A DIPOLE WITH ACTIVE METASURFACE REFLECTOR FOR
POLARIZATION RECONFIGURABILITY

by

Ruan van Aardt

Submitted in partial fulfilment of the requirements for the degree
Master of Engineeringdlectronic Engineering

in the

Department of Electrical, Electronic and Computer Engineering
Faculty of Engineering, Built Environment and Information Technology

UNIVERSITY OF PRETORIA

March 2022



SUMMARY

A DIPOLE WITH ACTIVE METASURFACE REFLECTOR FOR
POLARIZATION RECONFIGURABILITY

by

Ruan van Aardt

Supervisor Prof. J. Joubert

Co-supervisor: Prof. J.W. Odendaal

Department: Electrical, Electronic and Computer Engineering

University: University of Pretoria

Degree: Master ofEngineering ElectronicEngineering)

Keywords: Metasurface polarization diversity reconfigurable,reconfigurable
polarization

In recent yearseconfigurable antennas have gained a lot of attentidhéadvantagethey
presentfor diversifying the capabilities of communicatiosystems.Many types of
reconfigurable antennas exibat havepattern, frequengyand polarization diversity. These
artennas are reconfigured either by mechanical rotating surfaces or by enabling specific
sections of a structure with electrical switchBEse use ofin active reflective metasurface

to design m antenna system with reconfigurable polarizati@s particularly interestings

little research have been done on the topic and presented an interesting concept to expand
upon This study focusse on the concept of a reconfigurable antenna based on an active
reflective metasurface with reconfigurablelgrization. Subsequently, mantennasystem
basedon an active reflective metasurface combined with a planar digolgroposedo
achieve reconfigurable polarizatiomhe aim of this antenna iachieve reconfigurable
polarization through electrical swites positioned on the reflective metasurfathe

polarization of thelesignedntennaan be switchedetween linear and circular polarization



states through the use g@ositiveintrinsic-negative (PIN) diodes on the reflective
metasurfacelhedesigned atenna wasnanufacture@nd tested and functioned as expected.
Themeasured results correlated well with the simulated results. The antesrmpHysical
size of 308 x 162 x 35 mhwith an impedance bandwidth of 4.5% in the linear state
7% in thecircular stateas well asan axial ratio bandwidth of 8.3% hisgives the antenna
an effective bandwidth of 4.5% in the linear state and 7% in the circular Blegdinal
measured results were degradieet tounexpected interference from the biasingumek
used to control the PIN diodeklowever, @en with the interferenceghe concept of a
reconfigurable antenna based on an active reflective metasurface was prosessearch
contributedto the field of antenna engineeringth the focus on expandg the field of
reconfigurable antennas.
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CHAPTER 1 INTRODUCTION

1.1 PROBLEM STATEMENT

1.1.1 Context of the problem

The communication industry has been evolving rapidly over the last decadafodtis ;m

a more conneetd world with the emphasis on wireless technologisnajor stumbling
block in this industry has been tldemand for networks to have more capacity and
throughput while operating in a spectral efficient way. Technologies such as 4G with
multiple-input mudtiple-output(MIMO) antennas with steerable beams hsslgedsome of

the challengesHowever the rapidly growingnumber of connected devicestablishes the
need fomore diversaystensin orderto increase the capacity of a netwoReconfigurable
antennas have received attentiiothis regardas they can provide the required divergltly

A reconfigurable antenngystemwould allow increasd networkcapacity by employing a
reconfigurable antenna with polarization diversithiiswill lead to a more spectral efficient

network with higher throughpt].

As an emerging research fieldeconfigurable antennasstill allow for significant
innovations which canhave major impact on the communication induskEven though
reconfigurable antennas have thelrallengesthey still provide great advantag@s the
communication domaicompared to traditionadntennasReconfigurable antennas have
shown significant improvements in communication systems, specifically MIMO based
systemg2]. By using certain reconfigurable antennas, it is possible to improve the data
throughput, signal to noise ra(iBNR), and the bit error rate. Not only does a reconfigurable
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antenna improve the performandearacteristicst alsomakes the antenna multifunctional

[3]. Therearea few different methodgsedto design reconfigurable antennas.

Some reconfigurable antenna designs achieve reconfigurability by modifying the structure
of the radiating elemenfThisis done by introducing switching elements be tadiating
element which enables the user to change the properties of the antenna through a controller.
However, bymodifying theantennastructure with the addition of switching elemerntse
antenna performanedll be degradedAs shown inf2]i [5], thisdegradation can lrectified
through the addition of inductive chokesstill achieve the desireghtennas perforance.
Reconfigurability can also be accomplished by modifying the feed network by introducing
switchable segmenthat can alter the phase and magnitude of the inputabkiéii [12].

These designs producetenna with wide bandwidths and high gain&lith most of these
methodsreconfigurable polarization the focus of the design8nother method of altering

the polarization of an incident wave is through the use of polarizing suffE@E§15].

These surfaces can be made reconfigurable through the addition of switchable elEmeents.
metasurfacean addhe element ofeconfigurabilitywithin an antenna syste[t6]i [24].

This methodproducesgood resultscomparable tahe other methods used to achieve

reconfiguable polarization.

1.1.2 Research gap

In literature most reconfigurable antenraas either designed through modification of the
radiating element or the antenna feed strust{2§ [11]. In some of thecass, adding
electrical switches on the ratizg element degraded the performance of some of the
antennasvhich couldhoweverbe remedied through the addition of additional structures like
radio-frequency RF) chokes[4], [5], [10]. Another method found in literature to achieve
reconfiguraliity, which presented good results, isetcombinationof metasurfacesind
radiating elements. However, the literature on active metasurfaces combined with radiating
elementswhich showed promising resultsaslimited. Theseantennasreconfigured in a

transmittive configuration where the antenna is placed behind the active metaRlface

Department of Electrical, Electronic and Computer Engineering 2
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This promptedininvestigation into reflective metasurfathat arecombined withradiating
elements to form antenna systeiewever, nostly passive and nereconfigurablesystems
were discover@in literature Subsequently,raactive reflective metasurface presented and
interesting topic to expand upon as it presented potential advantages to that of a transmittive
metasurfaceand other reconfigurable antenna#n advantage ofactive reflective
metasurfaceds that the biasing circuitrycan be implementedehind the reflector
minimizing any interference on the antenhdetasurface also simplify reconfigurable
arrays as the surface can eabiyscaled The unit cell geometry can be designed in such a
way to ensur¢hatthe switching elements cdreimplemented in abasic and scalable way.

A research gap was identified in open literature namhelymplementation aeconfigurable
antennausing activaeflectivemetasurfaceto achievebothlinearandcircular polarization

states.

