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Abstract

Circularly polarized(CP) antennashave received increasg interest during recent
decadeslue to their unique features suchtlas mitigation ofmulti-path fading reduction
oftheiFar aday r owhan sigoatsopropadate ehcotigh the ionosplaere
immunity of the polarization mismatching between transmitting and receiving antennas.
Due to the requiremenbf high date rate and larggstemcapacity, CP antennas deployed
in various wirelessystems are always demanded to have wide bandwidtthermore,
other system requirements suchpagarization diversitywide-angle beam scannirand
low powerconsumption impose additionedquiremens to CP antennas. Therefore, it is
becominga more stringentrequirementto design wideband CP antennas with diverse
features to fulfill the requirements of various wireless systems.

In this thesissix different types owideband CP antenna elementsl arrays are de-
signed, fabricad and characterized tmeet thedifferent demands ofwvireless systems.
Chaptes 3-5 investigatethree different types ofwideband CP antenna elements while
Chaptes 6-8 investigatethreedifferent kinds ofwideband CP arragntennasin Chapter
3, an ultraawideband CP element wita bandwidthof 100% (3:1) is proposedt over-
comes theroblemof limited 3 dB axial ratio AR) bandwidth for singldeed CP antennas
and achieveshigh front-to-back ratio (FBR)by using a noveround planewith simple
configuration which makes it a good candidate for hjggrformanceGlobal Navigation
Satellite System (GNSSkceivers.Chapter 4 presents a wideband loop antenna with
electronically switchable circular polarizatioris.solves tle issue of narrow overlapped
bandwidthunderdifferent polarization states for a polarization reconfigurable CP antenna.
Because othe available orthogonal polarizations across a wide bandwidth, this antenna
can be deployed in wireless communications whinplement polarization diversitythe
third antenna elemernvestigaed in Chapter %ackles the difficulty of designing wide-
band wide AR beamwidth CP antennas. dhiaves wideAR beamwidh within a 42%
bandwidth, which is suitable for wideband widegle CP beanscanning applications

The second main part of this thesis focusesheninvestigation ofvideband CP ar-
rays In Chapter 6, a du&P bearrscanning array igwvestigaed, which can scan its beam
independently in righbhand circular polarizatm (RHCP) and lefhand polarization
(LHCP) from 27 GHz to 30GHz. It tacklesthe problemof low isolation betweethe two
orthogonally polarized portacross awide bandwidth at Kdoand.A singlelayer high



efficiency CP reflectarray is proposed in the following Chapter. The proposed design
solves theissues of bandwidth limitation and low aperture efficiency for sidgiger CP
reflectarrays. Itachieves the widest bamdlth compared with other CP ftectarays
reportedin terms of3 dB AR bandwidth,3 dB gain bandwidth, larger than 50% aperture
efficiency and undistorted radiation pattern bandwidthChapter 8, wenvestigate the

first application oftightly coupled arrayTCA) conceptinto ultrawidebandarrayswith

CP radiation Instead oftrying to reducethe mutual coupling among the elements,
exploits thestrong mutual couplingp improve the bandwidth & CP arrayBy using the
strong coupling ira constructive wayit overcomes théandwidth limtation of CP arrays

which areconstituted by narrovdand elements.
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Chapter 1. Introduction

1.1 Motivation

Circularly polarized (CP) antennas a¢ype of antennawith the tip ofthe radiated
electricfield vectorrotated along a circle[1]. They have several distinctiveadvantages
compared with linearly polarized (LP) antennasch as the mitigation of multpath
interferences or fadin2, 3], t he abil ity t o effeetdauseccbyithdar ad a
longitudinal magnetic fielariginating fromthe plasmain the ionospherg4, 5] and the
immunity of polarization mismatching between transmitting and receiving ant¢énas
Because ofheseadvantagesCPantennas are widely deployedvariouswireless systems
including satellite communication§lobal Navigation Satellite System (GNS8jreless
power transmissionyadio frequency identification (RFID)mobile communications,
wireless local area networks (WLAN) and Direct Broadcasting Services (DBS).

On the increasing demand lairger system capacity and higher data tateireless
systemsantennas arasuallyrequired to have wide bandwidtifferent to thebandwidth
requirements for LP antennathe bandwidth requirements for CP antennas are more
stringentsince both the impedance bandwidth and the axial ratio (AR) bandwidth need to
be consideredNormally, the AR bandwidth of a CP antensanarrower thants imped-
ance bandwidth or thewre notcompletely overlapped, which results in a decreased
available bandwidthin addition to the bandwidth requiremeritss preferable to desiga
CP antennavith otherattractive features such as low profile, compaetcsure,low cost,
simple feedingconfiguration, high fronto-back ratio (FBR)reconfigurable abilityand
wide AR beamwidth etc It is verychallengeto designa wideband CP antenna which has
all aforementioned features herefore, differentwideband CP antennaswith diverse
featuresare needed for various wireless systems.

One main application of CP antennas is thiveide deployment in GNSS systems
which have found important applications globally in both the military ar@navell as
commercial and consumer mark@f®. To increase the positioning speed, reliability and
availability, the antenna should be able to receive signals from various navigation systems
such as global positioning system (GPS), GLONAGSIjleo, Compass and even Indian
Regional Navigation Satellite System (IRNSS). Consequently, the operation bandividth
a highperformance GNSS antenna should extend fronGHz to 1.62GHz and even 2.5
GHz (for IRNSS) with good circular polarization grerties. Moreoversince nonLOS
(line of sight) multipath signals could be generated by reflection of satellite signals, the
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system performance will be degraded once these -aiiti signals are received by anten-
nas[8]. Utilization of a choke ring ground plane is an effective way to mitigatdti-path

signals through suppressiongénewave propagating along ground plaf@s However,

the limited working bandwidth and bullgtructure make the choke ring ground plane not
suitable for wideband application and expensive to fabricate. Therefore, there is an urgent
demand to desigawideband CP antenna coveritige whole GNSS bands (from 1GHz

to 2.5GH2) with good multipath mitigation ability.

Anotherfascinatingapplication of CP antennastheirexpandabilityto reconfigurable
antennas. Onaspecibf their uniquere-configuralility is to design polarization reconfigu-
rable antennas which can radiate in righntd circular polarization (RHCP) and Hafind
circular polarization (LHCP)It is known that CP polarizatioreconfigurable antennasin
be used to implement polarizatidiversity for wireless communicatiof$0] and realize
frequency reuse for system capacity improvement in satediitenunication systenfd1].
The channel capacity of @x2 MIMO orthogonal frequency division multiplexing
(OFDM) system is improved by usin@P reconfigurableantennas compared with the
singlepolarizationsystem under bothOS and noALoS indoor environmeritl2]. In spite
of these advantages, ti@roduction of ptarizationre-configurability makesit harder to
designwideband CP antennas along with this distinct feature.

Besides improving the bandwiddf CP antenngswidening the AR beamwidthas
received increasing interest due to their applicatiorGNIsSsystemd7] and wideangle
CP bearrscanning array[13]. Several researches on this topiere reportedncluding a
squarering slotted patch antenrjd4], anasymmetricmicrostrip antenna with integrated
circularpatches[15] and an elliptical vertical patch antennbacked by an eftitical air
cavity [16]. Although these CP antennas can achieve ithare 120 AR beamwidth, their
AR bandwidtls are smaller than 5%-or high-datarate wireless systems withe addi-
tional requirement on widangle CP bearscanning, it is necessary and also very
challenging tadesign wideband CP antennas with simultanedds AR beamwidth.

On the other handarray antennas are necessatyen high gain performance is de-
sired for wireless systemsRecently, dsigning wideband CPRarrays is becoming
increasinglyimportant to multifunctional systemshigh-datarate communicabn links
high-resolution radar and tracking systerssitware radios and electronic warfare applica-
tions [17-19]. Traditional arraysusuallycomprisea great number oflements and rather
complicated feeding network¥o simplify thefeeding structure of array antennas, reflec-

tarrays (RAs)are promisingalternatives However,one major drawback dRAs is their
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narrow bandwidtrdue tothe inherent narrow bandwidth of microstrip elements and the
differential spatial phase del@®0]. Considering that it is more difficuto design elements
with wideband CP reflection performance and wideband CP feeds, theviddneen-
hancement of CP reflectarrays is thus more challenging than LP reflectarrays

It is widely congered that the mutual coupling arraysdeteriorate ther perfor-
mance NeverthelessMunk usedstrongly coupled short dipoles to designwideband
array which achiewvedan impedance bandwidtbf 4.5:1[21]. This reveals a new kind of
wideband array, the tightly coupled arré@yjthough variousdesigns based on this concept
have achieved several octave bandwidths, they are all linearly polarized and only the
impedance bandwidth improvemeatconsideredOn this occasiondesigning a CP tightly
coupled array for the first time is thuglispensablandvaluable

In summarythere are different requirements for CP antennas when they are deployed
in various wireless system&mong these requirements, large bandwidthsisallydesired.
In addition CP antennas need to be desigetboately for different systemso fulfill

diverseobjectives

1.2 Main Contributions

The major novelty and contribution$ thisresearctaresummarizeds follows:
I.  The design ofan ultra-wideband CP antennawith enhanced frontto-back ra-

tio (FBR) for GNSS application

1 The proposed CP antenna fmsimpedance bandwidtand ARbandwidthof 3:1
(1.0 GHz to 3.0 GH2) which can fully cover the whole GNSS bands

1 A simple but effective impedance matching methtmdachieve broadband imped-
ance matching
A novel cavityis proposed t@chievehigh FBR

1 The antenna hawverage 30dB FBR across the GNSS bands for fpatth mitiga-

tion.

.  The designof a wideband polarization reconfigurable CP loop antenna for
application of polarization diversity in wireless canmunications
1 The presented antenna camitchits polarization to RHCPr LHCP electronically

within a widebandwidth
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1 Detailedtheoreticalanalysisof the impedance matching method whichassin-

gle-section trammission line with specificcharacteristicimpedance and nen
quarter wavelength length toatch an antenna with a complex input impedance

Sizereductionof the CP loop antenna

The design ofa wideband inverted S-shaped CP antenna with wide AR
beamwidth for wide-angle CP beamscanning application

A novelinvertedfiSo antennawith a simple configuratioandwide AR bandwidth
Theantenna achieves maximum 2480dB AR beamwidth witha rearground plane
The AR beamwidth of theinverted iSO antenna is larger than the hplbhwer
beamwidth (HPBW) in nearly all elevation planes within a wide bandwidth

The developmentof a multi-layer wideband dualCP patch array for Ka-band

satellite communications

The presentedmulti-layer patcharray is able tamplementduatCP operatiorat 30
GHz

Unequal-length crossed slots are etched on the parasitic patchprove the AR
perfomance

High isolation between the RHCP and LHCP port

Independenbeamscanning ability in orthogonal polarizaiis

The development of a single-layer wideband high-efficiency CP reflectarray
for satellite communications

A novel reflectarray phasing element which achieves 2:1 CP bandwidth

The proposed reflectarray has the widest bandwidth in term8 dB AR
bandwidth, larger than 50% aperturei@éncy (AE) bandwidth an® dB gain
bandwidth compared withtherreportedsinglelayer CP reflectarrays.

The proposed reflectarray can maintain pesldped beam&w sidelobe(-15dB)

andlow crosspol (-15dB)across a 2:1 bandwidth.
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VI.  The developmentof an ultra-wideband tightly coupled array with circular po-
larization
1 Itis the first CP tightly coupled array which ainasiinprove the AR bandwidth of
a CP array by taking advantages of strong mutual cougfimgng the elements.
1 Detailed analysis ofAR bandwidth improvemenprinciples as well as the
limitation of the AR bandwidtlenhancemerndf the proposed array
1 A planar and relatively simpler power divider network compared with those used in

LP tightly coupled array
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1.4 Outline of Thesis

This thesids organizednto ninechapters.

Chapter 1 provides brief descriptionof the research background amdotivation.
Moreover, the main novelty and contribution of tthiesishave been summarized

Chapter 2 describes the stafethe-art an wideband CP antenna elements and arrays
Different methods to achieve CP radiation and relevant opgratinciples areintro-
duced Then, various wideband CP elements and arrayseaiewedandthe chapter is
ended with some remarks on desaipjectives and considerations.

Chapter3 presentshe detailed design, fabricatiand characterizatiorof an ultra-
wideband CP antennaith improved FBR The antenna configuration isxplainedalong
with its working mechanismslhen a novel cavity is ppmsed to improve the amna
performanceThe operatig principle of the proposed cavity &so provided. The perfor-
mance of this UWB CP antenna is verified by measurement results and the comparison
with other wideband CP antennas of the samettyplemastratets distinct advantages.

Chapter4 illustrates thedesignof wideband polarization reconfigurab@®P loop an-
tenna. Firstly, a dualloop antenna which can radiate LHCP, RHCP and LP waves is
presented. To reduce its size, a sidglEp antenna wit switchableLHCP and RHCP
radiation is proposed. The impedance matchieghodfor these two CP loop antennias
analyzedin detailandcan also be used in other antenrsth simulation and measure-
ment results indicatéhat the presented CP loop antennas have wideband polarization
reconfigurableability.
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Chapters presents the design afnovelinvertedS-shaped CP antenna with wide AR
bandwidth and wide AR beamwidth. TI operatig principlesand the mechanism of
wide AR beamwidth are both explaine@io validate the design concepty mverted S
shaped elemerdand a 4element linear array are fabricated and measured. The measure-
ment results confirnthat both the element and linear array have wide bandwidth and wide
AR beanwidth characteristis.

Chapter @resents the delopmentof awideband dualCP array for Ka band satellite
communications The multilayer CP patch element witmodified parasitic patch is
characterize at first. Based on thiwidebandpatch element, a du@lP array which can
radiate in both RHCP and LCHP state is designed, fabricated and measured.

Chapter 7describes thelevelopment of a singlayer wideband higlefficiency CP
reflectarray.Firstly, the design of the unit cell and resflection performances provided.
Then, a wideband CP reflectarray based on this element is desitpeedeticalanalysis is
given toanalyze the effect of the angularotated elements to the performance of the
reflectarray as well as the influencedifferential spatial phase delalinally, a 1% 15
element reflectarray igabricatedand characterizedo verify theanalysisand the design
concept.

