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Abstract

Adaptability is essential for antenna systems, especially those operating in harsh or
unpredictable environmentddaptable electrically steerable antennas (AESA) provide
this flexibility. AESA use nradar systems is expanding due to new teclyiesathat
enable higher power and more miniaturized implementatiwolsrization diversity is
another way of adding adaptability to radar systems.

Systemlevel analysis of a typical radar system was performed to determine the
specifications for a seriex 4x4 switchable polarization AESA arraygant to operate
from 9.4 to 9.5 GHzThese arrays were designed on a multilayer Rogers Duroid PCB.
Subcomponents such as a microstrip feeding network, patch antennas, switches and
hybrid couplers were integrat®n the same PCB utilizing both sides of the board.
Simple 4x4 linear and 4x4 circular polarized asaere designed and fabricated on this
chosen package. These singtdarization arrays were compacted into a sihghe
profile PCB that measures 2.5%2Anches. The measurements of both sipglkarization
arrays closely matched the simulated results, which helped correct issues with the design
process before adding more polarization stafesasurements show that thesedularly
scalable2.5x2.5inch PCBs can achieve a gain of between 12 2hdB depending on
how many boards are tiled together.

A technique for increasing the bandwidth of a single patch antenna through
resistive loading was also explored. Using commercially packaged resistors to load a
single patch resulted in a bandwidth increasé0&fMHz.

Once simple singkpolarization arays were verified, two switchable polarization

arrays, one linear and one circulaere designed and simulated. These switchable



polarization arrays utilized the same PCB setup as the previous two arrays but with the
addition of an SPDT and 9@ybrid cowpler. A method for miniaturizing a hybrid coupler
through capacitive loading is also presented. The miniaturized coupler had a central area
of around 135x120 n8) a sound reduction from a conventional coupler of 230x215 mils
shown in reference [9]. Simulan of the switchable pola@ionarrays showed
promising results of an array that can switch between either vertical or horizontal linear
polarization or between LHCP and RHCP with up to 16 dB of gain.

Due toglobal supply chain disrupticendrelated production delays, the
fabricatedswitchable polarizatioantenna arrays were not measurement ready at the time

of writing. Once received, tigecan be measured and tesults published later.
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Chapter 1:Introduction

1.1 Motivation

Technologiesised in industrial and military aerospace applicatamesheld to a higher
standardhan those used rommercial systems, requirimgorespecialized packaging
processesAdaptability is essential for antenna systems, especially those ogearati
harsh or unpredictable environments. The current design approach is to build systems that
always function under their worstse specificationg his design approach results in
overdesigned radar systems with redundancies that increase tardsazgce of the
whole system [1]2]. A better approach would be to desigtaptive antenna systerfs
use in different environments. This approach is otherwise known as Active Electrically
Steered Antennas (AESA)ESA is notanewtechnology butits use n radar systems is
expandingdue tonew technologiethatenabé higher poweandmoreminiaturized
implementationsAESA has a few advantages over conventional radar sysBaam
steering makes trackirand searchingompletely independemdramatically improving
system detectionapabilities It enables simultaneous mode implementat8irering the
beam electrically rather than mechanicallgreases the reliability and makes platform
installation easier. AESAlsooffers an improved powdrudgetlower lossesand beam
shaping capabilitiegnablingthe radiatbn pattern toadapt tahe environment [3].

In addition to AESA, plarization diversity has gained significant interestadar
systemsPolarization diversity cabenefitradarsysten performance bgnhancing
channel capacity and reducing multipath interferesigcee a multipolar system can
receive and transmit multiple pieces of data simultaneously at different polarifdtions
[5]. Pattern diversity caalsoimprovetheradiation coveragef multiple objectsand t is

1



alsohelpful for autonomous vehiclesnoving target detection, and satellite lin&g§ T].