1.2 RESEARCH OBJECTIVE S

Theprimaryobijectiveof this studyis to prove the concept ahantennalesignthatachieves
reconfigurability throughhe use ofin active reflective metasurface. The focus will be on
obtaining reconfigurable polarization with a linear and circular state. The spaxditives
of this studyinclude
1. Proving theconcept of a reconfigurable antergesignbased on an active reflective
metasurfaceapable of circular and linear polarization
2. Establishing a desigprocess for reconfigurable antesnaased on active and

reflective metasurfase

1.3 APPROACH

A procedural approach was followed to design an awatevith reconfigurable polarization.
First a literature study was conducted to establish what has been done in the field of
reconfigurable antennas and to identify an area where new innovations could be made. From

literature it wadoundthatthere is limtedknowledge on reflective metasurfaces combined

Department of Electrical, Electronic and Computer Engineering 3
University of Pretoria



CHAPTER 1 INTRODUCTION

with radiating elementsThe use of reflectivenetasurfacealsopresented a feypotential
benefitsover the more established methods of creating reconfigurable antéheasext

step was to find the cowre unit cell geometry to design a reflective metasurface. The
metasurface was then analysed in isolation to fully understand how an antenna could be

createdby combining it with a radiating element.

After thereflectivemetasurface wasdesigned and anagd an initial set of parameters were
obtained anda radiating element was introduced above the reflective metasurface. The
design waghensimulatedand optimisedusingan electromagnetic analyses software tool
calledCST StudioSuite Three prototypewere manufactured to establish how the active
elements would affect the antengerformance. The prototypavere measuredn the
compact range at the University of PreoFinally, themeasured and simulated reswitse
comparedto verify the performance of the designed antenna and to confirm that all the

design goalsvere met

1.4 RESEARCH GOALS

The following research goals were identified for the antenna design:

1. The antena system has to be based on an active reflective metasurface where the
switching elements are integrated within the unit cell structure of the metasurface.

2. The antennads polarization should be re
DIP switches atiched to the back of the antenna structure. Two polarization states
should be available, namely linear or rigifand circular.

3. The antenna should not be complex to manufacture and implement.

4. The measured results have to correlate with the simulated restiiesdesign.

Department of Electrical, Electronic and Computer Engineering 4
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1.5 RESEARCH CONTRIBUTION

This study madehe followingcontribution to the field of antenmagineering

1 Concepualisedthe use of an active reflective metasurface to desigm antenna
with reconfigurable polarization: From literature it wa evident thathe use of
active reflective metasurfaces in the designesbnfigurableantenna systems have
not been well studied. Thwork thus focused ostudying ancconceptualisinghe
use of reflective metasurfax¢o designreconfigurableantennas with linear and
circular polarization. Theoncept was proven in this study $yccessfully designg
and implemenng a reconfigurableantenna based on a reflective metasurface. The
concept can be expanded upon in future work.

1.6 RESEARCH OUTPUTS

A journal article in preparation wil/| be s
and Surfaces: Theoretical and ExperimeRaesearch wi t h t he MDPI ( Mul
digital publishing institute). Thgurnalarticle will shae the same title as this dissertation

and focus on the use of an active metasurface in the design of a reconfigurable antenna.

1.7 OVERVIEW OF STUDY

In Chapter 2 &omprehensivéiterature study is conducted on reconfigurgtddarization
antenng, the methodsused to achieve this, thefunctionality, as well asthe use of
metasurfaceto achieve thisA research gap is identifigd literaturewhere an innovation

can be made to produce an antenna system with reconfigurable polarization.

Chapter 3 describebé design osuch amantenna. First starting with theslignof a new
active reflective metasurfaceapable of switching between polarization sta#esnew
antenna structure then proposed which combines the reflective metasurface with a dipole
element. Thecombined metasurface and dipolstructureis then analysedto better

Department of Electrical, Electronic and Computer Engineering 5
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understand howhey interact with each othdfinally acritical parameter set is extracted

the antenadesignis optimized and the design is finalized.

Chapter 4 focuses on the design implementation of the antdmciadeals with introducing
switching elements on the antenna structuhe dhallengeposed bybiasing the switching
elementswith a biagng circuitare discusseds well aghe solutionthatwas implemented to

solve theechallenges.

In Chapter 5the manufacturing antheasuredesults of the antenna are discusseae T

measured results are shown and compared to the simulated resultdadigived antenna

In the last chapter, Chapter the study is concluded by summarizing the work that was
conducted and the outcomes therdosuggestion foruture workto furtherimprove the

design angberformance of the anteniamade

Department of Electrical, Electronic and Computer Engineering 6
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CHAPTER 2 LITERATURE STUDY

2.1 CHAPTER OVERVIEW

In this section a review of the available literatur@rgvidedcovering the various aspects
related to the design @h antenna witlreconfigurable polarizatiorSection 22 gives an
overview of reconfigurable antennas in general and the methods by nebaifigurability

is achievedln Section 2.3 the various types of antennas with reconfigurable polarization are
discussed where reconfigurability achieved through the modification of the radiating
element and feed network Section2.4 metasurfaceare discussed and how they can be

used to implement an antenna widtonfigurable polarization

2.2 BACKGROUND ON RECONFIGURABLE ANTENNAS

Reconfigurable antennas have long been a topic of interest in antenna theory. These antennas
providethe freedonto changethe radiation characteristics withdudving toredesign the
antenna structure. Thi s iimlustryevhesgevhighertsystem t od a
throughputs are required from wireless communication systems to increase the number of
active uses and data throughput to each udgr Traditional antennas put a limitation on

this as they do not provide the diversity that Idamned from reconfigurable antennas.

Multiple types of reconfigurable antennas currently etkiat provide frequency diversity,

pattern diversityand polarizatiordiversity[3].

These antennas can be implemented threaglbusmethodsincludingthe modification of
the radiating elemenf2]i[5], modification of the feed network6]i[12], and the
combinationof metasurfaces witlraditional antennafl6]i [23]. Reconfigurableantennas
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are mostly reconfigured through electrical switches. PIN diatkthe most popular choice

for this, sincet is simple to biashem. Varactor diodes are also usaithoughthey require

more precise control over tiheéasingvoltage as the varnkecapacitancef the diodecontrols
specific antenna characterist[&$, [23]. Lastly, therearemicro electromechanicawitches
(MEMS) [16]. These switchefunction very similar to traditionahechanicatelays, only
miniaturized to a few millimetresr micrometresAll theseelectricalswitchescanalsobe

used on active metasades to control certain unit cell elem&nn active metasurface is
defined asinelectrical reconfigurable surface whereas a passive metasurface is defined as a
mechanical reconfigurable surface. In the following sections the focus will be on antennas

ard surfaces with reconfigurable polarization.

