenna.

Figure 5.24(b) shows the case when the proposed MDLA is integrated with a dual-
ridged horn antenna. The field distribution shows a nearly symmetric behavior in
both E and H-planes. There is however some spillover radiation from the edges
of the lens, which can be corrected by either slightly increasing the size of the
lens or by slightly adjusting its focal point. For the third case, in which E-plane
walls/plates of the standard dual ridged horn antenna are corrugated as shown in
Figure 5.24(c), near-symmetric behavior is also observed compared to the SH2000
case.

Figure 5.25 shows the dummy lens-integrated ridged horn antenna prototype
mounted on a DJI Matrice 600 drone. The profile of the multi-layer lens structure
is also shown. The lens dielectric profile is symmetric where the central layer has

the highest permittivity. This is inspired by a Luneburg-type lens configuration.
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Figure 5.25: Illustration of the DJI Matrice 600 drone carrying the proposed an-
tennas (a) a dummy prototype of the lens-integrated ridged horn antenna mounted
on the drone (b) description and dimensions of the standard (SH2000) and pro-
posed corrugated horn antennas.

The outer layers have permittivity values of close to the air so that the reflections
between the air-dielectric layer are minimized. One important observation was
made related to the dielectric profile of the lens. The smaller the dielectric gradient
profile, the smaller are reflections between each layer, and thus high gain and low
sidelobe levels can be achieved. However, this also depends on the availability of
the material with the required values of the €,. To design such a material, an
artificial technique can be used to achieve the desired values of the ¢, for each
layer of the lens structure according to [19]. Figure 5.25 also shows a detailed
description of the ridged horn antenna and the corrugation along with some of

their dimensions. The antenna is fed using 50 {2 coaxial feeding backed by the
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Figure 5.26: Comparison of the simulated 3 dB beamwidths for the three cases
(for E-plane only one curve is shown since the lens or the corrugation does not
significantly affect the E-plane beamwidth performance).

metallic cavity structure that improves the matching performance.

Figure 5.26 shows and compares the simulated 3 dB beamwidth curves of
the H-plane for the three cases: standard SH2000 horn, ridged horn with an
integrated lens, corrugated ridged horn. Since the E-plane performance is not
significantly affected by any of these techniques, a single E-plane curve is shown
to avoid redundancy. From the figure, it can be seen that both of these techniques
reduce the H-plane beamwidth in the entire band of operation. For instance, the
reduction is around 70% for the low-frequency band at 3 GHz. Overall, after a
reduction in the H-plane beamwidth, the patterns seem to be nearly symmetric
in the entire band of operation. This is also verified from the field distributions

on the aperture as shown in Figure 5.24.
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5.7 Summary

In this chapter, the results of a 3D-printed spherical lens were first discussed. sev-
eral beamwidth reduction solutions were proposed to address the wide beamwidth
challenge present in commercial or available ridged horn antennas. A 3D-printed
GRIN-ADLA was then discussed in quite detail including its theory, design prin-
ciples, simulation, as well as measurement results. The proposed GRIN-ADLA
presented an interesting and feasible solution to the wide beamwidth problem of
commercial ridged horn antennas for UAV-based characterization of radars. It was
shown that with the integration of the proposed GRIN-ADLA, radiation patterns
in the principal E- and H-planes were in excellent symmetry and the beamwidth
was reduced from 120°—40° to 35°—20° within the desired 3—18 GHz frequency
band, providing an average beamwidth reduction of 68%. Several other solutions
such as hyperbolic and multi-layer stack-up lenses as well as corrugated ridged
horn antennae were also presented. The hyperbolic lens showed a beamwidth re-
duction of around 50% at 3 GHz, while the multi-layer lens and the corrugated
horn showed a reduction of around 70% at 3 GHz. All of these UWB beamwidth
reduction solutions satisfied the beamwidth requirements set for in-situ character-
ization of radars using UAVs. In the following chapter, a standalone UWB QRHA
is discussed that also satisfies UAV beamwidth requirements without the use of a

dielectric lens structure.
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Chapter 6

Ultrawideband Quad-Ridged Horn Antenna for Radars and

Communication Systems

6.1 Introduction

Wideband antennas such as ridged horns, vivaldi, spiral, biconical, and log-
periodic antennas have been widely used in EMC testing, satellite tracking, re-
flector feeds, radars, and other detection systems. Among these, horn antennas
became a favorite choice especially in radars and EMC testing due to their high
gain and directivity, relatively compact size compared to traditional horns, design
simplicity, and simple feeding mechanism.

Horn antennas are rigid structures with straightforward feeding mechanisms
and geometry construction, exhibiting high power handling capabilities in com-
parison to other antenna types. Nevertheless, the progress in wideband testing
systems has limited the utilization of traditional horn antennas due to their limited
bandwidth, highlighting the need for UWB horn antenna systems.

The introduction of dual- or quad-ridges inside the waveguide reduces the
cutoff frequency when compared to a waveguide with identical width. These
ridges, in turn, raise the cutoff frequencies of the subsequent two higher modes,

enabling the creation of a waveguide capable of functioning across a frequency
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range of 10:1 or greater |78|. If we employ this modified waveguide as the input
for a horn and gradually taper the ridges until they no longer block the horn
aperture, the resulting radiation pattern of the horn closely resembles that of
a smooth-wall horn. Such horns are well-known as DRHAs having dual ridges
or QRHASs consisting of four ridges inside the waveguide. Detailed theory and

discussion on ridged horn antennas can be found in [2, 75-78|.

6.2 Quad-ridged Horn Antenna: Challenges

Ridged horn antennas seem a promising antenna choice for a variety of UWB
radar and communication system applications. However, in Chapter 3, it was
discussed that due to the wide beamwidth problem of these ridged horn antennas,
the radiation performance of the antenna probe is adversely affected in terms of
the mismatch and cross-polarization, when the UAV platform is taken into con-
sideration. These and some of the other challenges are discussed here. The main
challenges are pattern distortion also known as pattern degradation at higher fre-
quencies and wide beamwidth and poor impedance matching at lower frequencies
[21-23, 25]. Moreover, the design of these antennas can get complicated if it is de-
sired to simultaneously achieve lower values of VSWR <2, high cross-polarization
levels of greater than -25 dB, narrow beamwidth performance especially in the

lower region of the band, and having no pattern degradation.

6.2.1 Pattern Degradation

These antennas suffer from higher-order mode content which causes pattern dis-
tortion at high frequencies also known as pattern degradation. The extent of

pattern degradation in this context is contingent upon the particular application.
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For instance, if ridged horn antennas are used in near-field measurements, pattern
degradation should not be a problem. However, in far-field measurements, EMC
and communication system applications, radar characterization or calibration,
and primary reflector feeds, where “well-matched” patterns are required, pattern
degradation is not acceptable. This significant degradation, typically more than
4 to 5 dB in patterns, renders these antennas less suitable for the aforementioned
applications.

A solution to this problem is a compromise between the maximum achievable
bandwidth and pattern degradation. Commercially available ridged horn antennas
adopt smaller cavity opening diameters to achieve maximum single-mode oper-
ation by shifting the higher mode T'Es; away from the desired frequency band.
However, this approach has a trade-off, as it also shifts up the propagation of the
first dominant mode T'E;y, resulting in poor matching characteristics at the lower
frequency band. Vice versa, if the cavity opening diameter is increased to have
good matching in the lower band, it also shifts down the T E3; mode, and thus
the pattern degradation is seen in the desired band. This is one of the biggest
challenges associated with QRHAs. This is explained in Figures 6.1, 6.2, and 6.3.
It should be noted that the mode T E,; is not shown since it is canceled due to
the feeding symmetry [174]. Due to these challenges, the majority of the liter-
ature on ridged-horn antennas focuses on frequencies starting from 6 or 8§ GHz
and beyond. Designs targeting lower frequencies of 1 or 2 GHz often experience
either poor matching or significant pattern degradation, particularly at higher fre-
quencies. Because of this, the commercial QH2000 antenna uses a small cavity

diameter to remove pattern degradation at the expense of poor VSWR performance

(VSWR >8-4) at lower frequencies from 1-4 GHz.
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Figure 6.1: A conceptual diagram showing the effect of the cavity opening diam-
eter on the modes propagation on a fictional frequency scale.

6.2.2 Wide Beamwidth Performance

The beamwidth of a horn antenna, or any aperture antenna in general, exhibits an
inverse relationship with the size of the aperture in terms of wavelength. QRHAs
typically suffer from wide beamwidth and beamwidth instability problems, espe-
cially in their lower region of the operational band i.e. between 1-6 GHz. As an
example, the commercially available QRHA in [18] has wide beamwidth values
of 120°—80° corresponding to the frequency range of 3-5 GHz, where 120° corre-
sponds to 3 GHz and 80° corresponds to 5 GHz. As shown in Chapter 3, such
wide beamwidth performance of these QRHASs limits their use in some important

applications such as in UAV-based in-situ characterization of radars. [22, 23].
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Figure 6.2: Effect of the cavity opening diameter on the S-parameter and pattern
degradation performance (a) S-parameter curve showing the return loss is greater

than 10 dB at 1 GHz (b) 2D radiation pattern with pattern degradation at 18
GHz.
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Figure 6.3: Effect of the cavity opening diameter on the s-parameter and pattern
degradation performance (a) S-parameter curve showing the return loss is greater
than 10 dB at 4 GHz (b) 2D radiation pattern with no degradation at 18 GHz.

6.3 Design Guidelines

6.3.1 Selection of the Ridge Profile

The ridge profile is one of the important parameters that significantly affects the

VSWR performance. The most common ridge profile used in literature is based
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Figure 6.4: Demonstration of the ridge profile using original exponential equation.

on an exponential equation which is expressed as [175]:

Z(Y)=d, x e (6.1)

in which 0 <Y < L, and k is expressed as:

where L represents the length of the horn section, d, is the spacing or origin offset,
and d, is the radius of the horn aperture. For the purpose of illustration, these
parameters are shown in Figure 6.5. It is well-known that the size of the aperture
of the horn dictates the beamwidth performance at the lowest frequency of the
band. In order to increase the size of the aperture to achieve beamwidth reduction,
ridge profile based on equation (6.1) does not serve the intended purpose. For

instance, if d, is increased, the impedance of the waveguide transforms abruptly
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Figure 6.5: Ridge profiles using the original exponential equation with various
aperture sizes.

to the free-space impedance which degrades the VSWR, performance [175]. This
phenomenon is shown in Figure 6.5. To achieve a smooth impedance transition
along with increased aperture size, there is a need for a slight modification in the
ridge profile equation. The complete ridge profile is divided into two segments as
shown in Figure 6.6. The modified profile can be represented by the following set

of expressions:

ZV(Y)=d,x e 0<Y < (6.3)

Zo(Y)=dy x Y L1 <Y < Ly (6.4)

where k1 and ks can be expressed as:

= — |ln— .
kl Ll Hdo (6 5)
1. d,
ko = —1In— 6.6
2 I ndt ( )
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Figure 6.6: Demonstration of the ridge profile using modified set of equations.
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Figure 6.7: Illustration of the S-parameter performance comparison for ridge pro-
files using original and modified equations.