Chapter8 presents the development of a wideband CP tightly cdslay.To begin
with, LP tightly coupled arrayare reviewedriefly. Then the tightly coupled unit cell is
proposed and simulated. Following the improved bandwidth compardide tisolated
element of the same size, the principles of Ba&hdwidthimprovement is provided and
verified by smulation results. Finally, a;44 CP tightly coupled array along with the
complete feeithg networkis prototyped and measured

Chapter9 concludegshe entire thesis by highlighting the research outcomes and pro-

vides insight into possible future work.
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2.1 Introduction

Various CP antenna elements and arrays have been designed and proposed. To classi-
fy these CP antennas, termindlegs u ¢ h  a  efesdiodh gfi @ ¢ a losuadyused
to sortthe CP antenna® terms of the feeding configuratiomnstead of using these
apparenterminologieswvhich describe the geometrical characteristics of CP antetimas
chapter will start witlthe designtheory andnethodologie®f CP antennas, which gives
in-depth understanding ahe operating principles oflifferent CP antennasThe CP
antennas can also be classifiedtwir different operating mechanisms

Due tothe increasing demands fiargercapacity and higher data rate in wireless sys-
tems CP antennas are required to achieve widandwidth.During recent decades, a
variety of wideband CP antennas have been proposed for applications in various wireless
systemsTo give an overview of these wideband CP anterthasstateof-art on wideband
CP antennas are reviewead the manner of different operating principlés$.theend of the
third section,a tablesummarizing the performances of these antennas is presented.

In the circumstancewhere signal transmitter and receiver are placed far apaay, arr
antennaswith higher gainare always desired to overcome the fspace lossesThe
design methodolags of CP array antennaare partly overlapped to LP array antennas
while there are some particuldesign approaches for CP arrays such as the sequential
rotation methodFor a clearly understanding of the wideband CP array antennas, different
types of wideband CP arrays are reviewed in detail ifaheth sectionof this chapter A
table which giveshe comparison of these wideband CP arrays is also presented at the end
of this section.

Based on the review of wideband CP antenna elements and arrays, a brief summary

IS given Some major design objectiveer the further development of wideband CP
elements and arrays aasolisted at the end of this chapter.

2.2 DesignTheory and Methodology

As is well known, there are numerous antennagldeed with CP radiationAlt-
hough they areof different geometriesthey can roughlybe divided into threetypes
according to their CP operating principlé@$e first type is associated with patch antennas,
which uses the two orthogonal modes™6b and”Y0O to obtain CP radiationThe

secondtype is originated from the definition of a CP wave, wh&ims to produce two
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orthogonal electric fields with quadrature phase difference. |a$tetype relates to the
widely deployedspiral antennas and helical antennas, whichstaklvantagef travelling
wave current along curved structures. This section thescthese three approachveish

the aim of providing a theoretical foundatifam the whole thesis.

2.2.1 UsingOrthogonal Modes of Patch Antennas

For arectangular microstrip patch antenna showkigure2.1, it is well known that
the dominant mode with the lowest resonant frequency is €ittier (if 0 w Q) or
YO (fw O "Q[22.According to thecavity model of the patch antenna, we could
sketch the distributianof the tangential electric field along the side walls of the cavity for

these two modes, which are showrFigure2.2.

X

T T

h h

TM%10 [ [ + TM g0, i

|
L F L
[l
[~ w ' =< w |
(a) TM %0 (b) TM ¥

Figure 2.2 Distributions of the tangential electric field for two orthogonal modes[22].
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To obtain CP radiation from a patch antertha,two orthgonal modes need to be ex-
cited simultaneously with a 9@hase difference. This can be accomplished by adjusting
the physical dimensions of the patch antenna and using either single, or two, or more feed
[22). For a square patch antenna, the easiest way to achieve CP radiation is to feed the
element at two adjacent edges with quadrature phase difference, as sheéigure?.3.
The feeding at one edge excites té mode while exciteSY0 mode at the other
edge. The Y0phase difference can be provided by a@dwer divider or a 9ohybrid.

Power Square Square
1 divider patch [ 00° hybrid — patch
}
A4
¥
L

Figure 2.3 Square patchfor CP radiation [22].

Although theabove method achieves good CP radiation, the exterfalo9ger divid-
er and the 90hybrid increase the complexity of the antenna. Patch antennas can also
obtain CP radiation with a single fegdneway to accomplish this is to feed the patch at
specific feeding point to excite two orthogonal degenerate modes. By introdacing
appropriateasymmetry to the patch, these two modes will have slightly different resonant
frequencies. It is thus possible that the radiated electric field of one mode can le&d by 45
while that of the other can lag by 4&nd thus a quadrature phase difference caobbe
tained between these two degeated modes at some frequen¢isy.

To illustratehow the CP radiatiois established through using orthogonal degenerated
modes, a brief analysis is given as follows. Considering a nearly square {patah X
shown inFigure 2.4, two orthogonal modesyl and”YO can be excited once the
feeding point isin the diagonal line of the patch.

}.‘

4 L
0.z) 7
) /’© Fe,ad
y point
Y »;
< W N

Figure 2.4 Geometry ofa nearly square patch[22].
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In the broadside direction, th0 mode produces a fdield electric fieldO which

is linearly polarized along direction while thé YO mode produces a fdield electric
field O which is linearly polarized alongdirection[22]. These fields can be expressed as

) . O E“lnj 0
0O w

7 TN ¥ L7 (21)
Qp Qo Q
o & OFiG 02
(k’?‘Q p ’?‘g&zl’ij '?‘Q .
Q = (2.3)
Q o (2.4)

where®is a constant anél represents théotal quality factor of the antenn&ince the
feed point whd& is selected along the diagonal so that
2 X (25)
0
Substituting(2.5) to (2.1) and(2.2), then the ratio 0© andO is

o Qp QO 0 20
O Tp W Q '

To obtain CP radiation in broadside directi@nj ‘O should béQ ! [24]. From the

derivation in[22,24],0j'0 'Q ! vyields
0
o p Gﬁ (2.7)
Thus, good CP radiation can be achieaebfloresightf a nearly square patch with the
length and width ratio giveby (2.7) is excited with a feed along the diagonal. The CP
operatingfrequency is between thevo resonant frequencies of th¥0 and”Y0
modes.
Besides feeding the nearly square patch antalumg the diagonal, other methods can
also be applied to excite the tvasthogonal degenerate moddhese methodsiclude

cutting thin slots on the pat¢B5 and usingacornerstruncated patcf26).

2.2.2 Using Orthogonal Electric Fields in Phase Qadrature

Theradiated electric fieldf aCP antenna can be written in the following form

O+fh B8O b Q" 0O bhH Q (2.8)
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whereO —» andO —k denote the magnitudes of the radiated electric fieldgnd
n denote the phase of the radiated electric fields.
CP radiation can be obtained once
O+ O —b (2.9)
n o n “jc (2.10)

From (2.8) to (2.10), it is evidentthat a CP antenna can designed by exciting two
orthogonal electric fieldsn phase quadraturé®ne straightforward way to realize this
condition is to feed two dipoles which are placed perpendicularly to each other With 90
phase differenceas shown irrigure2.5.

X

Figure 2.5 Geometrical arrangement ofcrossed dipoles with quadrature phase difference

According to theclassical antenna theof22], the electricfield radiated by the dipole
placed along-axis in thexozplane can be written as

5 Al “@0&1‘? — ATTQ0
o —bh Q :

(2.11)

] N

| OEf —
0O -k m (2.12)

where— is theintrinsic impedancef the mediumwhich equalsto 120 for free spaceO
is the magnitude of electric current flowing along the dip@lks; the free spacevave

number.

If half-wavelength dipole is used, théh11) can be rewritten as

. A .I. “ A .I. “ o
o & @ m ?, ? (2.13)
E

i ()‘jt__
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Similarly, theelectricfield radiated by the dipole placed alopgxis in theyozplane

can be written as

y A P A i P L
0 b @ m ? - 2 (2.14)
l OE t —

Notice that the electric field direction of the dipole alorgxisis actually inx direc-
tion at boresightwhile the electric field direction of the second dipole algraxis is
actually iny directionat the boresight, theadiatedelectric fields of the two dipoles are
thus orthogonal to each other at the observation pointzRuks. From(2.13) and(2.14),
the magnitudes of these tvaothogonal electric fieldsvill be identical if the two dipoles
are fed equally’™®@ "O. Introducing 90 phase difference between the feed of these two
dipoles will bring quadrature phase difference between the two radidtexdjonal electric
fields, which fulfills the requirement of2.10). Therefore, good CP radiation can be
achieved in broadside direction if the two perpendicularly placed dipoles are fed equally

with quadrature phase differences.

2.2.3 Generating Travelling-Wave Electric Current along Curved Structure

The third way toobtain CP radiation is generating travellwgve electric current
alonga curved structure, such asspiral, kelical or loop structureAs the nature of these
types of antenna is similar, for a brief explanation of the CP radiairdg,the casef
travellingwave current alongloop structure is considered here.

Z 4
rP

dy

Y —

X

Figure 2.6 One-wavelengthloop with travelling -wave electric current[1].
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Considering a onwavelength loop antenndQ® p), as shown inFigure 2.6, is
placed in free space and supports an electric current distrii@ion . Notice that
denotes the angle measured form thaxis andQcd p, thus the current distribution
W] indicates the amplitude of the electric mnt along the loop is constant and
the phase of the electric current undergoes progressive variation along the loop, which
represents a travellingave current distribution.

The farfield electric fieldO andO of this loop antenna can be represdriig[1]

j
o —h TQ'A% -0 OEfl Al O IT10Qr (2.15)
~ J ~ - ~ s 7 s AN s -
0o —b 100 Al DAl OEHA ITOQT (2.16)
The normalized plots O sand ‘O in the elevation plane are shownRigure 2.6.

As shown, th@newavelength loop antenna with travellimgave current distribution has a

figure of eight pattern fo© and an almost omnidirectional pattefor O . More im-

portantly, it is observedthdds O at— 1 and— p Y tdirection.

Figure 2.7 Normalized E-field patterns of a travelling-wave loop antenng1].
Substituting— 1T to (2.15) and(2.16), wecould rewrite them as
o -+ QWO @ Q! (2.17)
o —bh @ (2.18)
Dividing (2.17) by (2.18) yields'Q | , which indicates thgpure CP radiation can be
obtained at— 11 . Likewise pure CP radiation can also be achieved-atp ¢
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2.3 Wideband CP Antennas

Different approaches tthe designof CP antennasvere introduced in the preceding
sections.The desigrexamples given are of the simplest form and generally saftary
limited bandwidth.A wide range of CP antennas based on these Hasignshavebeen
developedo improve the bandwidtht is thus meaningfub give acomprehensiveeview

of these wideband CP antennas

2.3.1 Wideband CP Microstrip Patch Antennas

As indicated in 8dion 2.2.], patch antennasan be used to obtain CP radiation if the
two orthogonal modesyd and”YO are excited with additional 9phase difference.
Thebasic form of thes€P patch antennas incluttee cornerstruncated square pat¢6],
rectangular patch27], elliptical patch[28] and slot loadedquarepatch[29]. However,
these basic CP patch antennas have very narrow bandwidth, typicall9e1%o improve
the bandwidth especially the AR bandwidth of CP patch antennas, vanetheds are
adopted.

Instead of introducing single rectangukdot or crossed slot on patch antennaa
modified slotshape can be used to improve the CP bandwidgatch antennas. If80],
dual squareshaped slots aronnectecand removed from a square patohachieve wider
bandwidth which is shown inFigure 2.8. These two slots bring twaybrid operating
modes, which operate very close in frequency and hence help achievebandisvidth

compared with conventional CP patclif@® bandwidth around 8%).

4l L >
A
SzI
PRI 51 ISB PRI
W, I T
R W, W
L I“h
L,
S5
Patch/' dI v
Substrate "
Ground plane SMA §

Figure 2.8 Geometry of a modified slotloaded square patch antenng30].
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Anotherway of increasingthe bandwidth of CP patch antennasoisntroduce an air
gap between the pat@nd the ground planer replace the dielectric substrate by an air
substrater foam This method can be explained by tleduction of quality factoof patch
antennaslt is indicatedn [22] that thepercent bandwidth of a diagor@led nearly square
patch antenna is
6 wn Qi &'Q#)@%Y (2.19)
wherethe AR is specified in dB.

As shown in(2.19), the bandwidth of a CP patch antemnaverse proportional to the
total quality of the antenna. It is also well known thataller dielectric constant of the
substrate yields a lowér of patch antennas. Therefore, the bandwidth improvement of a
CP mtch antenna can be achieved by usisgbstrate with smallatfielectric constant.

Figure2.9 showsaninvertedL patch antenna which has a thick air substiaite in-
vertedL patch is formed by a horizontal portion of a square patch and a vertical portion of
an isosceles triangulahape.By usingthe cornerstruncated square patch, CP radiation is

obtainedand the AR bandwidth is enhanced to 7% due tailieation oftheair gap.

Inverted-L patch

Air-layer substrate -

(a)

NG
AL =22 mm
v

L =56 mm

Bending line — L-AL =34 mm —»

My N AL fm

Ci4 17 mm—»
(b)

Figure 2.9 Geometry of abroadband CP inverted-L patch antenna[31].
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It is worth mentioning that the bandwidth of CP patch antewitfisan air gap (sub-
strate)can be improvedurther when combined witlother techniques such asinga L-
shaped probe fed@2-34], ameandering strip fe€@5] or aground plang36).

The dackedpatch isanotherpopular way to improve the bandwidth @P miciostrip
antennag37-39]. Figure 2.10 shows the configuration of design which demonstrates
around 1093 dB AR bandwidth[40]. The improvement of the bandwidth is attributed to
the twodifferentresonancesf the driven patch and parasitic patehich whenappropri-
ately designed, camproduce CP radiation withtwo close resonanfrequencies. The
bandwidth can then be improved if these two resonances are combined effectively.

Parasitic Patch
1

h;

Foam h;
Driven Patch

Ground Plane

Coaxial feed
Figure 2.10 Geometry of astacked CP patch antenng4qQ].

NumerousCP stacked patch antennas hbeen designed with the purposeeafend-
ing the AR bandwidthfurther. By choosing different substrates with high and low
dielectric constants for the driven patch and parasitic patch, respecthely,dB AR
bandwidth of a patch antenna can reach to 18% A slot loaded, air gap supported,
stacked CP patch antenna achie2@% 3 dB AR bandwidth[42]. The AR bandwidth can
even be increased to 30% when four parasitic patchessark andplacedin a rotation
arrangemeni43].