2.3 ANTENNAS WITH RECONFIGURABLE POLARIZATION

2.3.1 Antenna reconfigurability through modification of radiating element

As mentioned, a methoof realizinga reconfigurable antenna ly altering the physical
antenna streture PIN diodes, MEMS switaks and varactor diodes can be used on the
structureof the antenna to give the user the maxinflaxibility and control of the antenna
characteristicsThe simplest form of such an antenna is a patch antennatrwitbated
cornersthatcan be converted to a square patch through the use of PIN ,diddels then

creates a polarization reconfigurable antei2hpa

One method discussed literature is theaddition ofmicrostrip stub lineto an ordinay
patch antenna on each of the patch effgled he stubs are connected to the patch structure
through varactor diodes. By altering the voltages on each of the vadaudes,different
polarization statecan be achiexd as thdield components can be controllediependently
from each otherThisstubbasedype antenna producas excellenimpedancéandwidth,

but onlyproducesan axial ratio bandwidth of 0.96%his type of antenna can beproved
through the introdction ofa circular radiator with multiple stubs to give the user even more
control over the polarization characteristics of the antddhaWith this method the

Department of Electrical, Electronic and Computer Engineering 8
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impedance bandwidth iseducedwhile the axial ratio bandwidth is increased to 15.4%.
Methods for altering the structuoéan antennalways involveeitherincluding or excluding

certan parts of an antenna structure and tamntrollingthe parts with switchdsy bridging

the structures. This creates the challenge of biasing such switches without altering the
radiation characteristics of the antenna and adding neceatisacy current DC) blocking

components to the feed network.

2.3.2 Antenna reconfigurability through modification of the feed network

The challenges presentbs biasing electrical switches on a radiating elenoam mostly
be mitigated byltering thefeed networko getthe cesired characteristic$his istypically
accomplished by delaying the phase of eiffedd components to getninety degree90°)
phase difference for circular polarizatiolll the switching components are implemented
and mostly isolatedrém the radiating element of the antennalike antennasvhere the
structure is alteredVith antennas where the feed networkligredthe antenna is already
enhanced to achieve excellerttacacteristicsthis forms the basis foan antenna with

reconfigurable polarization

In [6] a reconfigurabledielectric resonator antenna is presented. @htenna uses a
reconfigurable crossed coupling fizgg slot to excite thdielectric resonator antenmaRRA)
elementsCertain segmestof the crossed structuegeshorted through PIN diodes to alter

the modes by which the DRA elements are exciléds produ@sa circular and linear
polarization in certain configurations. The antenna produces an axialaatwidlth of 20%

and an impedance bandwidth of 30%.eThdiating elemenis complex as very precise
manufacturing techniques need lbe implementedto manufacture the DRA element
However, the polarization reconfigurability is achieved through the feed network where the

implementation is simpler.

Another reconfigurableantenna is discussed [A2] where a square patch antenna is
combined witha transmittive metasurface to enhance the bandwidth and gain of the antenna

in alinear state Through the addition of a reconfigurable feedwak, the usercanalter

Department of Electrical, Electronic and Computer Engineering 9
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the phase of the transmitted field. Taed networks implemented through four paths which
can be excited independentlysing PIN diodes.This design produces an axial ratio
bandwidth of 17.8% and an impedance bandwidth of 25%h ¥htenlarged electrical
surface introduced by thmetasurfacethe gain is also enhanced to 9.85 dBath the
designsn [6] and [12]requirea DCisolation circuitto ensure thbiasingnetwork is isolated
from the RFhetwork

An interesting method ahtroducinga reconfigurable feed network is through array
where each element can be fadependentlyand produce unigue antenna characteristics.
This issimilar toimplementing a phase shifter on each feed of the array elemef@$.aln
two element patch array is enhanced through a partially reflective swvfare each patch
element carbe excited indifferent feeding modesThis produces an antennacapable of
switching between linear vertical and linear horizontal polarizafibis design produces an
impedancebandwidth of 21%The array methods improvedupon in[9] where asix-
elementarray, in a circular configuratioris used with an unique coupling structure between
each elemenfThe antenna is reconfigureding areconfigurabldeed networkwhich uses
PIN diodes. The antennacan generat@mnidirectional patterns inits linear stateand
directional pattersiin its circular state The antenna presented prodiie® impedance
bandwidth of 94% and an axial ratio bandwidth of 66%.

In [10] a four arm radiating antenna is proposeéth reconfigurable circular polarization.

The antenna is constructed from four radiating ssemulatingtwo orthogonally placed
dipoles Eacharm hasa uniquefeed networkthat can be reconfiguredsing PIN diodes,

which changes the feed lengthnd altes the phaseThrough this mechanisneft-hand
circular polarizationl(HCP) andright-hand circular polarizatiorRHCP) can be geerated

The antenna hasi@&xcellent impedance bandwidth of 80% and an axial ratio bandwidth of
23.5%. The bias network for the PIN diodes has a negative impact on the antenna
characteristicswhich is mitigatedusing RF chokes on théiasingline on the antenna

structure.

Department of Electrical, Electronic and Computer Engineering 10
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A crossed dipole structure with differential ports can also betoggdducean antenna with
reconfigurable polarizationA single dipole is linearlypolarized wherehe polarization
depend on the orientation of the dite. In [11] a polarization rotation artificial magtie
conductorsurface is added which aets a circular polarizer. Theaditionaldipole structure

is also changed to a crossed dipole structure with differguaréd,which is reconfigurable
usinga radio frequency integrated circ(iRFIC). Dependingon the configuration of the
RFIC the antenna can generate RHCP, LH&1el linearpolarization states. The antenna

produces an axial ratio bandwidth of 15% and an impedance bandwidth of 20%.

2.4 METASURFACE BASED POLARIZATION CONVERTERS AND
POLARIZATION RECONFIGURABLE ANTENNAS

2.4.1 Antenna reconfigurability through parasitic layers

Another method of making an antennareconfigurable is through the addition of a
reconfigurable parasitic lay§t6]. A parasitic layer can be defined ametasurface which

is placedn closeproximity to a radiating elemerit [16] the parasitic layer is placed within
the reactive field region of the source antennaéhis can then be used to alter the
characteristisof the antenn@y changing the structure of the parasitic layer thrddgMS
switches. This configuration allows the antenna to achmeukiple modes ofoperation,
where polarization diversity is one of them. The addition of a parasitic layer allovas fo
compact andow-profile antenna with multiple configurations, however the performance
bandwidth within the different modes is sometimes limildtedesign in16] only achieves

an axial ratio andammon bandwidth of.6%.

The configurations of the parasitic surface are obtaus@tgoptimization algorithmsThe
algorithms areset for specifiadesigngoalssuchas polarization, operating frequeneynd
main lobe direction. The electrical switching is quitemplex,as the MEMS switches
require a complex biasing network to functiofihese parasitic layers caralso be

implemented in array form for enhanced performance.

Department of Electrical, Electronic and Computer Engineering 11
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2.4.2 Polarization conversion and reconfigurability using metasurface based

polarization converters

The previous methods discusseded three methodsto reconfigurethe transmitted
polarization of the antennasiamely radiating elementmodifications, feed network
modifications and parasitic layeré\nothe method to change the polarization of an incident
field is by usingpolarizerssuch as metasurfaces and frequency selective surfaces. When an
incident wave interacts with the unit cells of such a suritedters the field components to
achieve a phasshift which generate a circular polarization state The axial ratio
performance of these surfaces in isolation is excelpgotucing very wide bandwidths.