Figure 6.7 shows the comparison of the S-parameters curves for ridge profiles
using the original exponential equation and the modified equation. It can be seen
the ridge profile has a significant effect on the matching performance. QRHA

using a modified ridge profile has a better matching compared to the one using
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Figure 6.8: QRHA with different cavities in the feeding section (a) spherical cavity
(b) pyramidal cavity (c) conical cavity (d) spherical cavity with a metallic post.

the original equation.

6.3.2 Selection of the Cavity

Several simulations were carried out to determine the right cavity for the proposed
QRHA. Figure 6.8 displays QRHA configurations utilizing different types of cav-
ities, including spherical, pyramidal, conical, and spherical cavity loaded with
a metallic post. Figure 6.9 shows the S-parameter performance for these cases.
It can be noticed that the conical cavity shows comparatively better matching
performance when compared to other cases. Moreover, the conical cavity has a
lower cut-off frequency of 0.7 GHz at -10 dB, compared to other cases. For these
reasons, the conical cavity is selected for the final QRHA design to be discussed
in the coming section. It is important to note that the cavity type has minimal
impact on the radiation performance. Consequently, for the sake of brevity, a

comparison of the radiation patterns for these different cases is not shown here.
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Figure 6.9: Comparison of the S-parameter performance for different cavities.

6.3.3 Selection of the Aperture Size

As discussed previously that the size of the aperture is related to the beamwidth
performance. Based on the targeted application, the size of the aperture can
be optimized to achieve the desired HPBW performance. Figure 6.10 shows the
comparison between two QRHAs with varying aperture sizes. It is evident that
the larger aperture size results in narrow beamwidth performance across the entire
operational frequency band. For instance, it can be seen that at 3 GHz, when
D = 200 mm, the HPBW is 70° and 74°, in the E- and H-plane, respectively.
When D = 276 mm, the HPBW is reduced to 52° and 54°, in the E- and H-plane,

respectively.
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Figure 6.10: Effect of the aperture size on the beamwidth performance (a) QRHAs
with two different aperture sizes (b) HPBW comparison in the E- and H-planes.

6.4 Results and Discussion

Figure 6.11 shows the geometry description of the proposed open boundary QRHA
having a total size of (296 x 276 mm?) including the supporting frame. The
antenna dimensions are kept according to its operation at the lowest frequency of
1 GHz. The overall geometry consists of three main sections: quad-ridges, cavity
section, and supporting frame as shown in Figure 6.11. The all-metal design can be
manufactured using standard CNC milling technique. The cavity diameter, ridge

profile, cavity flaring, and the integration of the ridges at the cavity are optimized
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Figure 6.11: Geometry description of the proposed QRHA (a) isometric view of
the complete geometry (b) isometric view of the quad-ridges (c) side view of the
proposed QRHA with dimensions (d) cavity (e) side view and dimensions of the
cavity (f) feeding interface at the cavity .
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to have a maximum achievable bandwidth as well as no pattern degradation. The
aperture size (D = 276 mm) is chosen based on the analysis discussed in the
previous section.

The antenna geometry is modeled and simulated in HFSS™ using a high-
performance computing (HPC) domain memory solver to reduce the simulation
time. All the parameters of the design such as the cavity opening diameter,
cavity bottom diameter, cavity depth or height, waveguide flaring, feeding or
ridge spacing, feeding location, ridge thickness, and horn length are optimized to
achieve the maximum possible bandwidth as well as good return loss performance.
Figure 6.12 shows the return loss performance of the proposed QRHA for one
port excitation. It can be seen that the antenna has a return loss of more than
10 dB for the entire frequency band of operation and excellent ultrawideband
performance between 1-32 GHz. Figure 6.13 shows the VSWR performance of
the proposed QRHA. It can be noticed that the proposed QRHA has a desired
VSWR performance (VSWR < 1.92) in the interested frequency band between
1-32 GHz.

Figure 6.14 shows the simulated two-dimensional normalized radiation pat-
terns of the proposed QRHA for sample frequencies within the entire frequency
band. The patterns are shown for both E- and H-planes as well as for co- and
cross-polarizations. For brevity, results for only one port are shown here. It can be
seen that the proposed QRHA has a very good radiation performance in both lower
and upper-frequency bands. Notably, this ridged-horn antenna demonstrates no
pattern degradation even at higher frequencies due to the careful optimization of
the cavity and the feeding section. This pattern degradation is a common concern
for most of the ridged-horn antennas designed to operate at the lowest frequencies

within the 1-6 GHz range while aiming for well-impedance matching performance
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Figure 6.12: S-parameter performance of the proposed QRHA (for simplicity re-
sults of only one port are shown).

below -10 dB at those frequencies. It can also be noticed that the proposed QRHA
has very low cross-polarization levels of greater than -30 dB in the 1-18 GHz band
and a fair cross-polarization of around -20 dB in the 20-32 GHz region of the band.

The proposed design carefully employs the maximum achievable cavity opening
diameter of 30 mm before pattern degradation becomes noticeable. This gives a
maximum possible bandwidth spanning from 1-32 GHz and excellent matching
below -10 dB without having pattern degradation at higher frequencies. Due
to these features, the proposed design holds great potential for a diverse range of
applications, in EMC testing, radar calibration, and other communication systems
operating anywhere between 1-32 GHz.

Figure 6.15 shows the HPBW performance comparison of the commercial
QRHA and the proposed antenna in both E- and H-planes. Significant reduc-
tion in the beamwidth can be seen in both planes especially in the lower region

of the frequency band between 2-8 GHz. It can be noticed that the commercial
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Figure 6.13: VSWR performance of the proposed QRHA.
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Figure 6.14: 2D normalized E- and H-plane radiation plots of the proposed QRHA
at various frequencies within the operational band (for the sake of brevity, patterns
from only one port are displayed).
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Figure 6.15: HPBW comparison of the commercial QH2000 and the proposed
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Table 6.1: Performance comparison of the commercial QH2000 and the proposed
QRHA-1.

Freq. (GHz) HPBW (°) RL (dB) Size (mm)
Probe Type (fmin/fmaz) E-Pl‘dne (fmin/fmaz) H'Pl‘dne (fmin/fmaz) (H'W'L)
QH2000 2/32 110/23 165/23 > 6 110 x 105 x 105
Proposed 2/32 58/30 60/23 > 10 | 276 x 276 x 296

QH2000 [18] antenna has a beamwidth of 110°/23° at 2/32 GHz in the E-plane,
while 165°/23.5° at 2/32 GHz in the H-plane. The proposed QRHA-1 has a
beamwidth of 58°/30° at 2/32 GHz in the E-plane and 60°/23° at 2/32 GHz
in the H-plane. This shows a reduction of 47% and 64% at 2 GHz in E- and
H-planes, respectively. Table 6.1 summarizes the performance of both of these
antennas. It should be noted that the size of the proposed antenna is larger due
to the beamwidth requirements in the lower region of the band. In general, the
suggested design surpasses the commercial design in terms of -10 dB impedance

bandwidth, pattern degradation, and beamwidth performance.
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30 GHz 32 GHz

Figure 6.16: E-field (V/m) distribution in the cross-sectional plane of the proposed
QRHA at various frequencies of the band.

Figure 6.16 shows the cross-sectional view of the magnitude of the E-field
(V/m) distribution at various frequencies. It can be seen that at low frequencies,
the field is loosely confined between the ridges, especially at the aperture of the
QRHA. However, at higher frequencies, the field is well confined between the
ridges. This also shows that at higher frequencies, the majority of the field’s
concentration is in the central region of the QRHA.

The power handling capability of the proposed all-metal QRHA is dictated
by the maximum input power of the connector. As shown in Figure 6.11, the
proposed design uses a 3.5 mm precision connector. This connector incorporates
an air dielectric, resulting in superior performance compared to the Teflon-based
connectors. While these 3.5 mm connectors can operate effectively up to 38 GHz,
they are commonly rated by some companies up to 34 GHz or 26.5 GHz [176]. It
is important to remember that specific application will determine the frequency
range and power handling requirements of the connector. The connector’s power
handling is dependent on factors such as its construction, temperature, and re-

flected power. A connector’s continuous CW power rating is mainly based on
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the temperature rise, due to power dissipation resulting from ohmic and dielectric
losses. The maximum input power for the 3.5 mm connector at its maximum

frequency of 34 GHz, is 45 Watts [176, 177].

6.5 Summary

Although the ultrawideband performance of QRHA makes it a suitable candidate
for EMC testing and radar calibration, a compromise is usually made between
the radiation performance (pattern degradation) at more than 12 GHz and the
matching performance in the lower band from 1-6 GHz. In this chapter, challenges
associated with existing QRHAs were discussed in detail. A new design was pro-
posed that overcame these limitations by carefully optimizing the cavity section,
cavity flare section, ridge flaring profile, and along with other feeding parameters.
The proposed QRHA showed exceptional bandwidth performance, ranging from
1 to 32 GHz, reaching as low as 1 GHz, and maintaining an impressive return loss
of more than 10 dB across the entire frequency band. Moreover, it exhibited fa-
vorable cross-polarization performance and no pattern degradation even at higher
frequencies within the band. These qualities highlight its potential for diverse
applications, including EMC testing and radar calibration. The following chap-
ter summarizes the main contributions and research outcomes of this dissertation

followed by possible future research directions.
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Chapter 7

Conclusions

7.1 Summary

The increasing demand for UWB antenna systems is driven by the critical role they
play in the success of future multi-functional communication, radar, and sensing
systems. These antennas have a wide range of applications, including EMC test-
ing, medical imaging, through-wall imaging, satellite tracking, and weather radar
calibration, among others. This dissertation is tailored to address the design of
UWB antenna systems for UAV-based radar calibration, aiming to address the
current challenges related to bandwidth and radiation performance. It encom-
passes the theory, design, and modeling of a UWB “one-size-fits-all” standalone or
integrated antenna system satisfying the beamwidth, symmetry, as well as band-
width requirements set for the calibration of weather radars.