All precedingCP patch antennas are fed bygiagle coaxial cable anare calledsin-
gle-feed CP artiennas. Whe®(° power divides or hybrid couples are usedtwo or more
feedingpointsexist and lead tocscalled duaffeed or multifeed CP patch antenn&ince
the 90 power dividers and hybrid couplers can maintain balanced outmriiimdes and
quadrature phase differences in relatively widandwidth, the dudieed and multfeed
CP patch antenndmave wider AR bandwidth than the singéed CP patch antennas.
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A wideband CP patch antenna with dual capacitively coupled feddsh achieves
35% 3 dB AR bandwidthis shown inFigure2.11[44]. A 90° Wilkinson power divider is
usedto provide the quadrature phase difference between the two feeding ports. Through
using air gap and capacitive feeding, both the impedance bandwidth and the AR bandwidth

aregreatly improved.

Patch substrate

| = i h, ¢ |
air
= h, e
| = 2 | Ground
A
Feed substrate
(a)
50 Q, 0°
50-Q microstrip line to point A
100-Q2 chip resistor 50 Q. 90°
to point B

(b)

Figure 2.11 Configuration of a CP patch antennawith dual capacitively coupled feeds(a) sideview of
the antenng (b) 90° Wilkinson power divider [44].

Figure 2.12 shows anL-probe fed circular patch antenna with four feg¢ds|. As
shown, bur L-shaped probes formed iig vertical and horizontal portions are orthogonal-
ly oriented and positioned at a distancdi®d awayfrom the circumference of the patch.
The L-probe feeds are soldered to the output lines offeéled network and excite the
radiating patch by proximity coupling. The broadband feed network consists of a cascade
of a3 dBWilkinson power divider for wideband impedance matching and balanced power
splitting, and a novel broadband °98chiffman phase shifter for wideband®3thase
shifting. Due to thesavidebandfeedingstructures, this CP patch antenna achieves around
80%3 dB AR bandwidth.
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v

r N

Dielectric
[ substrate
Air

| substrate
Feed

“network
..L-probe

feed
i Ground
plane

Figure 2.12 Geometry of an L-probe fed circular patch antennawith four feeds[45].

2.3.2 Wideband CP Crossed Dipoles

In additional to theCP patch antennasrossed dipolesan also be used to produce
wideband CP radiatiof46-49]. Figure 2.13 shows theconfiguration of a CP crossed
dipole[46]. As show, two pairs of linear dipoles are printed orthogonally on both sides of
a substrate. There is a ring shaped line which connects the two orthogonal dipoles, provid-
ing quadrature phase difference between the dipole pagsound plane is placed below
to form an air gap and produce unidirectional radiation pattdtms.measure@ dB AR

bandwidth of thisCP crossed dipole is around 15%.

z
120 R
A -
=X
90° y
L W1 I }ayer2
W, 1 ] ]
120 2 i_ : semirigid -~ layer 1 &
0° 180° - : ;
~ coax (airgap) § |h,
y 270° : mount post | 4
— -
I,_._X SMA & reflector
v £
a b c
Figure 2.13 Geometry of a CP crossed dipole: (a) top view of layer 2b} bottom view of layer 2, (c)

side view[46].
To increase the bandwidth of CP crossed dipglasasitic loops are introducé¢d?].
The coupling from the crossed dipole to the four parasitic loops lepige the loops and

19



Chapter 2. Literature Review

yields another CP resonance. When the additional CP resonance is combined with the

original one caused by the crossed dipalider bandwidth can battained

y ‘ 120
(P L 90° lt
b—»x
6 g b
zZ
120 w) 0° 180°
1> etched
l4 'I i I i 4 l‘?l hole
w3
reference plane/' 2707
(a) (b)
— substrate
z i K
semi-rigid __
\ coax 4 air gap hy
X mount post
4

Lg] <
reflector
(c)

Figure 2.14 Geometry of a CP crossed dipole with parasitic loopgt7].

The bandwidth of CP crossed dipoles can also be improved by changing the shape of
the dipoleq48§]. Figure 2.15 shows a modified CP crossed dipole wiit-patch shaped
dipoles.Due to this modification, thequality factor of the printed dipoles reducel and
thus a wider bandwidth can be obtainethe measurement results confirm that this CP
crossed dipole achievas3 dBAR bandwidthof 27%

o) ok

e« L » O

P

=¥ ) v ® ¥
O 21
(a) J (b)
H
s - 'y
é z Substrate
yE&x
Air gap H
Coaxial line
SMA 1‘({/3@('1{)!‘

(©
Figure 2.15 Geometry of amodified CP crossed dipold48§].
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2.3.3 Wideband CP Slot Antennas

Printed slot antennas usually have broader bandwidth than the microstrip patch anten-
nas[29]. Therefore, it is gxected that the CP slot antenna will have wider AR bandwidth
when CP radiation is generatby slot antennavariousCP slot antennas can be found in
[50-55].

The simplest way tgenerateCP radiation for a printed slot antenigaby using 90°
hybrid couplers or power dividers é&xcite two orthogonal magnetic currents with quadra-
ture phase differenc&igure2.16 shows a CP square slot antenna fed by a-thtiaege 90
hybrid coupler[50]. The coupler can excitevo orthogonal magnetic currerddong the
two adjacent sides aqtovide 90 phase dierence between these two orthogonal magnet-
ic currents for CP radiation. This antermealizes 2293 dB AR bandwidth

Slot loop

ZS Z4
Matching stub
Z3
Z
. Z, Ground
mput |, % | 500
1
port 1 port 2
Substrate /Hyhrid coupler
—

Ground
Figure 2.16 Geometry of asquarering slot antenna excited by a 99hybrid coupler [50].

CP radiation can also be achieved for slot antennas withSuty®0id couplers or
power dividers.A good example is given bffigure 2.17 which shows a circular slot
antenna fed by a conventional microstrip lifle.achieve CP radiation, the microstrip line
is ber to invertedL shape. With this bending, theshaped line can provideo orthogo-
nal electric currents along and y- directions, which in turn excites tworthogonal
magnetic currents across the circular aperture. Thelase difference can be obtained by

tuning theparametenti. The measured dB AR bandwidthof this antenna is around 44%.
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h

4

Substrate Feed line

N

—_—

Ground

Figure 2.17 Geometry of acircular slot antenna excited by amicrostrip line [51].

The above two CP slot antennas both have aldyal structure. It is also possible to
acquire a CP slot antenna with a sinligiger structure where the feed line and the slot are
in the same plangs2-54]. Figure 2.18 shows a square slot antenna fed by a coplanar
waveguide (CPW). Similarly to the two above mentioned CP slot antennas, the working
mechanism of this CP slot antenna can also be explainedebgxtitation of the cal-
orthogonal magnetic current3he two orthogondly placed feeding stripexcite the
orthogonal magnetic currents while the requirel @tase difference between these two

currents for CP radiation can bbtaired bytuning the lergths of these two strips.

§

Figure 2.18 Geometry of aCPW-fed slot antenna[53]
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It is also possible to combine the CP slot antenna with the patch antenna to improve
the bandwidth of the CP slot antenrfagure 2.19 demonstrates a microstrip line fed
circular slot antenna with a parasitic patch antg®®h The CP radiationof the circular
slot is achieved by the invertédshaped feeding line, similao the CP slot antenna
analyzed inFigure2.17. As the parasitic patcis also excited, an additional CP resonance
is generated and tf8dB AR bandwidth carbe enlarged to 45% once the CP resonances

from the slot and the patch are combined constructively.

Substrate Feed line
(——————————— |
Foam —» Ground

Parasitic patch

Figure 2.19 Geometry of amicrostrip -fed slot antenna with a parasitic patch{55].
2.3.4 Wideband CP Travelling-Wave Antenna

Anotherimportantcategoryof wideband CRantennas is the travellingave CP an-
tennas, including healal antennag56-58], spiral antennaf59-61] and CP loop antennas
[62-64].

Figure2.20 shows ahelical antenna witlthe ground planeThe geometrical configu-
ration of a helix usuallgonsistsof U turns, diamete® and spacingYbetween each turn.

The total length of the amtna ish 0 “Wvhile the total length of the wire is 00

OUMY & whered 0 is thelength of the wire betweesach turrmnd6 “ O
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is the circumference of the heliAnother important parameter is the pitch anglehich
is the angle faned by a linetangent to the helix wire and a plane perpendicular to the

helix axis. The pitch angle is defined by

(2.20)

Figure 2.20 Helical antenna with ground plane[22].

When| 1, the winding is flattened and the helix reduces to a loop antenina of
turns. On the other hand, when it thenthe helix reduces to a linear wird/hen
T | it , thena true helix is formed with a circumference greater treno but less
thanthe circumference when the helix is reduced to a lpop {1 ).

The helical antenna can operate in many modes; hoywneetwo principad are the
normal (broadside) and the axial (efré) modes. The thredimensional amplitude
patterns representative of a helix operating, respectively, in the normal (broaatside)
axial (endfire) modes are shown iRigure2.21. The axial mode is widely used since it

can achieve circular polarization over a broad bandwidth (usuallyTziBxcite this mode,
the circumference of the helix must belie-_ 6 -_ range with the spacing about

"Y _ j T andthe pitch angle ¢ | pT.

24



Chapter 2. Literature Review

5
8
.

X 4
(a) normal mode (b) end-fire mode

Figure 2.21 Three-dimensional normalized radiation patterns for normal and axial modes helical
antennas[22].

Although the hebal antenna has a 2:1 CP bandwidth in its axial mode, one major
drawback of this kind of CP antenna is its cdesable height. When operating at low
frequencies such as VHF band, the physical size can become rather large. To achieve low
profile helical antennas, smaller pitch angled smaller number of turns or stub loaded
helical antennas hawe be designed 65-67]. However, the3 dB AR bandwidth in these
designs reduces to around 10%.

Another type of widely knowmand widely deployed CP antenisathe spiral As the
geometry dimensions of spirals ateterminedoy angles, thy are frequency independent
and can achieve rather broadband CP radiafigure2.22 shows a twearm Archimede-
an spiral antenna whose radius is defined by e, where®is a constant and is the

rotating angle.

Arm | Feeding point

/

Arm 2

Figure 2.22 Archimedean spiral antenna[6].
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Compared with helical antennas, the spileise much lower heigland can be print-
ed on a substrate as a planar antenna. The bandwidth of spirals can be designed to several
octaves, which is wider than the bandwidth of helical antennas (usuallyH@wgver,the
spirals need balanced feed to maintain symmetrical characteristitéch increases the
complexity. One method that achieves geometrical balancing requires that the coax is
embedded into one of the arms of the spiral. To maintain symnaettymmy cable is
usually placed into the other afi22]. If the feed line is electrically unbalanced, a balun
must be used, such dapered microstrip baluf68] and microstrip line to coplanar
stripline (CPS) balupe9].

Due to theconsiderable height of helical antennas and the need ofwitleband bal-
uns for spiralsthere is an increasing interest in designing travelwage CP antenna
with lower heightand simper configurationA curl-shapedantenna with travellingvave
current excited along the wire achiev@#\R bandwidthof 6.7% [62]. Travellingwave
current can also be generated by an dpep antennawhich is shown irFigure2.23[63].
As indicated in sectior2.2.3 good CP radiation can be obtained if a travellvaye
current is excited along a circular loop configuration and the CP-lopenin [63]
achievesa AR bandwidthof 12%

-

SR

-

Coaxial line

Figure 2.23 Geometry of a probefeed printed circular open-loop antenna[63].
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To improve the AR bandwidth of the CP loop antenaasadditional parasiticopen
loop can be placed inside the original lof@g#, 70]. Figure 2.24 showsan operloop
antennawith a parasitic loopvhich achieves 16% AR bandwidtBy incurringanother CP
resonance with higher resonant frequency than the original Aosfeeve balun is used to

feed the antenna, which hamich simpler configuration than those baluns used for spirals.

F 3
Loop 1
\i
40 E ]
| i
| SN
: 1 Gapl |
y E Feed point | | E
v E - E L4
o _ | i i Ground plane
ol i i
! | :
RT/duroid T
z substrate
13
0 A
Styrofoam ]

X
y Folded balun Ground plane
Semi-rigid cable

Unit: mm

Figure 2.24 Geometry of a probefeed printed dual openloop antenna[70].

Usinga duatloop structure in seriefed or paralleffed can improve the bandwidth of
CP loop antennafurther, as shown in[64, 71]. As demonstrated if64], the dualloop
structure in seriefed and pardtl-fed can achiev80% and 50%AR bandwidth respec-
tively. Compared with helical antennas and spiral antennas, the CP loop antennas have
relatively narrower bandwidth. Nevertheless, they featoraller sizeplanar structure and

simple configuration, whicimake them easytfabricate and implement.
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.’ll‘ oop 2 :

4 Loop 1

Ground planc

Figure 2.25 Geometry of series and parallelfed dual rhombic-loop antennas[64].
2.3.5 A Comparisonamong Different Types of Wideband CP Antennas

Table2.1 gives the comparison among different kindsnadeband CP antenna&s
shown, CP patch antennas are usualiyall sizeandcan achieve batwidths from several
percentagéo 25%. Stacked patarswith multi-feed structurg are effectivetechniques to
improve theAR bandwidth of patch antennasthe expenseof higherprofile and more
complex configurationCP crossed dipoles have simple configuration and moderate CP
bandwidth.CP slot antennasave the lowest heiglaind can achieve up t0AR bandwidth
of 45% Helical antennas and spiral antennas are two types of travelling antennas
which can achieveuperiorbandwidth performance. However, helical antennas normally
have the largest heighthile the bandwidth will degrade if the height reduces. Spirals have
the widest bandwidth among all CP antennas and thus are widely deployed. Nevertheless,

spirals are rather large and the balanced feeding alvegysresa UWB balun which is
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difficult to design and implemenfhe CP loopantennas are another kind of traveling
wave antenna, whichasmoderate size, height and complexity lhachieving10% ~
50% AR bandwidth.