These surfaces can be grouprao two types of surfacemamelytransmittive surfaceand
reflective surfaces. Transmittive surfaces are tisathange the polarization of an incident
wave and let it pass througtthe surface with a new polarization stat®hereas wuth
reflective surfacesa surface and a reflect@re combined to reflectraincident wave and

change the polarization state of the reflected wave.

In [13] a polarzer capable of linear to circular polarization is discussed. The surface is made
from atwo-layerunit cellwith slanted microstrip lines. The polarizer achieves a bandwidth

of 60%. This isa transmittive metasurface and it shows how a basic unit cekltanthe
polarization of an incidenvave with excellent results. These surfa@an ale easily be
designed to be reconfigurable through mechanical mechanisms or electrical switches such
as PIN diodes.

One such surface usesnaulti-layeredtruncated ptch unit cell which can convertin
incidentwave to RHCP, LHCPand linear polarization states by rotating the surface by 45
increment$14]. This illustrates the concept of how a reconfigurable surface casigmed.

By dtering the impedancewithin the equivalent circuitnodels,it is possible to create a
phase shift between the incident field compondnstead of rotag thesurfacethe surface

can be designed to offer reconfigurability through electrical switdh§ks] amulti-layered

Department of Electrical, Electronic and Computer Engineering 12
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I-shaped unit cell with a grated grouaddembedded PIN diodéds designedThe grated
ground also serves as a bias network for the PIN diddhessurfaceangenerate both linear

and circular transmitted waves.

2.4.3 Use of metasurfaces to enhan@ntenna characteristics.

The surfaces discussedSaction 2.4.Zanalsobe implemented withadiating elemento
designnonreconfigurableantennas with enhanced characteristics and different polarization
states without altering the structurefeed network This brings aboudnother challenge as
the surfaceis placedin proximity of the radiatingelement The characteristicsill start
changing as the surfaisin thereactive field region of the antenna. Thilne structure needs

to be optimized for optimal operation.

In [25] a circular microstrip line with a slanted strip unit celllesigned to achieve circular
polarization. The surface is firdesigned aa transmittive polarizer with gadiatingpatch
elementadded in a later stage to form antenna with circular polarization. The antenna
produces an axial ratibandwidthof 17%. This shows that the concept of a metasurface
combined witha radiating elemenis feasible. In [26] a similar unit cell structure is used.
Instead of a circular microstrime, a square microstrip line with slanted strip is usethe
antenna also uses a transmittive surfabés structure islsochosersothat the impedance
perceived bythe field components is different to get the phase difference for circular
polarization. The surface is used with acghadntenna and produces an axial ratio bandwidth
of 7% and anmpedancédandwidth of 10%. These two antennas show that metasurfaces in
isolation produces a much higher axial ratio when the incident fiedd® far field
characteristicsThe radiating elemet is a limiting factor to the bandwidth of the system.
With theradiating elemenwithin the reactiveegion,the bandwidth of the surface is reduced

significantly.

With a reflectivesurfaceconfiguration,similar resultscan beobtained In [24] a reflective
surface is used to alter the main lobe direction of a radiating element illustrating the use of

reflective surfacesn [27] a slanted arrow like unit cell configuration with a reflecsansed
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for the surface and dipoleis usedastheradiating elementThe antenna achieves an axial
ratio bandwidth of 7% and ampedancédandwidth of 14%lt is shownthat the bandwidth
of the antenna can be increassdusing different typgof radiators. One such case is the
useof aco-planar waveguideGPW) fed slot antenna with a transmittive nmieace This
antenna achieves an axial ratio bandwidth of 20% and an impedance bandwidtH28132%
In [29] another CPW fed slot antenna is used wittansmittive surface. In thisasean L-
shaped slot is useslith the metasurface coupled to the slot layer. Thiglpces an axial
ratio bandwidth of 35% and an impedance bandwidth of 48%gal -shape slot enhanse
the bandwidth significantly.

The literature on metasurfaces with reflective configuratistimited for casesvhere an
omnidirectionalradiatingelement can be transformed irga@lirectional antenna. 1{80] a
reflective metasurface based on the sgumatch unit cell with truncated cornésused In
this design the dipole is placed 1.5 mmnfothe reflective metasurfac&he antenna

produces an axial ratio bandwidth of 20% and an impedance bandwidth of 27%.

In dl previously discussedonfiguratioisthe metasurfaces ameainly used as polarizerin

[31] the performance of an alreadiycularpolarizedantenna is enhancedth the use of a
metasurfaceThe antenna produces an axial ratio bandwidth of 23% and an impedance
bandwidth of 45%. Howevethis concept can be extendegonby using a metasurface
polarizer to create a linear pwizer through the use @ transmittive surface. Another
example is presented [32] where a circular crossed slot antenna with a transmittive
metasurface is used. Here a simple square patch unit cell surface is used to enhance the
antenna axial ratibandwidthfrom 12.4% to 41.28%.

2.4.4 Use of active and passive metasurfaces widmtennasfor polariz ation

reconfigurability

As discussed irbection 2.4.3a metasurfacéactive or passivedanbe used tahange the
polarization states of incident waves with a form of reconfigurabiigsivenetasurfaces

combined withradiatingelementgproduce antennasgith increased performanae terms of
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bandwidth and gaibut still lack in reconfigurability. The addition of switchegand biasing
networksto a reconfigurable surfacean have a significanimpact onan antenna s
performanceLiteratureon active metagfaces combined with antenna elemestanited

at this stage.

In [17], a metasurfacecombined with a radiating element is desigrted achieve
reconfigurable polarizationsing mechanical rotationThe unit cellconsists ofa square
patch with tapered edges with a slot antenna placed behintetasurface iatransmittive
configuration.The metasurface is rotat@d45° incrementdo alter the polarization of the
antennaWith the surface at°Gand 180 the antenna is polarized in a RHCP state. When the
surface is rotated 90and 270 the antena is polarized in LHCP stat&/hereas linear
polarization is achievedith the surface rotated at 4835, 225, and 318. The antenna
produces an axial ratio bandwidth of 14% &aamlimpedance bandwidth of 11%. The
drawback of this antenna is that teeanfigurability is achieved through manual mechanical
rotation which will be complex to implement with a motorized approach18] a very
similar design approach is followevith across slot unit cell used for the metasurface. The
antenna is also configured in a transmittive configuration with the slot antenna placed
directly beneath the metasurface. The polarization is altered by rotating the metasurface
above the sourcentenna. The antenna produces an axial ratio bandwidth of 2.7%nand

impedance bandwidth of 12%.

