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ABSTRACT

Designing low cost, broadband, and wide scan angle beamforming syistem
critical for a diverse range of commercial and military applications. Many current
beamforming approaches involve complex phased arrays or mechanically steered
antennas. The phased arrays are often prohibitively expensive while the mechanically
steerd systems are often too slow, heavy, and susceptible to mechanical failure. An
alternative approach involves the use of graded index (GRIN) RF lenses, such as the
Luneburdens, as passive beamformers. The problensthiagxists with the Luneburg
lens B they lack wideangle steering and efficient conformal feed structures needed for
some applications. In this thesis, | describe how additive manufacturing (AM) can be
leveraged to realize an array of conformal feeds. With the combination of integrated
feeds and a spherical Luneburg lens, ultide scan angles are achievable. To realize a
fully integrated feed | will describthe design and fabrication of an integrated beam
steering device that combines: (fjinted conformal RF connectors, (2) printed
broadband baluns, (3) printed broadband antennas, and (4) a Luneburg Lens.

The printed connectors are necessary to be able to transition from Comimercial
Off-The-Shelf (COTS) components to the printed structures. Using COTS components
often negates the advages offered by AM which include the ability to create compact
footprints and conformal integration into a substrate. For that reason, printed SMA
connectors were designed and fabricated to be mechanically robust and achieve low

insertion losses up to 18 GH

XVi



To transition from the printed SMA connector to the radiating element, an
impedance transforming balun is requir@d. that end, aovel, tripletapered coaxial
balunwas designed and fabricated using Alfis device exhibits widebamthpedance
matchirg propertieswithin the X and Kubands withrelativelylow insertion losseslo
create a conformal array, a new modular approach was explored that allatve for
printed feeds to be reconfigured into shapes that conform to the surface of the graded
index beam steering lenses. Combining the AM conformal feeds and Lunknsgg

results show beam steering at angles up to £ 70 degrees over the ettaedu
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Chapter 1

INTRODUCTION

1.1 Motivation

For decades, radiofrequency (RF) systems and devices have been mainly
confined to planar geometric configurations. This limitagmarily stems from the
constraintamposed bytraditional manufacturing methods.g.,PCB based methods)
An example of glanar antenna array is presented in Figure 1.1. While planar systems
and RF circuits boards have been the standard, for large systanpgact geometries
and footprints are hard to attain. To overcome this issue, conformal antenna arrays are
an alternatie solution. Conformal arrays offer several advantages over a planar
configuration such as improved aerodynamics for aircrafts and vehicles, enhaneed field
of-view (FOV), and decreased observability. Unfortunately, the main challenge
associated with conforah antenna arrays is the design and fabricatiash@fomplex
geometries.Conformal antenna arrays are often complex and expensive to realize
through traditional manufacturing methods and is usually labor intensive requiring
numerous steps and multiple chanes.

Recently, advanced manufacturing methods have been developed over the last
decade that have expanded avenues of manufact@imgd the most popular forms
of advanced manufacturing methods is additive manufacturing (AM), or 3D printing.
Some advatages to AM methods are the ability to rapidly prototype components, to

simply fabricate complex geometries and structuaadgcreating small structures with



small features that would otherwise require labor intensive steps. One major drawback

to AM is that is not a practical application for large scale manufacturing.

Figurel.l: lllustrative example of a planar antenna array as a result of the
capabilities of traditional manufacturing meth¢ts

Many RF devices benefit from being more complaghtweight and conformal
compared to Commercidff-The-Shelf (COTS)componentsThese advantages are
afforded through AM methods. More specifically, to address the concerns listed
previously, AM offers an alternative solutionfédricate conformal sustes simply and
inexpensivelywith the design freedoms provided by this new manufacturing method.
There are numerous design challenges to overcome involved in the fabrication of a
conformal antenna array through AM. The main challenge includes how te ereat
transition from COTS devices such as RF connectors to the fabricated AM devices.
More specifically, in many AM RF systems that have been discussed in the literature
previously, they have rarely focused on the feeding structure to the antenna or

transmssion line[2]. Thisis often the weak link in the systeore often than not,



AM fabricated RF systems wilhtegratebulky COTS adapters and connectors. This in
many cases minimizes the benefits of AM in creating compact and lightweight
footprints. Mor@ver, creating good electrical attachment points for COTS connectors
is difficult since the materials used in AM cannot, in general, survive soldering
temperaturesThus, a fully integrated approach in which the various componergs (
connectors, baluns, transmission lines, antennas, lenses) are designed and fabricated
as a monolithic system is preferréd.this thesis, | will design and fabricate functional

RF devices through hybrid AM methods to realize an integrated feed for @roanhf
antenna array. Some attractive features todbsgninclude (1) methodsto matean
integrated feed with COTS RF adapters and conneusing printed RF connectors

(2) an integratedvidebandimpedance transforming balu) an integratedircularly
polarized spiral antennand(4) the ability to fabricate the entirategrated feed and
subsequent feedrrayusing a single AM systenusing this approachhe integrated

feed, by default, will be a broadband integrated component that eliminatesdd for
soldering or bonding with epoxies consequently reducing the need for majer post
processing steps. One drawback with AM platforms is that as print time increases the
chance of failure increases, as well. To overcome this additional challehgee |
developedh unique modulaapproach to realize a completegconfigurable array that

is capableof mapping toa wide range of conformal surfaces.

As a means to validate this concept of the fully integrated and conformal antenna
feeds, | concentratechahe application of conformal beam forming. In particular, | have
addressed the challenge of ulwale scan angle performance using passive
beamforming lenseBeamforming is used in many practical applications related to

communication and RADAR system®assive beamforming has been gaining



popularity more recently as an alternative to actively phased arrays for beingasiow
option. Passive beamforming is accomplishesing a spatially varying graded
refractive index (GRIN)ens. The most popular GRIEns used in beam steering is the
Luneburg lensUntil recently, one of the most prominent challenges with Luneburg
lenses have been limited to the manufacturing of these devices. With the advent of AM,
manufacturing such eomplex structurés a signifi@antly less labeintensive process.

In fact, there has been thorough studies that have focused on how to effectively vary
material properties to realize a Luneblegs[3], [4]. Most directlyrelated to this work

is theresearch publishedoly Larimoreet al [4] that utilized AM processes to smoothly
vary the effective material properties via spéiteng curves. The other challenge that
remaired, however, with the use of GRIN lengeattaching feeds and other electronics

to this curved geometry to in@se the scanning capabilitidhat is the specific issue |
addressed in this researcAn illustration of the general concept of a conformal feed

array and integrated antenna feed is shown in Figure 1.2.

Integrated feed Spiral antenna
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Figurel.2: Proofof-concept forconformal integration of antenna feed array on
non-planar surface such as a spherical Luneburg Lens. (b) De
illustration of the specific printed feed antenna described here.



1.2 Literature Review

1.2.1 Conformal Antenna Arrays

The desire to have a broadioleconformal antenna array has been fueled by the
advent of 5G communication systerasd finding a way to efficiently use the
electromagnetic spectrum and have the ability to frequency hop almost instantaneously
[5]. With the enhanced performance that cerag a result of implementing a conformal
antenna array, there has beeaviousresearch focused on the computational modeling,
fabrication, and characterization of the conformal ar{éy$ [10]. In theseprevious
studiesthe fabricatiorprocess usetb realizeconformalarrays is usually a muistep
and multtmachine process when using traditional manufacturing methods. An example
of a complex, conformal antenna array is presented in Figura IMBich multiple
fabrication technologies were used teeate various subsystems that were finally
integrated together. This can often lead to a very labor intensive and expensive

manufacturing process.

Figurel.3: Example of conformal antenna arr§iO]



While the literature is admittedly sparse, there has been some previous research
done on the AM based fabrication of conformal arrays {11}4]. In particular, all of
these works were able to fabricate the antenna array, but a COTS connector was attached
to interface with the antenna. Specifically, the work presented by Stushned.
described their process for implementing COTS snap fit connectors to their cylindrical
array [11]. This required multiple steps and precision. In the woublished by
Ehrerberget. al.,a coaxial feed was soldered to the ground plane to make a connection
[12]. This process, too, requires multiple steps and precision in the feed attachment to
ensure a good electricadnnectionThese conformal arrays fabricated in thessvious
studies neglected the feed and used alternative methods to connect to the radiating
structure. To address that challenge, in this research, | have in particular focused on the
design and fabrication of RF connectors with low insertion lossegdhalbe directly

integrated with the substrate.

1.2.2 Additive Manufacture of RF Components

There have been various research efforts focused on the AM of RFslevice
Admittedly sparse, researchers have explored the feasibility of printed RF connectors.
More spedically Booth et al. [15], Larimore et al. [16], and Massmaret al. [17]
investigated various AM techniques that can be leveraged to realize functional RF
connectors. These works however lack a thorough design study and characterization of
printed connetors. An example of the printed connector in Baattlal. [15] is shown
in Figure 1.4In this thesis, | provide a design for a modified SMA connector that can
easily be additively manufactured. | describe thedepth electromagnetic and

mechanical chacterization results.



Figurel.4: Example of SMA connector fabricated through AM methods prese
by Booth [15].

An even more overlooked component is the broadband transition from an
unbalanced cable feed (e.g., coaxial cable) to the balanced antenna port. These devices,
called impedance transforming baluns, perform two general functions. First, the balun
converts ginals from an unbalanced port to a balanced port and vice versa. Second,
since the impedances of the balanced and unbalanced ports are generally not matched,
a balun is needed to facilitate this impedance transformation. For many modern
applications, sucls wireless communication, the balun must perform both functions
efficiently over a wide frequency bandwidth. To my knowledge, the literatlirsiied
in the AM fabrication of baluns. One example, however, is the balun reported by

Haumantet al. [18]. This work explored using Stereolithography (SLA) to create a



coaxial tapered balun. The device was electroplated with copper afterwards to metallize
the device. While demonstrating the advanced capabilities of AM, a-stefitiprocess

was required. One im@inentation of the AM of an integrated feed is presented by
Massmaret al. [17]. This work, similarly, utilizes SLA to fabricate an SMP connector

to balun for a Vivaldi antenna array. This is a significant advancement in the AM of
integrated feedPespite being novel and advancing the capabilities of the technology,
this array utilized lossy UV curable resins and the array was not integrated into a
conformal array. In this research, | desigrfatiricatedand integrated a new wideband
balun that dkctively transitioned from a coaxial feed to a twoe balanced antenna

port.

Figurel.5: Coaxial tapered balun fabricated through $14.