The antenna is often designed to have the same polarization as the received signal in
conventional radar systes, andhie antenna may be designed to transmit and receive
waves at multiple polarizations in more complex radar systéravesof different

polarization can be transmitted separately, using a switch to direct energy to the different
parts of the antenn&ircularly polarized signa can becreatedoy feeding two linear

polarized signals from the antenna wsthilar magnitudend 90° phaseshift [8].

Switchable polarization antennas have been done béiarévo areas where they
can be improved are systemm-package (SOP) and miniaturization-[2R]. The designs
seen in [9] and [10] show good integration but can be improved by reducing the size of
their packaged componentdther designs such as [11] daenefit from adding
switching components dhe packageSystem On Package (SOP) integratiemefits
from not committing to one given technology that allows incorporation of various
components while getting thenefitsof each onewhichresulsin desigrs with lower

cost and fastedlevelopment tim§13].

1.2 Methodology and Thesis Objectives

Thisthesiswas initially part of a projectailored towards supporting surveillance of
Canadian coastal borders. The work planned forthi@siswas based on ax-band radar
platform with a center frequency of 9.45 GHz. Initially, research was done in
collaboration with a Canadian company to develosttstemspecificationdor the
project The proposed researatitially focusedon developingtechnologies foadaptive

wireless systems operating in harsh conditions. The research plan thclude



- System analysis of full AESA to develop specificationsathsubcomponent

- Use of active MMIC beamformer to support AESkays This will initially be
done using a commercially purchased pand areplacement will then be
designed imgallium nitride (GaN)with all unnecessary components removed.

- Arrayscan be used for both low and higbwer applications depending on the
power limitations othe circuitry involved.

- Implement a scalable 4x4 AESA array that can be used to form largerlayrays
tiling multiple 4x4 array boards together in different shapes

- Testing and calibration dhefinal system.
Due toglobal eventsthis company dropped tipeoject and research was forced

to continue independentlyhe target goals presented in this thesis also had to be scaled

down significantly. The accomplishments achieved are presented as follows.

System analysis of full AESA to develop specificationsudicomponents

- Implement a 4x4inear polarizedarray that can bgled to form larger arrays
Called Proof of Concept 1 (POC1).

- Implement a 4x&ircular polarizedarray that can biled to form larger
arrays Called Proof of Concept 2 (POC2).

- Testingof POC1 and POC2

- Desigrs oftwo different switchable polarization boar@®OC3) one linear

and one circulaiby integrating packaged components such as an SDPT and

miniaturized hybrid coupler on the antenna PCB.

- Design of a miniaturized 9@egree hybrid@upler.



1.3 Thesis Organization

This thesis will follow the process of designing an AESA system on PCB technology
along with packaged components in order to achieve the end goal of having an antenna
array with switchable polarization on a small package.

Chapter 2 willsummarize the needed background concepts needed for the
research done in thikesis Concepts such as patch antenna functionality, antenna arrays,
different polarization types, and package components such as hybrid couplers, SDPTs
andantenna measuremaenil| be discussed.

Chapter 3 discusses POC1, which is the first attempt at makingpée linearly
polarizedpatch array on the desired substrate before adding any additional components or
polarization types.

Chapter 4 discusses PO®@&ich issimilarto POC1 butwith the added twist of
making acirculafy polarized patch arraypstead of linedy polarized

Chapter 5 will discuss POC®hich attemptgo make two different switchable
polarization boardsone linear and one circuldy integratingpackagel components
such as an SDPT and miniaturized hybrid couptethe antenna PCB

Chapter 6 will conclude ththesis with a resummary of the accomplished
contributions and a discussion of future work and possipansion®n the research

alreadydone



Chapter 2: Theoretical Background

This chapter will discuss the theoretical operation of severatsuiponents that
comprise the overall switchable polarization AESA system. These include microstrip
patch antennas, antenna arrays, wave polarizatiogyatéel circuit switches, hybrid
couplersand antenna measurement technig@@sexplanation of how each sub
component contributes to achieving the overall goal of a diversely polarized antenna

system will also be provided.