The second method selectrical switches to create an active metasurfia¢#9] varactor

diodes are used on a double layered unit cell metasurface where the capacitance is adjusted
by adjusting the biasing voltages of kadiode. The antenna wsa CPW fed circular
monopole and can be switchdaetween LHCP and RHCP polarization stateproduces

an axial ratio bandwidth of 2.85%he centre frequency catsobe shiftedoy varying the

biasing voltages. The antenna iswftigured in a reflective configuratiomhisillustrates a
interesting concept which can be expanded orafpecific metasurface. PIN diodean

also be usetb design an active metasurface capable of polarization diversity.
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In [20], adouble layered segmented circustirip with a diagonal strips designed as the

unit cell element for the metasurface. The metasurface is implemented with a slot antenna in
a transmittive onfiguration. The antenna cathangebetween twocircular polarization

states by either switchirtge layerson or off. When the top layer &ctivatedaRHCP wave

is transmittedwhereasa LHCP wavds transmittedvhen the bottom layer is activatdd.

most casesiasing of PIN diodes is challenginigowevettheauthors if20] designed a very
cleverbiasingmethodwith the unit cell inmind that compliments th&nctionality of the
metasurface. Each unit cell is biased through a vertical and horizontal midinstinprder

to switch the PIN diodes in parallel in each row. The antenna produces an axial ratio
bandwidth of 4.68% and ampedance bandwidth of 17%.

In [21] a double layeredneanderingelliptical unit cell structure is combined with a horn
antenna to form an antenna system. The metasurface has a basic and easy implementable
structure which might be added to another antenna system such as a slot antenna in a
transmittive configuratio. The systentanchange polarization from linear to circular by
usingPIN diodes in the middle of each unit ceBecause othe symmetry ofthe unit cell
structure,the metasurface requires45° incident wave on the surface to change the
polarization state of the antenndith either a 0° or 90° incident wambe field componest

will perceive the same impedaniceboth directionswhich will not produce gphase shift.

The antenna produces an axial ratio bandwidth of 14% with an impedance bandwidth of
14%. The surface provides excellent performance with the way it is implemented.

2.4.5 Proposed polarization reconfigurable antenna based on an activeflective

metasurface

A majority of studies found in opditerature focuseon antennas with active transmittive
metasurfaces and antennas where the structute ééed network or radiating elemeist
altered.With some of these methods the antenna implgation required complex biasing
networks or very precise machining to manufactbeantenna element$here is still a lot
of scope to researcthe use of metasurfaces in reconfigurable antemsathecurrent

literature islimited. The use ofan actve reflective metasurface presented an interesting
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concept to expand on dte the possible benefits of such a design. Some opthential
benefitsderived fronthe literature study was thidie biasing network could be implemented
without having areffecton the antenna performan@®]. A reflective metasurfacean also
be usedo implement an array antenna with an element reconfigurgt&n[20].

The proposed antenna will thus be basedioactive reflective metasurface that will be
combined with a radiating element. The radiatifgrent in this design will be based on a
planar dipole as it will serve aasic element to establish a wadfined design procedyre

which can be expanded upon in future work.
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CHAPTER 3 DESIGN OF A POLARIZATION
RECONFIGURABLE ANTENNA
USING AN ACTIVE
METASURFACE REFLECTOR

3.1 INTRODUCTION

The focus othis chapter wilbe on the design of theoposedantenna structurérom the
literature study it was clear that thiseof an active metasurfacéo achieve polarization
reconfigurability, provides a lot of flexibility in the design withotiaving tochange the
structure of theadiatingelement or feeding structure of the antenna. Theoretically different
radiating elements can be implemented with one active metasurface to from a more diverse
antenna. Theroposedantenna will be based on an active raflecmetasurfacandwill be
reconfigurableusing electrical switchesThe starting point of this design is based a
transmittive metasurface that is basech meandering elliptical unit celivhich is capable

of switching between linear and circularlgazation state[21]. The concept iexpanded

onin thisantennalesignto only use a single layer unit cell array with a reflector to form an

active reflective metasurface

In Section 3.2an overview of the proposed antersteucture is given with the envisaged
method of operatiorin Section 3.3 theesign of theeflective metasurfacand the design
methodologyfollowed is discussedThe requirement®f the reflective metasurfacéo
function asa polarizing surfaceas well as the exact mode of operation are provided and

explained Thecompleteantenna design is discudse Section 3.4The basic structure and
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parameters of the antenna are descnbglis sectionA parametric studis alsoperformed

on the critical parameters of thatenna system, which consists oftéective metasurface
combined witha dipole eement. The parametric studys conductedto gain a better
understanithg of the effect of the dipoleas the metasurface design only consigdane
wave incidence. After the parametsitidy,an initial parameter set is extracted adinitial
design iteration is performefdr an optimal axial ratio. The results from the axial ratio
iterationare promising with onlythe radiationpatternsnot satisfying the design goalhe
antenna design is fatized through dinal design iteratiorwhich aimsto improve the

radiation patterndn Section 3.6 a summary of the design is given

3.2 PROPOSED RECONFIGURABLE ANTENNA

Multiple reconfigurable antennas were stugietiere some were based on modifying the
structure of the antenrend others othe modification of the feed networRn alternative
method comprised ofthe introduction of a polarizing metasurfade proximity of a
radiating element. The literature on polarizbesedon metasurfaces were divergmit

limited literature was available on active metasurfaces combined with radiating element

The proposed antenmall utilise an active metasurfa@mmbined with a radiating element
in a reflective configuration. This antenna vafperate with a centre frequency of 2.4 GHz
with an operational band from 2.35 GHz to 2.45 GHze antenna will be designed with
two operational modeshe first mode will generate line&orizontal polarization and the
second mode will generate circutaslarization. Both polarization statesedunidirectional
patterns to ensure the usefulness of the ant@mesantennhasto meet the following design
goals:

1 Righthand circular polarization statgth switches in open state

1 Linearhorizontal polarizabn statewith switches in closed state

1 Unidirectional patterns for both polarization states.
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1 Crosspolar discriminatiorof at least 15 dB at the centre frequency of 2.4 Ghtt
at least 10 dB within the half power beamwidth (HPBW) for both states

1 Impedare bandwidth between 2.35 GHz and 2.45 GHz

1 Axial ratio bandwidth between 2.35 GHz and 2.45GHz

The proposed antenna design wiinsist oftwo componentsnamely theactive reflective
metasurface responsible for the elementewfonfigurability within the design and the
radiating elemenirhereflectivemetasurface will be based on an array of elliptical unit cells
with a reflecting ground surfacAn array size of & 6 is chosen aalimitation to keep the
antenna size to a minimum artmlget the optimal antennaperformance from the design.
Smaller arrays degrade the performance of the antemesieasa larger array increases the
antenna size drasticallfhe metasurface is illustratedthre concept design shown Kigure