The AM of spiral antennas has become more frequent because of tbedbw
benefits, low observability, and rapimanufacturing. These antennas are widely used
due to their broadband operation. Baluns are required for feeding spiral antennas
because they require a balanced feed and higher impedances. More often than not, the
AM of spiral antennas neglect the balun arsdially attach a tapered balun through

conductive epoxi es. For etrlafoquded on theh e

aut



miniaturization of printed spiral antennas through the utilization of meandering lines
[19]. The antenna demonstrates good impedance mgtehith radiation patterns, but
the feed was not fully integrated thus leading to a rmui¢tchine and labeintensive
process. An example of the printed spiral antenna is shown in Figure 1.6a and its feed
is shown in Figure 1.6b. Another disadvantage to menwith neglecting to fully
integrate the feed includes the need for precision. | demonstrate the ability to fully
integrate an SMA connector and balun with a spiral antenna using a single hybrid AM
platform which completely eliminates the need for major-postessing steps.

The subsequent chapters for the printed connectors and baluns provide a more

in-depthdescription of the previous research.
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Figurel.6: (@) Printed spiral antenna using AM. (b) lllustration of the feed for
spiral antenna [19]



1.3 List of Contributions

There were several significant contributions in this research that led to the
realization of broadband and functional RF devices fabricated through AM methods.
These contributions include

1. Design,fabrication, and characterization of coaxial connectors with low
insertion losses for use up to 18 GHz. To demonstrate the design freedom
provided by AM, aunique bended connectothat is difficult to
manufacture through traditional meawvas fabricatedrad characterized.

2. Anovel tripletapered impedance transforming balun dexseloped and
integrated with the coaxial connectarsThis balun demonstrates
wideband impedance matching with low insertion los3éss multr
tapered balun design has several athges and had not been previously
reported in the literature.

3. A fully integrated and additively manufactured antenna feed that
combined a printed connector, wideband impedance transforming balun,
and twearm spiral antenna.

4. Large antenna arrays are ditfltto realize through AM. To address this
| designed a new approach for a modular antenna array. This array is
unique in that it can conform to any curved surface as itis reconfigurable.

5. Using the modular antenna approach married with the broadband
integrated feed, | demonstratdtra-wide angle beam steering (>70

degrees) over a wide frequency bandwidth.

1.4 List of Publications

This work has led to the following first author publications:
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1. K. McParland, Z. Larimore, P. Parsons, A. Good, J. Suarez and M.
Mirotznik, "Additive Manufacture of Custom Radiofrequency
Connectors,EEE Transactions on Components, Packaging and
Manufacturing Technologyol. 12, no. 1, pp. 16873, Jan. 2022

2. K. McParland and M.\Mi r ot zni k, fnADesign and Add
of Multi-Taper ed Co alkHE&dansd&toohs womCGompbnents,
Packaging and Manufacturing Technologybmitted)

3. K. McParland, C. Bonner, A. Barrett, and M.
Manufacture of Conformal arfdeconfigurable Antenna Array for
Passi ve B eAddtiveMamifactgingdourndin

preparatioi

| have also been involved in several works that have resultedantbor
publications:

1. E. GuptaK. McParland, C. BonnerF. Muhammedand M. Mirotznik,
ADesign and Additive Manufaeture of
Backed Spi rAdditiveAanutactunireg ouradin
preparatioi

2. A. Barrett,K. McParland, and M. Mi rotzni k, AChar
Aerosol Jetted Inks for RF Applicatin In greparatioip

3. T.FessaraX. McParland, and M. Mirotzni k, AEXTtT
Modul ati on for Graded DAddtiveectri cs ir

Manufacturing Journa(in preparatioi
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1.5 Conference Proceedings:

1. K. McParland, Z. Larimore, P. Parsons, A. G&, M. Mirotznik.

AAddi tively Manufactured Conf or mal F
ICEAA 2021

2. Mark Mirotznik, Ellen Gupta, andKyle McParland, AAddi ti ve
Manufacture of Conf or mal RF Devic
International Flexible ElectronicsTechnology Conference (2021)

(invited talk)

3. Z. Larimore, P. Parsons, A. Goo#,. McParland, M. Mirotznik.
AMaterials for use in the Additive |
Deviceso | CEAA 2021

4. K. McParland, C. Bonner , M. Mednufactute ofrai k , n A
Luneburg Lens with a Conformal Feed Array for Ultrawide Scan Angle

Passive Beamfor mi ng, itddEalkE WAMI CON 2

1.6 Dissertation Outline

The outline of this thesis is as follswn Chapter 2, Hescribe th@arious forms
of AM thatwere leveraged in this dissertation. In this chapter, | will also go into detail
the various available materials gorihting modalities relevant for this researchstly,
this chapter includea description afhe hybrid AM platform that will be used fdine
majority of this work. InChapter 3, providean overview oRF beamforming including
the three major methodse., phased arrays, mechanical steering, and passive beam
steering)and discuss their advantages and disadvantag&hapter 4, descrbe the
design and fabrication d&dilly printed RF connectorsThis chaptemcludes the specific

modifications to the standard SMA connectors that allowed them to be realized using a

12



multimaterial AM approach. Electromagnetic and mechanical charactenizagalts

are provided up to 18 GHz validating the design and fabrication methddbapter 5,

| describe the design, fabrication, and testing of a novel4tayéred coaxial balufo
validate these designs, | fabricated b&mback balun designsvith printed RF
connectorsaand discuss the electromagnetic characterizatiom demonstrate that the
balun taper achievetie desired impedance tapécreated an entirely integrated feed

for a spiral antenndn Chapter 6, | describe the design approach tseehlize a fully
reconfigurable and conformal antenna array. Specifically, | present a fully integrated
and modular antenna feed along with a novel connecting system that can be used to
reconfigurean array of feedalong complex curved surfaces. Thystem was validated
experimentally by integrating the feed array on the surface of a Luneburg lens and
demonstrating ultravide beam steering over the entire-Kand. Lastly, in Chapter 7, |
discuss future research for the expansion of this work and sumerttae finding within

this dissertation.
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Chapter 2

BACKGROUND ON ADDITIVE MANUFACTURING PROCESSES AND
MATERIALS

2.1 Introduction to Additive Manufacturing Methods

Additive Manufacturing (AM), or 3D printing, has grown to become a multi
billion-dollarindustry,and isprojected to continue to grow $40 billion by 202&s an
alternative to advanced manufacture meth@@ Advanced manufacturing methods
such as AM has gained popularity because of its ability to rapidly prototype custom
components and complex geomedtiMost of the initial research within the field of AM
has focused on creating mechanically robust components that are comparable to
commercially available devices. Since the
utilization in other fields related to mieal and electromagnetic applications. Another
added advantage with AM is the materials used can produce lightweight components
which is very attractive for electromagnetic applications. Of relevance to this work, |
will describe various methods of AM thavill be utilized in this thesis and their

practicality in realizing RF devices and systems.

2.1.1 Material Extrusion

This method of AM is arguably the most popular form of AM and is often
referred to as Fused Filament Fabrica(iBRF). It has rapidly gainedgpularity for its
ease of use and its ability to simply realize complex geometries. The vastness in its

utilization spans all the way from hobbyists and home use to research facilities. The FFF
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process is a laydyy-layer approach and is accomplished tiglodhe fusion of two
thermoplastic layers via a heated nozzle onto a heated build plate. More specifically,
once a layer is entirely printed, it rapidly cools to prevent deformation of the printed
part. When the subsequent layer begins, the heated netrzides the hot thermoplastic
which melts the previous and current layers together thus forming a strong bond. This
process is repeated until the completion of the printed part. Some widely used
thermoplastic materials include ABS, Polycarbonate, and RbAllustrative example

of the FFF process is shown in Figure 2.1.

Support material ﬁlamem—\

Build material filament ————gm

Extrusion head-..,,___hi

Drive wheels

Liguifiers

Extrusion nozzles,
Part

Part supports

Foam base

Build platform -

Support material spool

H

Build material spoolno

Figure2.1: lllustrative example of the FFF procg2y.
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2.1.2 Photopolymerization

Another form of AM is photopolymerization which also follows the lalyer
layer approach tmanufacture a part. This process relies on the utilization of a UV resin
and a UV source. This process works by lowering the print bed into a reservoir filled
with the UV curable resin. Once completely lowered, a UV light cures the
corresponding layer. Thiprocess is repeated until the part is completed. Some methods
of photopolymerization include Digital Light Processing (DLP) and Stereolithography
(SLA). These two forms of photopolymerization vary slightly in that DLP relies on a
UV projection of an ente layer at once whereas SLA printing uses a UV laser to cure
the layer point by point. DLP printing has the advantage of speed since it can cure
multiple components simultaneously at the cost of resolution, whereas SLA printing has
high resolution at asler pace. An example of photopolymerization is shown in Figure
2.2 and it should be noted that the printed part is built upside down which is standard

for this manufacturing method.

Stage

Photopolymer

Builtvat

-' o

Figure2.2: lllustration of photopolymerization as a 3D printing mettaajl [
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2.2 Introduction to Additive Manufacturing Materials

As mentioned in the methods of AM described in the previous section, there are
different approaches to realizing thhéenensional objectthatrely on different types
of materials. Material extrusiontilizes thermoplastics in the form of filament and
photopolymerization relies on a UV curable resin. Of their relevance to RF applications,
UV resins often experience a higher than ideal loss tangent (i.e. >R3)2F¢r this
reason, this method of mamgturing will not be considered to fabricate functional RF
devices in this thesis. The other option to realize RF devices and systems is material
extrusion. Fortunately, the thermoplastics used exhibit low loss tang&jtsAn
overview of various thermagstics will be discussed.

Another class of materials that needs to be discussed are those that are used as
conductors. In typical PCB manufacturing processes, bulk metals such as copper are
electroplated onto the circuit board. This process is not tritiah it comes to polymer
based substrates and other additively manufactured parts. Conductive materials that are
used with AM systems take the form of either conductive filaments that are loaded with
metal particles or conductive inks and pastes. In tefnyserformance, the inks and
pastes perform exceptionally well at DC. Their RF performance will also be discussed
in this section through a transmission line study. Because of this and practicality of use,
the conductive inks and pastes will only be cdesed for the applications and devices

in this thesis.

2.2.1 Dielectric Materials in AM Systems
Most thermoplastic filaments possess desirable RF propet@issribed in
severalthorough studies that revolved around the electromagnetic characterization of

various thermoplastic filaments related to their dielectric constants arid$etangents
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which concluded that thermoplastic filaments are perfectly suitable for RF applications
[23]. Some of the materials and their electromagnetic properties that wereeelxiplor

[23] are presented in Table 2.1.

Table2.1: Complex Permittivity and Loss Tangent of Various AM Materials at 10
GHz

. Dielectric Loss
Manufacturer/Material Constant Tangent
Pure Polycarbonate/ thermoplastic 2.80 0.003
Pure ABS/thermoplastic 2.60 0.013
SOMOS NanoTool/ UV curable resir 3.50 0.015
SOMOS 12120/ UV curable resin 2.74 0.043
SOMOS Watershed 11122/UV cural 2.30 0.024

Another concern with 3D printed material is their mechanical strength.
Fortunately, this metric has been thoroughly investigated as well. Another important
characteristic that should be taken into consideration is the mechanical robustness that
various polymer filaments will provide.Not surprisingly different materials display
different mechanical properties thus making the material choice afautlir decision.