2.1 Patch Antennas

A patchantennaconsists of a flat sheet of mesa@parated from another sheet of metal
that acts as ground plane with a dielectric material connecting the ®aich antennas

give df radiation via the fringing fields along the edd®4].

Radiating Fields
Patch

Dielectric

= —————————————————————— —~ —~ — — — ——— —

Ground Plane

Figure 2.1: Patch Antenna Geometry with Fringing Fields

Microstrip antennas are quick and cheap to manufacture and design because of
this simple 2D geometry. They dveneficid at high frequencies because the short
wavelengths mean that the size of the antenna is usually corhpact [

One advantage of patchtannas is the ability to hadiverse polarizations. Patch

antennas can be easily designed to have vertical, horizontalhagdtcircular (RHCP)
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or lefthand circular (LHCP) polarization. This can be done using multiple feed points
allowingthe polarzation to be set based on the amplitude and phase of eachlifjput [

This property makes patch antennas perfectly suited for a system that requires switchable
polarization.

The important substrate characteristics for patch antennas are the dielectric
constant h® | oss tangent tant and the height
with high tanu wil!/ i ncrease dielectric | o
substrates will have higher radiated power and better bandwidéhHmher dielectric
|l oss. The dielectric constant pl aywll a si mi
increase the radiated power via the fringing fields at the patch &dgaeforejt is
recommended to selectancitm8uivst hat bet hhtchkhas

to get the desired bandwidthy).

2.1.1 Radiation Pattern

The directivity of an antenna is defined as how well the emitted radiation is concentrated
in a single direction. It is a ratio tie maximum radiation intensity in the main beam to

the average radiation intensity in all directi¢h4]. Figure 2.2 below gives a visual

representation of antenna radiation.



side lobes

antenna faces to 0°

Figure 2.2: Typical Antenna Radiation Pattern [17].

The most prominent lobe is the main lobé&hwhe most significahradiation
intensity. Side lobes are located to the side of the main, while the lobe directly behind is
called the back lobe. Radiation patterns are typically plotted in spherical coordirchtes an
represented by two planes; thg wr azimuthal plane containing the gilumponent of
the pattern and thexor elevation plane containing the thetanponent of the pattern.

A visual representation of these planes is given in Figure 2.3 below.

z
A
Elevatipn
X o
180° Azimuth : >
phi

90°

Figure 23: Visual Representation of Spherical Coordinate System.



Radiation efficiency is the ratio of the total power radiated by an antenna to the
input power of the antenna. Patch antennas cannot radiate 100% of the input pawer due
conductive and dielectric loss in the substratg. [Other factors that can degrade
radiation efficiency are impedance mismatches at the input port of the antenna and any
gain or phase imbalances between ports for Anytit antennaslf)].

Antenna @in is the combination of directivity and efficiency, as shown in
Equation 2.1 [4].

0 -0 (2.1

Gain describes how well the antenna actually radiates in a single direction when

all of its losses are considered. It shoulchbted that when there is no direction

specified, the gain is assumed to be the peak gain in the direction of the mairjobe [1

2.1.2 Bandwidth
The bandwidth of an antenna can be defined in multiple ways depending on the desired
characteristicsTypically, the bandwidth of an antenna describes the frequency range
over which the antenna can adequately radiate or receive a signal. When no specific
preference is given, the impedance bandwisltised [4].

Impedance bandwidth is based on the lossesit@maa experiences if
mismatched to the feeding line. Tloadr e f | e ct i o nrepesents this loss e n t
where the antenna meets the feeding netwigure 2.4 shows the reflection coefficient

where 7 represents the feeding network and@presents the antenna.
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Figure 2.4: Microstrip Reflection Coefficient Due to Load Mismatch.

Equations 2.2.4 show how the reflection coefficient is calculated and
determines the impedance bandwidth througltage standing wave ratity §WR) and

return loss 18].