3.1. The design of the metasurface is discussedore detail irSection 3.3

The second component of the proposed antenna is the radiatingnélds an active
reflective metasurfaceasproposed the choice of radiating element needs to be compatible
with thefunctionality of theactivereflectivemetasurfacas such an omnidirectional element
would be required. With it an element with a sniafitprint would also be ideallhus, a

planar dipolewas chosen for theease of implementation. The dipoteplacel above the
reflective metasurface and angled to ensure the antenna achieves the correct polarization
states which are generated through treflective metasurface. This configuration is also

shownFigure3.1. The combined design is discussednore detaiin Section 3.4
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Figure 3.1 Proposed antenna structure

3.3 REFLECTIVE METASURFACE DERIVATION

The unit cell structure used within this design is basedtmmamittive metasurfacerhich

is designed witla meandering elliptical unit cellR1]. As the goal is to desigmantenna
based on an active new reflective metasurface with polarization reconfigurabilgy
critical to have a reflective polarization convertéinus a new reconfigurable polarization

converter is designethe design expands on the initial concept

The prgosed unit cell structure is shownkigure3.2. The unit cell is made from a single
layer unit cell elemenwith a reflector added to the back of it cell structure.The unit
cell can benade reconfigurabley the addition of two electrical switches on the sifehe
elliptical unit cell. By shorting the tw@ndsthe unit cell is configured in a linepolarization
stateand by opening th&avo ends the unit isconfigured ina circular/ellipticalpolarization
state The method of operation is explairtbdoughthe effectof themetasurfacen the field
components. In order to get a circular polariesede,theelectric field components, namely
ExandEy, should have an equal magnitude with a phase difference’ dfed@een théwo
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componentsFor the surface tdunctionit requires an incidenpolarizationangle of 48.

When such an incident wave interacts with the surface, the field components can be broken
into two field components, namei¢andEy. ThisalsoensureshattheEx andEy componerg
haveequal magnitude. This pgiple is used withrsomeof the polarizers as discussed in
Chapter 2.

Figure 3.2 Proposed unit cell structure

The impedancseen bythe two componentdiffers from each other and is affected by the
state of the switches at the smd the unit cellWhen the sideof the unit cellareopen,the

surface acts as if there is a shuntazipnce appliedo the E, component. This shunt
capacitance create98° phaseshift for theEy component and in efté creates circularly
polarized wave. When the sides of the unit cell are shorted it eliminates the shunt capacitance

that was applietb the Ey component which thereflects dinearly polarized wave.

With the working principle imind, the critical parameters of the unit cell can be determined
and optimizedhrough simulationSimulations are performed using CStldo Suite. The

structure is simulated as a complete metasurface with an infinite nombet cells in both
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thex andy directions. Thigs accomplished with unit cell boundary conditsavhich create

two floquet ports. The Zaxport is positioned in front of the unit cell and monitors the fields
in front of the unit celand also excitethe unit cell through floquet modeBhe reflected

and transmittedields are monitored by the port and used to calculate the axial ratio of the
unit cell. The Znin port is positioned behind the ground plane and thus not excited. The
frequency domain solves used to solve the probleiffroughout the dissertation all coper
surfaces are simulated with a height of zerasimplify the simulation modeShown in
Figure 3.3 and Figure 3.4 is a breakdown of the parameters of the unit wath the
descriptions taulated inTable3.1.

Uy

Sh T Y

Ch
Cw Lo —
Figure 3.3 Unit cell top view
Suby,
An
z
-
Figure 3.4 Unit cell side view
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Table 3.1 Summary of unit cell parameters

Parameter Description

An Air gap between unit cell and reflector
Suly Substrate height

Ch Connection blockeight

Cw Connection block width

S Switch height

Sy Switch width

P Unit cell width

H Unit cell height

R« Unit cell ellipsex radius R«= P/2)
Ry Unit cell ellipsey radius

Uw Unit cell microstrip width

Rot Incident wave polarization angle

The unit cell is a complerulti-parametemproblem. To designhe unit cell the critical
parametersvere determined througla parametricstudy. The incident polarization angle
remains 45° throughout the study. The parameters are varied to better understand the effect
of thereflectivemetasurfacen the axial ratioMultiple configurations are possible with the
proposed unit cellith a trale-off that has to be made between simeandthe usable axial
ratio bandwidthThis design will focus on the useable axial ratio bandwithiereflective
metasurfacevas designed to operate at a centre frequency of 2.4wWtHzan axial ratio
bandwidthof at least 20%The reflective metasurfadeasto have dinearhorizontaland
circular polarizatiorstate.The critical parameters for adjusting the characteristics of the unit
cell includethe unit cell width, the unit celeight the spacing betweehe reflector and
unit cdl, and the radiof the elliptical microstrip lineAs mentioned, e focus of the
parametric studis theaxial ratio oftheunit cell. The axial ratio isalculatedusingequations
from[22]. The minorand major axes amalculated using3.1) and(3.2), respectivelywhere

uis the phase difference between Br@andE, field components.
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After both the minor and major axes are calculated it can be used to calculate the axial ratio

of the reflected wave from theflectivemetasurface usin.3).
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The parameters that are varied in the parametric sitelgonstrained by few selected
physical limitsin orderto limit the size of the finaleflectivemetasurface. The results of the
parametric study is summarizedTable3.2 where the results are referencedtie centre
frequency of 2.4 GHz.

Table 3.2 Summary of parametric study

Parameter Description

Effect on axial ratio

in open state

Effect on axial ratio

in closed state

An(2-30 mm) | Spacing betweeanit

cell and reflector

Axial ratio minimum
shifted right with an

in A, and
left with a

increase
shifted
decreasén An

Axial ratio decrease
with smaller values o
An and increasewith

larger values of

P (20-60 mm) | Unit cell width

Axial ratio minimum
shifted right until a

change of direction i

Axial ratio increass

up toP = 48 mm and
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observed aP =44 mm

decreases up © =60

radius

after which the axial| mm
minimum starts
shifting left until P =
60 mm

H (34-50 mm) | Unit cell height Axial ratio minimum| Axial ratio remains
shifted right with an stable with very smal
increase in H and| changes (9.5 dB)
shifted left with 4
decreasén H

R« Unit cell ellipse x | The effect is coupleq The effect is couple(

radius (R = P/2) to that of the unit cell to that of the unit cel

width, P. width, P.

Ry (3-18 mm) | Unit cell ellipse y | Axial ratio minimum| Two minima (7 mm

shifted right with an
increase of Ry and
shifted

decrease dRy

left with a

and 13 mm)and one
maximum (10 mm)

observed in axial ratic

After the parametric study isoncluded,a rough optimizationis done to get a working
reflectivemetasurfaceThe primary design goak to achievethe best circular performance
in the open state and the bisearperformancen the closed statén ideal conditionsthe

axial ratio should be 0 dBo obtaincircular polarizationand®  dt® achieve linear

polarization The optimizedparameters of the unit cell are tabulated able3.3.