A study published on the websjteMatterhackerg€om highlights many popular
filaments commeeially available and their mechanical strength. This study consisted of
fabricating a carabiner clip and measured the tensile force that can be applied to the clip

before delaminating. The resutitthe studyare shown in Figure 2.3.
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PEAK | LOW AVERAGE
FILAMENT [ibs] [1bs] [Ibs]
MATTERHACKERS PETG 223 161 182
MATTERHACKERS PLA 184 19 154
MATTERHACKERS PRO ABS 284 209 223
MATTERHACKERS NYLONX 408 281 364
POLYCARBONATE 415 388 409
TAULMAN NYLON 645 160 ns 129
WET TAULMAN NYLON 645* ns

MARKFORGED NYLOMN W/FIBERCLASS*" 372 165 268
MARKFORGED NYLON W/CF™ 355 343 349
COLORFABE XT CF 266 203 257

"DNLY 1 TEST PERFORMED
**OMLY 2 TESTS PERFORMED

Figure2.3: Various commercially available filaments and their characterized
mechanical strength {2

Polycarbonate was among the strongest thermoplastic filament. For its desirable
RF properties and outstanding mechanical strength, polycarbonate will be thelmateria
used to fabricatall dielectric structures of th&unctional RF devices through AM

methodsn this thesis.

2.2.2 Conductive Materials in AM Systems

With the utilization of AM in various fields such as medical and RF, there has
been a major push focused tre development of printable inks and pasts whose
conductivity approaches that of bulk metal. Consequently, there is a large array of
materials to choose from. The best performing inks are those that are silver flake based,
howevereven thesestill experignce higher losses at RF frequencies than bulk metal.

This is due to pastes being composed of silver flakésn a polymer binderThe net
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effect is less than ideglarticleto-particle resulting is lower electrical conductivities.
This effect is even merpronounced at the higher frequency range (e.g., >18 GHz)
Another consideration for choosing a specific silver ink is its surface adhesion. For these
reasons, I am choosing DuPontdéds KA802 sil
conductor provides goddF properties and excellent surface adhesion to polymers.

To determine the effective conductivity of this material, two similar
transmission lines of different lengths were printed on Rogers 4350BisThisw loss
substrate whosmaterial properties arwellknown and make it an excellent choice for
RF applicationsWi t h t hi s substrate, |l can come ve
propertesThe transmission | ines were designed
reduces the impact of reflectiooslses. The results from this study are shown in Figure
2.4. To back out the conductivity, rigorous electromagnetic simulations were performed
using ANSYS High Frequency Structure Simulator (HFSS). The simulated conductivity
value was tuned to closely matthe measured data. It is important to note that to
accurately determine the conductivity value, the attenuation of each transmission line

must be equal.
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KA802 Characterization - 45 mm
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Figure2.4: Measured and simulated transmission characteristics of printed
transmission lines. (a) 45 mm transmission line, and (b) 35 mm
transmission line
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The simulated value of the conductive material was determineds@ el x
10° S/m While the RF conductivity of KA802 isveran order of magnitude than bulk
metals suchas copper, it is still a suitable choice foany RF applications. For the
remainder of this thesis, this ink will be used for any exposed surfaces. The transmission

lines that were printed for this study are shown in Figure 2.5.

Figure2.5: Varyinglength r ansmi ssi on | ines prin
low loss Rogersubstrate.
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2.3 Additive Manufacturing Platforms

2.3.1 Hybrid Multi -material Additive Manufacturing

To create a functional RF device and systengp@bination of materials is
required. To accomplish this, a muftaterial AM platform is required. Most
commercially available AM platforms can dispense only one type of material. Some
examples of these platforms are the Ultimdkeand Stratasyd systens which are
FFF systems that can only handle thermoplastic filaments. Making RF components is
not a trivial task with these systems as multiple machines would be required to handle
the dielectric and conductive components.

One way to overcome this is eroping a multimaterial hybrid advanced
manufacturing platform known as nScriptshown in Figure 2.6This is a mult

material, multitool system and can handle most of the manufacturing for the parts

Laser
Scanner

Sight Camera
FDM Print
Head

Component Pick and Place

Camera
Trolley

Micro-dispensing Smart
Pump

Figure2.6: Overview of the nScrypt 3E80O.
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within this thesis. For that reason, | will primarilgaithe nScrypt 3DB00 and Tabletop
systems.

The nScrypt 3Df800 is a quadool system with one head capable of extruding
polymers via FFF and the micdbspensing head can extrude commercial and custom
inks and pastes. This system also containslieng attachment and a pick and place
head, laser scanner, and a fiducial camera. With all these capabilities, functional and
complex RF devices can all be fabricated without the need for other manufacturing
platforms.

To create parts thaequire highmechanical strength, the FFF process is not
always ideal.For thesecases, therare better alternativesor example, dr some
components that will be described in a later chapter, | utilized the photopolymerization
process to create very mechanically stipieces for my conformal antenna array. The
system that | used is the Forfi{/(DLP) system. This machine is able to mass produce
many parts simultaneously with no increase in print time. Adogt UV curable resin
was used to produce the parts and tiaterial is the Loctit®! Henkel resin. The Fortify

DLP system is shown in Figure 2.7.
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Figure2.7: Fortify DLP System

25



Chapter 3
BACKGROUND ON BEAMFORMING METHODS

3.1 Introduction

In this chapter, | will discuss the three prominent methods to beamforming
which include active phased arrays, mechanically steered arrays, and passive
beamforming. The technology of beamforming has a wide range of practical
applications related to fieldsuch as satellite communications (SATCOM), RADAR,
and direction finding.More recently there has beegrowing interest in utilizing
beamforming systenfer 5G communicatiowlevices that work at the higher millimeter
wave bands (~30 GHz)This is due to ta higher free space path loss that higher
frequencies experience. Instead of radiating energy in all directions, it is more
advantageous to direct a beam in a specific direction. An added advantage to
beamforming is the more efficient use of the electraméig spectrum because of the
improved Signato-Noise Ratio (SNR). The overarching goal of the research involved
with beamforming systems involves creating broadband solutions to further improve
the efficiency of spectrum usage. Also included in this @ap will discuss the

advantages and disadvantages of these beamforming methods.

3.2 Active Phased Array
Phased array beamforming systems operate on the principle of constructive
interference in the fafield at a specific steering angiad can achieve a de field of

view. These steering angles are determined by inducing a phase shift to each radiating
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element that correspond to a predetermined anglese arrays are electronically
controlled typically by setting a particular voltage which enables thdye tedirected

to a different angle almost instantaneouBligased arrays can achieve a high gain beam
with low side lobe levels. To increase the scanning capabilities,-dimensional (2D)
array can be implemented which will enable scanning in elevatidnazimuth. An
example of a phased array is presented in Figure 3.1fatt@rsthat determine the

phase shift behind each element is given in Equation 3.1.

Figure3.1: lllustrative example of a phased af2§j.

©% —2Qz OFT (3.1)
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where,! is the phase delay applied to each anteaigathe operating frequency of the
arrayd,i s the distance between each el ement,
These arrays often find themselves used in SATCOM and RADAR system
While phased arrays can creaehigh performing beamforming system, they are
inherently expensive. The phase shifters required are expensive and these arrays
typically have a high element count which significantly drives up the cost. Another

disadvantag to phased arrays is the narrow bandwidth they experience.

3.3 Mechanically Steered Arrays

Beamforming with a mechanically steered array is a significantly simpler and
cheaper option when compared to phased arrays. These systems are comprised of two
componerg: a reflecting surface and a radiating element that is located at the reflecting
surfacebs focal point. The design of the
beam to create a high gain beam thus making it a good choice for SATCOM systems.
The beam is steered by mechanically moving the entire system. Unfortunately, this is
one of the biggest disadvantages of a mechanically steered array. For larger antennas
extremely large motors are required to move the antenna and they are prone to failure
Not to mention, the movement of the antenna is often slow which significantly reduces
the agility of steering the beam in an alternate direction. An example of a mechanically

steered antenna is presented in Figure 3.2.
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Figure3.2: Mechanically steed array for SATCOM. Large dishes are often
required to create a high gain beam that is required for these
applications[26].

3.4 Passive Beamforming
The last method of beamformihgyill discussis passive beamformin@assive
beamforming is a broa@nd geeralized termthat can apply to many different
beamforming modalities that do not rely on active componentaawement of the
array The GRIN structure that | will focus on for this section is the Luneburg Lens.
Passive beamformingperates on therinciple of using a GRIN structure to

produce a high gain bearfhe Luneburg lens accomplishes this using a graded index
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with various first studies dating back to over 50 years ago. Specifidadly,uneburg

lensd spatially v ardgfinedgy Equaten3®2ct ri ¢ const ant
. I
Sy (3.2)

wherer is the radial distance from the center of the lens,Rasdhe total radius of the
lens. With this graded structure, a low gain source can be placed on the surface of the
lens, and it will be trasformed to a high gain beawn the opposite side of the lefi$e
Luneburdgens offers several advantage®rother beamforming methodsor instance,
the Luneburdensworks over arextremely broadbangnge of frequencieand has the
ability tosupport multiple beams simultaneously. To form a beam in a specific direction,
the lens or array does not have to be moved; simply, a different radiating element has to
be excited. An example of the graded structure that follows Eq. 3.2 is shown in Figure
3.3

Despite these added benéefits, it is challenging to fabricate this type of graded
structure through traditional manufacturing methddh®re has been extensive research
howeverJeveraging AMmethoddo fabricateGRIN structursthrough the FFF procses
of AM. To do so,subwavelength unit cells are composed of thermoplastic and air to
achieve a specific effective dielectric constant which is calculated using effective
medium theoryThus, AM is used to vary the effective dielectric properties through

geometry as opposed to chemistry.
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Figure3.3: Relative permittivity distribution in a standard Luneburg Lens that
follows equation 3.2.