Previous studies related to UAV-based in-situ calibration of weather radars
have used very narrow band antenna probes having a bandwidth of only 100 MHz.
Since each antenna behaves differently with the gimbal and the UAV platform,
the use of these narrowband antenna probes requires several dedicated UAV-based
calibration systems for radars operating in the L-, S-, C-, X-, Ku-, and K-bands,

thus heavily contributing to the overall cost of the system. Moreover, this also
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entails using and subsequently re-calibrating multiple probes, leading to time and
greater labor involvement. Consequently, there is a strong desire for a single
UWB antenna thus a single UAV calibration system that, once calibrated with
the drone, can be employed for radar characterization across multiple frequency
bands, thus saving time, cost, and labor efforts.

For the purpose of finding an ideal antenna probe that simultaneously provides
UWB performance along with satisfying the pattern mismatch, pattern symme-
try, as well as beamwidth requirements, the commercially available UWB QRHA:
QH2000 is rigorously tested for its RF performance. The detailed analysis and
measurement results are reported in Chapter 3. It is shown that although these an-
tennas are lightweight and have UWB performance, they do not satisfy the probe
antenna requirements set of UAV-based calibration of weather radars. These com-
mercially available QRHAs exhibit a very wide beamwidth performance, typically
ranging from 150°—80° in the lower part of the frequency band from 1-6 GHz.
This wide beamwidth characteristic limits their suitability for a critical portion
of the frequency spectrum for instance at 3 GHz, which is primarily employed by
weather radars and communication systems. It is shown through measurements
that the extensive beamwidth radiation performance leads to unwanted scatter-
ing from the UAV structure, resulting in distortions in the co-polar patterns and
impacting the cross-polarization performance.

Chapter 4 establishes the groundwork for the design of artificial dielectric ma-
terials and lenses. It presents the theory, design, manufacturing, and testing of
artificial dielectric material tailored for low tan(d) and e.ry values suitable for mi-
crowave and mm-Wave applications. In this chapter, a comprehensive comparison
study, including a detailed review and error analysis of common particle mixing

techniques and analytical models, is presented to ensure precise design for a high-
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performance artificial RF substrate. The correct analytical model is used in the
design and manufacturing of the proposed high-performance RF substrate. More-
over, for the first time, the impact of the excitation direction and the polarization
of the incident field on the e.ss of the mixing particle are thoroughly examined
and discussed. To verify the analysis, the proposed artificial dielectric-based RF
substrate is manufactured and tested in both microwave frequency (S-band) at 3.5
GHz and mm-Wave frequency (W-band) at 77 GHz. The measurements indicate
a 45% decrease in e.¢) and a 38% reduction in loss tand within the S-band. In
the mm-Wave frequency band, there is a 32% decrease in e.4¢ and a substantial
72% reduction in tand. An excellent agreement is obtained between the simulated,
calculated, and measured results.

Chapter 5 applies the particle mixing theory to the design of a 3D-printed ar-
tificial dielectric GRIN lens antenna, offering an interesting and viable solution to
address the wide beamwidth issue observed in commercial ridged horn antennas
when used for radar characterization with UAVs. The integration of the proposed
GRIN-ADLA yielded symmetrical radiation patterns in the principal E- and H-
planes, significantly reducing the beamwidth from 120°—40° to 35°—20° across the
desired 3—18 GHz frequency range. This resulted in an average beamwidth reduc-
tion of 68%. Additionally, alternative solutions such as hyperbolic and multi-layer
stack-up lenses, as well as corrugated ridged horn antennas, are also discussed.
The hyperbolic lens exhibited a 50% beamwidth reduction at 3 GHz, while the
multi-layer lens and the corrugated horn achieved a reduction of approximately
70% at the same frequency. Importantly, all of these UWB beamwidth reduction
solutions meet the beamwidth requirements set for in-situ radar characterization
using UAVs.

A “one-size-fits-all” antenna is proposed for radars and communication system
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applications overcoming the pattern degradation and wide beamwidth limitations
of the current available QRHAs. This is discussed in detail in Chapter 6. The
proposed design exhibits outstanding bandwidth performance, by covering a wide
frequency range from 1 to 32 GHz. Additionally, it maintains an impressive return
loss exceeding 10 dB throughout the entire frequency spectrum. Furthermore, the
proposed QRHA maintains beamwidth stability and shows no pattern degradation
even at higher frequencies while also achieving good VSWR performance, making
it an ideal candidate for a diverse set of applications, including EMC testing and

radar calibration.

7.2 Research Outcomes
The following are the major outcomes originated from this research work:

1. This research work introduces, for the first time, a comprehensive theory, a
correct analytical model, and a set of guidelines for modeling and manufac-
turing low-loss artificial dielectric materials. These materials have versatile
applications in designing high-performance RF substrates for antennas, mi-
crowave components, silicon-based on-chip antennas, artificial lenses, and re-

ducing surface-wave losses. This is published in [19].

2. This study validates the claim related to the incompatibility of commercially
available QRHA probes for UAV-based in-situ characterization of radars due to
their wide beamwidth performance, especially in the lower part of the frequency

band. This study contributed to [21-23].

3. To solve the wide beamwidth problem of the commercially available QRHAs

for UAV-based in-situ characterization of radars, this work, for the first time,
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proposed several solutions including the design of a 3D-printed graded index
(GRIN) dielectric lens [24]|, multi-layer superstrate lens [25], hyperbolic lens
[26], and corrugated QRHA [21].

4. Finally, this dissertation discusses the design and modeling of a “one-size-fits-
all” low-cost and simple UWDB antenna covering a 1-32 GHz band, to satisfy
the requirements of both UWB communication and radar systems operating in
the L-, S-, C-, X-, Ku-, and K-bands. The proposed QRHA achieves constant
beamwidth along with maintaining good matching performance in the entire
frequency band and has no pattern degradation. This work contributes to [27,

28].

7.3 Future Research
The following research directions are proposed based on this work:

e There is a non-existence of rules, guidelines, and procedures for design-
ing high-performance artificial dielectric lenses or materials using Maxwell-
Garnett theory based on particles other than air cylinders which are used
in this work. Compared to the current technique presented, this can lead
to the design and manufacturing of artificial lenses or materials with more

freedom and tailored e, or tan(d) values based on the requirements.

e Using an artificial dielectric material with a high e, value can reduce the
thickness of the lens thus lowering the size and weight constraints. The
GRIN lens discussed in Chapter 5, for the beamwidth reduction problem,
has a thickness that can be reduced if an artificial material is designed having

a high ¢,.
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e Currently, a stack-up of two planar GRIN lenses is used in literature for
2D beam scanning. It will be interesting to look into the comparison and
thus fabrication of a spherical Luneburg lens with a graded index profile. A
spherical structure compared to the planar lens discussed in this dissertation,

is ideal for beam scanning in both planes.

e Currently, QRHAs require substantial computational resources for their full
characterization. An analytical model will be useful to quickly evaluate
their performance in the first phase of the design before delving into any

simulation.

139



References

1]

2|

3]

4]

[5]

(6]

M. Ghavami, L. Michael, and R. Kohno, Ultra Wideband Signals and Sys-

tems in Communication Engineering. John Wiley & Sons, 2007.

K. Walton and V. Sundberg, “Broadband Ridged Horn Design,” Microwave
Journal, vol. 4, no. 2, pp. 96-101, 1964.

V. Venkatesan and K. T. Selvan, “Rigorous Gain Measurements on Wide-
Band Ridge Horn,” IEEE Transactions on FElectromagnetic Compatibility,
vol. 48, no. 3, pp. 592-594, 2006.

A. Haal and U. Kazak, “A Broadband Coaxial Ridged Horn Antenna,”
in 1989 19th European Microwave Conference, 1989, pp. 247-252. DOI:

10.1109/EUMA..1989.333973.

M. Abbas-Azimi, F. Arazm, and R. Faraji-Dana, “Design and Optimization
of a High-frequency EMC Wideband Horn Antenna,” IET Microwaves,

Antennas & Propagation, vol. 1, no. 3, pp. 580-585, 2007.

T. E. Durham, K. J. Vanhille, C. R. Trent, K. M. Lambert, and F. A. Mi-
randa, “Design of an 8-40 GHz Antenna for the Wideband Instrument for

Snow Measurements (WISM),” in 2015 IEEE International Symposium on

140


https://doi.org/10.1109/EUMA.1989.333973

17l

8]

19]

[10]

[11]

[12]

Antennas and Propagation & USNC/URSI National Radio Science Meet-
ing, IEEE, 2015, pp. 1999-2000.

K. M. Yemelyanov, N. Engheta, A. Hoorfar, and J. A. McVay, “Adaptive
Polarization Contrast Techniques for Through-wall Microwave Imaging Ap-
plications,” IEEE Transactions on Geoscience and Remote Sensing, vol. 47,

no. 95, pp. 1362-1374, 2009.

C. Saha, J. Y. Siddiqui, and Y. M. Antar, Multifunctional Ultrawideband

Antennas: Trends, Techniques and Applications. CRC Press, 2019.

Y. Wang, A. E. Fathy, and M. R. Mahfouz, “UWB Microwave Imag-
ing System with a Novel Calibration Approach for Breast Cancer De-
tection,” in 2011 IEEE Topical Conference on Biomedical Wireless Tech-
nologies, Networks, and Sensing Systems, 2011, pp. 63-66. DOT: 10.1109/
BIOWIRELESS.2011.5724350.

L. Sakkila, A. Rivenq, C. Tatkeu, Y. El Hillali, J.-P. Ghys, and J.-M.
Rouvaen, “Methods of Target Recognition for UWB Radar,” in 2010 IEEE
Intelligent Vehicles Symposium, IEEE, 2010, pp. 949-954.

T. Ulversoy, “Software Defined Radio: Challenges and Opportunities,”
IEEE Communications Surveys € Tutorials, vol. 12, no. 4, pp. 531-550,

2010.