Table 3.3 Unit cell parameters

Parameter Description Value (mm)
An Air gap between unit cell and reflecton 15
Suly Substrate height 0.813
Ch Connection block height 2
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Cw Connection block width 2
S Switch height 1
Sy Switch width 1.2
P Unit cell width 52
H Unit cell height 19
R« Unit cell ellipsex radius R«= P/2) 26
Ry Unit cell ellipsey radius 8.5
Uw Unit cell microstrip width 1.2
Rot Incidentwavepolarization angle 45°

Thesimulatedreflectedx andy E-field components are shown kiigure3.5 andFigure3.6,
in the open and closed states, respectiviety the metasurfac® operse in a circular
configuration it is critical for the field components to have an equal magnitudea®dB
crossing point between the two components at the design frequeirayure3.7 the phase
differencebetween the Hield components is provided his valueis 9C° over the entire
frequency sweep in the open staterequiredor circular polarization This shows thaa
circular polarized wave will be transmitted by the metasuifatiee open state. theclosed
state it can be seen that theomponent will be transmitted and heomponent will not be
transmittedwhich will generate #inearhorizontalpolarizedwave.
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Figure 3.5 Simulated reflected E-field componentswith the metasurfacein open state
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Figure 3.6 Simulated reflected E-field componentswith the metasurfacein closed state
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Figure 3.7 Phase difference betweethe simulatedx and y E-field componentswith the

metasurface in open and closed state

The axial ratio of the metasurface in an mgtate and closed state is showirigure 3.8.
The surface in an open state produces an axial ratio bandwidth of 30% from 2.03 GHz to
2.75 GHz. Theslosed state also producehkigh axial ratig which showsthatthe reflective

metasurface will be linearly polarizedthin the operating band
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Figure 3.8 Simulated axial ratio of reflective metasurfacein a closed and open state

The simulation resultsf the designedeflective metasurface produced good resulike
metasurface can reflect an incident wave with ad&8entpolarization angle into a circular
wave when the unit cell switches are openiatmlalinear horizontal polarizedave when

the switches are closed.

3.4 ANTENNA DESIGN

3.4.1 Antenna structure

As mentioned, the antenna is made up of two layers, namely a reflective metasurface and a
planar dipole. Using thetarting set of parameterthe reflective metasurfacecan be
combined witha dipole elemento designthe antenna The structureof the competed

antenna design is shownhigure3.9.
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Figure 3.9 3D Antenna structure as modelled in CSTStudio Suite

The spacing between thmit cellsandthe reflector as well aghe spacing between the
metasurface and the dipaee critical in the desigiror example,fithe dipoles placedoo

far awayfrom thereflective metasurfaceo sensible reflection is made on the surféicie.

is placed too close the matching and radiation patterns of the antan@@ompromised his
requires optimization through simulatiofhe previous steps in the design process used an
infinite number 6 unit cells in the x andy directions,howeverto implementthe antenna
structure a finitenumberof unit cells must be used. The optimal number of uniseedls
determined to b@a 6 x 6 array as his gave anoptimal linear and circular performance.
Simulations are performed using CST Studio Suite with open boundary conditions. The
radiating elements excited through the use of a coaxial cable with an ctdeductor
diameter of 3.58 mm, teflon dielectric diameter of 2.58 mm and a conductor diameter of 1
mm. The coaxial cable is excited wiahwaveguide port with a x and y size double that of

the outer conductor diametdhefrequency domain solver is used.

The parameters of the antenna structure are showkigure 3.10 and Figure 3.11.
Description of these parameters are tabulatelchlile 3.9. As part of thedesign procedure
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another parametric studypgrformed on the critical parameters. Three extra parameters are
introduced that are related to the characteristics of the dipole, namely the spacing between
the dipole and the surface, the polarization angle of the dipole, and the dipole length. The
dipde was designed separately before adding it to the reflective metasurface in order to
establish a starting set of parameters. The dipole parameters that were optimized include the

matching, axial ratio, and radiation patterns.

—
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Figure 3.10 Top view of antenna
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Figure 3.11 Side view of antenna
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Table 3.4 Summary of antennaparameters

Parameter Description

An Air gap betweemnnit celland reflector
H Unit cell height

Ry Unit cell ellipsey radius

P Unit cell width

Dn Air gap between surface adgpole
Suby Substrate height

Suly Substrate width

Sub Substrate length

Gx Extrasubstrate

D Dipole length

Dw Dipole width

Rot Dipole polarization angle

3.4.2 Parametric study

A detailed parametric studyf the proposed antenna structure tealse conducted tbetter
understand the interaction betwebadipoleand the reflective metasurfadéhis will assist

in designng a functional antenna system. Withe initial metasurface design only plane
wave incidence was considerdthis is howevenot an accurateepreseration of the field

of a radiatingelement neaa metasurface. Thus, to better understand what effect each
parameter has on the system a detailed parametric study is condihetduhal parameters
that were obtained with the reflective metasurface desigised with the new parameters
that are related to the addition of the dipole element. The dipole paraaretéabulated in
Table3.5
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Table 3.5 Dipole parameters

Parameter Description Value
Rot Dipole polarization angle | 45°
Dn Air gap between surface af 10 mm
radiator
D Dipole length 56.5 mm
Dw Dipole width 3 mm

As with the metasurface design, the main designafdhke antenna system is theal ratio.

The main objective is to get an antenna system with a functional axial ratio in both the open
and closedstates Subsequently hiefocus of theparametric study wilbe on the axial ratio

of the systemThe axial ratio is simulated atzero degree angté d = 0°. When the axial

ratio is between 0 dB and 3 dB circular polarization is produced, betwéBra®d 10 dB
elliptical polarization is produced and anything above 10 dB is considered linear
polarization.The critical parameters that are studsdtabulated inTable3.6. The sweep
rangesof the parametric studywere chosen to constraint the design to a practical and

implementable antenna systeBach parameter was swept independently.

Table 3.6 Parametric study initial value and sweep range

Parameter Description Starting value Sweep range

Rot Dipole  polarization 45° 0° to 90°
angle

An Air gap between uni| 15 mm 10 to 40 mm
cell and reflector

Dn Air gap between 10 mm 1to 15 mm
surface and radiator

P Unit cell width 52 mm 30 to 60 mm

H Unit cell height 19 mm 10 to 40 mm

Ry Unit cell ellipse y|8.5 mm 5t09.5 mm
radius

Figure3.12 shows thesimulatedaxial ratio of the closednd open stasfor the sweep of
the polarization angle of the dipole element. It can be seen thathithe closedand open

state a maximuris achievedn the axial ratio at 0° and 9@%expectedsincethe reflective
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metasurfacedeally requires an incident wave with a polarization angle oftd5unction
properly. In the closed state a minimum axial ratighe order of 20 dis achieved ah 35°
polarization angleIn the open state a minimum is achiewd30° of roughly 7 dB.
Consequentlya linear polarization state will be achieviedthe closed state as expected.
However, in the open state circular polarization is not achievedtead elliptical
polarization is achievedrhis indicateghata minimum in the axial ratio is achieved at a

different polarization angle compared to only the reflective metasurfaselation

40 | 1
—Closed state

—Open state

S 98] [9¥]
wn o N
I
|

Axial ratio (dB)
[y
(e

10

0 10 20 30 40 50 60 70 80 90
Polarization angle (Degrees)