Table 2.1 Comparison of WidebandCP Antennas

Antenna 3 dBAR _ _ Fabrication
Reference NO. ) Size Height )
Type Bandwidth Complexity
Slot loaded patch
8% Small Low Low
[30]
Patch with air _ _
7%~ 25% Small | Medium Medium
substratg31-34]
Patch
Stacked patcp40- _
10%~ 30% Small Low Medium
43
Multi-feed patch _
30%~ 70% Small Low Medium
[44, 45]
Crossed _
_ [46-49 15%~27% Small | Medium Low
Dipole
Duallayer slot
22%~ 44% Small Low Low
[50, 5]]
Coplanar slof52-
Slot Antennad 54 10%~ 40% Small Low Low
Slot with parasitic _
45% Small | Medium Low
patch[55]
Helical Axial model helix
~67% Small Large Low
Antenna [56-58]
Spiral [59-61] >100% Large | Medium Large
Single operoop
12% Small Low Low
[63]
With parasitic
CP Loop 16% Small Low Low
loop[64, 70|
Dualloop struc- _ _
30%~50% | Medium Low Medium
ture[64, 71]
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2.4 Wideband CP Array Antennas

The precedingection gives an overview of various wideband CP antemuaisappli-
cations where high gain is needed, CP array antennas are required. Therefore, it is also
necessary toeviewwideband CP array®ifferentfrom LP arrays, there are some special
ways to dsign CP arrays with wideband performance, such as the sequential rotation
method Wideband CP reflectaays are also reviewed due to thegieatly simplified

feeding structure and promisiagplications for a wide range of wireless systems.

2.4.1 CP Array with Traditional RF Power Divider

Like LP array antennas, CP arrays can be buifekgding CP elements constructively.
Several designs can be found[BR2, 72-74]. Without considering the scanning perfor-
manceof the array the bandwidth ofconventionalCP arrayds mainly determined by the
bandwidthof elementsand the mutual coupling normally degrades llhedwidthperfor-
mance.

A linear array consistingf four CP stacked patchesslBown inFigure2.26[72]. The
array has 8 dB AR bandwidth of 5%, whichs smaller than the bandwidth of the CP
element.To obtain wider array bandwidth, CP elements with wider bandwadth be
employed.Figure2.27 shows a 1x10 linear array consistin§ten crossed bowtie dipoles
[73]. The3 dB AR bandwidth of the element is 52% while the bandwidth of the array is
37%. As indicated by these two CP linear arrays, $heB AR bandwidth is usually
narrower than the bandwidth of the elemdué to thenfluence of the mutual coupling

among the elements.

Figure 2.26 Photograph of a linear CP patch array[72].
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30‘0%\

CP planar arrays can also be desighgdising a corporate feeding network 2x2
monofilar Archimedean spirarray antenna shown inFigure2.28. Each spiral element
is fed by a microstrip linéhroughthe proximity feeding methodi74]. A 1.4 T-type power
divider network is placed behind the array aperture to afford corporate feeding. The

Figure 2.27 Configuration of a linear CP crossed dipole array[73].

measured dB AR bandwidth of the arrais around10%, which is also smaller than the

el ement 6 sofi.ndwi dt h

- e . W

e

Figure 2.28 Geometry of a 2x2 monofilar Archimedean spiral array [74].
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2.4.2 Wideband CP Sequentidly Rotated Array

An interestingdesignis the sequentially rotated array which can be implemented by
using both LP elemen{3g5 and CP elemen{&6]. To illustrak its operating principle, let
us examinea basic sequentially rotated arragnsising of four LP patches with unique
angular and feeding phase arrangements, as showigure 2.29. Four patches are
oriented in a sequentially angular rotated arrangement Withd 180 and 270 feeding
phase, respectively

Element 4
270°

Element 1

Element 3

90°
Element 2

Figure 2.29 Configuration of a CP sequentially rotated array using LP patch elementf75)].
The element distance between each elemefy andthe farfield radiated electric
fields of the four patcheare'CP, 'CP, OPand'CP. Referring tothe gemnetry relationship

betweenelements and the feeding phase distribution, the totdieldrelectric fieldPin

thex-zis as follows:
>® 0.Q Q (02.9) Q
(020] Q (02.0)] Q

where—is the elevation angle. Notice thhe four patches aref equal size and fed with

(2.21)

the same microstrip line. Thus, it is evident that

o o
(2.22)
[0 23NN 2
Substituting(2.22) to (2.21) and(2.21) reduces to
(G220 (020 Q Q
(2.23)

=0PQ 0  ¢ATQQOE+
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Notice that element 1 and 2 arethe same size amkrpendicular to each other, thus
®  'OP and the two electric fieldare orthogonalThereforeijt is indicatedfrom (2.23)
that pure CP radiation has been achiewettiex-z plane. The expressiapA | 'QQO0 E-+
represents the twelement array factoit is worth tomention that CP radiation can also
be achieved in thg-z planewith the same principles.

The above derivation gives detailed explanation why the CP radiation is achieved
through sequentially rotated LP patch&se AR bandwidth of the array can be increased
substantially through this methdd@5]. A simple explanation of this is shown Hgure
2.30. The solid arrows represt the fundamental mod&'0 while the dashed arrows
denote the higher modes which contribute to the gpotsAs shown, theo-pol (funda-
mental modetomponent gets enhanced while the codselectric fieldsare cancelled.
Therefore, théAR bandwidthcan be improvedAnother distinct advantage of the sequen-
tially rotated arrays that the mutual coupling of the array is significantly less than that of
a convention CP array. This is due to the fact that all the adjacent elements of this array are

orthogonally oriented and hence cause very little coupling between neighboringtsleme

[73].

by - 1800}
- ° -

aal Phit

T T T ® |y =90
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J——— e = —
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Figure 2.30 Mechanism of crosspol cancellation of sequentially rotatecelements[75].
Numerousvideband CP arrays based on the sequential rotation method have been de-
veloped.As it is a general method, it can be used to extend théakiRwidth of various
kinds of arrayssuch as the CP patch arf@y], CP crossed dipole arrg7] and CP slot
array|[78].
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A 64-element CP patch array with sequentially rotated elements is shokiguire
2.31. The geometry of a truncated corner CP patch element arsdeanént sharray using
the sequential rotation methade shown irFigure2.31 (a) and (b) respectivelyrhe full
64-element array which employs the sequential rotation mdthrathe second time at the
16-element subarray levéd shown inFigure 2.31 (c). Due to thedoubleuseof the se-
quential rotation, the undesired radiation from thedf network is cancelled and tBelB
AR bandwidth is14% which is much wider than the bandwidth of a CP truncated corner
element (smaller than 5%).
33
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Figure 2.31 Configuration of a 64-element sequentially rotated array[77].
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Figure 2.32 shows the geometry @ sequentially rotated crossdipole array.The 3
dB AR bandwidth of this 2& array isaround 566 which is aboutwice the bandwidth of a
single crossed dipole eleme@8o).

) 200 X
A
i o
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Figure 2.32 Configuration of a sequentially rotated crossed dipole array47].
The sequential rotation method can also be applied to CP slot amdy®sne exam-

ple shown inFigure2.33[78]. The 4x2 array achieves 283 dB AR bandwidth while the
3 dBAR bandwidth of the ditical slot element is just?s.

A/8
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N
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Figure 2.33 Configuration of a sequentially rotated elliptical slot array[78§].
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2.4.3 Wideband CP Printed Reflectarray

Printed reflectarraysonsistof a large number afadiating elementwith pre-adjusted
phases and an illuminating fef)]. The printedreflectarrays combine the advantages of
phased arrays and parabolic antenaad thus receivedincreasing interest in recent
decades.

Although there arenumerous advantages for printed reflectarrays, one major draw-
back of ths type of arayis their narronbandwidth, which is mainly caused by the narrow
bandwidth of the printed phasing elemeatsl differential spatial phase delfrpm the
feed to each element

Variousapproachesave beemntilized to improve the bandwidth of CP reflectarrays
such as usm stacked patchd$80], utilizing multi-resonance phasing elemef8i] and
using spatal time-delay unitg82].

A duatlayer T-shaped phasing element amg@rimefocus 8telement CP reflectarray
are shown irFigure2.34. As shown, the phasing element is comprisetivof stacked T
shaped patches. With this ddayer stucture, the phasing element has a wider bandwidth

and the CP reflectarray can achiev&@@B AR bandwidth of 28%.
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Figure 2.34 Geometry of a duallayer stacked patch and the photo of the fabricated CP reflectarray
[80] .

Figure2.35 showstwo multi-resonance phasing elements for CP reflectarBysis-
ing these multresonance phasing elemeritseresultant reflectarrays can obt&idB AR
bandwidtls of 41% and 43%, reectively.
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\
substrate

p —foam

ground

Figure 2.35 Geometry ofthe multi-resonance phasing elemen@&nd the photo of the fabricated CP
reflectarray s[81].

The spatial timalelay unit which is the unit cell of anisotropic growpldnebacked

miniaturizedelement frequency seltve surfaces (MEFSSSs), is capable of providing
constant time delays over wide bandwidt8g]. When desiged appropriately, it can also

create 90° phase shift between the two orthogonal electric field components of the reflect-

ed wave, as shown iRigure 2.36. Based on this TDU element, a CP reflectacay be

designed with 4098 dB AR bandwidth.
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Figure 2.36 Geometry ofthe spatial TDU and the TDU based CP reflectarray{82].
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2.4.4 Wideband CP Sub-wavelengthReflectarray

Another practicaway to improve the bandwidth of the CP array is ag the sub
wavelength elemesatwhose size is much smaller than the resonan{&8teTwo designs
are reviewed here emonstrat¢he functionality of this kind of CP array.

The first one isa _j o rectangular patch elements based CP reflectarray which is
shown inFigure 2.37. By using this sulwavelength patch element, the designed CP
reflectaray hasa3 dB AR bandwidthof 11% which is much wider than the bandwidth of
half-wavelength patch based CP reflectaifi@4}.

Ly

1
-

>

Lx

L

- >

Figure 2.37 Configuration of the ¢j rectangular patch elements based CP reflectarrajg4].

Another subwavelength element based wideband @Rectarray can be found in
[85]. The subwavelength element is a mutésonance elemenbnsising of a Jerusalem

cross and an open lopwhich occupies aroundj o space.

Plastic frame e

T-shaped
support block

Figure 2.38 Configuration of multi-resonance subwvavelength element and the wideband reflectarry

[85).
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The Configuration ofthe multi-resonance sutvavelength element and the wideband
reflectaray are shown irFigure 2.38. With the superposed effect tfe multi-resonance
element and sulvavelength technique, the presented CP reflectarray achieve8 580
AR bandwidth.

2.4.5 A Comparison amongDifferent Types of Wideband CP Arrays
Table2.2 givesa comparison among trafferent types ofvideband CP arrays.

Table 2.2 Comparison of Wideband CP Arrays

Element Type & 3 dBAR Element . Fabrication
Array Type . Height _
Reference NO. Bandwidth Number Complexity
Stackedpatch )
5% 1x4 Low Medium
[72
_ Crossed bowtie . .
Conventional . 37% 1x10 Medium Medium
dipole[73]
CP Array
Monofilar Archi-
medean spiral 10% 2%2 Low Low
[74
Single-layer
_ corner truncated 14% 8x8 Low Low
Sequentially
patch[77]
RotatedCP :
Crossedlipole . .
Array 56% 2%2 Medium Medium
[47]
Slotantenngd 78] 2% 4%2 Low Low
Stacked patch .
28% 9x9 Large Medium
[80]
CP Printed | Multi-resonance _
43% 13x13 Large Medium
Reflectarray elemen{81]
Spatial timedelay _
_ 40% ~1000 Large Medium
unit [82]
Rectangular patck _
CP Sub (84 11% 27%x27 Large Medium
wavelength
Multi-resonance _
Reflectaray 50% 20x20 Large Medium
elemen{85]
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It is indicated byTable 2.2 that the conventional CP array has the narrowest band-
width among all types of CP arrays when similar elements are bd&mdhally, the
bandwidth of the conventional CP array is smaller thenite | e ment 6 s bandwi dt
influence of mutual coupling The quential otation method is an effectivevay to
improve the bandwidtbf CP arrays. More importantly, it is a general method and thus can
be applied to variou€P arraysWith this method, the bandwidtif a CP array consisig
of narrowband elementsan be improvedjreatly Printed CP reflectarrayarea kind of
array whichsimplify the bulky and complicated feeding netwark traditional phased
arrays by usingpatial f@ding. Due to this greatly simplified feeding structtine, fabrica-
tion complexity and cost of large element number arrays are greatly reduced. Therefore,
very large arrays can be designed in a relatively easier way. It isshome table that the
3 dB AR bandwidth of CP reflectarray with a great number of elements can still reach
40%. The subwavelength techniquatilizes the mutual coupling among the elements
improve the bandwidth of CRefleciarrays As the element space is rather small in this
kind of array,more elements can be placed within the same array apdttoaa. be seen
from the table that the sulvavelength CP reflectarray can achieygto 50%3 dB AR
bandwidth.

2.5 Main Challenges andResearchObjectives

This chapteiintroducel the design theory andnethodologyof CP antennasThen,
varioustypes of wideband CP antenna elements and amagys reviewed Comparisos
were given in terms ofbandwidth size, height and fabrication complexifjhroughthe
comprehensive reviewand comparign of variouswidebandCP elementsand arrays, a
more clearunderstanding of the statd-art development ofvideband CP elements and
arraysis enabledlt is alsoindicated by the literature review atite performanceompari-
son that the main challenges designing CP elements and arrays lie in the following
aspects:

1. FromTable2.1, it is shownthat lowprofile CP elements with singleedgeneral-

ly demonstrate8 dB AR bandwidth smaller thaB0%. Using dual feed or multi
feedwill improve the bandwidth of CP elemerist increases the size and the fab-
rication complexity. It is challenging to design wideband CP elements with
compact size, low cost and low fabricat@mymplexity.

2. To fulfill different system requirements, CP antennas rteepossess other fea-

tures such as polarization reconfigurable ability for polarization diversity
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application,andwide AR beamwidth for wid@ngle beam scanning application.
However, these additional requirements may degrade the bangweiddrmance
of CP antennaand also increases the design difficulty and fabrication tbstre-
fore, another challenge ibow to design CP antennas with diverse featureite
maintainingwide bandwidthand low design difficulty and fabrication cost

3. It is observed fronTable2.2 that the3 dB AR bandwidthof low-profile CP array
antennass typically smaler than 60%To reduce the feeding netwockmplexity
of CP arrays, reflectarrays can be used. However, it is challenging to design wide-
band CP reflectarrays with singleyer structure and low profil&ivaldi elements
can be used to constitute an uliveleband CP array but the considerable antenna
height and the bulky ancbmplicatedexternal 90 hybrid coupler limit its applica-
tion. It is also challenging to desigmideband CP direct radiating arraygh low
profile and relatively simple feedingetworks.