D. L. Goeckel and Q. Zhang, “Slightly Frequency-shifted Reference Ultra-
wideband (UWB) Radio,” IEEE Transactions on Communications, vol. 55,

no. 3, pp. 508-519, 2007.

141


https://doi.org/10.1109/BIOWIRELESS.2011.5724350
https://doi.org/10.1109/BIOWIRELESS.2011.5724350

[13]

[14]

[15]

[16]

[17]

18]

[19]

Q. Zhang et al., “FSR-UWB (TR-UWB without the Delay Element): Effect
of Impulse Dithering and Experimental Results,” in 2006 IEEE Interna-

tional Conference on Ultra- Wideband, IEEE, 2006, pp. 315-320.

S. T. P. Duthoit, UAV-Based In-situ Antenna Characterization: Analysis

and Design Requirements. Master’s Thesis, 2018.

A. Y. Umeyama, J. L. Salazar-Cerreno, and C. Fulton, “UAV-Based An-
tenna Measurements for Polarimetric Weather Radars: Probe Analysis,”

IEEE Access, vol. 8, pp. 191 862-191 874, 2020.

A. Y. Umeyama, J. L. Salazar-Cerreno, and C. J. Fulton, “UAV-Based
Far-Field Antenna Pattern Measurement Method for Polarimetric Weather
Radars: Simulation and Error Analysis,” IEEE Access, vol. 8, pp. 191 124—
191 137, 2020.

A. Umeyama Matsumoto, “Unmanned Aerial Vehicle-based Far-Field An-
tenna Characterization System for Polarimetric Weather Radars,” Ph.D.

dissertation, The University of Oklahoma, 2020.

MVG, 2-32 GHz Open Boundary Wideband Quad Ridge Horn, 2011.

S. S. Jehangir, Z. Qamar, N. Aboserwal, and J. L. Salazar-Cerreno, “Ap-
plication of the Mixing Theory in the Design of a High-Performance Di-
electric Substrate for Microwave and Mm-Wave Systems,” IEEE Access,

vol. 8, pp. 180855-180868, 2020. por: 10.1109/ACCESS.2020.3027537.

142


https://doi.org/10.1109/ACCESS.2020.3027537

[20]

[21]

[22]

23]

[24]

[25]

S. S. Holland, Low-profile, Modular, Ultra-wideband Phased Arrays. Uni-

versity of Massachusetts Amherst, 2011.

S. S. Jehangir and J. L. Salazar-Cerreno, “Achieving Near-Constant
Beamwidth and Symmetry in Patterns of the Pyramidal Ridged Horn An-
tenna for UAV-Based In-situ Characterization and Measurement of Phased
Array Radars,” in 2022 IEEE Texas Symposium on Wireless and Mi-
crowave Circuits and Systems (WMCS), IEEE, 2022, pp. 1-6.

J. L. Salazar-Cerreno, S. S. Jehangir, A. Segales, N. Aboserwal, and Z.
Qamar, “An Ultrawideband UAV-Based Metrology Platform for In-situ

EM Testing of Antennas, Radars, and Communication Systems,” in 2022

IEEE Radar Conference (RadarConf22), IEEE, 2022, pp. 1-5.

J. L. Salazar-Cerreno, S. S. Jehangir, N. Aboserwal, A. Segales, and Z.
Qamar, “An Uav-based Polarimetric Antenna Measurements for Radar and
Communication Systems from 3 Ghz to 32 Ghz,” in 2021 IEEE Conference
on Antenna Measurements € Applications (CAMA ), IEEE, 2021, pp. 55—
60.

S. S. Jehangir, M. Sergio, and J. L. Salazar-Cerreno, “An Ultrawideband
Lens-integrated UAV-based Calibration Platform for Radars and Com-

munication Systems,” IEEE Transactions on Antennas and Propagation,

"Submatted”, 2023.

S. S. Jehangir and J. L. Salazar-Cerreno, “The Need for Narrow Beamwidth
in Ridged Horn Antennas for UAV-Based In-situ Measurements of Radars

and Communication Systems,” in 2022 IEEFE International Symposium on

143



[26]

[27]

28]

[29]

[30]

[31]

Antennas and Propagation and USNC-URSI Radio Science Meeting (AP-
S/URSI), IEEE, 2022, pp. 1164-1165.

S. S. Jehangir and J. L. Salazar-Cerreno, “A Hyperbolic Lens-Integrated
UWB Dual-Polarized Quad-Ridged Horn Antenna for UAV-Based In-situ
Calibration of Digital Phased Array Radars,” in 2022 IEEE International
Symposium on Antennas and Propagation and USNC-URSI Radio Science
Meeting (AP-S/URSI), IEEE, 2023.

S. S. Jehangir and J. L. Salazar-Cerreno, “Breaking the Limits: A Novel
Dual-Polarized Ultrawideband Probe Antenna for High-Performance Radar

and Communication Systems,” in 45th Annual Meeting and Symposium of

the Antenna Measurement Techniques Association (AMTA), IEEE, 2023.

S. S. Jehangir and J. L. Salazar-Cerreno, “A Dual-polarized Ultrawideband
Quad-Ridged Horn Antenna for UAV-based Radars and Communication
Systems,” IEEE Transactions on Antennas and Propagation, "In-progress”,

2023.

B. A. Munk, Finite Antenna Arrays and FSS. John Wiley & Sons, 2003.

R. C. Taylor, B. A. Munk, and T. E. Durham, Wideband Phased Array
Antenna and Associated methods, US Patent 6,512,487, Jan. 2003.

H. Wheeler, “Simple Relations Derived from a Phased-array Antenna made
of an Infinite Current Sheet,” IEEE Transactions on Antennas and Prop-

agation, vol. 13, no. 4, pp. 506-514, 1965.

144



[32]

[33]

[34]

[35]

[36]

[37]

M. Jones and J. Rawnick, “A New Approach to Broadband Array Design
Using Tightly Coupled Elements,” in MILCOM 2007-IEEE Military Com-

munications Conference, IEEE, 2007, pp. 1-7.

T. E. Durham, K. J. Vanhille, C. R. Trent, K. M. Lambert, and F. A. Mi-
randa, “Design of an 8-40 GHz Antenna for the Wideband Instrument for
Snow Measurements (WISM),” in 2015 IEEE International Symposium on
Antennas and Propagation € USNC/URSI National Radio Science Meet-
ing, IEEE, 2015, pp. 1999-2000.

S. S. Holland and M. N. Vouvakis, “The Planar Ultrawideband Modular
Antenna (PUMA) Array,” IEEE Transactions on Antennas and Propaga-

tion, vol. 60, no. 1, pp. 130-140, 2011.

S. S. Holland, D. H. Schaubert, and M. N. Vouvakis, “A 7-21 GHz Dual-
polarized Planar Ultrawideband Modular Antenna (PUMA) array,” IEEE
Transactions on Antennas and Propagation, vol. 60, no. 10, pp. 4589-4600,
2012.

J. T. Logan, R. W. Kindt, M. Y. Lee, and M. N. Vouvakis, “A New Class
of Planar Ultrawideband Modular Antenna Arrays with Improved Band-

width,” IEEE Transactions on Antennas and Propagation, vol. 66, no. 2,

pp. 692-701, 2017.

S. M. Moghaddam, J. Yang, and A. U. Zaman, “Fully-planar Ultrawide-
band Tightly-coupled Array (FPU-TCA) with Integrated Feed for Wide-
scanning Millimeter-wave Applications,” IEEE Transactions on Antennas

and Propagation, vol. 68, no. 9, pp. 6591-6601, 2020.

145



[38]

[39]

[40]

[41]

[42]

|43

|44]

D. M. Pozar and D. H. Schaubert, Microstrip Antenna Array Design,” In
Microstrip Antennas: The Analysis and Design of Microstrip Antennas and

Arrays. John Wiley & Sons, Inc, 1995.

K. Lau and K. M. Luk, “A wideband Dual-polarized L-probe Stacked Patch
Antenna Array,” IEEE Antennas and Wireless propagation letters, vol. 6,
pp. 529-532, 2007.

M. Edimo, P. Rigoland, and C. Terret, “Wideband Dual Polarised
Aperture-coupled Stacked Patch Antenna Array Operating in C-band,”

Electronics Letters, vol. 30, no. 15, pp. 11961198, 1994.

R. W. Kindt and W. R. Pickles, “Ultrawideband All-metal Flared-notch Ar-
ray Radiator,” IEEE Transactions on Antennas and Propagation, vol. 58,

no. 11, pp. 3568-3575, 2010.

L. Lewis, M. Fassett, and J. Hunt, “A Broadband Stripline Array Ele-
ment,” in 1974 Antennas and Propagation Society International Sympo-

sium, IEEE, vol. 12, 1974, pp. 335-337.

T.-H. Chio and D. H. Schaubert, “Parameter Study and Design of Wide-
band Widescan dual-polarized tapered slot antenna arrays,” IEEE Trans-

actions on Antennas and Propagation, vol. 48, no. 6, pp. 879-886, 2000.

M. Kragalott, W. R. Pickles, and M. S. Kluskens, “Design of a 5: 1 Band-
width Stripline Notch Array from FDTD Analysis,” IEEE Transactions on

Antennas and Propagation, vol. 48, no. 11, pp. 1733-1741, 2000.

146



[45]

|46]

[47]

48]

[49]

[50]

[51]

N. Schuneman, J. Irion, and R. Hodges, “Decade Bandwidth Tapered
Notch Antenna Array Element,” in Proc. Antenna Applications Symp,
2002, pp. 280-295.

M. Stasiowski and D. Schaubert, “Broadband Array Antenna,” in Proc.

Antenna Appl. Symp, 2008, pp. 42-59.

D. H. Schaubert, “Radiation Characteristics of Linearly Tapered Slot An-
tennas,” in Digest on Antennas and Propagation Society International Sym-

posium, IEEE, 1989, pp. 1324-1327.

R. Kindt and D. Taylor, “Polarization Correction in Dual-polarized Phased
Arrays of Flared Notches,” in 2011 IEEFE International Symposium on An-

tennas and Propagation (APSURSI), IEEE, 2011, pp. 1961-1964.