2.2)

VSWR measuretiow much power delivered to the load gets refledtad aratio
between transmitted and reflected waaasd igh VSWR indicates poor efficiency and
highreflected energy.

ey g P8

The reflection loss is another way to represent the power lost or reflected from the
load due to mismatcke
YO c¢mnl Cs (2.4
Impedance bandwidth specifies the difference between the upper and lower
frequency where the antenna accepts more than 90% of the input power. This percentage

corresponds to a return lossheflow-10 dB or a VSWR of less than 2.109].



2.2 Antenna Arrays

A single microstrip patch antenna is enough to meet the requirements for specific
applications. Howevepatch antennas can be combined to form arfi@yapplications
that require higher gain or beam steering capabilifigdanar array formation is where
artenna elements are placed side by asldag a rectangular grid. Planar arrays have
good beam control and are useful for applications that require thin{tikaddeams 20.

Figure 2.5 shows the standard configuration of a planar patch antenna array.

=
767 (7
(75T (T x
yarg A y—,

Y/

Figure 25: Infinite Planar Array of Microstrip Patches [1 4].

Ground Plane

Antenna arrays achieve high gain and narrow beams through the superposition of
the radiation patterns of the individual elements into a single pafteermain bearof
the array can be steered to cover a section of space via two methods. Mechanical steering
requires the entire array to be physically rotated so the beam can cover the desired space.

Electrical beam steering is achieved by controlling the signal phase &ach antenna

1C



element while the array remains station&)].[ Figure 2.6 gives a visual representation

of pattern superposition and electrical beam steering.

\/

g

-
»

2]
—

>

Figure 2.6: Diagram of Phased Array Elements Basic TheoryZ1].

Electrical steering has a few advantages over mechanical such as a lower profile,
faster steering and multiple beariisvo parameters to keep in mind when designing an
antenna array are the array gain and effective isotropic radiated power (EIRP).a\nray g
is directly proportional to the gain of each antenna element and the number of elements,
as seen in Equation 2.5 belofd].

O puw i C O (2.5)

The EIRP of the array can also be thought of as the power a psofecpic
antenna would have to radiate to achieve the same power measured at the receiver. EIRP
is directly proportional to the transmitted power and gain of the antenna array, as seen in
Equation 2.6 belowZ1].

0 ayy 0 "0 (2.6)
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2.2.1 Element Spacing and Sidelobes

Sidelobes are an unavoidable part of all directional antebiffmction effects in

travdling waves that occur from discontinuities in radiating surfaces cause sidelobes in
an antennaZ?).

There is a particular type of sidelobe for antenna arrays called grating sidelobes.
Grating sidelobes are caused by the spacing between antenna elements in tBaeaeray.
the goal of an antenna array is for the radiation patterns of each element toegombi
spacing the elements far apart defeats this purpose. If the elements are too far apart, the
array will radiate several small patterns instead of one prominent lobe. Grating sidelobes
result fromthis phenomenon; they are residuals of the individieahent patterns and get
worse the further elements are separaBdting sidelobes should be mitigated as much
as possible since large sidelobes will mean lower power radiating in the maj@3pbe
Figure 2.6 shows the directivity ofbmoadside lineaantenna array as a function of the
element spacing in fractions of a wavelengthe antenna element typg not given since

the principal applies to arrays with aagtenna element.
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Figure 2.7: Directivity of Array vs. Element Spacing [23].

As seen in Figure 2.6, the directivity of an antenna array is highest when the
el ements are spaced just under O0.5a apart.
power will have sidelobes arounti3 dB below or about 20 times lower than the power

of the main beam2p).

2.3 Polarization

In its most basic form, electromagnatialarization refers tthe direction in which an
electromagnetic wave oscillates. Polarization is vital for antennas becausalthey o
transmit or receive energy at a particular polarizatizh [The two types of polarization

of interestin thisthesisare linear and circular polarization.
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2.3.1 Linear Polarization

Linear polarization is the most common polarization type where theielkeld vector

of the travéling electromagnetic wave is confined to a single plane along the direction of
propagation. Thénear polarization dirdwn is mainly relative and depemdn the
coordinate systemsed P4]. For instance, there areree different interpretations of

linear polarization; vertical, horizontal and slant, represented in Figure 2.8.