To tacklethese challengeslifferent CP elements and arrays are proposed and investi-
gated in the following ChaptersThe main researchobjectives of this thesis are
summarized below.

1. Design wideband CP antennas with more comp#cicture lower profile and
lower fabrication complexityThe spiral antenna can achieve a CP bandwidth
larger than 100% (3:1). However, theed of a UWB balun to feed spiral antennas
makesit difficult to design and fabricate. Thus,ist highly desirableto designa
UWB CP antenna with simplnfigurationandlow fabrication complexity

2. Design wideband CP antennas with otatractivefeatures, such agconfigura-
ble polarizatiors for polarizationdiversity and wide AR beamwidth for wigengle
beamscanning arraylt is alsoaimedto achieve these additional featunes cost
efficient way i.e. using low cost switches such as PIN diodes to achieve-the re
configurability anddesigring the wide ARbeamwidthantenna with simple con-
figuration and compact size.

3. Design a lowprofile singlelayer CP reflectarrayith AR bandwidth larger than
60%. Conventional designs use mtlliyer ortruetime-delay techniques to im-
prove the bandwidth performancé@P reflectarrays. However, these techniques
increase the antenna height, fabrication complexity and the cost. Thus, another ob-
jective of this research is to design a wideband CP reflectarray with low profile,

low fabrication complexity and cost.
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4. Design a ultrawideband CP direct radiating array with lower antenna heigtt
simpler feeding network compared with the CP Vivaldi arfy.reduce the an-
tenna height, lowprofile elements are needed while sinfged elements are
required to reduce the compixof feeding network. One promising way to ful-

fill all these requirement is designing a l@rofile CP tightly coupled array.
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Chapter 3. Ultra-wideband Circularly Polarized CrossedDipole with
EnhancedFront-to-Back Ratio

3.1 Introduction

As indicatedin Chapter 1GNSS systems haveund important applicationglobally
in boththe military arena and commercial and consumer mark@&tsHowever, there are
several challenges nheveloping higkperformance GNSS antenn&mne of the challenges
is thatthe operation bandwidth for a higlerformance GNSS antenshouldextend from
1.1 GHz to 1.62GHz and even to 2.%5Hz (for IRNSS) with good circular polarization
properties.

Designng such a wideband circularly polarized antenna is always challergpongl
antennas exhibit interior broadband circular polarization characteristics and thus are
extensivéy studied[59, 61, 86]. However the requirement of a UWB balun for the spiral
antennas makethem difficult to implement. Moreovertheir bi-directional radiation
propeties make these conventional spiral antenmasuitable for GNSS applications since
a directional radiation pattern is needediézreasehe effects of the reflections from the
ground[87].

Multi-path mitigation is another big challenge for higierformance GNS&ntenna
design. Since nehOS (line of sight) multipath signals could be gerated by reflection
of satellitesignals, the system performance will be degraded once thesepathltsignals
are received by antennf. Choke ring ground plan@8§] is an effective way to mitigate
multi-path signals througbuppressiorof plane wave propagaing along ground plarse
Based on choke ring ground plane, a novel widebandcotoff ground plane has been
presented ifi87]. Choke rings are, however, rather bulky and espee.In order to reduce
the complexity as well as the cost of choke ring ground planengacisize crossplate
reflector ground plane (CPRGRas been proposd@9]. Nevertheless,hie bandwidth of
these ground planéslimited and none of them are able to cotrer wholeGNSSbands

To solve theetwo issues,n this Chapter an ultrawidebandCP antennawith high
front-to-back ratiois presentedit is able to coveall GNSSfrequency bandanda part of
S-band. At first,a crossed elliptical dipole CRntenna is propesl and a simple but
effective impedance matching methisdgiven. Then, a novel cavity with uneqtehgth
crossed fins is desigd to obtain low backward radiation and high FBR. The proposed
ultraawidebandCP antenna can work from@Hz to 2.87 GHz while maintainvery low

backlobe level across the whole GNSS band.

43



Chapter 3. Ultra -wideband CP Crossed Dipa with Enhanced FBR

This Chaptelis organizedas follows:Section3.2 introduces the antenna structure and
explainsthe simple but effective impedance matching methotdodwidthenhancement
Section3.3 presentshe novel cavity and its operation mechaniSection3.4 presents the
measurement results and comparisons with siimn resultsas well as thenalysisof

electric fields above the cavigperturethe summaryis givenin Section3.5.

3.2 Antenna Configuration and ImpedanceMatching
3.2.1 Antenna Geometry

A single-feedcrossed dipole with integrated phase delayslipeoducing circular po-
larization wasinitially presented irj46]. However, the input impedance of this antenna is
about 122+j122y and thus cannot be directly connected to @ ¥%ed line. To compen-
sate the impedance mismatching as well as enhance the axial ratio (AR) bandwidth,
parasitic open loops have been uf€d. Through changing the shape of dipole, this kind
of antenna can be designied wideband 48, 90] or multi-band[91, 92] operation

To improve the bandwidth of CP crossed dipdiasher, elliptical dipoles are em-
ployedin this Chapter The evolution of theCP crossed dipoles shownin Figure 3.1,
where the integrated phase delay line is not shiowasimplicity. As the fanshaped dipole
and elliptical dipole have smaller quality factor (@nd larger bandwidth than linear
dipoles, tle bandwidth of the CP crossed dipole consisting of elliptical dipoles is expected

to be wider than the CP crossed dipadenprised ofinear dipoles.

mmmmmm Top Layer

s Bottom Layer

L3

Figure 3.1 Evolution of the CP crosseddipole.

Figure3.2 shows thegeometryof the proposed singieedultrawidebandCP antenna.
The antenna consists of two pairs of dotgitded elliptical dipoles which are placed
perpendicularlyo each otherThe dipole arm & 2 and3 & 4 are both connected by ring
shaped phase delay Igavhich introduce a SQhase difference between the orthogonally

placed dipole pairs to produce circularly polarized radiation.
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The antenna istchedon a0.817mm thick Rogers RO4003 substrate with a relative
permittivity of 3.55 and a loss tangent of 0.0027. The felliptical dipole arms are all
characterized bg major axidengthR; andminor axislengthR. while the phase delay line
is a 3/4 ring with inner radiu’s and line widthWs. A pair of partly overlapped rectangular
patcheswith width W1 areprinted on both sides of the substratel areused for placing
the coaxial feed lineBesidesthe patchesreemployed to tune the impedance matching of

theproposed antenna, which is discussedetailin the followingsection

Substrate

Bottom L ayer
Coaxial Line

(©

Figure 3.2 Geometry of the proposed antenna: (a) top view, (b) bottom view, (c) side view

Similar to other crossed dipole CP antegnidie proposed antenteas bidirectional
radiation As shown inFigure3.2, theinner conductor of the coaxial cable connects to the
dipole arm 1 and 2 while the outer conductor is connected to the dipole arm 3vithd 4.
this feeding structurearm 1& 3 andarm2 & 4 form the horizontal and vertical dipoles

respectively.

3.2.2 ImpedanceMatching

The impedancenatchingfor a crossed dipole CP antenna is usually challenging.
Methods such as using % coaxial line[46], employing parasitielements[47] and
changing the shape of dipdé8] have been proposed to achieve good impedance match-
ing. However, these approaches are either complex or-spasaming.
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A simple but effective impedance matching method has bgkzed in the proposed
antenna, which is easier to be implemernteh theaforementionednes. By using this
method, a 3:1 impedance bandwidth carabkievedwithout increasingcomplexity and
space of th@resentedntenna.

A magnifiedpicture ofthe partly overlapped rectangular paislygiven byFigure3.3.
As shown in the picture, the pair oéctangularpatctesis printed on both sides dhe
substrate withan overlapped area ofVi Li. This overlappedstructureof two patches
resulsin a par of parallelplate capacitors, i.e. capaci®©tr andC, shown inFigure3.3. It
is found that these two capacitors can effectively enhance the impettaraeteristicef
thepropo®d antenna and thus broadentibadwidth.

i
W1

(a) (b)
Figure 3.3 Configuration of overlapped rectangular patch: (a) top view, (b) bottom view.

To analyze the proposed impedance matcmrahod qualitatively the equivalent
circuit model ofthe antennds providedin Figure3.4. Thesymbol Ya denotes the antenna
admittancewithout the overlappedectangulapatcreswhile C; andC, denote the parallel
plate capacitors andn represents the total inpatimittanceof the proposed antenna.

O

Yin

O

Figure 3.4 Equivalent circuit model of the proposed antenna.
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Using the formula provided if93], the capacitance of paraHlelate capacitor€; and
C> can becalculatedby the following equation whethe electric charge dengiton the
plates is uniform and the fringirfgelds at the edges can be neglected
RR® O

0 0 - 3.1
6 6 = (3.1)

The approximation derives from the small slot on bottom rectangular patch and thus
the input admittanc¥» of antenna can be denoted by:

. . . RR®W D
® 0 (O

It is shown in(3.2) that the antenna input admittandeis affected by the rectangular

(3.2)

patch widthW; and lengthL:. Therefore, the impedance characteristic of the antenna can
be tuned by these two parameters to achieve aiggmetlance matching.

In order to demonstrate, intuitively, the effect of changing paraméteedL, the
simulated input impedances are studied while keeping the other antenna geometry parame-

ters fixed, as imable3.1.

Table 3.1 Antenna Parameters

Lo W Ry R> Rs h

6.2mm 1.5mm 23.4mm 18mm 5.2mm 0.817mm

The simulated input impedance tbfe proposed antennir variousvalues ofL; is
shown inFigure3.5. Therectangular patch widtld: is ke constant as 7.5mm while the
length L1 is varied As can be seen frorRigure 3.5, the input impedance withouhe
overlapped patchLg = 0 mm) is largenductivdy andthe majority of the impedance loci
fall outside the VSWR = 2 circlendicating thathe bandwidth at this state is very narrow.
By increasingd.1, the impedanckci beginto move alonghe admittance circle due to the
increasingcapacitance o€ andC,. This phenomenon can be well explainsd(3.2) as
well.

Figure 3.6 depicts the input impedance loci under different patch widths,when
patch length_, is 2.5 mm. Similar to the phenomenon observeBigure 3.5, the imped-
ance loci will move along the admittance circle wigibecomes larger. This impedance
matching procedure is similar to the method using lumped LC elements to tune the imped-
ance bandwdth. However, the proposed method is more advantageous in terms of antenna
efficiency and complexity due to the absence of a l6ssype or Mtype LC circuit.
Moreover, therare noadequatespacedo place external impedance matchanguit while
the proposednethod needs nearly no additional spaces to implement and thus it is very
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effective for the impedance matching of the proposed antenna.

1.0j

0.2/

'~ = VSWR=2/
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= = o [y=1.5mm

Li=25mm

-1.0j

.-_= S.5mm...
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Vesivaneet?

-1.0j

Figure 3.6 Simulated input impedance of the proposed antenna with different patctvidth Wh.
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3.3 Cavity Design for FBR Improvement

Multipath interferencecaused byhe deleterious superpositiaf signals received at a
user 6s ant enn afromiagatellite, is tone kdy esoupca of lersor in relative
positioning GNSS system$3]. For GNSS receiving antennas, nmypléith mitigation is
critical for achieving high performance. Theoretically, a goudtipath mitigating GNSS
antenna should be able avea crosspolarization rejection ratio (or polarization isola-
tion) p wB for signals incoming at any positive elevation aragidback radiation Iss
than-10 dB to decreaséhe effects of the reflections from the groysd]. In addition, the
pattern roHoff from zenith to horizon should be between 8 and 14 dB, vphisesse center
variation should be less than 2 ni&9).

The aforementionedequirementsare very difficult to achieve simultaneousind
thus certaincompromises need to be maiethe antenna design procedukdoreover,
considering that the proposed antenngaation 3.2 is ultrawideband, further compro-
mise is expected to be maddso, since the proposed crossed elliptical dipole antenna is
bi-directional, making the antenna radiate in one direction, i.e. improvingtérdoatck

ratio (FBR), is regarded as the main goal during the antenna optimization procedure.

3.3.1 Working Mechanism of the Cavity

The proposed cavity is shown kigure 3.7. It can be seen frorRigure 3.7 that the
ground plane is composed of a cylindrical cavity witbssed unequal length fins. The

cavity is designed in such a way to reduce the falok of the antenna maximally.

¥
lf/" t
o
W =
Re
ety

Figure 3.7 Geometry of the proposed cavity

It is well known that theplane wave propagating along the ground plane wil re
radiate at the ground plane edge and thus increase thiplsedeas well as the batikbe

of the antenna. Therefore, suppressioplahewavesalong the ground planean reduce
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the backlobe of the antenna. To explain the working mechanism of the proposed cavity in
terms ofthe suppressiomf planewaves along the ground plansimilar analysis methods
to [87] are adopted.

Considering the two TEM plangavedN andii  shown inFigure3.8, they can be de-
noted by the following equations respectively.

Owd OATQw] o (3.3)
Owd OATQw] O (34)

The boundary condition of flat conductor ground plane imposes that no tangential
electric field can exist, i.e.

O m (35)

This equation indicates that plane waVecannot propagate along the circular ground
plane while wavéi can exist. Considering the situationfigure3.8 (b), waveN cannot
propagate along the cavity bottom due to the boundary condition givé3yIn con-
trast to the flat circular ground plane, wavecannot propagate along the proposed cavity
either since there is a mandatory boundary condition imposed by the vertical cylindrical
wall as well as the crossed fins. Therefore, it can be expectedh¢habposed cavity can
offer better abilityin the suppressiomnf planewaves along the ground plam®empared t@

regular circular flat ground plane.

(a) (b)
Figure 3.8 Two plane waves on: (a) flat circular ground plane, (b) proposed cavity.

As indicated inSection3.2, the proposed antenna radiates kdibection, RHCP to-
wards the broadside and LHCP backwgar@onventionally, a large ground plane or a
cavity is required to reduce the badbe of suchkinds of antenna by reflecting the
downwardwaves into the upward directioffthe proposed cavity placed underneath the
antenna can afford better balcbe reduction ability by minimizing diffracted waves; the

mechanism can be explained as follows.
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Figure 3.9 depicts the propagation of downward LHCP wave excited by the antenna
under different situations. When the proposed antenna is placed above faataggaund
plane, the majority of the LHCP wave will be reflected by the ground plane. However,
considerable downward waves can still propagate across the ground plane due to the
diffraction of these waves and resultanarge backobe. This diffractioneffect can be
decreased by replacing the flat ground plane with a cylindrical cavity shokigure3.9

(b) as the peripheral vertical wall can spapt of the diffracted waves.