D. H. Schaubert, “A Gap-induced Element Resonance in Single-polarized
Arrays of Notch Antennas,” in Proceedings of IEEE Antennas and Propa-
gation Society International Symposium and URSI National Radio Science
Meeting, TEEE, vol. 2, 1994, pp. 1264 1267.

H. Holter, “Dual-polarized Broadband Array Antenna with BOR-elements,
Mechanical Design and Measurements,” IEEE Transactions on Antennas

and Propagation, vol. 55, no. 2, pp. 305-312, 2007.

E. W. Lucas, M. A. Mongilio, K. M. Leader, C. P. Stieneke, and J. W.
Cassen, Notch Radiator Elements, US Patent 5,175,560, Dec. 1992.

147



[52]

[53]

[54]

[55]

[56]

[57]

[58]

K. Trott, B. Cummings, R. Cavener, M. Deluca, and J. Biondi, “7-21 GHz
Wideband Phased Array Radiator,” in IEEE Antennas and Propagation

Society Symposium, 2004., IEEE, vol. 3, 2004, pp. 2265—2268.

E. Gazit, “Improved Design of the Vivaldi Antenna,” in IEE Proceedings H

(Microwaves, Antennas and Propagation), IET, vol. 135, 1988, pp. 89-92.

J. Langley, P. Hall, and P. Newham, “Balanced Antipodal Vivaldi An-
tenna for Wide Bandwidth Phased Arrays,” IEE Proceedings-Microwaves,

Antennas and Propagation, vol. 143, no. 2, pp. 97-102, 1996.

M. W. Elsallal and D. H. Schaubert, “Reduced-height Array of Balanced
Antipodal Vivaldi Antennas (BAVA) with Greater than Octave Band-
width,” in Antenna Applications Symposium, Allerton Park, Monticello,
IL, 2005, pp. 226242,

M. W. Elsallal and J. C. Mather, “An Ultra-thin, Decade (10:1) Bandwidth,
Modular “BAVA” Array with Low Cross-polarization,” 2011 IEEE Inter-
national Symposium on Antennas and Propagation (APSURSI), pp. 1980—
1983, 2011.

M. W. Elsallal, Doubly-mirrored Balanced Antipodal Vivaldi Antenna (Dm-
BAVA) for High Performance Arrays of Flectrically Short, Modular Ele-

ments. University of Massachusetts Amherst, 2008.

J. Lee, S. Livingston, and R. Koenig, “A Low-profile Wide-band (5: 1)
Dual-pol Array,” IEEE Antennas and Wireless Propagation Letters, vol. 2,
pp. 4649, 2003.

148



[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

J. Lee, S. Livingston, and R. Koenig, “Performance of a Wideband (3-14
GHz) Dual-pol Array,” in IEEE Antennas and Propagation Society Sym-
posium, 2004., IEEE, vol. 1, 2004, pp. 551-554.

E. de Lera Acedo, E. Garcia, V. Gonzélez-Posadas, J. L. Vazquez-Roy,
R. Maaskant, and D. Segovia, “Study and Design of a Differentially-fed
Tapered Slot Antenna Array,” IEEE Transactions on Antennas and Prop-

agation, vol. 58, no. 1, pp. 68-78, 2009.

B. Allen, M. Dohler, E. Okon, W. Malik, A. Brown, and D. Edwards,
Ultra- Wideband Antennas and Propagation: For Communications, Radar

and Imaging. John Wiley & Sons, 2006.

H. G. Schantz, The Art and Science of Ultrawideband Antennas, Second
Edition. Artech House, 2015.

D. Valderas, Ultrawideband Antennas: Design and Applications. World Sci-
entific, 2011.

R. H. DuHamel and J. P. Scherer, “Frequency Independent Antennas,”

Antenna Engineering Handbook, pp. 14-16, 1993.

S.-G. Mao, J.-C. Yeh, and S.-L.. Chen, “Ultrawideband Circularly Polar-
ized Spiral Antenna using Integrated Balun with Application to Time-
domain Target Detection,” IEEE Transactions on Antennas and Propaga-

tion, vol. 57, no. 7, pp. 1914-1920, 2009.

H. Schantz, “Ultrawideband Antennas,” Artech House, Inc, 2005.

149



[67]

|68

[69]

[70]

[71]

[72]

73]

[74]

K. P. Ray et al., “Design Aspects of Printed Monopole Antennas for Ultra-
wide Band Applications,” International journal of antennas and propaga-

tion, vol. 2008, 2008.

J. Liang, C. C. Chiau, X. Chen, and C. G. Parini, “Study of a Printed
Circular Disc Monopole Antenna for UWB systems,” IEFE transactions

on antennas and propagation, vol. 53, no. 11, pp. 3500-3504, 2005.

X. Qing, Z. N. Chen, M. Y. W. Chia, et al., “Parametric Study of Ultra-
wideband Dual Elliptically Tapered Antipodal Slot Antenna,” Interna-

tional journal of antennas and propagation, vol. 2008, 2008.

S. Prasad and S. Mahapatra, “A Novel MIC Slot-line Antenna,” in 1979
9th European Microwave Conference, IEEE, 1979, pp. 120-124.

P. J. Gibson, “The Vivaldi Aerial,” in 1979 9th European Microwave Con-
ference, IEEE, 1979, pp. 101-105.

S.-G. Kim and K. Chang, “Ultra Wideband Exponentially-tapered Antipo-
dal Vivaldi Antennas,” in I[EEE Antennas and Propagation Society Sym-
posium, 2004., IEEE, vol. 3, 2004, pp. 2273-2276.

J. Kraus, “Antennas. McGrawHill Book Company,” Inc., New York, New

York, 1950.

H. Alsawaha and A. Safaai-Jazi, “New Design for Ultra-wideband Hemi-
spherical Helical Antennas,” in 2009 IEEE Antennas and Propagation So-

ciety International Symposium, IEEE, 2009, pp. 1-4.

150



[75]

[76]

7]

78]

[79]

[80]

[81]

[82]

S. B. Cohn, “Properties of Ridge Waveuide,” Proceedings of the IRE, vol. 35,
no. 8, pp. 783-788, 1947.

W. Sun and C. A. Balanis, “Analysis and Design of Quadruple-ridged
Waveguides,” IEEE Transactions on Microwave Theory and Techniques,

vol. 42, no. 12, pp. 2201-2207, 1994.

S. Hopfer, “The Design of Ridged Waveguides,” IRFE Transactions on Mi-

crowave Theory and Techniques, vol. 3, no. 5, pp. 20-29, 1955.

T. A. Milligan, Modern Antenna Design. John Wiley & Sons, 2005.

S. Manafi, M. Al-Tarifi, and D. S. Filipovic, “45-110 GHz Quad-ridge Horn
with Stable Gain and Symmetric beam,” IEFEE Transactions on Antennas

and Propagation, vol. 65, no. 9, pp. 4858-4863, 2017.

T. D. Crum and R. L. Alberty, “The WSR-88D and the WSR-88D Oper-
ational Support Facility,” Bulletin of the American Meteorological Society,
vol. 74, no. 9, pp. 1669-1688, 1993.

NOAA, Multi-function Phased Array Radar (MPAR) Project, NOAA Na-
tional Severe Storms Labaratory, [Available online|: https://www.nssl.

noaa.gov/tools/radar/par/, Accessed on 8/05/2023.

G. Zhang, R. J. Doviak, D. S. Zrnic, J. Crain, D. Staiman, and Y. Al-
Rashid, “Phased Array Radar Polarimetry for Weather Sensing: A Theoret-
ical Formulation for Bias Corrections,” IEEE Transactions on Geoscience

and Remote sensing, vol. 47, no. 11, pp. 3679-3689, 2009.

151


https://www.nssl.noaa.gov/tools/radar/par/
https://www.nssl.noaa.gov/tools/radar/par/

[83]

[34]

[85]

[36]

[87]

33

D. Zrni¢, R. Doviak, G. Zhang, and A. Ryzhkov, “Bias in Differential Re-
flectivity Due to Cross-Coupling Through the Radiation patterns of Polari-
metric Weather Radars,” Journal of Atmospheric and Oceanic Technology,

vol. 27, no. 10, pp. 1624-1637, 2010.

M. D. Hudlow, R. K. Farnsworth, and P. R. Ahnert, “NEXRAD Technical
Requirements for Precipitation Estimation and Accompanying FEconomic

Benefits,” 1985.

Y. Wang and V. Chandrasekar, “Polarization Isolation Requirements for
Linear Dual-Polarization Weather Radar in Simultaneous Transmission
Mode of Operation,” IEEE Transactions on Geoscience and Remote Sens-

ing, vol. 44, no. 8, pp. 2019-2028, 2006.

[. R. Ivi¢, “An Approach to Simulate the Effects of Antenna Patterns on Po-
larimetric Variable Estimates,” Journal of Atmospheric and Oceanic Tech-

nology, vol. 34, no. 9, pp. 1907-1934, 2017.

C. Fulton, J. Salazar, D. Zrnic, D. Mirkovic, 1. Ivic, and D. Doviak, “Polari-
metric Phased Array Calibration for Large-scale Multi-mission Radar Ap-
plications,” in 2018 IEEE Radar Conference (RadarConf18), IEEE, 2018,
pp. 1272-1277.

Electronics Engineers. Antenna Standards Committee, “IEEE Standard
Test Procedures for Antennas,” ANSI/IEEE Std, vol. 149, pp. 1-144, 1979.
por: 10.1109/IEEESTD.1979.120310.

152


https://doi.org/10.1109/IEEESTD.1979.120310

[89]

[90]

[91]

[92]

93]

[94]

[95]

J. Hollis, T. Lyon, and L. Clayton, “Microwave Antenna Measurements,

Scientific-Atlanta,” Inc., Atlanta, GA, 1985.

C. A. Balanis, Antenna Theory: Analysis and Design. Wiley-Interscience,
2005.

J. Steele, “Measurement of Antenna Radiation Patterns Using a Tethered
Balloon,” IEEE Transactions on Antennas and Propagation, vol. 13, no. 1,

pp. 179-180, 1965.

J.-E. Lejerkrans and F. Enquist, “Field Strength Measurement and An-
tenna Radiation Pattern Plotting Using Heli-borne equipment,” in 1988
International Broadcasting Convention, IBC 1988, TET, 1988, pp. 137—
142.

R. Manton and K. Beeke, “HF Antenna Radiation Patterns Over Real
Terrain,” in 1988 International Broadcasting Convention, IBC 1988, 1TET,
1988, pp. 143-147.