Figure 2.8: Vertical, Horizontal and Slant Linear Polarization [25].

For linear polarized antennas, theretare planes of interest; the -gmlarized
and crosolarized planes. The gmlarized plane is the plane of spgegallel to the
antenna of i nter est O-polafzediplane is préndgonal tothe whi | e
ant ennatds p ostaenae,ifa bnearlygalarized receiver antenna was oriented
along the xplane in Figure 2.8, then theptane is cepolarized and any signals travelling

along it would be received by the antenna. Likewise, thiage would be cross
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polarized and any gnals travelling along it would be rejected by the receiver antenna. If
any slant polarized signals trdlesl towards the antenna, only a tiny portion existing in

the copolarized plane would be received]1

2.3.2 Circular Polarization

Circular polarizatiorrefers to an electromagnetic wave that rotates flat in a perpendicular
plane as it travels. A circularly polarized wave can be generated using two linearly
polarized waves placed orthogdgakith equal magnitude aral9® phase shift between
them There & two variations of circular polarization, known as-tedind (LHCP) and
right-hand circular polarization (RHCP). The difference between them is dependent on
which direction they rotatelockwiseor counterclockwise with respect to the direction of
propagtion. This difference can also be interpreted as two linear waves witl? ar+90

90 phase shift to determine how the circular wave rot&ds [Figure 2.9 provides a

visual representation of LHCP and RHCP.

Figure 2.9: Left-Hand and Right-Hand Circular Polarization [ 25].
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A key design parameter tmnsidemwhen designing a circularly polarized antenna
is the axial ratio. Axial ratio is defined as the difference between the electric field
magnitude of the orthogonal portions of a circularly polarized wave. Ideally, the axial
ratio of a circular antenna would be 1 dB indicating that the orthogonal components have
the same magnitugdbut for most antenna applicatigrs axial ratio of 3 dB diower is

considered acceptabliq].

2.4 Switches

The most straightforward type of RF switch is a single pole double throw (SPDT) switch.
This switch has one input and can direct the input power to one of two output terminals.
These simple switches are tygliy switched between their two paths using DC control
voltages. One path will typically be enabled with a high voltadpe the other is

enabled with a low voltag&he most important parameters to consider when selecting an
SPDT are the return loss each port, the insertion loss from the input to each of the

output ports and the isolation between the output p2éls [

2.5 Hybrid Couplers

Power division is when an input signal is divided into output signals with lower power
two or more times, and each time the power is split in two is equivalent to a 3 dB loss.
Power splitting can be done using & Biybrid Coupler, which comprisds/o setsof
coupledoutputports with a 90° phase shift and high isolation between thegally,

the power enters through one input port and is split equally between two output ports

while the fourth port is isolated’his is done by arranging four quar&avelength
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transmission lines in a square, with each port located at the four ca2iiersifure

2.10 below shows the standard form of & @§brid coupler.

Zy\2
Isolated Z, Zs Qutput
“) (©)

Ma
Zy 2y
A4
Zy Zy

M @
Input Output

ZOJ" \'ri

Figure 2.10: Standard Form of 9C° Hybrid Coupler [ 2§].

Hybrid couplers are particularly useful when designing circularly polarized
antennas because they can provide two signals with roughly the same magnitude and a
90 phase shift between theifhis method has the benefit of using standard transmission
lines and carve fabricated directly on the substrate instead of using another packaged IC.
However, this type of coupler uses a large amount of spachiprecause of its
guarterwavelength transmission lines. In order to fit a hybrid coupler on the selected

substrag, a method of reducing the size will need to be fo@df [
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2.6 Antenna Measurement

Once each design in thisesiswas fabricatedthey were tested using equipment found in
the labs at the Department of Electronics at Carleton University. The teatirige

categorized into arameter and Radiation Pattern measerss.