1z N

Wave

(©

Figure 3.9 Downward wave above: (a) flat circular ground plane, (b)ylindrical cavity, (c) the
proposed cavity.
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A LHCP wave depicted ifigure3.9 can be expressets:
Qdan OPAT Qa1 o “j¢ ORAT GQda1 o (3.6)

where OP  'OP. As a circularly polarized wave, the electfield vector@will rotate on
the x-y plane. To analyze the downward wave around the peripheral wall of the proposed
cavity, two transient plane wavies andl) whose electric fielsare along the-x and+y
direction, respectively, have been plotted Figure 3.9 (c). These two waves cannot
propagate along the vertical fins due to the boundary condition givéh®yActually all
the 16 vertical fins can be used to block the diffracted waves wieedirtction of the

transient@vector is parallel to these fins. Therefore, the proposed cavity is more advanta-

geous for backobe reduction than the regular cylindrical cavity.

3.3.2 Comparison with Other Ground Planes

It has been showim Section3.3.1that he proposed cavity can offer better baake
reduction ability than a flat ground plane and regular cylindrical cavity. This performance
enhancement is mainly from the suppressioplahewavesalong the ground planand
the blocking of diffracted wavearound the edge of the ground plane. To verify this
analysis, a comparison between a flat plane ground, regular cylindrical cavity and the
proposed cavity, in terms of the baoke reduction, is givemm this subsection

The geometry dimensions of propdscavityaregiven inTable3.2.

Table 3.2 Cavity Dimensions (mm)

W5 W, R4 Rs Rs hy h hs t1 to

35 25 100 95 110 50 52 55 5 3

For the flat ground plane and regular cylindrical cavity, the most critical dimensions
for backlobe reduction are the ground plane size as well as the height from antenna to
ground plane. To maka reasonable comparison, the proposecram h Section 3.2 is
placed at a height dfi = 50 mmabovethe ground plane for all three cases. Meanwhile,
the radius of the ground plane is kept at 110mm.

The simuéted bacKobe levels for the three ground plane reflectors are showigin
ure 3.10. As can be seen, the badbe is very high when a flat groundapk is placed
underneath the ultraideband CP antenna. By using the regular cylindrical cavity,-back
lobes smaller tharil2 dB can be achievextross the whole GNSS band (1.1.62GHz).

Further backobe reduction has been observed through utilizing the proposed cavity. It can
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be noted that a minimum 8 dB and 2dB enhancement in-lbbekreduction can be
achieved compared to flat ground plane and regular cylindrical cavity respeactivefy

the proposed cavity is used as a reflector of wiideband CP crossed elliptical dipole. It

is also worth pointing out that using more fins such as 32 will help little in performance
enhancement of the proposed antenna. Therefore, the preseritgddategrated with 16

fins for the reduction of manufacture complexity.
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Figure 3.10 Comparison of back-lobe level using different ground plane reflectors.

Table3.3 gives a comparison between the proposed cavity and other ground planes in
terms ofthe FBR, multipath mitigation ability,size and costAs shown, the proposed
cavity has betteperformanceand higher fabrication co#itan the conventional flat ground
plane and cylindrical cavitytt is cheaper and simpler than theke ring ground plane but

with degraded performance.

Table 3.3 Comparison with Other Ground Planes

Multipath

. : : Average |
Ground Plane Type Size (Radius (R), Height (H) CBR Mitigation Cost

Ability
Flat Ground Plane R = 130 mm,H=5 mm 20dB weak low
Cylindrical Cavity R =130 mm,H=55 mm 25dB weak low
Choked Ring Cavity R =130 mmH=55 mm 30dB strong high

Proposed Cavity R =130 mmH=55 mm 30dB medium | medium
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3.3.3 Cavity Optimization

Dimensions such as the length of fins and the radius of cavity play an important role
in backlobe reductionFigure 3.11 depicts the baclobe level and antenna gain under
different pairs oz andW;. As indicated, the antenna gain under three states isasimil
Under equalength fins, thebacklobe degrades when the fiength increase The back
lobe levelwith unequallength fins is similar to the equal 25mm fins situation across the
GNSS band. However, the latter case features a sharp increase-lodealevel at higher

frequency and thus the unequeihgth fins are chosen.
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Figure 3.11 Back-lobe level and antenna gain under differentWs and Wa.
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Figure 3.12 Back-lobe level and antenna gain under differenRe.
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It is shown inFigure 3.12 that the antenna gain increases with larger cavity radius.
However, the baclobe increases after exceeding GHz whenRs is 120mm. Since the
aim is to keep low baeclobe radiation acroshé¢ GNSS band, the cavity radiug R
therefore to be kept at 110miwith this cavity radius, the proposed antenna can achieve

average 9 dBic gain and7 dB backlobe.

3.4 Results and Discussions

In this section, the simulated and measured results incluteng$WR, AR, radiation

pattern and antenna gain of the proposed antenna are given to verify its performance.

3.4.1 Prototype Development

The prototype of the proposed ulirédeband cavity backed CP antenna is shown in
Figure3.13. The rim of this cavity is made by gluing two setiicle shaped conductors

together.

Figure 3.13 The prototype of ultra-wideband cavity backed CP antenna
3.4.2 VSWR

The simulated and measured VSWRs of the proposed antenna are shiéigurén
3.14. As can be seen, the measured W 5\8 in good agreement with simulatiofhe
simulated and measured results both indicate9aGHz to 2.95 GHz (3.28:1=1060)
impedance bandwidth can be acleid\by the proposed antenioa VSWR=2
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Figure 3.14 Simulated and measuredVSWR of the proposed antenna with and without cavity
3.4.3 Axial Ratio Bandwidth

The Aphaseamplitude methoal presenéd in [94] is used to measure the AR and
LHCP and RHCP radiation patterns of the proposed anteAsahown in[94], the

following formulas can be used talculatethe RHCP and LHCRIlectric fieldcompo-
nentsof a CP antenna

o %"oz\'r"o ©OEDL TOOED oAl ®

G 37)
o Mﬁ_"oAT"O o OEL JOOED A&

C

The horizontal and vertical amplitudéw ) and phase component©(w ) are
guantities that are measured at eaeasuremerdangle in the far field of the antenna, with
the source hororientated at angles @nd 90. After obtainingthe amplitude O hw) and
phase component§Q(hw ) at each measurement angle, the RHCP and LHCP radiation
patternscan be plotted

To produce the AR versus frequency figure at broadside direction, thepolass
power at broadside directiongalculatedirst at each frequency point.
Then the AR can bealculatedby

- Q
12 ¢l g%z (38)

WhereA pm | andd is the crosgolar power.
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To evaluate the CP performance of the proposed antenna, the AR characteristics ver-
sus frequency relationship is given kigure 3.15. As shown, the measure&®l dB AR
bandwidth with cavity is from IGHz to 2.87 GHz (2.87:1-97%), which can cover the
whole GNSS bands and a part of S bdnd also shown that the cavity imwes the AR

performance at low frequencies but degrades the AR performance at high frequencies

when compared with the results without cavity used.
15

-------- Simulated w/o cavity

E =-=- Measured w/c cavity

[ - === Simulated with cavity

‘\3 Measured with cavity
Y

12 E

Axial Ratio (dB)

10 12 14 16 18 20 22 24 26 28 30
Frequency (GHz)

Figure 3.15 Simulated and measuredAR of the proposedantenna

3.4.4 Radiation Patternsand Gain

Figure3.16 shows the radiation patterns of the proposed-witdeband CP antenna in
thetwo main planes (XoZ and YoZ planes) at GHz, 1.4GHz, 1.7 GHz and 24 GHz
As shown, good agreements betw#snsimulated and measured results are observed.

As shown inFigure 3.16, the proposed antenna can achieve larger than 30dB FBR
across the whole GNS8:quency band. The dB AR beamwidth is about 129x-z plane)

and 120 (y-z plane) at 1.1GHz, 156 (x-z plane) and 63(y-z plane) at 1.4GHz, 66 (x-z
plane) and 8%(y-z plane) at 1. GHz
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Normalized Gain (dB)
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Figure 3.16 Simulated and measured radiation patterns at: (a) 1.GHz, (b) 1.4 GHz, (c) 1.7GHz, (d)

2.4GHz.
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Figure 3.17 shows the simulated and measured gain with and witheunhtegrated
cavity. As shown, the antenna gain is arourdB& when the cavity is employed, which
also indicates an averagedB gain enhancement is achieved compared with the results
measured from the antenna only. The difference between the measured and simulated

results may term from the measurement errors.

12

Gain (dBic)

e Simulated w/o cavity
b =-=+ Measured w/o cavity
ap - - - - Simulated with cavity

Measured with cavity

el e e e ey
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Frequency (GHz)

Figure 3.17 Simulated and measuredgain with and without cavity.

3.4.5 Analysisof the CP Characteristics

To investigate the ultravideband CP characteristic of the proposed antenna, the elec-
tric field distributions above the aperture aGHz, 1.8 GHz and 2.6GHz are given in
Figure3.18.

As can be seen, the distribution of electric field is varied at different frequencies.
From Figure 3.18 (a), it can be noticed that the maximum electric field at phase ahgle 0
and 90 appearsat the end othe elliptical dipole arms. This indicates that the proposed
antenna work#n a halfwawelength dipole mode at@Hz. When the frequency increases
to 1.8GHz, the strongest electric field occurs at the side edge of the elliptical dipole arm.
Therefore, it can be concluded that the resonance lengte @groposed antenna is de-
creased, which akes the antenna workahigher frequency band. At 2GHz, the strong
electric field no longer appears just around the antenna (see phase dnglEi@dre3.18
(c)) and there are evident strong fields between the antenna and the cavity. Comparing this
field distribution with those at lower frequencies, it is found that a higher mode is excited,
which results in the deterioration of radiation pattenown inFigure3.16 (d).
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(b)

Figure 3.18 Electric field distribution in the cavity aperture at different frequencdes: (a) 1GHz, (b) 1.8
GHz, (c) 2.6GHz.

From the different electric field distributions at phase angl&® and 90 in Figure
3.18, it can be seen that a righand rotated electric field has been produced at all given
frequencies. This indicates that the antermaircularly polarized inan ultrawideband
frequency range.

In addition, the electric fields are almost all bountgdhe cavity and little fieldan
propagate over the cavity as showrFigure 3.18 (a) and (b).This phenomenon verifies
the backiobe reduction ability othe proposed antenna, whickas analyzed inSection
3.2
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3.4.6 A ComparisonamongWideband CP Crossed Dipoles

Table3.4 gives a comparison between the proposed antenna and other CP crossed di-
poles in terms of impedance bandwidshdB AR bandwidth and average FBR.can be
seen that the proposed antetmag much wider CP bandwidénd larger FBR compared

with other reported CP crossed dipole antennas.

Table 3.4 Comparison of CP Crossed Dipole Antennas

Antenna Size Impedance 3 dBAR
Ref. No. _ ) Average FBR
(at center freq.) Bandwidth Bandwidth
[46] 0.92 x0.92 31% 15% 15dB
[47] 1.0 x1.0 38% 28% 15dB
[48] 0.52 x0.52 50% 27% <10dB
[90] 0.17 x0.117 12% 3% -
0.71 x0.71
' (without cavity)
Thiswork 106% 97% 30dB
1.9 x1.89
(with cavity)

3.5 Summary

A singlefeed ultrawideband circularly polarized antenna has bpeposed andh-
vestigated in thi€hapter A simple but effective impedance matching metimemployed
to enlarge the impedance bandwidth and a cavity is presenteducerthe baclobe of
the antenna. Good agreement between simulation results and measurement proves that this
designcan work in anearly 100% bandwidth region as a CP antenfaalysis of the
electricfield above the cavity, as given in this Chapteas explained the ultiaideband
CP operation of the proposed antenna. With a lower th&adB backiobe level and a
larger tharB0dB FBR this antenna is veqyromisingfor high-performance GNSS applica-

tions.
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Chapter 4. Wideband Polarization Reconfigurable Loop Antenna

4.1 Introduction

An ultraawideband CP crossed dipole whiabhievesaround100%3 dB bandwidthis
presented in Chapt&: Although it has superior bandwidth performanceyatrks in one
polarization statusnly. For some applicationghe polarization diversitys demandedin
thesecircumstanceswideband antennas with reconfiguraptearizatiors arerequired

Polarization reconfigurable antersiaave received considerable intereshcepolari-
zation diversity can based to mitigate the detrimental fading caulsgdnultipath effects
in wireless local area networks (WLANXOQ], provide effective modulation schemen
active read/write microwave taggisgstemg95] andrealizefrequeng reuse for doubling
the system capability in satellitdmmunication systenj96).

It is stated in[97] that the channel capacity of a 2 MIMO orthogonal frequency
division multiplexing(OFDM) system is improved by usir@rcularpolarization recon-
figurable antennas compared with the singl@arizationsystem under bothne-of-sight
(LOS) and norLoS (NLOS) indoor environmest A more comprehensivexperimem
held in[98] has shown that polarization reconfigurable antemusasl in conjunctiomvith
adaptive spadeéime modulation techniques provide additional degrees of freedom to the
current adaptive MIMO systemisicreasingquality, capacity andeliability. Thesestudies
have verifiedexperimentallythe benefits ofleployingpolarizationreconfigurable anten-
nas at the system level.