G. Virone et al., “Antenna Pattern Verification System Based on a Micro
Unmanned Aerial Vehicle (UAV),” IEEE Antennas and Wireless Propaga-
tion Letters, vol. 13, pp. 169-172, 2014.

G. Virone et al., “Antenna Pattern Measurement with UAVs: Modeling
of the Test Source,” in 2016 10th European Conference on Antennas and

Propagation (EuCAP), IEEE, 2016, pp. 1-3.

153



[96]

[97]

98]

[99]

[100]

101

102]

F. Paonessa et al., “The UAV-based Test Source as an End-to-end Ver-
ification Tool for Aperture Arrays,” in 2016 International Conference on
FElectromagnetics in Advanced Applications (ICEAA ), IEEE, 2016, pp. 886—
889.

F. Paonessa et al., “VHF/UHF Antenna Pattern Measurement with
Unmanned Aerial Vehicles,” in 2016 IEEE Metrology for Aerospace
(MetroAeroSpace), IEEE, 2016, pp. 87-91.

F. Paonessa et al., “Recent Results in Antenna Pattern Measurement with
UAVs,” in 2015 International Conference on Electromagnetics in Advanced

Applications (ICEAA), IEEE, 2015, pp. 720-721.

G. Virone et al., “UAV-based Antenna and Field Measurements,” in 2016
IEEE Conference on Antenna Measurements & Applications (CAMA),
IEEE, 2016, pp. 1-3.

G. Virone et al., “Antenna Pattern Measurements with a Flying Far-field
Source (hexacopter),” in 2014 IEEE Conference on Antenna Measurements

€ Applications (CAMA ), IEEE, 2014, pp. 1-2.

G. Virone et al., “UAV-based radiation pattern verification for a small
low-frequency array,” in 201 IEEE Antennas and Propagation Society In-
ternational Symposium (APSURSI), IEEE, 2014, pp. 995-996.

F. Paonessa et al., “UAV-based Pattern Measurement of the SKALA)
in 2015 IEEE International Symposium on Antennas and Propagation €&
USNC/URSI National Radio Science Meeting, IEEE, 2015, pp. 1372-1373.

154



[103]

[104]

[105]

[106]

[107]

[108]

F. Ustiiner, E. Aydemir, E. Giilec, M. Ilarslan, M. Celebi, and E. Demirel,
“Antenna Radiation Pattern Measurement Using an Unmanned Aerial Ve-
hicle (UAV),” in 2014 XXXIth URSI General Assembly and Scientific Sym-
posium (URSI GASS), IEEE, 2014, pp. 1-4.

A. M. Picar, C. Marqué, M. Anciaux, H. Lamy, and S. Ranvier, “ Antenna
Pattern Calibration of Radio Telescopes using an UAV-based device,” in

2015 International Conference on Electromagnetics in Advanced Applica-

tions (ICEAA), IEEE, 2015, pp. 981-984.

S. Duthoit et al., “A New Approach for In-situ Antenna Characteriza-
tion, Radome Inspection and Radar Calibration, Using an Unmanned Air-
craft System (UAS),” in 2017 IEEE Radar Conference (RadarConf), IEEE,
2017, pp. 0669-0674.

M. Garcia-Fernandez et al., “Antenna Diagnostics and Characterization
Using Unmanned Aerial Vehicles,” IEEE Access, vol. 5, pp. 23 563-23 575,
2017.

G. Pupillo et al., “Medicina array demonstrator: calibration and Radiation
Pattern Characterization Using a UAV-mounted Radio-frequency Source,”

Experimental Astronomy, vol. 39, no. 2, pp. 405-421, 2015.

J. L. Salazar, A. Umeyama, S. Duthoit, and C. Fulton, “UAS-based an-
tenna pattern measurements and radar characterization,” in 2018 IEFEE
Conference on Antenna Measurements € Applications (CAMA), IEEE,
2018, pp. 14.

155



[109]

[110]

[111]

[112]

[113]

[114]

[115]

A. Y. Umeyama, J. L. Salazar-Cerrenio, B. M. Wolf, and C. J. Fulton,
“Recent Development in UAV-based Antenna Pattern Characterization for
Weather Radars,” in 2019 IEEE Conference on Antenna Measurements €

Applications (CAMA), IEEE, 2019, pp. 199-202.

MVG, A 2-32 GHz Dual Ridge Horn Satimo Test Report, 2011.

L. Tsang, J. A. Kong, and R. T. Shin, “Theory of Microwave Remote

Sensing,” 1985.

W. E. Kock, “Metal-Lens Antennas,” Proceedings of the IRE, vol. 34, no. 11,
pp- 828-836, 1946.

B. Sareni, L. Krdhenbiihl, A. Beroual, and C. Brosseau, “Effective Dielectric
Constant of Periodic Composite Materials,” Journal of Applied Physics,
vol. 80, no. 3, pp. 1688-1696, 1996.

A. Patrovsky and K. Wu, “Substrate Integrated Image Guide (SIIG)-a
Low-Loss Waveguide for Millimetre-Wave Applications,” in 2005 Furopean

Microwave Conference, IEEE, vol. 2, 2005, 4-—pp.

A. Patrovsky and K. Wu, “Substrate Integrated Image Guide (SIIG)-a Pla-
nar Dielectric Waveguide Technology for Millimeter-Wave Applications,”

IEEE Transactions on Microwave Theory and Techniques, vol. 54, no. 6,

pp. 28722879, 2006.

156



[116]

[117]

[118]

[119]

[120]

[121]

[122]

A. Patrovsky and K. Wu, “94-Ghz Planar Dielectric Rod Antenna With
Substrate Integrated Image Guide (Siig) feeding,” IEEE Antennas and

Wireless Propagation Letters, vol. 5, pp. 435-437, 2006.

J. L. Salazar-Cerreno, Z. Qamar, S. Saeedi, B. Weng, and H. S. Sigmarsson,
“Frequency Agile Microstrip Patch Antenna Using an Anisotropic Artifi-
cial Dielectric Layer (AADL): Modeling and Design,” IEEE Access, vol. 8,
pp. 6398-6406, 2019.

J. B. Muldavin and G. M. Rebeiz, “Millimeter-Wave Tapered-slot Anten-
nas on Synthesized Low Permittivity Substrates,” IEEE Transactions on

Antennas and Propagation, vol. 47, no. 8, pp. 1276-1280, 1999.

P. Mondal and K. Wu, “A Leaky-Wave Antenna Using Periodic Dielec-
tric Perforation for Millimeter-Wave Applications,” IEEE Transactions on

Antennas and Propagation, vol. 64, no. 12, pp. 5492-5495, 2016.

M. T. Sebastian, R. Ubic, and H. Jantunen, Microwave Materials and Ap-

plications. John Wiley & Sons, 2017.

J. Coonrod, “Choosing Circuit Materials for Millimeter-Wave Applica-

tions,” High Frequency Electronics, pp. 22-30, 2013.

M. D. Janezic, N. Paulter, and J. Blendell, “Dielectric and Conductor-Loss
Characterization and Measurements on Electronic Packaging Materials,”

NIST Technical note, vol. 1520, 2001.

157



[123]

[124]

[125]

[126]

[127]

[128]

[129]

[130]

[131]

Taconic, Advanced Dielectric Division Petersburgh, NY, “A High Perfor-

mance, Economical RF/Microwave Substrate,” 1998.

J. M. Garnett, “XII. Colours in Metal Glasses and in Metallic Films,” Philo-
sophical Transactions of the Royal Society of London. Series A, Contain-
ing Papers of a Mathematical or Physical Character, vol. 203, no. 359-371,
pp- 385-420, 1904.

D. Bruggeman, “Dielectric Constant and Conductivity of Mixtures of

Isotropic Materials,” Ann. Phys.(Leipzig), vol. 24, pp. 636-679, 1935.

H. Looyenga, “Dielectric Constants of Heterogeneous Mixtures,” Physica,

vol. 31, no. 3, pp. 401-406, 1965.

D. Polder and J. Van Santeen, “The Effective Permeability of Mixtures of

Solids,” Physica, vol. 12, no. 5, pp. 257271, 1946.

K. Lichtenecker and K. Rother, “Deduction of the Logarithmic Mixture

Law From General Principles,” Phys. Z, vol. 32, pp. 255260, 1931.

A. H. Sihvola and J. A. Kong, “Effective Permittivity of Dielectric Mix-
tures,” IFEE Transactions on Geoscience and Remote Sensing, vol. 26,

no. 4, pp. 420-429, 1988.

A. Sihvola, “Mixing Rules With Complex Dielectric Coefficients,” Subsur-

face Sensing Technologies and Applications, vol. 1, no. 4, pp. 393-415, 2000.

L. Landau and E. Lifshitz, FElectrodynamics of Continuous Media, 2nd.

Oxford, Pergamon Press, Section 4, 1984.

158



[132]

133

[134]

[135]

(136

[137]

138

[139]

[140]

J. Osborn, “Demagnetizing Factors of the General Ellipsoid,” Physical Re-

view, vol. 67, no. 11-12, p. 351, 1945.

E. C. Stoner, “XCVII. The Demagnetizing Factors for Ellipsoids,” The
London, Edinburgh, and Dublin Philosophical Magazine and Journal of Sci-
ence, vol. 36, no. 263, pp. 803-821, 1945.

L. Van Beek, “Progress in Dielectrics,” Heywood, London, vol. 7, p. 69,
1967.

A. Sihvola, J. Venermo, and P. Yli-Oijala, “Dielectric Response of Mat-
ter With Cubic, Circular-Cylindrical, and Spherical Microstructure,” Mi-

crowave and Optical Technology Letters, vol. 41, no. 4, pp. 245-248, 2004.

A. Sihvola, P. Yla-Oijala, S. Jarvenpaa, and J. Avelin, “Polarizabilities of
Platonic Solids,” IEEE Transactions on Antennas and Propagation, vol. 52,

no. 9, pp. 22262233, 2004.

J. W. Rayleigh, Philosophical Magazine, vol. 34, no. 481, 1892.

C. Kittel, Introduction to Solid State Physics, 8th ed. New York, USA,
Wiley, 2004.

J. Coonrod, “Selecting Circuit Material for the Different Spectra of 5G

Power Amplifiers,” Microwave Journal, 2018.