Another uniquepropertythat is possible with the Luneburg Lens, is the ability
to combine the Lens with a microwave switching network that routes to individual
radiating elements. With the combination of these two concepts, a steerable array can
inexpensively be realized andveaa comparable performance to phased arrays. As
mentioned previously, | will leverage passive beamforming technology with the
integrated feedto demonstrate a completely additively manufactured passive

beamforming system.
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Chapter 4

ADDITIVELY MANUFACTURED CUSTOM RADIOFREQUENCY
CONNECTORS

4.1 Introduction

To realize a ful} integrated feed, a method for interfacing with commercially
available connectors is first required. To achieve this, a connector was designed that can
be fabricated through AM processes. Theseeoot or s wer e desi gned
impedance to reduce impedance mismatches between other COTS devices. As
described previously, AM conductive materials exhibit properties that are an order of
magnitude less than bulk metals; therefore, a custom pastéilizasl to greatly reduce
insertion losses. In this chapter, | will describe the design, fabrication, and full
characterization of the printed RF connectors. The characterization will include an
electromagnetic and mechanical study that was designedrtorgstrate their durability
and practicality for use in an RF system. To demonstrate the advantages that AM
affords, various connector geometries were fabricated and characterized as well. The

printed connectors are compared against a COTS connectoefoptis 18 GHz.

4.2 Background on RF Connectors

The most common and critical component to any RF system is the coaxial
adapter and connectors. These are passive devices that serve as the primary way to route
signals and power onto and off RF devices. A goahgte of popular variations is

shown in Figuret.1.
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(a) (b)

Figure4.1l: (a) Standard COTS SMA conned®r], and (b) Example of printed
RF device including bulky COTS esdunch connectors.

While all coaxial connectors and adapters serve the similar function, they each
are application specific which depends on the operating frequency range. In&2gure
the commonly used connector standards and their upper operational frequency is shown.
Same commonly used RF connectors inclutlat are not limited toSubMiniature
Version A (SMA), Bayonet NeHdConcelman (BNC), SuMiniature Puskon (SMP)
etc. Each RF connector standard has its own strict manufacturing standard to ensure
consistency between manufacturers for universal connection. One of the most used
connection standards is the SMA connector for its high frequency performance and low
cost.The SMA connector standard is also popular because it can be used with 3.5 mm

and 2.92 mm standards.
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Figure4.2: Chart displaying various typesaafnnector standard and their
maximum frequency in which only the fundamental TEM mode wil
propagate [g].

While COTS connectors are critical for RF systems, they lack in their ability to
reliably bond to conformal surfaces that have been additively metowéd As a result
in many RF AM systems, the connector is often neglected thus becoming the bottleneck
for most of these systems. Consequently, these systdtam rely on COTS
components. Common bonding methods of connectors to transmission lines and
antennas include soldering and epoxies. Thermoplastics are incompatible with soldering

because of the high temperature required for this bonding method. Epoxies often create



an unreliable connection that are weak and prone to cracking and breaking when they
experience flexible stresses. Using a COTBneator also negates the added benefits
that AM provides such as the ability to create compact footprints and the custom
integration within a 3D curved geometry.

Through the AM of printed connectors, a few advantages are realized which
include the abilityto seamlessly integrate connectors and curved substrates to create a
monolithic part (Figuré.3a), curved connectors can be designed to address volume and
size constraints (Figuré.3b), the elimination of the need for intense post processing

steps suchsathe use of epoxies, and the weight reduction.

(b)

Figure4.3: lllustration of how 3D printed connectors can be uséal)tachieve
optimal space utilization via conformal integration or connector arr
or (b) achieves complex geometric shapes.
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To gain the advantages listed, there has been some research that has focused on
the AM of various connector types. Through the FFF manufacturing process, SMA
connectors have been attemptedBooth et al. [15]. In this work, the investigators
explored the use of printed connectors integrated with a microstrip transmission line and
compared the performance to a commercial connector. This study considered only the
return loss up to 10 GH3nap-on SMP connectswere studied by Larimoret. al and
the published work also only considered the return loss from the printed confisgkors
Lastly, other researchemich as Massmaet. al. expanded this previous work and
manufactured SMP connectors with an integpldbalun to feed a Vivaldi arrd{7].
Theauthors used an SLA approach which required the parts to be electropldued.
investigators have explored AM coaxial structu2® | [34].

These research efforts have demonstrated the possibility to fabricate RF
connectors via AM; however, a thorough characterization of these devices or the
specific design approach has yet to be discussed in detail. The goal of the work within
this chapter ido address the design approach, full fabrication details using a single
hybrid AM platform, and to fully characterize printed RF connectors. To that end, | will
discuss the computational modeling that was performed, the fabrication processes used
along wih materials, the metrology characterization, and both the electrical and

mechanical characterization of the printed components.

4.3 Design and Simulation of Printed SMA Connector
The SMA interface was chosen to be studied for its use in many high frequency
applications and for its capability to mate with a range of COTS adapters and RF

instrumentation and devices. This mating standard is a threaded connector that provides
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good mechanical strength and stability with a manufacturing standard of 36 threads per
inch (~0.7 mm thread pitch). This standard must be followed by all manufacturers and
the standards follow the MISTD-348 The impedance of the SMA connector is
determined by the inner and outer conductors and the dielectric constant of the core
region betveen these two conductors 5[3 The equation that determines the

characteristic impedancgd) is given by Equation 4.1:

. POy, O
® V?O(EQE 4.1)

The outer conductor and inner conductor are denotdd &ydd, respectively,
and- denotes the dielectric material that filles the region between the inner and outer
conductors.

The standard SMA connector and the SMA connector to be printed are shown
in Figure 4.4a and 4.4b. The major design modification is the added dielectric support
structures, denoted lay which connect the inner dielectric core region to the dielectric
shield that surrounds the outer conductor. These supporting structuresieaé iarit
providing mechanical robustness to the modified SMA connector during the fabrication
process. The dimensions for both the standard and printed SMA conreepys/ided

in Table 4.1.
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Figure4.4:. (a) Standard geometry of@mmercial threline female SMA connectol
and (b) modified SMA design more conducive for Aldsed
fabrication.

Inner conductor
Dielectric core %

region

Table 4.1.Comparison of dimensions for COTS SMA tHine and printed SMA

thru-line
Fig. D d 0 t U - 00 Os
(mm) | (mm) (mm) (mm) (mm)
4.4a 4.7 14 2.1 NA NA NA NA NA
4.4p 3.62 1.2 NA 0.77 0.6 0.4 1.75 2.68

The supporting structures create electrical discontinuities within the outer
conductor which could potentially have a detrimental effect on the electrical
performance. Taletermine whether the structures would negatively impact the RF
performance, rigorous electromagnetic simulations were performed using ANSYS

HFSSM. The key metric that was examined was the magnitude of the transmission
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coefficient (| S@rhtopneoctof wittamatifed ports am tmbth énés.
The simulation was analyzed with and without support structures and the results are

shown in Figure 4.5 which shows no degradation in RF performance.

O T T T T T T
——With Support Bars
-0.05 - - —-Without Support Bars| |

011

-0.15

-0.2

$21 (dB)

-0.25 -

-03

_0-35 Il | Il 1 | | 1 1
0 2 4 6 8 10 12 14 16 18

Frequency (GHz)

Figure 45: Comparison of transmission coefficients floe connectomodel with
and without support bars.

Another design freedorafforded byAM is the ability to vary the effective
dielectric properties of the core region between the inner and outer conductors. This is
achieved by varying the volume fill tion (VF) of the printed polymer relative to the
background medium (e.g. air3d], [37]. Through previous studies, the relationship
between effective dielectric properties and VF has been determuinedffective
medium approximatioandshown that mateals are nordispersive up to 40 GH38§],

[39]. With this approach, the VF was tailored to result in a low effective dielectric

o
constant within the core region &k = 1.75 To achieve this effective dielectric
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constant, a VF of 50% was printed withiretbore region. Any dielectric regions that

were not the core region were 100% filled to maintain mechanical robustness. The lower
dielectric core provided two additional advantages: (1) the loss tangent of the polymer
was decreased due to having a highaakiground of air, and (2) the inner conductor is
slightly | ager to maintain a 50 Y which

sectional cut of the connector is shown in Figle

I:‘ conductive ink
solid infill .
B o0% il

partial fill

€

polymer

Figure4.6: Crosssectional illustration of the modified SMéonnectors. Effective
dielectric properties were tuned using a spatially varying polymer 1
fraction or print infill.
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4.4 Fabrication of Printed Connectors

4.4.1 Multimaterial AM System

The manufacturing platform that was used to fabricate all the samples in this
chapter is the nScrypt Tabletop which is shown in Figure 4.7. This printer is fitted with
a duathead deposition system. The FFF head can extrude various polymers and the
micro-dispensing head can deposit various inks and pastes. To realize these printed

connectors, the dielectric regions and threading was printed via the FFF head, and the

—'v‘ V—‘_
3Dn-TABLETOP y
g
~_A

-

f FFE'prin} heag  ©

e ¥ -
_x_| &

) n%iclo-dispens}ng b
:

prﬁtt head

Figure4.7: Multimaterial/multitool nScrypt 3DMabletop system that fabricated
all theconnectors and adapters.
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micro-dispensing head was used to deposit and fill the conductive channels. With this
platform, all dielectric and conductive regions were able to be fabricated due to its

positional accuracy < 1.0 gm.

4.4.2 Materials

The dielectric regions were printed from a Polycarbonate (PC) filament. This
material proved to be nedispersive over a wide band okefuencies (810 GHz)
which makes it a suitable choice for this application. The dielectric constant was
determined to bQ = 2.68 and a low loss tangent (< 0.002][J o reliably resolve the
high-resolution features of the printed connector, polymausion was performed at a
nozzle temperature of 305° C, a bed temperature of 130° C, a nozzle diameter of 125
em, anedm al aby0er height. With these settings
which enabled the printed connectors to mate with COBEptacs. The average print
time for the dielectric regions of a-tBm connector was approximately 1 hour.

Once the dielectric regions were printed, the muispensing tool was used to
fill the open channels with a conductive silver paste. This ink waslalged to be a
highly conductive paste for via filling applications. This was based on previous research
that explored forming conductive pastes from capillary suspensi@hsTis recipe
consists of silver f | aklels ewnmeoktaedramihere r ang

nanoparticle ink. The recipe can be found in Table 4.2.
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Table4.2: Recipe for silver ink used in printed connectors

Silver flakes (8 - 10um) | 46 80.8
Terpineol 10 17.5
Silver Nanoparticles 0.91 1.5

After filling the conductive regions, the connectors were -pastd for 30
minutes to drive off any remaining solvent iretbonductive paste. Printednnectors
were characterized usingray computed microtomography (mie@r) to verify print
quality. The electrical conductivity of the vidling ink was determined through
electromagnetic simulations and found to be appnaly 16 S/m which showed good
agreement with experimental data. While the ink exhibits a conductivity that is an order
of magnitude less than bulk metal, it becomesnmore resistive above 18 GHz which
limits the operational range to DC and 18 GHztlkermore, in this frequency range
only the fundamental TEM mode will propagate as the first higher order mode was

calculated to occur at 30 GHz.