Polarizationreconfigurableantennas with switchable circular polarization havenbee
widely investigated. For example,PIN diodecontrolledU-slot patch antenna was pro-
posed in99]. Its polarization states can bwitched between the two circular polarization
senses A piezoelectrictransducer (PETpased antenna witkimilar functionality was
designed inf10(. There are also som&udiesfocusing on polarization reconfigurable
antennas with full polarizatioconfigurability (two orthogonalinear polarizations and two
circular polarizations[101, 102 . However the 3 dB axial ratio (AR)bandwidtts of the
aforementioned antennase relatively narrow. Thd dB AR bandwidths 0f99-107 are
2.8%, 1%, 4.5% and 3.8% respectivelyspecificapplication such asatellitecommuni-
cation where thespectrumrequrementsare relatively rich, these narrow band antennas
will be of limited application due to their bandwidtbstriction In this case, developing a
wideband polarization reconfigurable antenna with more than3@®AR bandwidthis

important forduatCP satellite communicatis103.
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This Chapterincludes twopars. First, anovel polarizatiorreconfigurableduatioop
antennawhich could alter its polarizatiostaes electronicallyto RHCP,LHCP or LP is
proposed To reducethe size of the dudbop structure,a widebandsingleloop antenna
with switchable circular polarization is preseniedhe second parfhe proposed antenna
canachievemore than 1% overlapped operating bandwidth under both LHCPRIAHEP
statesMoreove, the theoretical analysis of the impedance matchmeghodis conducted
with analytical formulas derivednd the drived formulas can be used for impedance
matchingof various kinds of antennas

This Chaptelis organized as follows: thmolarization reconfigurable dudop antenna
and its performancare given Then,the wideband singloop antenna with switchable
circular polarization is presented Section 4.3. The impedance matching methadd
relevant theoretidanalyss of this methodarealsoprovided. A conclusion igiven at the

end

4.2 Polarization Reconfigurable DualLoop Antenna
4.2.1 Antenna Configuration and Operation Mechanism

As indicated inSection2.3.4 travellingwave current can be excitéar a loop anten-
naif a small gap isinserted to form a openloop structure Once the travellingvave
current is excited along the loop, CG&diationcan be achieveds explained irSection
2.2.3 It is noted that th@penrloop antena can radiate RHCP or LHCP waaecording to
different gap position, as shown kigure 4.1. Therefore, a polarization reconfigurable
antenna can be obtained if tveo gaps can biesered irto the same loopndoneof them
is functionedas a gap while the other one is shortRB.switches such as PIN diodes can
realize this functionality when they are biased separaBdged on thionception a
polarization reconfigurable antennansising of PIN diodedoadedloopsis proposed, as
shown inFigure4.2, whereit is concluded thaRHCPradiation is achieved when diodes 1
and 3 are turned owhile diodes 2 and 4 are turned off because-@datikwise travelling
wave electric current is excited this case. Similarly, clockwise travellivgave electric
current can be excited onckodes 2 and 4 are turned and thus LHCP radiation is
realized under this stat®/hen the four diodes are all turned standingwave current
distributions are eited along both loops and thus LP radiation is achieved.

As shown inFigure4.2, eachloop hasa radiusk andwidth w1. It is printed on &R4
substrate witha rehtive permittivityof 4.4, loss tangenof 0.02 and heighof 1.6 mm.A
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coplanar stripline (CPS) is used at the feed input for impedance matmihgelevant

analysis of this impedance matching method will be given iisdwtion 4.3.3

LHCP RHCP

Figure 4.1 LHCP and RHCP open loop antenna based on different gap position

DC bias line
> Diode 4
Diode 1 Ll N
R w2 o> T
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i & t
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Figure 4.2 Geometry of thepolarization reconfigurable dual-loop antenna.

Detailed antenna desigrarameters are given in Table |.

Table 4.1 Dual-Loop Antenna Parameters

R U wl w2 w3 L1 L2 h

15mm 45° 5mm 3mm 1mm 5mm 9.5mm 10mm

To obtain accurate simulation resulise DC bias circuit is taken inccount in the
simulation model When the selected Infineon BARBRV diode is forward biased, a
resistor with10 ohmsresistances usedwhile a 0.15pF lumped capacitorusedwhen the
PIN diode is reversely biased. Furthermore, eight 100nH inductersmbedded in the
DC bias line, which are used for RF choking. Additionally, a 10pF capacitor is placed in
the CPS for the purpose of DC blocking.
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4.2.2 Simulation Results and Discussion

The numerical analysis is conducted with the aid of Ansoft HFSShBpging the

status of the four PIN diodes, the proposed antenna can radiate RHCP, LHCP and LP
waves, respectively

4.2.2.1 Reflection Coefficients

The reflection coefficient () of the proposed antenna under three different polariza-
tion states ishownin Figure4.3. It is indicated that a 22 and 6 impedance bandwidth

(S11 < -10dB) have beeachiewed forCPandLP, respectively.
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Figure 4.3 Simulated reflection coefficients under three states

4.2.2.2 Axial Ratio Bandwidth

Figure4.4 depicts the AR of proposed polarization reconfigurable antenna versus fre-
guency in the broadside direction under RHCP and LHCP situatios?% /A dB AR
bandwidthis achieved under both RHCPdahHCP states

Axial Ratio (dB)

Frequency (GHz)

Figure 4.4 Simulated AR under two states
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4.2.2.3 Radiation Patterns

The smulated radiation pattern at 23Hz for different polarization states are plotted

in two planes {

Tt fuat ), as shown irFigure4.5. Over 9.8 dBi peak gain is achieved

for all polarization due to the presence of the ground plane. It is also noticed that low side

lobe level of-26 dB for circular polarization aneR3 dB for linear polarization have been

obtained, which verifies the proposed antenna as a good unidirectional antenna.
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Figure 4.5 Simulated radiation pattern at 2.4GHz under different polarization states. (a) RHCR (b)

4.2.2.4 Discussion

LHCP, (c) LP.

As shown inFigure4.3, the impedance bandwidth of the CP state and LP state are not

overlapped welllt is thus meaningful to increase the overlappeathedancebandwidth

underCP and LP modesvhich facilitates th overall bandwidth of the duldop antenna

A preliminary method is to change the lodimensionso r

t he

nserted

Pl

tion angle. However, this strategy will degrade the AR characteristic. Since the impedance

bandwidth is much wider than t#R bandwidthfor CP, it is possible to shift the imped-
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ance bandwidth to higher frequency by using a CPS with different impedance and length.
This impedance tuning process using a specific transmissiowiliriee discussed in detail

in the followingSection4.3.3

4.2.3 Experimental Results

The prototype othe proposedduatioop antenna is shown iRigure4.6. The antenna
is fed by a smi-rigid coaxial line which igpassed through the ground plane via a hole. The
DC linesisolated withinductors and are connected to a DC voltage soutoenwhe

antenna is under test

Figure 4.6 Prototype of the polarization reconfigurable dual-loop antenna.

The measuredisof three different polarization states are showrigure4.7. There
is a frequency shift compared to simulated results for all polarization states. The measured
impedance bandwidsfor circular polarization and linear poization are about 14% and
6% respectively. There is also a slight discrepamcyneasured § between RHCP and
LHCP. These differences may be caused by the permittivity variation of FR4 substrate and

fabrication accuracy.
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Figure 4.7 M easured reflection coefficients under three states

4.3 Wideband Polarization Reconfigurable SingleLoop Antenna

In the Section 4.2, a dualloop antenna which can change its polarization status to
three different states is presented. However,3r@B AR bandwidth of this dudbop
antenna ionly 5%. To reduce the size, a singleop antennawith switchable circular
polarizationis proposed in this sectioRurthermore, a parasitaperloop concentric ring
is introduced which effectively improse¢he 3 dB AR bandwidth under both RHCP and
LHCP states.

4.3.1 Antenna Configuration and Operating Principles

The configuration of th@olarizationreconfigurable singkoop antennas shown in
Figure4.8. Two loops are printed on both sides of a 0.8 mm thick Rogers RO4003 sub-
strate. The outer loop is loaded by two PIN diodes and is printed on the top layer of the
substrate. The inner loop with two small gaps is etched on tibenbdayer of the sub-
strate. In order to feed this antenna, a coplanar stripline (CPS) is introduced. This CPS
feeds the antenna from the inside of the loop aatb®used as an impedance transformer.
Beneath the antenna board, there is a ground pléleetieg the downward waves which

also helps generate CP radiatja04.
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Ground plane

(©

Figure 4.8 Geometry ofthe polarization reconfigurable singleloop antenna (a) top view, (b) bottom
view, (c) side view.

There are two magnified pictureskigure4.8 (a) showing the PIN dioddsas circuit
and DC blocking. Regarding the control of the PIN diodes, two € lmes are intro-
duced withsmall square padfor soldering. Inductors are inserted into the DC bias lines
for RF choking and the values of these inductors are also important to the CP performance
of the proposed antenna. The DC blocking is implemenyetivb capacitors to stop the
DC current flowing to the antenna feeding.
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The antenna dimensions are showii able4.2.

Table 4.2 Single-Loop Antenna Parameters

R: R> Wy Wo L1 di | G2 b h

U
17mm 11.5mm 4mm 3mm 9mm | 3° | 7° | 40° | 5B0° 27.2mm

As explained irSection4.2.], travellingwave elecic currents with different flow di-
rections resultn switchable radiation polarizations for the digdp structure. Likewise,
for the singleloop antenna, RHCP radiati is achieved when diode 2 is turned on while
diode 1 is off due to the antiockwise electric current flod.HCP radiation igealized

when diode 1 is turned on and diode 2 is off

4.3.2 Investigation of AR Bandwidth Enhancement

As indicated in thentroducton of this Chapterthe AR bandwidthsfcstateof-the-art
polarizationreconfigurableCP antennas areelatively narrow. It istherefore essentiab
enhance the AR bandwidth of this kind of antenna for some applications such as wideband
satellite communication.

It has been found that the AR bandwidth of a CP loop antenna can be enhanced by
adding a smaller parasitic open loop inside the original[64e71, 105. The idea is to
create another minimum AR point beyond the single minimum AR point produce@By
loop without any parasitic structures. By appropriately combing these two minimum AR
points, the Chandwidthcan be enhanced significantly.

Unlike traditional CP loop antennas with only sinrgnse circular polarization, the
AR bandwidth enhancement fdualsense CP loop antenna is more complicated. It is no
longer feasible to improve the AR bandwidth of a ekerise CP loop antenna by simply
adding a singl@ap loaded parasitic loop. If a parasitic loop with a gap near PIN disde
placedinside theoriginal loop shown irFigure 4.8, the AR bandwidthunderthe RHCP
state can be enhanced. However, 3héB AR bandwidthof LHCP cannot be improved
since the distance between the gap #rel PIN diode 2 is todar to compenste the
magnitude variation of the current tre primaryloop. To improve théandwidthof both
RHCPand LHCP, an idea is tatilize a doublegap loaded parasitic loop, where the two
gaps aressymmetricdly placed and are of equal distances to PIN diddand 2, respec-
tively.

Ansys HFSS is used tanalyzethe effect of thedualgap loadegarasiticloop on the

axial ratioof the proposed antenr@igure4.9 shows thecomparisorbetween theolariza-
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tion reconfigurable antennas with and without a dowap loaded parasitic elemeantthe
LHCP state. It is found that the axial ratio is larger tBaiB when the doublgap loaded
parasitic loop is ngpresent Compared with the result observed éd], where the AR is
still less than 3 dB evewhenthe parasitic loop is removed is concluded that the dual
gap loaded parasitic loop is different from singhp loaded parasitic loop in helping

compensate the magnitude variation of the currethemprimary element
18

= = = Without parasitic loop

* == \\lith parasitic loop

12

Axial Ratio (dB)

22 2.3 24 25 26 2.7 28
Frequency (GHz)

Figure 4.9 Axial ratio comparison with and without the parasitic loop under LHCP state.
Figure4.10 andFigure4.11 show the AR variation with differef®. andb, respective-
ly. It is found from these two figures that the radius of parasitic Rognd the angl®
play an important role in AR bandwidth enhancement for the proposed ant&yna.
changing these parameters, the coupling between the parasitic loop and primary loop can
be tuned to achieve a maximuB AR bandwidth.
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Figure 4.10 Axial ratio variation with different R 2 under LHCP state.
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Axial Ratio (dB)
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Figure 4.11 Axial ratio variation with different b under LHCP state.
4.3.3 Analysis of Impedance Matching

CPS lins wereintroduced to feetoth the dualoop and singldoop antenna andal-
soact as an impedance transforniBne length of this singlsection line is not onguarter
wavelength and thus this impedance transformer iseqoal tothe quarterwave trans-
former analyzed if10q.

Using a singlesectiontransmissionline with specificcharacteristidmpedance and
non-quarterwavelengthlength to matchan antenna withcomplexinput impedance has
been widely used. Tobtain an irdepth understanding of the impedance matching tech-
nique and alsonake this method easier to implement, a detalealysisis given in this
subsection.Figure 4.12 showsthe circuit employinga singlesectiontransmissionline
with specific characteristiampedance and lengtlBy determinng the transmissionline
characteristic impedanca andlengthL, it is feasible to transform the terminal impedance

Z, to desrableimpedancezi, typically 50Win the scenari@f antenna impedance match-
ing.

Lin — Zo

7~
N

L

Figure 4.12 Circuit model of single-section transformer.
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4.3.3.1 Theoretical Analysis
Refering toFigure4.12, the input impedance can be expressed as
o o ® @ o@ed
O @O GED

Wherd  ¢" 7_isthephase constamf the line

(4.1)

Instead of normalizing all impedancg dividing transmission line characteristic im-

pedancey , herew andd are normalized by , that is
%— ik %— o Qo (4.2)

It is desired to maké equal to 50W, which isusualfor antenna impedance match-
ing. Thereforegd 76 can be represented by a real numbéfter this normalization, the
proposed impedance matching method capdiermed by solving4.1).

After normalization(4.1) can be rewritten by the following equatiandthe desrable
@ can be obtairg; through the proposed method,

® Qo QDATD

i = —, 4.3
P T AT (4.3)
Whend - ¢&¢-,0AT H, and @.3) becomes
i
—_— 4.4
=00 P (4.4)

This meanghat the proposed methd is equivalento the traditionalkh It impedance

transformedfor real terminal impedance (y=0).
Whend - & -, we can rearrang@!.3) and equate the real and imaginary parts to

yield:
UOAD i p

o1 OAID I & (4.5)
Apart fromi wandw T which isalreadyincluded in the situation - £ -,
(4.5) can be rewritten more clearly by
OATD i p WOT®
OATO 1| B i (46)
Through this identical equation set;an be represented by
U
i — (4.7)
w p
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Considering arbitrary terminal impedanbe the normalized terminal impexahce is
arbitrary as well, i.ex andy are arbitrary. Therefore, the solving processrfman be
divided into four cases.

Ao p

Whenw p, thenr can be expressed by

T — (4.8)

Bt w p

In this caser can be expressed by equat{dt8) only if
g ? o P (4.9)

Co p
Through(4.5), whenU T, theni  pis the only solution. This means whén ¢ ,

@ should equal tod in order to get a good impedance match.
D:w ™

(4.7) is insoluble under thisase Actually thissituationis nonexistent in the applica-
tion of antenna impedance matching, since all antennas have a real parinpuits
impedancgotherwise it cannot be treated as a radiation device.