D. R. Smith, W. J. Padilla, D. Vier, S. C. Nemat-Nasser, and S. Schultz,
“Composite Medium With Simultaneously Negative Permeability and Per-

mittivity,” Physical Review Letters, vol. 84, no. 18, p. 4184, 2000.

159



141

[142]

[143]

[144]

[145]

[146]

[147]

C. Caloz and T. Itoh, Electromagnetic Metamaterials: Transmission Line

Theory and Microwave Applications. John Wiley & Sons, 2005.

W. T. Khan et al., “A D-band Micromachined End-fire Antenna in 130-nm
SiGe BiCMOS Technology,” IEEE Transactions on Antennas and Propa-

gation, vol. 63, no. 6, pp. 2449-2459, 2015.

S. Pan, D. Wang, C. Guclu, and F. Capolino, “High Impedance Layer
for CMOS on-chip Antenna at Millimeter waves,” in 2011 IEEFE Interna-
tional Symposium on Antennas and Propagation (APSURSI), IEEE, 2011,
pp. 903-906.

A. O. Watanabe, M. Ali, S. Y. B. Sayeed, R. R. Tummala, and P. M. Raj,
“A Review of 5G Front-End Systems Package Integration,” IEEE Trans-

actions on Components, Packaging and Manufacturing Technology, 2020.

M. Elkhouly et al., “D-band Phased-Array TX and RX Front Ends Utiliz-
ing Radio-on-Glass Technology,” in 2020 IEEE Radio Frequency Integrated
Circuits Symposium (RFIC), IEEE, 2020, pp. 91-94.

A. O. Watanabe et al., “Glass-based IC-embedded Antenna-integrated
Packages for 28-GHz High-speed Data Communications,” in 2020 IEEE
70th Electronic Components and Technology Conference (ECTC), IEEE,
2020, pp. 89-94.

J. Thornton and K.-C. Huang, Modern Lens Antennas for Communications

Engineering. John Wiley & Sons, 2013, vol. 39.

160



(148

[149]

[150]

[151]

[152]

[153]

[154]

[155]

R. K. Luneberg, Luneburg Lens, US Patent 2,328,157, Aug. 1943.

T. Rhys, “The Design of Radially Symmetric Lenses,” IEEE Transactions

on Antennas and Propagation, vol. 18, no. 4, pp. 497-506, 1970.

J. E. Hill, “Gain of Directional Antennas,” Watkins-Johnson Company,
Tech-notes, 1976.

J. A. Lock, “Scattering of an Electromagnetic Plane Wave by a Luneburg
Lens. I. Ray Theory,” JOSA A, vol. 25, no. 12, pp. 2971-2979, 2008.

C. Parker and R. Anderson, “Constant Beamwidth Broadband Antennas,”
in 1958 IRE International Convention Record, IEEE, vol. 5, 1966, pp. 87—
98.

M. Gerber, J. W. Odendaal, and J. Joubert, “DRGH Antenna With Im-
proved Gain and Beamwidth Performance,” IEEE Transactions on Anten-
nas and Propagation, vol. 68, no. 5, pp. 4060-4065, 2020. DOI: 10.1109/

TAP.2019.2948655.

O. B. Jacobs, J. W. Odendaal, and J. Joubert, “Quad-Ridge Horn Antenna
With Elliptically Shaped Sidewalls,” IEEE Transactions on Antennas and
Propagation, vol. 61, no. 6, pp. 2948-2955, 2013. poI: 10.1109/TAP.2013.
2254436.

T. Isenlik, K. Yegin, and D. E. Barkana, “Near-constant Beamwidth
Quadruple Bandwidth Double-ridged Horn Antenna Design,” IET Mi-

crowaves, Antennas € Propagation, vol. 13, no. 12, pp. 2102-2109, 2019.

161


https://doi.org/10.1109/TAP.2019.2948655
https://doi.org/10.1109/TAP.2019.2948655
https://doi.org/10.1109/TAP.2013.2254436
https://doi.org/10.1109/TAP.2013.2254436

[156]

[157]

[158]

159

[160]

1161

T. Isenlik, K. Yegin, and D. E. Barkana, “E-and H-Plane Constant
Beamwidth Horn Antenna Over 4: 1 Frequency Band,” IEEE Transactions

on Antennas and Propagation, vol. 69, no. 6, pp. 3578-3583, 2020.

G. Morris, “A Broad-band Constant Beamwidth Corrugated Rectangular
Horn,” IEEE Transactions on Antennas and Propagation, vol. 30, no. 5,

pp. 966-974, 1982.

Z. Frank, “Very Wideband Corrugated Horns,” Electronics Letters, vol. 11,

pp. 131-133, 1975.

M. Abbas-Azimi, F. Mazlumi, and F. Behnia, “Design of Broadband
Constant-Beamwidth Conical Corrugated-Horn Antennas [Antenna De-
signer’s Notebook|,” IEEE Antennas and Propagation Magazine, vol. 51,
no. 5, pp. 109-114, 2009. pot: 10.1109/MAP.2009.5432055.

T. McManus, R. Mittra, and C. Pelletti, “A Comparative Study of Flat and
Profiled Lenses,” in Proceedings of the 2012 IEEE International Symposium
on Antennas and Propagation, 2012, pp. 1-2. DOI: 10.1109 /APS.2012.

6349041.

S. Zhang, R. K. Arya, W. G. Whittow, D. Cadman, R. Mittra, and J.
Vardaxoglou, “Ultra-wideband Flat Metamaterial GRIN Lenses Assisted
with Additive Manufacturing Technique,” IEEE Transactions on Antennas
and Propagation, vol. 69, no. 7, pp. 3788-3799, 2020.

162


https://doi.org/10.1109/MAP.2009.5432055
https://doi.org/10.1109/APS.2012.6349041
https://doi.org/10.1109/APS.2012.6349041

[162]

[163]

[164]

[165]

[166]

[167]

[168]

S. Zhang, R. K. Arya, S. Pandey, Y. Vardaxoglou, W. Whittow, and R.
Mittra, “3D-printed Planar Graded-index Lenses,” IET Microwaves, An-

tennas € Propagation, vol. 10, no. 13, pp. 1411-1419, 2016.

J.-M. Poyanco, F. Pizarro, and E. Rajo-Iglesias, “Cost-effective Wideband
Dielectric Planar Lens Antenna for Millimeter Wave Applications,” Scien-

tific Reports, vol. 12, no. 1, p. 4204, 2022.

M. Imbert, A. Papio, F. De Flaviis, L. Jofre, and J. Romeu, “Design and
Performance Evaluation of a Dielectric Flat Lens Antenna for Millimeter-

wave Applications,” IEFE Antennas and Wireless Propagation Letters,
vol. 14, pp. 342-345, 2014.

D. Ramaccia, F. Scattone, F. Bilotti, and A. Toscano, “Broadband Com-
pact Horn Antennas by using EPS-ENZ Metamaterial Lens,” IEEE Trans-

actions on Antennas and Propagation, vol. 61, no. 6, pp. 2929-2937, 2013.

X. Chen and Y. Ge, “Enhancing the Radiation Performance of a Pyramidal
Horn Antenna by Loading a Subwavelength Metasurface,” IEFE Access,
vol. 5, pp. 2016420170, 2017.

M. K. T. Al-Nuaimi, W. Hong, and Y. Zhang, “Design of High-directivity
Compact-size Conical Horn Lens Antenna,” IEEE Antennas and Wireless

Propagation Letters, vol. 13, pp. 467-470, 2014.

N. Z. Tenigeer, J.-H. Qiu, P.-Y. Zhang, Y. Zhang, et al., “Design of a
Novel Broadband EMC Double-ridged Guide Horn Antenna,” Progress In

Electromagnetics Research C, vol. 39, pp. 225-236, 2013.

163



[169]

[170]

[171]

172]

[173]

[174]

[175]

H. Lai, R. Franks, D. Kong, D. Kuck, and T. Gackstetter, “A broadband
High Efficent Quad-ridged Horn,” in 1987 Antennas and Propagation So-

ciety International Symposium, IEEE, vol. 25, 1987, pp. 676-679.

R. J. Bauerle, R. Schrimpf, E. Gyorko, and J. Henderson, “The Use of a
Dielectric Lens to Improve the Efficiency of a Dual-polarized Quad-ridge
Horn from 5 to 15 GHz,” IEEFE Transactions on Antennas and Propagation,
vol. 57, no. 6, pp. 1822-1825, 2009.

A. S. Turk and A. K. Keskin, “Partially Dielectric-loaded Ridged Horn
Antenna Design for Ultrawideband Gain and Radiation Performance En-
hancement,” IFEE antennas and wireless propagation letters, vol. 11,

pp. 921-924, 2012.

M. I. Skolnik, “Introduction to Radar Systems,” New York, 1980.

A. D. Olver and P. Clarricoats, Microwave Horns and Feeds. IET, 1994,
vol. 39.

A. H. Akgiray, “New Technologies Driving Decade-bandwidth Radio As-
tronomy: Quad-ridged Flared Horn and Compound-semiconductor LNAs,”

Ph.D. dissertation, California Institute of Technology, 2013.

S. Diana, D. Brizi, C. Ciampalini, G. Nenna, and A. Monorchio, “A Com-
pact Double-ridged Horn Antenna for Ultrawideband Microwave Imaging,”
IEEE Open Journal of Antennas and Propagation, vol. 2, pp. 738-745,

2021.

164



[176] AR RF/Microwave Instrumentation, Guide to RF Coazial Connectors and
Cables, |Available online|: https: / / arworld . us / guide - to - rf - coaxial -

connectors-and-cables/.

[177)  CentricRF, Power Handling; Connectors, |Available online|: https://www.

centricrf.com /power-handling-connectors .