4.4.3 Print Methods and Parameters

To resolve the fine features of the modified SMA connector, all dielectric
regiors were printed vertically through the FFF process. This device did not require any
support material for it to be printedhis wascritical for maintaining high resolution

features such as the device t hrdsgedsigng.

head was used to fill the conductive regions with the custom ink described previously.
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After silver deposition, the printed connector was fwosed in an oven for 1 hour to

drive off any solvents in the paste.

4.4.4 Fabricated Samples, Metrology of Samples,ral Weight Savings
To demonstrate the repeatability of this process, an array of printed SMA
connectors and adapters were fabricated. The fabricated samples are shown in Figure
4.8 and consist of a standard thru SMA 15 mm and 2Zemmale adapters (Figure 4.8a
and 4.9b, respectively), a bended SMA female adapter (Figure 4.8c), and a conformal
substratavith threaded connectors seamlessly integrated to the substrate (Figure 4.8d).
To assess the print quality of the internal featum@syo-CT imaging (Rigaku

GX 130) was utilized to determine how well the desired geometries were achieved. The

Figure4.8: Gallery of samples fabricated during this study which include (a) 2:
straight SMA female adapter, (b) 15 mm straight SMA femalse ade¢
(c) 40 mm bent SMA female adapter, and (d) an array of female
connectors seamlesshtegrated onto a conformal substrate
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15 mm connector is displayed in Figure 4.9. These n@ramages show an even
distribution of conductive material in the desired regions andtbatesired geometries
were maintained for the conductive regions. The conductive regions also appear nearly

completely solid with very low void content which is critical for RF applications.

(@) (b)

Figure4.9: CT images of a printed 15 mm long S¥éfale adapter, (a) cross
sectional view, and (b) 3D view

Prior to usinghe custom ink, a commercially available ink was utilized for the
fabrication of these devices. Similarly, mieg@d images were obtained and displayed
extremely high voids within theonductive regions which resulted in poor RF
performance. This emphasizes the need for choosing the right material. An illustration
of the commercially available paste that was used is shown in Fduirerhe results
for the commercial ink will be dissged in the next section.

Previously discussed, an added advantage to the AM of devices is the realization

of lightweight connectors for low power applications. To quantify this, we compared
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Figure4.10: CT image of when the commercially available silver paste was usi
with the connetors

the weight of a printed connector that was filled with conductive material to a
commercially available Southwest Connector (P42-5). It was determined that the
printed connector weighed 20 times less than the Southwest Connector. For large RF

sydems, this would result in significant weight savings.

45 Characterization Results

4.5.1 Electromagnetic Characterization

To evaluate the reliability of this manufacturing approach, four identical 15 mm
samples were fabricated. These samples were threaded oendstto enable mating
to a vector network analyzer (VNA). A standard SHopenLoadThru (SOLT)
calibration was applied to the VNA from 10 MHz to 18 GHz to measure the S
Parameters. The magnitude of the transmission (|S21|) and reflection (|]S11|emeffici

were measured and compared against the simulated valued from HFSS which is shown
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in Figure 4.11. The measured data includes error bars to account for the standard
deviation among the four samples. The slight variation measured results and simulated
results is due to the imperfections that arise during the fabrication process such as
surface roughness or small voids within the conductive regions.

To demonstrate the ability of functional RF devices, the bended connector and
22 mm printed connector sareplwhich are shown in Figure 4.8 were measured and
the attenuation coefficient (dB/cm) from 10 MHz to 18 GHz is shown in Figure 4.12.
These measurements are compared to the COTSiriergSM4949) from Fairview
Microwave. The measured attenuation betwesheariation of the printed connectors
remained relatively consistent. Unsurprisingly, the COTS connector outperformed the
printed connectors over the frequency band tested. This difference in performance
originates from the COTS adapter utilizing bulktedevhereas the printed connectors
have an electrical conductivity that is an order of magnitude less than that. Despite this
difference, the RF performance of the printed conductors remains acceptable for
applications up to 18 GHz. Admittedly, one impottéactor to consider that was not
part of this study is the power handling capability.

As mentioned previously, data was collected when the commercially available
ink was wutilized in the printed connectors
matcled across the entire band (|S1141&dB), the transmission losses remained higher
than anticipated. The results are presented in Figure 4.13. These measurements were
al so performed over a similar sampl e si
performane with the materials used. It should be noted that this sample of connectors

has identical geometrical dimensions (i.e. device length, VF infill).
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Figure4.11: Measured and simulated results from the printed 15 mm straight ¢
female adapter: (811, and (b) S21. The error bars for the measur:
results represent the standard deviation measurements from four
printed connectors.
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Figure4.12: Measured attenuation coefficient (dB/cm) for the printed connecto
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Figure4.13:Measured and simulated results from the printed 15 mm straight S

female adapter. The error bars for the measured results represent

standard deviation measurements from four printed connectors.
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4.5.2 Mechanical Characterization

One potential concern with AM parts is their mechanical strength and durability.
To assess this, two separate experiments were developed and performed. Toetermi
the mechanical strength of the printed threads, an apparatus was printed and shown in
Figure 4.4. This printed part allowed for mechanical loads to be attached to the printed
threads. A COTS 50 Y | oad was attwaimhed t o
a vise. On the loop, masses in 1.125 kg increments were slowly attached via a carabiner
clip and steel wire. The weight that was attached was gradually increased and held in
place for 15 minutes with each increment increase. To test the stmgaleple
variation, five similar samples were fabricated and tested. It was determined that all
samples were able to maintain a prolonged mechanical load of 4.5 kg before breaking.
This is a relatively high mechanical load which was an added benefit for cfoosin

Polycarbonate for all dielectric regions.

Figure4.14: lllustration of the experiment used to test mechanical properties ol
the threaded printed SMA connectors
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Another mechanical test that was performed was aimed at determining the
durability of the printed threads with repeated use. To simulate this, a COTS thread was
attached and detached from a printed connector tild€s. The transmission and
reflection coefficients were measured before and after this test to compare the results
and determine the durability of the threads. The printed threads demonstrate durability

as the RF performance was not significantly impacié@ measured results are shown

in Figure 4.5.
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Figure4.15: Measured RF performance of the 15 mm printed connectors befc
and after 100 owff cycles of attaching a COTS adapter evaluates

durability of printed connectors to repeated use

Oneaspect of these mechanical tests to note is that the studies analyzed the
threads mechanical strength with tensile forces. Due to theligylayer fabrication

process used in AM, the connectors are less robust when under stress from bending

torques. Proding strain relief when attaching cables is critical.
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Chapter 5

DESIGN AND ADDITIVE MANUFACTURE OF COAXIAL TAPERED
BALUNS

5.1 Introduction

The need for broadband antennas and feeding structures comes as a result from
the more recent push for broadband RF systenffid¢aatly utilize the electromagnetic
spectrum. A commonly used antenna is the spiral antenna and has many practical
applications such as communications and direction finding because of its wide
bandwidth and circular polarizatiorlowever, his antenna ggsents itself with two
primary issuesSpecifically, the input impedance of most spiral antennas is significantly
greater than 50 VYarmspidl anténea raquirescaibdlancechfeet. t wo
In regard to impedance matchinigettypical input impdancdor spiral antennasanges
f r om 41288 Without an impedance matching cirguftis would result in poor
power transferfromat andar d 5 0 .Sécoudly,ahe bamhcednatuel reders
to the current density on both antenna arms tof legual and opposite amplitudean
unbalanced feed, such as a coaxial feed, was directly connected to the spiral antenna
feed the radiation pattern would be distorted and the feed itself could become part of
the radiating system due to the excitattba common mode current on the outer surface
of the coaxial shield which is undesirable.

To overcome these two hurdles, a device known as an impedance transforming
balun is required. This device performs two primary functions: (1) transition the

unbalarmed port to a balanced port and vice versa, and (2) the impedances of the
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balanced and the unbalanced ports are generally not matched, and the balun can
facilitate this transition. The balun must efficiently perform these two functions over a
wide bandwich.

To facilitate this transition from the coaxial connector to the spiral antenna, a
balun that can be seamlessly integrated into the printed connector design was explored.
In this chapter, | will describe the computational modeling for a novel, widelzdma. b
To validate these computational designs, | fabricated several baluns through advanced
manufacturing AM using the nScrypt platform. The device characterization included
both metrology and electromagnetic studies. To determine that the balun design is
feasible for feeding a spiral antenna, a fully integrated component that consists of a

SMA connector, balun, and spiral antenna was fabricated and characterized.

5.2 Background on RF Baluns

5.2.1 General Operating Theory of Baluns

As describegbreviously, the goal of the balun is to convert an unbalanced signal
to a balanced signal which is achieved by forming awie transmission line. Another
property to satisfy of the balanced feed is to have the current densities 180° out of phase.
This prevents energy from coupling to loss higher order modes resulting in radiation
losses. When these conditions are satisfied, the balun also prevents current from
traveling on the outside of the outer conductor which eliminates the problem of a
distorted radtion pattern. An example of some common tapered geometries is shown

in Figure 5.1.
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Figure5.1: Examples of how a coaxial cable and microstrip transmission line
become a balanced structure. The goal is to create-ait@garallel
structure [4].

5.2.2 Types of RF Baluns

To facilitate this transition from an unbalanced to balanced feed several baluns
have been explored in previous years. Two easy balun configurations that can be
implemented are the bazooka balun and the quarter wavelength coaxial baken. The
devices operate on the same principle by incorporating a quarter wavelength stub to the
existing coaxial structure. The implementation of the stiocuited stub creates an
infinite resistance thus not allowing current to travel down the outside ajuites
conductor of the primary coaxial cable. Because these baluns use a quarter wavelength
method to balance the currents, they are inherently narrowband. Another disadvantage

to these baluns is they do not transform the impedance which makes thenptaidece
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choices. The bazooka balun and quarter wavelength balun are shown irbF2guaed

5.2b, respectively.

M2

Coax A4

- “. Shorted
Together

(@) (b)

Figure5.2: lllustrative examples of the (a) bazooka bddi#t), and (b) quarter
wavelength balun 3.

Other wideband baluns haveeen implemented in the previously available
literature such as the Marchand and tapered baluijs [67]. The Marchand balun
operates on the principal of a coaxial cavity that acts as a resonant shunt at the junction
between the unbalanced and balartieeahination [4}], [48], [56]. These baluns provide
exceptional bandwidth and balancing properties; however, their design requirements are
often complex and not easy to fabricate through advanced manufacturing methods such
as AM.

Another balunconfiguration that provides wideband operation is the tapered

balun such as the one first introduced by Duncan and Minerva in 1960 Iffis device
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transitioned from an unbalanced coaxial structure to a balancedaotvductor
transmission line by creating tapered slot within the outer conductor of a coaxial
transmission line. Another added advantage to this device is the impedance can be
controlled along the length of the balun by varying the width of the slot angle. An

example of the geometry first proged in 1960 is shown in Figure 5.3.

Figure5.3: Traditional coaxial tapered balun introduced by Duncan and Minel

[57].