Whenr is solvable under cas@ and B, the length of transmission lihecan be ex-
pressed as

0 oo 220 d)Lp (4.10)

It is noticed that the length of transmission liheshould be a positive number and

thusf OAT — @ — can be solvednlyin the interval Tt .

Overall, the impedance dhe proposed transmission lie@ and its lengthL can be

determined by the following equations,

v . . . W
I’ W W W —
W p
\ (4.12)
. P e W
v —oawe , W =
S @ ® p
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where— @ "Qdndx, y should be subject to
T O p
O pEl PP (4.12)
C T

4.3.3.2 Verification of Theoretical Analysis

Considering twodifferent antenna input impedance&® ¢ TMTT ma and
@ p T p ( , which are bottsubjectto 4.12, it is feasible to use singlesection
transmission line with length (or electricalengthd) and impedanced matchingw and
@ toa50q system.

For ¢ TITT @ , it can becalculatedby (4.11) that thecharacteristiam-
pedanceof the singlesectiontransmission lin€ should be 251q and the electrical
length— should be&62° to complete amdealimpedance matching.

Similarly, for & pmt pQ ,wecangefd 14q and—=38".

To verify thesetwo sets of resulbbtained from4.11), the commercial software ADS
is utilized to simulate thecircuit shown inFigure4.12. The antenna input impedance and

the input impedance after matching an@wnin Figure4.13.

| » |
\. After matching

Figure 4.13 Verification of the proposed impedancematching method using ADS

As can be seen frorRigure 4.13, the antenna input impedanide and® can be
matched to 5@ after using a singlsectiontransmissiorine with the abovecalculated

values.
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To explain how this method is used to tuhe impedance matching of the sintpep
antenna,hie impedancéoci of the proposed singleop antenna beforand aftermatching

aregivenin Figure4.14.

-------- Before matching

After matching

20 5.0

2.4GHz, Z;;=1.34-1.04j
24GHz, Z,=1.05-0.14] ‘e
4

5.0)

-1.0j

Figure 4.14 Impedance loci of the proposed antenna before and after matching

As shown, the input impedance of the proposed antenna &t-z4s 50 (1.3) q.
As it is aimed to tune the antenna at this frequency point, the characteristic impedance and
the electrical length of the CPS line are calculated to begl@ed 33, respectively It is
also shown that the antenna input impedanc@46GHz has changed to 50 (1-0.1)) q
after using the CPS line witthe calculatedvalues. The impedance locus of the proposed
antenna has also shifted to the matching point, which proves that the impedance matching
methodusing singlesection transmissn line with specific characteristic impedance and

electrial lengthworks effectively

4.3.4 Measurement and SimulationResults
4.3.4.1 Reflection Coefficient

The prototype of the proposethgleloop antenna is shown iRigure4.15. As can be
seen, four DC bias lines are soldered perpendicularly to the antenna board and then con-
nected toa singlepole doublethrow (SPDT) switch for controlling the two PIN diodes.
Throudh shielding the DC lines and the switch tye ground plane, the influenc# the

lines and switches can be minimized.
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Figure 4.15 Prototype of the proposed antenna

Two Skyworks SMP134879LF PINdiodes with small capacitance (smaller than 0.2
pf) and s er iaeusedidhe pretdtypen Toariv thetN diodes, twdl.5V
AA batteries with 1.5/ voltages are mounted in a battery bracket and then are connected
to a SPDT switchThe polaization status of thentenna can be changed to LHCP or
RHCP electronically by controlling the state of the switch.
As shown inFigure4.16, the simulate@nd experimetal reflection coefficientare in
good agreement. From the measured results, a 32% impedance bandwidth is &hieved
LHCP while a 3% bandwidth is obtainetbr RHCP. The difference between LHCP and
RHCP results may be c au stehdractensticd ds evelltasmloe d i o c

unbalanced coaxial cable feeding

0 T T T T T 0

L = == LHCP Simulated - = = RHCP Simulated
A ——LHCP Measured o] N = RHCP Measured
A} s’ S \
\ ’ \
v // \
. ’ \
10 LY - Vo W 10 v
L4
= = =
0 b %]
-
45 L - E ELS
20k -20 |-
25 L 1 1 1 25 | i I i 1
20 24 26 2.8 3.0 32 20 22 24 26 28 30 32
Frequency (GHz) Frequency (GHz)

(@) (b)
Figure 4.16 Simulated and measured reflectiorcoefficients under different polarization status: (a)
LHCP, (b) RHCP.

4.3.4.2 Axial Ratio

Figure4.17 (a) and (b) show the experimental and simulated AR uhedrHCP and
RHCP states, respectively. As observed, the measured AR bandwidth is slightly smaller

77



Chapter 4. WidebandPolarizations Reconfigurable Loop Antenna

than the simulated results and this is believed to be caused by the fabrication errors and the
differences between simulation models and practical values of the lumped elements

utilized in the proposed antenna.

= = = | HCP Simulated
~——LHCP Measured

= = = RHCP Simulated
——— RHCP Measured

Axial Ratio (dB)
Axial Ratio (dB)

b
-
-
-

-
- -

1 . I \ I . 1 . 0 1 1 1 I

22 23 24 25 26 27 28 22 23 24 25 26 27 28

Frequency (GHz) Frequency (GHz)
(a) (b)

Figure 4.17 Simulated and measuredaxial ratio under different polarization status: (a) LHCP, (b)
RHCP.

For a polarization reconfigurable antenna with C#lapzations, the overlapped
bandwidth between impedance bandwidth and AR bandwidth is usually useduateval
the antenn&andwidth characteristic. Comparifgures 4.16 and4.17, it is found that the
overlapped bandwidth is mainly determined by the AR bandwidth. The measured over-
lapped bandwidth undéine RHCP and LHCP states is 12% anéoldespectively.

4.3.4.3 Radiation Pattern

The radiation pattern of the proposed antenna is meassneg a linearly polarized
horn antenna and the method presentel®4h is employed to gethe RHCP and LHCP
radiation patternskigure 4.18 shows the radiation patterns undiee LHCP and RHCP
states at 2.6Hzin thetwo main planes.

As shown, the measured radiation patterngragood agreement with the simulation
results. A unidirectional radiation pattern with low cross polarization can also be observed.
It is noted that the measured back lobe level is much lower than the simulation results and
this is caused by thantenna mouimg as shown irFigure 4.19 which shows the meas-
urement setup of the proposed antenna in the chamber. Totheoidflection from the
positioner an absorber is moted béind the ground plane of the proposed antenna. The
back radiation issuppressedby this absorber and thus the measured back lobe is much
lower than the simulation results. Considering that there is a ground plane under the

proposed antenna and thaim beam characteristic is of major concern in evaluating the
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antenna performance, it is believed that the measurement method is reasonable and rela-

tively accurate for this antenna.

0 0
09 330 30 —Measured LHCP Ly 330 <. 30 —Measured LHCP
10 N, — —Simulated LHCP 10 A . = =Simulated LHCP
; ~\ = - =-Measured RHCP | "\ — - =Measured RHCP
-20 5 3 - Simulated RHCP 20 - 3\ - Simulated RHCP
a0 309/ No0 -30 - 300‘,1.‘ X160
-40 40
F + A
s0- | \ -50 -
| ] ‘
60 -4 270 | ! 90 -60 - 270 { 90
4 | 1 |
50 | -50 | |
1 7
-40 40 - 7 7
oIk N i 4 1 : b P
301 20 y et /120 07 20X E : /120
20 ) A 20 \. . /
10 \ A 10} "
5 210 ~___, . 150 ] 210 | 150
180 180
(a)
0
0 330 30 —Measured RHCP ~——— Measured RHCP
1 - — —Simulated RHCP . = =Simulated RHCP
-10 “\.— - -Measured LHCP “\— - ~Measured LHCP
2] 7 \: - Simulated LHCP ™\ - Simulated LHCP
-20 - / \ N\
| 300 / \, 60 \ 60
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1 | |
ol \ “‘\ "‘
1 240\"7 b i~ L% 3"“’120 2
20 s 174 D4 120
] / S
-10 10
3 210 150 8 210 150
180 180

(b)
Figure 4.18 Simulated and measured radiation patterns at 2.46Hz: (a) LHCP state, XoZ planeand
YoZ plane, (b) RHCP state, XoZ planeand YoZ plane.

Figure 4.19 Measurement setup of the proposed antenna in the chamber.
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4.4 Summary

This Chapter presents two polarization reconfigurable loop antennas for polarization

diversity applicationsA novel polarizatiorreconfigurableduatloop antennavhich could

alter its polarizatiorstaes electronicallyto RHCP,LHCP or LP was designed at firstTo
reducethe size of the dudbop structure, avidebandsingleloop antenna with switchable
circular polarizatiorwas presentedThe proposedaingleloop antenna camchievemore

than 126 overlapped operating bandwidth under bibth LHCP and RHCP stateBoth

the dualloop and singldoop antenna have utilized a singlage impedance transformer

to realize good impedance matchirgetailed theoretical analysis of i impedance
matchingtechniques providedand the derivednalyticalformulascan be applied to other

various types of antenn&s impedance matching.
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Chapter 5. Inverted-S Antenna with Wideband Circular Polarization
and Wide Axial Ratio Beamwidth

5.1 Introduction

Chaptes 3 and 4 investigate two different types of CP antemiash havewide 3 dB
AR bardwdith. Besides improving the AR bandwidth, widening the AR beamwidth of CP
antennasasreceived increasing interetcentlysince wide CP beams aoeneficial for
receiversin global navigation satellitaystems(GNSS)[7] and are necessaryor wide-
angle CP bearscanning array13]. Therdore, it is meaningful to design wideband CP
antennas with wide AR beamwidth

Despite the importance of wideband CP antennas with wide AR beamuamdijisev-
eralresearchewere reportedTwo pairsof parallel dipolesvere orthogonally placed in a
square contouandwere excited in phasguadrature to acquire wide AR beamwidth when
the space between tparalleldipoleswasappropriately chosefl07]. The AR bandwidth
of this antenna is from 1.532Hz to 1.65GHz (8%) and 128 AR beamwidth is achieved at
1.6 GHz. However, the AR beamwidth decreases when frequency shifts away from 1.6
GHz A stacked patch antenna with%0CP bandwidth and 14AR beamwidth wa
presented i10§. Likewise, the AR beamwidth is measured at only@HE and the AR
beamwidths at other frequency points witthe working band are not provided.[09,

a widebandnagneteelectric dipolewhich has 33% AR bandwidth and°@5R beamwidth

within the AR passband in the two main planes was reported. Stable wide angular CP
radiation could also be observed [ibl(, wherea crossed dipole was loaded with a
magneteelectric dipole to realize good CP performancdl1i(, 27”6 AR bandwidth was
achievedand over 165AR beamwidth could be realized from 1.@5izto 1.7GHz (15%)

in the two main planes. Although the antenna present¢tiO®) 110 can achieve wide-

band CP radiation with wide angular CP coverage in the two main planes, it is not clear
whether wide AR beamwidths can be maintdine other elevation planes. Moreover,
these antennas have complicated structures, which make them difficult to be implemented
in wideband CP arrays.

In this Chapter a novel inverted Shaped CP antenna withsenmple configuration is
presented, which aahves wide CP bandwidth and wide AR beamwidth simultaneously.
Stable wide angular CP radiation characteristics are maintained in a wide frequency range
in the XOZ plane. In other elevation planes, the AR beamwidths are wider than the half

power beamwidths HPBWSs). Compared with other reported antennas, the proposed
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antenna achieves a wider CP bandwidth and a more stable AR beamwidth within the
operational bandwidth. Moreover, it can be easily extended to a wideband CP array with
wide AR beamwidth, which idso discussed in thiShapter

This Chapteris organized as followsSection5.2 introduces the antennaonfiguration
and operational principles of wide angular CP radiatiBertion5.3 presents the simula-
tion results and measurement resoltshe proposed antenna as well as the comparison
with other reportedvideband wide AR beamwidtantennasSection5.4 presentsa linear
array consisting of the proposed antenna element and the results of this asarery
of this Chapters givenin Section5.5.

5.2 Antenna Configuration and Operating Principles
5.2.1 Antenna Configuration

Linearly polarizedLP) dipole antennas are widely deployed due to their simple con-
figuration andexpandabilityto various arrays. One attractive feature of LP dipoles is that
they have omnidirectional radiation pattern in th@lbine. Thischaracteristiadnspires the
proposed design, which is explained below.

Figure5.1 showsthe configuration of a LP dipole and the proposed &Paped an-
tenna. As shown, both the LP dipole and t he
an AC source which provides 18phase differences to the two armBy. bendingthe LP
dipole into a curved shape with variable wire widthis found that travelling current is
excited onc dcondhctor igidesignes havgerough curve lengtfil.4l 4
1.8 g). As indicated inSection2.2.3 CP radiation can be achieved if travellwgve

current is excited along curved structure. Therefore, the propedgmbl® can realiz€P

radiation
7
0
N ¢
‘ﬁl\x
'\/ {Vs \)
\\\_) ///
LP Dipole CP S-Dipole

Figure 5.1 Linearly polarized dipole and circularly polarized S-shaped antenng111, 117.
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Moreover,similar to the omnidirectional radiation of LP dipoles in theipldne,the
presented CP-8ipole antenna&an radiate CP waves at nearly all angles inxtheplane
except for the X direction whichresults in a wid& dB AR beamwidth in theoy plane
The AR degradation alongX directionis caused byhe alterationof wave propagating
direction Considering thatclockwise travelingwave curr ent i's excite
structure,the radiated CP Hfeld in the xoy plane rotatesn the clockwisedirection the
change of the propagating direction results in LH&dHationin the 4+ region and RHCP
in theiY region.At the interface of these twarthogonal CP waves, LP radiation occurs.
Anti-clockwise travellingwavecurrent can be excitad realize RHCP radiatioif the
i Sshapeddipolée s converted i ntddpaeasshawnigFigire5®@ M SO0 s
Theantenna is printed on the bottom layer of a 0.508mm thick Rogers RO4003C substrate
with a size of WixLi. To feed the antenna, an integrated balun which transforms the
unbalanced microspr feed to balanced slot line feed is utilized. The balun is printed on a
0.813mm thick Rogers RO4003C substrate whiaka size ofWixH7. An LoxL, sized
ground plane is placed below the antenna with a distartdefof directional radiation

Figure 5.2 Geometry of theinverted-S antenna.
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