165


https://arworld.us/guide-to-rf-coaxial-connectors-and-cables/
https://arworld.us/guide-to-rf-coaxial-connectors-and-cables/
https://www.centricrf.com/power-handling-connectors/
https://www.centricrf.com/power-handling-connectors/

Appendix A

List of Acronyms and Abbreviations

UWB Ultrawideband

WISM Wideband Instrument for Snow Measurements
EMC Electromagnetic Compatibility

SAR Synthetic Aperture Radar

TADM Tunable Artificial Dielectric Material
mm-Wave Millimeter Wave

RF Radio Frequency

GRIN Graded-index

ADLA Artificial Dielectric Lens Antenna
QRHA Quad-ridged Horn Antenna

DRHA Dual-ridged Horn Antenna

GPR Ground-penetrating Radar
SATCOM Satellite Communications
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SDR Software-defined Radio

GPS Global Positioning System

UAV Unmanned Aerial Vehicle

SS Stop Sign

HPBW Half-power Beamwidth

VSWR Voltage Standing Wave Ratio

TCDA Tightly-Coupled Dipole Array

PUMA Planar UWB Modular Antenna

PCB Printed Circuit Board

PTCDA Planar Tightly-coupled Dipole Array

TSA Tapered-slot Array

BAVA Balanced Antipodal Vivaldi Antenna

AVA Antipodal Vivaldi Antenna

FIA Frequency Independent Antenna

CNC Computer Numerical Control

DMLS Direct Metal Laser Sintering

PAR Phased Array Radar

STSR Simultaneously Transmit and Simultaneously Receive
ATSR Alternatively Transmit and Simultaneously Receive
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ATAR

AUT

SNR

ARRC

V-polarized

H-polarized

CTE

PTFE

MoM

HFSS

SiGe

AoC

AiP

LCP

GND

HIS

MIMO

M-MIMO

UM-MIMO

Alternatively Transmit and Alternatively Receive

Antenna Under Test

Signal-to-noise Ratio

Advanced Radar Research Center

Vertical Polarization

Horizontal Polarization

Coefficient of Thermal Expansion

Polytetrafluoroethylene

Method of Moments

High-frequency Structure Simulator

Silicon-germanium

Antenna-on-chip

Antenna-in-package

Liquid Crystal Polymer

Ground

High Impedance Surface

Multiple-input-multiple-output

Massive Multiple-input-multiple-output

Ultra Massive Multiple-input-multiple-output
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TLS

PC-MPA

IE

MDLA

HPC

Tunable Lens Surface

Proximity-coupled Microstrip Patch Antenna

Integral Equation

Multi-layer Dielectric Lens Antenna

High-performance Computing
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Appendix B

RF Connectors

B.1 Power Handling

Figure B.1 shows the power handling capability for commonly used RF connectors.
A 3.5 mm connector is used for QRHA simulations discussed in Chapter. 6. It
can be seen that at the maximum frequency of 34 GHz, the 3.5 mm connector can

handle a maximum input power of 45 Watts.

Connector Power Handling
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Figure B.1: Power handling chart for commonly used RF connectors [176].
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B.2 3.5 mm Female Precision Connector

Figure B.2 shows detailed dimensions of the 3.5 mm female precision connector.
This connector has overall dimensions of 9.53 mm x 9.53 mm x 13.3 mm and
has an air-dielectric interface. The central female connector jacket accepts a pin

of 0.92 mm in diameter.
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Figure B.2: 3.5 mm female precision connector detailed dimensions.
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Appendix C

QRHA CNC Fabrication Preparation

Figure C.1 shows the selection of various parameters such as surface roughness
(R,), fabrication tolerance, and type of aluminum to be used for fabricating the
proposed QRHA. For illustration, this figure also shows the comparison of finished

and unfinished surfaces of a fabricated part.

Material Aluminum 6061-T6

MIL-DTL-5541, type II, Class 3
Equivalent to Alodine 2000, MIL-C-5541, Class 3

PC 3.5 Female:

Treatment

Connector (Huber+Suhner: type 23 PC35-50-0-51/199UE)
32-125pin
Roughness (R,) R, - 125 g in
Precision (mm) +0.005 in or 0.127 mm

FINISHED

Figure C.1: Summary of various parameters for CNC fabrication as well as illus-
tration of finished and unfinished surfaces (source: www.xometry.com).
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Ridges

o \ chamfered
1 .| P

|
/ Horizontal edges are chamfered

Vertical edges are chamfered

/

Figure C.2: View of ridges and its chamfered edges.

Figure C.2 shows the individual as well as a complete assembly of four ridges
as well as their chamfered regions. Figure C.3 shows the zoomed-in view of the
feeding section of the QRHA. It can be seen that the 3.5 mm connector is at-
tached to ridge-1 and has a feeding pin having a diameter of 0.5 mm, clearance
of 0.8 mm, and is shorted to the opposite ridge marked as 3. Likewise, for the
second polarization, this is repeated for ridge-2 and ridge-4. Figure C.4 shows the
integration of ridges, supporting frame, and the cavity. Figure C.5 shows various
views of the cavity section including the M3 screws for mounting the supporting
frame as well as the four ridges. Figure C.6 and C.7 show the supporting frame

with details for various posts and press-fit dowel pins.
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Pin clearance: @ 0.8 mm

Pin shorted:

Q1
N\

Feeding pin: @ 0.5 mm

Threaded Holes for Slotted Cheesehead M, screws: @2 mm % 7mm, standard

Connector on Ridge-1 '\ L \

Coax : @ 3.5 mm For connectors: 23_PC35-50-0-51/199 UE
Pin: @ 0.5 mm Please follow the dimensions of the 3.5
mm connector available at this link

Figure C.3: Close view of the feeding section and the feeding pin.

Socket head cap M; screws:
@3 mmx 10mm, standard steel

Same for all four ridges

@3 mm

Figure C.4: View of ridges and the required socket head cap M3 screws.
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Cavity

Figure C.5: Different views of the cavity section containing holes for M3 screws.

Heli-coil Norm.
M4x1.5d

Socket head cap M; screws:
@3 mmx= 12mm, standard
steel

a3 mm

Press-Fit Cvlindrical
precision dowel pins
G2 mm x 10 mm

Figure C.6: Supporting frame with screws and cylindrical press-fit dowel pins.
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Press-Fit Cylindrical
precision dowel pins

~
G2mm L Smm N
(2 posts)

K @6mm 7§ 4.5 mm
(8 posts)

@3 mm through

/ (8 posts)

] ' Press-Fit Cylindrical
precision dowel pins

Figure C.7: Another view of supporting frame with screws and cylindrical press-fit

dowel pins.
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Appendix D

List of Publications

D.1 Patents

[1] Syed. S. Jehangir and J. L. Salazar-Cerreno, “A One-Size-Fits-All An-
tenna for Radars and Communication Systems,” US Patent, in-progress,

Oct., 2023

D.2 Journal Papers

[1] Syed. S. Jehangir and J. L. Salazar-Cereno, “A Dual-polarized Ultra-
wideband Quad-Ridged-Horn Conical Horn Antenna for Radars and Com-
munication Systems,” IFEE Transactions on Antennas and Propagation,

in-progress., Oct., 2023.

[2] Syed. S. Jehangir, Sergio Masamura, and J. L. Salazar-Cereno, “An Ul-
trawideband Artificial Dielectric Lens-Integrated Antenna System with Con-
stant Beamwidth for Radars and Communication Systems,” IEEE Transac-

tions on Antennas and Propagation, submitted, July, 2023.

[3] Syed. S. Jehangir, Z. Qamar, N. Aboserwal, and J. L. Salazar-Cereno,

“Application of the Mixing Theory in the Design of a High Performance
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Dielectric Substrate for Microwave and Mm-Wave Systems,” IEEFE Access,
vol. 8, pp. 180855-180868, 2020, Sep., 2020.

D.3 Conference Papers

1]

4]

[5]

Syed. S. Jehangir and J. L. Salazar-Cerreno, “Breaking the Limits: A
Novel Dual-Polarized Ultrawideband Probe Antenna for High Performance
Radar and Communication Systems,” in the IEEE 45th Annual Meeting and
Symposium of the Antenna Measurement Techniques Association (AMTA),
Seattle, Oct., 2023

Syed. S. Jehangir and J. L. Salazar-Cereno, “An UWB Hyperbolic Lens-
Integrated Dual-Polarized Quad-Ridged Horn Antenna for UAV Based In-

situ Characterization,” IEEE International Symposium on Antennas and

Propagation (APSURSI),Oregon, USA, July, 2023.

Syed. S. Jehangir and J. L. Salazar-Cereno, “The Need for Narrow
Beamwidth in Ridged Horn Antennas for UAV-Based In-situ Measurements
of Radars and Communication Systems,” IEEE International Symposium on

Antennas and Propagation (APSURSI), Colorado, USA, July, 2022.

Syed. S. Jehangir and J. L. Salazar-Cereno, “Achieving Near-Constant
Beamwidth and Symmetry in Patterns of the Pyramidal Ridged Horn An-
tenna for UAV-Based In-situ Characterization and Measurement of Phased
Array Radars,” IEEE Texas Symposium on Wireless €& Microwave Circuits
and Systems, Waco, Tx, April, 2022.

J. L. Salazar-Cereno, Syed. S. Jehangir, Antony Segales, Z. Qamar, and

N. Aboserwal, “A UAV-based Polarimetric Antenna Measurements for Radar
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and Communication Systems from 3-32 GHz,” IEEE Conference on Antenna

Measurements & Applications (CAMA ), France, pp. 55-60, Oct, 2021.

[6] J. L. Salazar-Cereno, Syed. S. Jehangir, Antony Segales, Z. Qamar, and
N. Aboserwal, “An Ultrawideband UAV-based Metrology Platform for In-
situ EM Testing of Antennas, Radars, and Communication Systems,” IEFEE
Radar Conference, New York, USA, pp. 1-5, March, 2022
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Appendix E

Ph.D. Competition Awards

1]

2l

Ph.D. Dissertation, Gallogly College of Engineering Dissertation
Excellence Award, Oct., 2023.

2nd place and a cash prize in the Poster Competition

“Designing Ultrawideband High Precision Dual-polarized Antenna Probes
for Unmanned Aerial Vehicle (UAV) Based Real-time Calibration of Digital
Phased Array Radars for Defense and Meteorology Applications”, Oklahoma
Aerospace & Defense Innovation Institute (OADII) Student Poster Compe-

tition, Oct., 2022.

1st place in IEEE Industrial Engineering Paper Award

J. L. Salazar-Cereno, Syed. S. Jehangir, Antony Segales, Z. Qamar, and
N. Aboserwal, “A UAV-based Polarimetric Antenna Measurements for Radar
and Communication Systems from 3-32 GHz,” IEEE Conference on Antenna

Measurements & Applications (CAMA ), France, pp. 55-60, Oct, 2021.
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