Since the publication of this work, other investigators have expanded upon this
work to achieve a balun that is capabléngbedance transforming with a bandwidth of
100:1 [18], [57-62]. One of the main challenges to this approach is the precision that is
required to form the tapered slot. Of specific relevance to this work, to overcome this
challenge, investigators have derswated the feasibility of the additive manufacture
of a coaxial tapered balun through SLA printing to precisely fabricate the tapered

geometry which was then electroplated to form the conductive lay&rs [
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The balun that will be explored in this chapte the tapered coaxial balun
because of its ease of integration into the printed connectors in chapter 4, its ability to
effectively create a balanced systemd impedance transform over a wide bandwidth.

A novel and multtapered balun will be explorednd thecoaxialbalun geometry is
shown in Figure 5.4. The design of this balun is unique in that the dimensions of both
the conductors are controlled independently to achieve a desired impedance while also
creating a balanced feed. This design elims#te geometrical constraint of remaining
fixed to the dimensions of COTS connectors and adapters. One obvious challenge to
this multitapered balun is the fabrication challenge to realize this complex 3D

geometry. As mentioned previously, AM advanced itation methods will be

employed.

Figure5.4: Novel triple tapered balun
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5.3 Balun Design and Computational Analysis

5.3.1 Characteristic Impedance of Slotted Coaxial Line

The impedance properties of tt@axialbalun are determined by the modifying
the crosssectional geometryf a slotted coaxial lin€lo begin the balun design process,
a relationship between the various parameters that influence theseobsmal
geometry must first be established. The goal is to create a smooth and optimized
impedance taper that spatially varies along the length of the balun while minimizing
reflected losses. The balun that is depicted in Figure 4.5 has a center cglindri
conductor of radiua, which is enclosed by an outer conductor with ratjwsith a slot
angle (i.e. the portion of conductor that has been removed) denotedthy important
to note that the outer conductor has a finite thicknegs ©he regiorbetween the inner
and outer conductor is filled with a lossless relative permittilzityAII conductive

elements for this model are assumed to be perfect electrical conductors (PECS).

Figure5.5: Crosssectional geometry and material properties of a uniform slc
coaxial line.

59



This transmission line model supports a gdsM mode that has a
characteristic impedancg,. This impedance is determined by four variable that can be
independently changed: (1) the ratio of the outer conductor radius to the inner conductor
radius b/a), (2) the arc angle of the outer conductj,(the ratio of the outer conductor
finite thickness to the inner conductor radiugd), and (4) the permittivitypf the core
region @). To determine the relationship between these parameters and their influence
on the characteristic impedance, parametric simulations were run using a 2btgti@si
mode solver built into COMSOL Multiphysit$. The range of valuethat were

considered for this study are shown in Table 5.1.

Table5 . 1: Description of parameters used in
U 1° 180°
a 1 4.0
b/a 15 4.0
w/a 0 0.5

In Figureb.6, the characteristic impedance is plotted for various ratiogsand
. Forthese studies, | assumed that the core dielectric region was filled with & (i.e.
= 1). While this is impractical from an AM fabrication standpoint, the impedance will
scde byf_‘l for any material that is inserted in the core dielectric region. Through this
study, an analytical expression which is givenEquation5.1 was derived. This
expression can accurately approximate the value of the characteristic impedance with

an average error within 1.5%. Eq. 1 is given by:
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3 3 ——90 (5.1)

It should be noted thanh the limit as, approaches 1, the expressianove

approaches the welinown formula for theharacteristic impedance of a coaxial cable.

1.5 2 2.5 l/ 3 3.5 4
a
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Figure5.6: Calculated characteristic impedance of uniform slotted co
transmission line with the cros&ctional geometry described in Figt

5.5 withJ = 1 for (a) w/a = 0 and (b) w/a = 0.25

5.3.2 Balun Design Process

Thefirst process for designing the balun involves choosing an optimal taper that
will smoothly transition the input impedane to the load impedance over a desired
length while reducing the reflections over the frequency band of interest. There are
several impednce tapers that can be chosen to achieve this smooth transition and have
been studied previously in the literature. Some of these tapers include the linear,

Klopfenstein, and Exponential taper§3]-[66]. It was found through rigorous
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electromagnetic simations that the Klopfenstein and Exponential tapers produced the

best results. The Klopfenstein taper is represented by Eq.5.2:

p Cw

I bw Easww 3088 T pho (5.2)
where,
0 (I)é"Q —,3 -0 £— (53)
The functionF (x,A) is given by Eq.5.4:
. 0b p &
5 ap —P ® ag (5.4)

0O p
where | is a modified Bessel function of the first kind of order one.

The exponential taper impedance profile is given by Eq. 5.5:

Do O — (5.5)

Once an impaance taper is chosen, the geometry is determined by matching the
impedance at each locatiox, to the characteristic impedance of the slotted coaxial
transmission line. With this unique, meiéipered balun design and its added degrees of
freedom, therare an infinite number of ways to achieve the desired impedance over a
specified length. This allows the user to have some design freedom to abide by
fabrication constraints or force the balun taper into a desirable geometry. In Figure 5.7,
balun tapers ar presented for both the Exponential and Klopfenstein tapers. These
tapers were chosen to have a 50 Y input

di el ect ri e=1&% and ananfinitely thin thickness for the outer conductor.
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Figure5.7: lllustrative example of muitapered balun for Klopfenstein at
Exponential impedance profiles. DeS|gns assume an input impeda
= 50 Y, a IZ=adl6éhpXE e, and the ratio
b/a varies linearly. (a) Geometries aradculated tapered slot widths f
these baluns designs. (b) Tapered impedance profiles of these ¢
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A 50 Y input i mpedance WwWQ@ATS adapten. Jrematiotob c 1l os
b(x)/a(x)was forced to decrease linearly and the correspondiogawas determined

using the derived analytical expression (Eq.5.1). The resulting balun geometries are
given in Figures 5.7a and 5.7Because the characteristrmpedance depends on the

ratio of the inner and outer conductors, this ratio can be tapered to any desirable
geometry assuming the appropriédéa) ratio is achieved without any abrupt jumps in

the geometry.

5.3.3 Simulation Results

A common technique to experantally validate a balun taper is by
implementing a Backo-Back (BTB) configuration. This proves to be an effective
method in evaluating insertion and transmission losses. The geometry configuration
combines two identical impedance tapers that face ojgpdisections. An example of
the balun configuration i s shown in Figur e
ports, a target impedance of 160 Y, and a
is 15 mm). This balun length corresponds to an etettiength of 0.2b at the lowest
desired operational frequency (i . e. 8 GHz
radius was fixed at 0.6 mm, the outer conductor thicknessas fixed at 0.6 mm and
all dielectric regions were assumed to be Isssl@nd have an effective permittivity
value of 1.75. To achieve the 180oad impedance, the slot angi€¢), and the outer
conductor radiushb(x), were continuously tapered along the length of the balun. The
outer conductor radius varidiiearly from 1.8 mm which was the starting dimension
to 0.9 mm at the center. The slot angle was derived using the design process described
in the previous section to correspond to the proper impedance. The minimum and

maximum values of the balun geomeding shown in Table 5.2.
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Table5.2: Backto-Back Balun Parameters

Z, Y 50 160
b/a 1.5 3.0
a, mm 0.6 0.6
L, mm 15 15
W, mm 0.6 0.6
f, GHz 8.0 18.0
L°J 1.75 1.75

1
x=0 (160%2)

x=-7.5 mm (5092) x=7.5 mm (50%2)

Figure5.8: lllustration of the BTB baluniompedance transf ¢
Y

To compare the Klopfenstein and Exponential tapers, the commercial
electromagnetic software ANSYS HF$Swas used to conduct full wave rigorous
electromagnetic simulations. For these simulations, the fydlar&metes were
analyzed, and PECs were assumed for all metallic regions. It was found that both taper
geometries demonstrate a good impedance match (i.e. |SA1) dB) over the
frequency range of interest (i.e. 8 GHA8 GHz). The transmission coefficient (i.e.
|S21]|) for the two designs varied from 0.8 dB to 1.6 dB. While these two tapers had a
similar performance, the exponential taper was chosen for its design simplicity. The

results from this study are shown in Figure 5.9.
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Figure5.9: (a) Comparison ofimulated transmission coefficient magnitudes
exponential vs. Klopfenstein tapers. (b) Comparison of simul
reflection coefficient magnitudes for exponential vs. Klopfens
tapers.

For these simulations | assumed a lossless dielectric matedid?EB@s were
used for conductive surfaces. The transmission losses are due to either reflections or

radiation losses. Since the reflected losses were low, the transmission losses can be
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attributed to radiation. The next section will demonstrate how traBEmifsses can

be improved using the triple tapered balun design.

5.3.4 Impact of Taper Profile on Transmission Loss

To compare and improve the transmission properties of the tapered geometry,
three balun configurations were studied. These included the original slotted coaxial line,
the doubletapered design, and the triple tapered design where both the inner and outer
conductorsod radi. asloteingle. &qr ¢his andlysia, tthe length @i t h
the tapered geometry was 7.5 mm which results in a total BTB length of 15 mm. The
conductive surfaces were assumed to be PECs and the dielectric core was assumed to
belossless with an effective permittivity of 1.75. The baluns were all designed to match
the same exponential impedance profile. The three balun configurations are shown in

Figure 5.10.

Figure5.10: Singlé (A), double (B), and triple (C) tapered coaxial balun
configurations
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The specific impedance tapers for each profile can be found in Figures 5.11a and

5.11b. To compa the effect of the taper profile, the transmission coefficient |[S21| was
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simulated and analyzed for each design and shown in Figure 5.12. While tapers B and
C show improved performance compared to the original taper profile, the triple taper
design offes the lowest transmission losses. This lower transmission loss is believed to
be attributed to the smaller gap between the inner and outer conductors as the slot angle
increases. This results in better coupling of the desired-G&dimode and less energy
transitioning to the lossy higher order modes. It is worth noting that for all three designs
the reflection coefficient, |S11|, was found to be less #i&adB over the entire
frequency range of interest. It is probable that even more complex geomatriesialt

to improve the balun performance further. For example, an optimal taper for the ratio
betweenb(x) and a(x) can be explored, but this was outside the scope of this study.
Because the triple tapered balun design performed the best, that wid gedimetry

used for the rest of these studies.