2.6.1 S-Parameter Measurements

The S-parameters of each antenna array are measured nsigjlent 8720ES/ector
Network Analyzer (VNA) calibrated withreAgilent 85052D calitationkit. Calibration

is done using short, opea n d dddbandoads. Each antenna array is connected to
the VNA via an SMA to SMPM cable. Due tioe availability of only SMA calibration

kits, an SMPM to SMA connector is connected to the end of the SMPM damas
judged that a connection adaptesuld havealower loss angdthereforea more
negligibleeffect on the signal thahe cable. While it ismpossible to completely de
embed the antera, the additional connector will allow the SMPM cable to be de

embeddedFigure 211 below shows the measurement setup for POC1 and POC2.

Figure 2.11: Test Setup for POC1 and POC2 (Single)
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To assess the scalability of eacleaima array design, tt&Parameters ofra8x8
arraywere alsaneasuredThis is done by adding a ZC4PI53-S+ fourway power
splittercombiner The common port of the power splitter is connected to the \Wile
the four split ports are connected to four antennas via four SMA to SMPM cabla® Fig

2.12 shows the test setup for multiple antenna artigggtogether.

M,

)

Figure 2.12 Test Setup for POC1 and POC2 (Multiple)

For POC3a pair of 3.3V watch batteriggovided the DC bias for all circuitry on
the antenna PCBrhe DC ground was also connected to the RF ground on the SMPM
cable Otherwise, the testing setup and methodoklgyhe sameas the setup for POC1

and POC2Figure 2.13 shows the test setup for POC3.
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GND

Common GND

Figure 2.13: Test Setup for POC3

2.6.2 Radiation Pattern Measurements
Theradiation patternsf each antenna arrayere measured ithe anechoic chamber at
Carleton UniversityAn SAV-013183104NF horn antennaith anominal gain ofL.3
dBi was implemented as the standgaih horn (SGH) antenna. The center frequdocy
the radiation patteris 9.45 GHzsame as th&-Parameters.
A custom holder for the designed antenna arrays was 3D printed to fit the stand in
the anechoic chamber. The holder consists of a slab that holds the antenméhle6B
then slotted into a holder that fits the stand in the chamberufeg.14 shows the custom

holder.
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Figure 2.14: 3D Printed Antenna Holder.

The antenna holder shown in Erg@2.14 has holes in the back to allow for signal

feeding of each antenna PCBddhe DC biasing for POC3.
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Chapter 3:Linearly Polarized Antenna Array

3.1 Introduction

Proof of Concept 1 (POC1) aims to design, simulate, and test a simple linearly polarized
antenna array on the selected substrate. This development will be used to realize an
antenna structure with a switchable polarization state. POCL1 is the first gtep in
undertaking to identify potential challenges with substrate, feeding and patch antenna
design before any additional polarization modes are added using packaged components.
This chapter will outline the design process of POC1, starting with theedquir
specifications of the linearly polarized 4x4 patch antenna array. The specifications are
used to design a single patch antenna that is to be used as the building block of a 4x4

antenna array that will be fabricated and tested later.

3.2 Specifications

Thisthesiswas initially tailored towards supporting surveillance of Canadian coastal
borders. The work planned for thisesiswas based on an-Band radar platform with a
center frequency of 9.45 GHz. Initially, research was done in collaboration with a
Caradian company to develop the specifications in TableThis. companyater
dropped the project and research was forced to continue independbaetipitial plan
utilized a part known as the ADAR100@hich isa 4channel, Xband, beamforming
chip for phased array8()]. Figure 3.1 shows a block diagram of the ADAR1000 and

some of its features.
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Figure 3.1: ADAR1000 Block Diagram and Key Featureg30Q].

POC1is meant to design a simple 4x4 antenna array with which the ADAR1000
canlater ke integrated. Figure 3.2 shows a hypothetical 4x4 phased array with switchable

polarization using the ADAR1000 that served as the target end goal.

Figure 3.2: Target Design for 4x4 Switchable Polarization Phased Array.
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