Taper A
—=='Taper B
-0.5 .'.f' "‘-‘_“ - #==Taper C

Transmission Coefficient Magnitude, S21, dB

3 L L 1 L 1 1 1
4 6 8 10 12 14 16 18 20 22 24

Frequency (GHz)

Figure5.12: Simulated transmission coefficients for the three taper configurat
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5.3.5 Simulated Surface Current Distribution

To validate how well the balun balances the current distribution on both
conductors, | conducted full wave simulations on the BTB balun geometry using
COMSOL Multiphysics. The current density amplitude and phase difference were
analyzedfrom6 30 GHz at the deviceds center | oca
density amplude varied by at most 10% and the phase difference was at most 186°
between 8 18 GHz. The current distribution at 15 GHz on both conductors is shown
in Figure 5.13a. The results over the entire frequency range studied is shown in Figure
5.13b.This stug shows that the balun performs well over the entire frequency band of

interest.
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Figure5.13: (a) Surface current density distribution at 15 GHz calculated usir
commercial software package COMS®Ifor the BTB balun shown it
Figure 10c. (b) Amplitude and phase difference of the surface ct
density between the inner and outer conductors at the center of th
balun.

5.3.6 Effects of Finite Conductivity

The previous computational studied that weredteted assumed all perfectly
conducting surfaces. To assess how a finite conductivity would impact the balun
performance, simulations were performed where the conductivity was varied from a
PEC to 16S/m. Unsurprisingly, as the conductivity of the métakgions is decreased,
the transmission losses increase which is presented in Figure 5.14. The conductivity of
s =10’ closely represents the properties of bulk metal materials. Conductive materials,
specifically silver based inks and pastes, used in %tems and devices is closely
comparable tos =106thus all subsequent simulations will assume this material

property to predict device performanc@]§68].
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Figure5.14: Simulated transmission coefficient magnitude of the BTB b
configuration of Figure 5.10c for various electrical conductivities of
conductor surfaces.

5.4 Experimental Validation of Back-to-Back Balun

5.4.1 Multimaterial AM System and Materials

The AM platform that | used to fabricate the devices was the nScrypt Tabletop
system because of its exceptional positional accuracy previously described (i.e. < 1.0
em) .

Similarly, to the printed connectors, the dielectric regions of the BTB balun were
fabricated through the FFF process on the nScrypt. A polycarbonate filament was

utilized for its very low loss tangertt (@ n< 0l0)2) and nowlispersive behavior over
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a wide range of frequencies (8 GH210 GHz) [3)]. Leveraging the same approach as
the printed connectors, a lower dielectric constant was achieved by varying the fill
fraction in the dielectric regions between the inner and outer conductors to 50%. With
a 50% fill fraction, an effective permittivity &f =1.75 is achievable. An added bahef
of reducing the fill fraction, the loss tangent decreases even further due to more air being
the background medium.

All conductive regions were patterned withasibea s ed paste via t hi
micro- dispensing head. The best results were obtantexh | used a combination of
two different inks. For the balunds condu
ink that was used for the printed connectors was utilized. This ink has trace amounts of
solvent and after curing, there is primarily silvdt lehind with minimal voids. This is
critical for maintaining good RF perfor mart
KA802 silver flakeb a s ed i nk. Because of the inkos s

the obvious choice for patterning the spaatenna

5.4.2 Fabrication Process of Backio-Back Balun

Utilizing the nScrypt platform, | fabricated the BTB balun based on the triple
taper design. To allow for experimental characterization, a 5 mm SMA connector was
integrated into both ends of the balun. Whbk added connector to balun transition, the
total device length is 25 mm. All dielectric regions were printed with open channels that
incorporated the desired taper geometry. After fabrication of the dielectric regions, the
conductive regions were fille@hd postcured in an oven for approximately 1 hour. To
assess that the printed geometries matched the desired taperCmicnaging was
performed. The fabricated device and mi&® image are shown in Figure 5.15. The

dark regions show the dispensed ductive regions. Based on these mi€® scans,
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there is a good electrical continuity within the device and that the device geometry

closes matches what was designed.

S5mm

15mm

S5mm

(@) (b) ()

Figure5.15: (a) lllustration of thériple taperedBTB coaxial balun including thi
printed SMA connectors. (b) Fabricated BTB balun with integri
connectors. (¢) MickCT image of fabricated BTB balun showing t

tapered conductive region.

5.4.3 Electromagnetic Characterization
The Sparameters from the pted BTB balun were measured using the Agilent

E8361C VNA. A ShoHOpenrLoadThru (SOLT) calibration standard was performed
from 8 GHZi 18 GHz. The simulated and measured values are presented in Figure 5.16
and demonstrate an excellent match. The magnatitee reflection coefficient, |S11|,

is below-10 dB over the entire frequency band. The measured magnitude of the
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transmission coefficient, |S21|, shows measured losses rangingdi®mB to-1.75

dB.
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Figure5.16: Comparison of tr@mulated and measuredp@rameters for the triple
tapered BTB balun shown in Figure 5.15b: (a) |S11|, and (b) |S21]

Magnitude of Transmission Coefficient, S21 (dB)
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5.5 Balun Integration with Spiral Antenna

5.5.1 Spiral Antenna

There are numerous variations to the spiral antenna, but for this application |
implement astandard zarm Archimedean spiral antenna. This antenna is the perfect
application for demonstrating the metigipered balun because it belongs to a class of
antennas known as frequency independent antennas. This name is adopted for specific
antenna whose impedance does not change with frequency. This gives them extremely
broadband characteristics making them a popular choice for communication system
applicationsThe geometry of thA&rchimedean spiral antenna is defined by Equation

5.6:
i WZ %o (56)

wherea is the growth rate, andis the angle. This states that the radiogthe antenna
increases linearly with the angle. The second arm of the spiral antenna follows the same
geometry butotated 180 degrees around its center axis.

The operating frequency range of the Archimedean spiral antenna is
geometrically dependenth@& low frequency operating point is determined by Equation

5.7:

"0 W
c“ i (57)
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The high frequency operating point is determined by Equation 5.8:

W
a (5.8)

In Eq. 5.7 and Eq. 5.& is defined as the speed of light,is defined as the
spiral antennadiss | defgiesed riayditulse samidr al an

An example of these parameters is shown in Figure 5.17.

Figure5.17: Geometry of Archimedean spiral antenna.

As an additional validation, a fully integrated feed was designed that combined
a threaded SMA connector with a triple tapered coaxial balun and a spiral antenna. The
spiral antenna that was designed is a standdwmin3Archimedean spirahat has a

RightHandCircularPolarization (RHCPvith an input impedance of approximately
160 VY.
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The distance of the feed gap between the two arms is less than 1.0 mm. An
example of the feed integration with the spiral antenna is presented in Fighirérel

details ofthe spiral antenna and integrated feed dimensions are in Table 5.3.

X
s
_on
O e

() (b)

Figure5.18: lllustration of fully integrated feed that combines the mialpered
coaxial balun with a threaded SMA connector and a spiral antennz

Table5.3: Spiral Antenn®arameters

Arm width (w) 1.25 mm
Gap width (g) 0.9 mm
Spiral Diameter (D) 29 mm
Feed Gap (1) 0.95 mm
Balun Length(). 7.5 mm
Substrate Thickness (h) 1.6 mm
Substrate Permittivitylg) 1.75
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5.5.2 Fabrication Process

Similarly, to the BTB balun, the integrated feed and antenna substrate was
fabricated using the nScrypt Tabletop platform. To maintain consistency, all dielectric
regions were fabricated using the polycarbonate filament. The custom ink was used to
flltheconducti ve regions of the balun and SMA
flake-based ink was used to pattern the spiral antenna on the top surface of the substrate.
The substrate, balun, and SMA connector were printed as a monolithic part. Once
compleed, the substrate and feed were flipped over to pattern the spiral antenna. After
the conductive regions were completed, the part was cured in an oven for 1 hour at
130°C.

The fabricated spiral antenna is presented in Figui@a5To validate that all
electrical connections were sufficiently made and that fabricated geometries closely
matched desired geometries, mi€@® imaging was performed, and the result is shown

in Figure 5.3b.

Spiral

antenna
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(b)

Figure5.19: (a) Additively manufactured integrated anteniegd with printed
antenna shown on the left, and the antenna with the added tapere«
and SMA connector shown on the right. (b) Mi€® image.

5.5.3 Electromagnetic Characterization

To evaluate the balunds I mpedamlase tr ans
of the integrated balun and spiral antenna were measured using a VNA. The
measurements show excellent agreement with the simulated data and measured return

loss <-10 dB from 8 GHZ 18 GHz. The measurements are shown in Figie 5.
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Figure5.20: Camparison of the simulated and measured return loss for the integ
balun and spiral antenna shown in Figure 5.18.

To demonstrate the importance of a balun in feeding a spiral antenna,
simulations were performed that compared an ideal feed, a balun feed, and a standard
coaxial feed. The results are presented in Fi§uzé The ideal feed assumes a feed in
which the curents are perfectly balanced (j.enatched amplitudes and 180° phase
difference). The coaxial feed is inherently unbalanced and resulisstoeed radiation
pattern which is unacceptable for the spiral antenna. The balun feed demonstrates a close

matd to the ideal feed.
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Figure5.21: Comparison of the simulated radiation pattern of the spiral antenn
an ideal feed, coaxial feed, and integrated balun at (a) 8 GHz, (
GHz, (c) 15 GHz, and (d) 18 GHz.
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Another desigrconsideration for spiral antennas is their axial ratio. The axial
ratio is defined as the ratio between the major and minor axis of the circularly polarized

antennads r ahihiaghowo m Figuee 6.22e r n

Polarized Ellipse

Y
Minor Axis

Major Auis Axial Ratio of an Antenna

= Major Axis/ Minor Axis

Figure5.22: lllustration of major and mam axis[69].

A circularly polarized Hield is composed of two orthogonal components that
are 90%ut of phase whose amplitudes are equié electric field is given by Equation

5.9:

where,
SFS SF S

In an ideal scenario, th@thogonal Eields will result in an axial ratio of O dB

which indicates a perfect circularly polarized pattéiime industry standard to denote
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an acceptable axial ratioss3 dB. Beyond this standard, the radiation pattermiseg
look more like an elliptically polarized wave.

Using HFSS, Il simul at ed overithe X ang K a | ant
bands. The results are presented for boresight axial ratio in Figure 5.23 and demonstrate

an axial ratio < 3dBacross the frguency range.
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Figure5.23: Simulated values for the axial ratio over theXd Kubands.
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Chapter 6

CONFORMAL INTEGRATION OF ANTENNA FEEDS FOR ULTRAWIDE
SCAN ANGLE PASSIVE BEAMFORMING

6.1 Introduction

The final step to demonstrate the practicality of this integréged was to
fabricate an array of the printed feeaisd map theronto a curved geometrylo
demonstrate the fedwlity of this fully integratedconformalfeed array, theywere
integratedbnto the surface of a custom fabricated Luneburg Emsnentioned earlier,
the standard Luneburg lens assumes a spherical geometry. This has proven to be a

challenge when tryingotintegrate an array of feed antenn@scent work has been

W: W: wo
Waveguide feeds

Figure6.1: Example of additively manufactured Luneburg lens witatdase.
The individual antenna feeds are denoted by WO, W1, and39y2 [
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published with the efforts focused on implementing a Luneburg lens with a flat base for
ease ofantennafeed integration39]. The flat side of the lens incorporates a low
dielectric base to redaampedance mismatches. An example of a Luneburg lens with

a flat base is shown in Figure 61his type offeeddesign significantly reduces the
scanning angleshen compared to a conformal arrég illustrated in the figure, as the

feed is shifted awayrom the center line to increase the beam scan angle the feed
becomes farther away from the spherical lens surfdgsresults in a large drop in gain

as the scan angle increases. We found that scan angles were limited to approximately
+25 degrees of beasteering using this approach.

Permittivity
12.8

Figure6.2: lllustrative example of modified Luneburg lens.

To overcome this issueileer researchersuch as Biswast al, investigated
the possibility of implementing a modified Luneburg lens timapped the original

spherical Luneburg lens distribution onto a modified geometry that had a flat surface.
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Transformational electromagnetic theory was utilized to perform this mapping and AM
was used to realize the modified desigim example of the mofied graded structure
is shown in Figure 6.2. While better than the approach shown in Figure 6.1, scan angles
were still limited to approximately + 50 degrees before a 3dB drop off in antenna gain
was experienced [70].

To achieve ultravide scan angles (®6degrees) the use of a conformal array is
perhaps the best approach. Howevee, challengestill remainson how to integrate
electronics and feeds to the curved geometry to achieveamigle steeringFigure

6.3).

Integrated feed

/'\ Connector

~ Impedance trangorming balun

Broadband feed antenna

Figure6.3: Proofof-concept for conformal integration of antenna feed array or
nonplanar surface such as a spherical Luneburg Lens
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One approach is to utilize a large 3D printer to create a monolithic array of
antenna feeds that are oriented along the confogeaimetry. While such printing
systems exist to accomplish this task, such as the nScrypt-anisltiprinters,
unfortunately, as prints become larger and more time consuming, the chance of failure
also increasesignificantly. Thus, while possible, this mdacturing approach is not
very practical Specifically,print times would likely exceed multiple weeks ansingle
error in the feed fabricatiotiuring that timevould requirerestarting of the entire part
To overcomehis issue, | have developed a nbway to fabricate a modular antenna
array and a method that will allow this modular array to conform to any curved
geometry. To my knowledge, this has never been demonstrated in the litdrathee.
following sections, | will describe the entire systeesign including, (1) design and
fabrication of a Luneburg lens within the #and, (2) an array of integrated spiral
antenna feeds described in the previous chapters, and (3) the method for connecting and
conforming the antenna array to the double cursedace of the Luneburg lens.
Experimental characterization was performed to validate the ability to achieve > + 70

degrees of beam steering.
6.2 System Design

6.2.1 Luneburg Lens
The Luneburglensthat wasused in this system has a standard permittivity
distribution described irChapter 3, Equation 3.Zhe total lens was designed to be 6

inches in diameter. The gain of a Luneburg lens can be predicted by Equatiof]:6.1 [

Q
O o CmaeQz— (6.1)
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whered is the total lens diameter, aa the lowest desired operating frequency. Using

Eq. 6.1 and a frequency of 12 GHz, this correlates to a gain of approximately 20 dBi.
To fabricate this lens, usedthe FFF procesas described in variougsearch

publicationson theuse ofAM to fabricateLuneburg lensegOf specific relevance to

this study is the work published lyarimoreet al which utilized spacdilling curves

to control the material properties in a qefined unit cell[4]. This creates a

continuously varying relative permittivity throughout the structua. example is

shown in Figure @.

Desired Permittivity Distribution Order Number, N

@
y axis, mm
o
o

y axis, mm
>
8
3

60 40 -20 0 20 40 60
X axis, mm X axis, mm

-60 -40 -20 0 20 40 60

Figure6.4: Discretization of desired permittivity into smaller unit cells with the
desired effective permittivity

To fabricate this structure, | used a lapgrlayer printing approach in which
space filling curves were used to locally vary the polytoeir volume fraction and
thus change the effective permittivity. The details of how the space filling curves are
cdibrated to result in the desired local properties can be found in [4]. To create a 3D

structure, this process is repeated for each layer until a full 3D lens is completed (see
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Figure 6.5).Using this approach, | was ablertmnufactureghe 6-inch Luneburdens

shown in Figure 6.6

Figure6.5: lllustration of the process used to fabricate a graded index Lunebt
lens using FFF to print layers of space filling curves.
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Figure6.6: Fabricated 6nch Luneburg Lens

6.2.2 Compact Spiral Antenna Design

To have a high number of elements on the surface of thedesnpact spiral
antenna slightly different from the one described in the previous chaptes
implementedThis type of compacspiral antenna has been explored in the literature
which itwas found that bplacing a capacitiveringr ound t he spijitr al ant
is possible to reduce the total footprint by 3@@ile maintaining its operational
bandwidthand radiation patterf72]. TheRHCPcompacispiral antenné presented in

Figure6.7 and its dimensions are in Table 6.1. The balun that is integrated with this
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spiral antenna is the tripkapered balun from Chapter 5. This balun configuration

all owed for a tight feed t oThdfmal competed zed wh
artenna is shown in Figure&.One aspect to note with this spiral antenna design is the
extremely tight feed gap. It is not a trivial task to achieve this narrow of a feed. This

design would not have been possible utilizing the standard coaxial tapenaditsl

explored in 1960. It is also challenging to manufacture a tight feed with traditional

manufacturing methods.

Table6.1: Compact Spiral Antenna Parameters

Arm width (w) 0.95 mm
Gap width (g) 0.6 mm
Spiral Diameter (D) 20 mm
Feed Gap (t) 0.7 mm
Balun Length(). 7.5 mm
Substrate Thickness (h) 1.6 mm
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— : ﬁ*h

() (b)

Figure6.7: lllustration of fully integrated feed that combines the ntatiered
coaxial balun with a threaded SMA connector and a spiral antennz

(a) (b)

Figure6.8: (a) Additively manufactured compact spiral antenna. (b) Integrated
consisting of an SMA connector and tapered balun.
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6.2.3 Modular Approach and Connecting Brackets
To provide a robust connection between antenna elements, polycarbonate bases
were printed that the finaintenna produdtom Figure 69 could snap into. These bases
were printed at a 10% infill to match closely to air and not interfere with thelbbek
of the antennads radiation pattern. These
To connect between these emta elements, a balhdsocket joint was printed
using the Fortify DLP AM systerfsee Figure 6.9)T'he material that was used provided

mechanically robust parts that are not subject to the shearing stresses that FFF parts can

(©)

Figure6.9: (a) BaHandsocket joint printed as the connecting bracket betw
antenna bases. (Ball-andsocket joint and antenna base. (c) Ante
bases connecting via balhdsocket joint
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be prone to. By using thisabh and socket approach, this allows for the entire antenna
array to conform to the surface of the Luneburg lens. An added advantage to this
connection method is the array, if needed, can be reconfigured to map to any geometrical
curve that is desired.

Toget hemi spheri cal coverage of t he 60
antennas and antenna bases were printed and connected -aadsaitket joint. An

example of the array in a planar configuration is shown in Figafe 6.
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Figure6.10: Printedantenna feeds connected via custom-aattsocket joints.
Array is shown in a flat position

The last step in realizing a conformal antenna array is to map the antenna feeds
to the 60 Luneburg Il ens. An example of

shown in Figure @1.
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Figure6.11. Reconfigurable antenna array conformed to the spherical surface
the Luneburg Lens.
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6.3 Electromagnetic Characterization

6.3.1 Compact Spiral Antenna

Using HFSS, | simulated t he -bans. Tha l
results are presented for boresight axial ratio in Figul2 and demonstrate an axial

ratio < 3dB across the frequency range.

25 r

Axial Ratio (dB)
i

12 13 14 15 16 17 18
Frequency (GHz)

Figure6.12: Simulated values for the axial @bover the Keband.

Prior to demonstrating wide angle passive beamforming, the return loss of the

ante

integrated balun and spiral antenna were measured using a VNA. The measurements

show excellent agreement with the simulated data and measured return16sdB<

over the Kuband. The measuteand simulated datre shown in Figure 631
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Figure6.13: Comparison of the simulated and measured return loss for the
integrated balun and spiral antenna shown in Figure 6.7.

An additional factoto consider with this array is the effect of the Luneburg lens
on the return loss of the spiral antenBice the antennas will be placed directly on the
l ens surface there is a concern that the
impedance ah radiation propertieslo evaluate thisteturn loss measurements were
performed with and without the Luneburg leAstandard Shot©OpenrLoad calibration
was applied to the VNAThe results show that there is only a slight shift in the return
loss inthe presence of the lemgich indicates that there is no significaligtortion to

the feedrom thepresence of thiens The results are shown in Figure4.1
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Figure6.14: Measured return loss of the compact spiral antenna with and withc
the Luneburg les.

Another of figure of merit that is of significance is gtresstalkbetween spiral
antennas wherthey are placed conformally behind tHens similarly to the
configuration in Figure 61L An example of the measured antennas is shown in Figure
6.15a.In Figure 6.5b, the crosstalk between all the ports is presenibd results show
that there is negligible amouf®-30 dB)of crosstalkor cosite interferencleetween the

individual antenna elementghen placed behind the Luneburg lens

10z



Port -2 Port 2

Port O

(@)

0 T T T T T
——S(Port 0, Port 1)

10 —S(Port 0, Port 2) n
S(Port 1, Port 2)

——S(Port -1, Port 2)
——S(Port -2, Port 2) |
—S(Port=1, Port 2)
-30 [ ——S(Port -2, Port 2)

Antenna Coupling with Lens (dB)
& A
o o

12 13 14 15 16 17 18
Frequency (GHz)

Figure6.15: (a) lllustrative example of the antenna feeds conformally mapped t
surface of the Luneburg lens. (b) Measured crosstalk between ant
elements when placed behind the Luneburg lens.
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6.3.2 Compact Spiral Antenna Array with Luneburg Lens

Lastl vy, to demonstrate the arrayos pe
Luneburg Lens with the conformal array in Figurdl6was measuredin this
experiment, twostandard gaifhom antennas werased,anda free space calibration
was applied to the VNA at the Kaand toeliminatefree space los©nce calibrated,
one horn antenna was replaced with the Luneburg lens and conformal array. For
simplicity, five antennas were measuradng a line from high elevation angles to zero
elevation anglesDue to the symmetry of the array and the lens, we can assume that
antennas along similar lines for various azimuth angles will behave similadyarray
configuration is presented in Figusels andantenna feeds at various elevation angles

were consideredlhe results from this experiment are presented in Figu@ B

Figure6.16: Measured gain and beam steering performancerdbrmal antenna
array.
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