Figure 3.12 Axial ratio as a function ofpolarization angle

The next parameter thabs studiedwasthe air gap between the unit cell and reflector within

the reflective metasurface. The results are shovigmre3.13. In the closed state the axial

ratio has a lot of variance but remains above 10 dB over the sweep range. In the open state
a minimum in the axial ratio is achievatlan airgap distance 8f = 28 mm.This means

that n the closed state a linear polarization state will be generated and in the open state a
circular polarization state will be generated. It can be seen thaRbtahdA, will be critical

parameters for minimizing the axial ratiothe open state of the antenna system.
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Figure 3.13 Axial ratio as a function of theair gap betweenthe unit cell and reflector

The next parameter thatasstudied is the air gap between the reflectivetanurface and
the dipole element. The results @mvidedin Figure3.14. Here it can be seen that axial
ratio decreases for both the closed and open states as the air gap increases. However, the air

gap between the reflective metasurface and the dipole has aai&fiect on the axial ratio.
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Figure 3.14 Axial ratio as a function of theair gap betweenthe metasurface and dipole

radiator

Figure3.15 shows thesimulated relationship between the axial ratio anditfiecell width.

In the closed state a lot of variance is observed with some widths producing an axial ratio
that would produce an elliptical polarizatistate. In the open state the axial ratio remains
stable between 5 dB and 10 dB. This indicates that the unit cell width will be critical in

achievinga functioning linear polarization state for the antenna system ibutow affect

the circular performarecsignificantly.
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Figure 3.15 Axial ratio vs unit cell width

Figure3.16 shows the parametric resuttsthe axial ratio as a function tife unit cell height.

A similar trend to the unit cell width can be observed with the unit cell height, where in the
closed stte a lot ofvarianceis observedn the axial ratio. Howevesincethe axial ratio
remaindarger than 10 dB over the sweep rarneswill result ina linear polarization state.

In the open state the axial ratio remains stable between 5 dB andvilficiBindicates the

unit cell width will have a minor effect on the open state of the antenna and mostly affects

the closed state.
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Figure 3.16 Axial ratio vs unit cell height
The final parameter thatas studied is the vertical radius of the ellipse of the unit cell. This
parameter isonstrainedy the unit cell height that was initially choses he radius cannot

exceed the unit cell heighigure 3.17 shows the results of the parametric study. In the

closed state a maximuis observedn the axial ratio aa vertical radius oRy= 6.5mm
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Figure 3.17 Axial ratio vs unit cell y ellipse radius

Theparametricstudyresulted ina better understanding of the effdwteach parameter has

on the axial ratio of the antenna syst&mm this study it was found thRbtandAn has the
greatest effect on the axial ratio in the open steltech can be used to maximize the circular
performance of the antenna system. In the closed state the effect on the axial ratiDys less.
has a mimal effect on both the closed and open states of the antenna $ystérandRy

has the greatest effect dhe closed statewhich can be used to maximize the linear

performance as the circular performance is stable for changes to these parameters.

The next step of the antenna designaoigind a suitablesolution forthe antennaystem
Using the results from the parametric study a set of critical paranst&tsactedo perform
a sequential tuning of the anterpaameters to determine a suitaméution for the antenna

The new set of critical parameters are summarizd@ile3.7.
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Table 3.7 Critical parameter set

Parameter Value
Rot 30°
An 30 mm
Dn 10 mm
P 54 mm
H 24 mm
Ry 9 mm

3.4.3 Initial antenna design

With a starting parameter settractedrom the results of the parametric stuthe antenna

can bemprovedfurther. The first step in thdesign procedureill focus on the axial ratio

of the antenna systeris the structure of the antenna is electhciarge( & 3wih) multiple
parameterstather than using an optimization algorittinsequential parameter studas
performed to reduce the simulation time and computational €bstparameters are also
interrelated to each other, thus changing onenpeter might mean another paramdtas

to be slightly adjusted to compensat&e parameterare adjusted in a speciBequence
related to the previous study in section 3.718 sequence of the parameters are as follows:
Rot An, Dn, P, H, andR,. The sequence is repeated multiple times and tested to ensure the

suitableresults are obtained.

After an adequatexial ratiois achievedhe matching of the antenna is thasjustedto
achieveanoptimalimpedancéandwidth at the design frequency of 2.4 GRdjustingthe
matching of antenna separately has little effect on the axial ratio performance of the antenna
in closed and open state$his is due to thathe main mechanismof polarization
reconfigurabilityis through the reflective metasurfadéne values of the parameters are
given inTable3.8. The results of the parameter set are discussed below.
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Table 3.8 Parameter setfor axial ratio and antenna matchingfor first design iteration

Parameter Description Value

Rot Incident polarization angle of dipole 35°

An Air gap between unit cell aneflector 26 mm

P Unit cell width 48 mm
Unit cell height 24 mm

Ry Unit cell ellipsey radius 6 mm

Dn Air gap between surface and radiator 9 mm

Dw Dipole width 3mm

D Dipole length 50.75mm

Suby Substrate height 0.813 mm

Suly Substratevidth 308 mm

Sub Substrate length 174 mm

Gx Extra substrate 10 mm

The first result that is discussed is the reflection coefficient of the antenna. To meet the
design goal the impedance bandwidth should be bel6vdB from 2.35 GHz to 2.45 GHz
for both closed and open states which equateskiandwidth of 4.1%~igure 3.18 shows

the reflection coefficient of the antenrsystem. The closed state producasmapedance
bandwidth from 2.345 GHz to 2.490 GMhich equatesatan impedancdédandwidth of 6%.
The open state produces an impedance bandwidth from 2.330 GHz to 2.47&/IGdHz

equates to a bandwidth of 6.1%.
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Figure 3.18 Reflection coefficient for initial parameter

As previously discussed for the antenna to be circularly polarized the axial ratio needs to be
lower than 3 dB and higher than 10 dB for linear polarization. The design goal is to have an
antenna that is linelgrand circularly polarized over the operating band from 2.35 GHz to
2.45 GHz. The axial ratio of both closed and open states are shdvigune 3.19. In the

closed state the antenna produces a high axial ratio over the operating barahaidth
maximum at the centre frequencyhis indicatesthat the antenna should be linearly

polarized. The open state produces an axial ratio smaller than 2 dB overettating
bandwidth.
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Figure 3.19 Axial ratio performance for initial parameters

Another importanantenna metrits the crospolar discrimination between the-polarized

and crosgpolarized patterns in ¢éhclosed state with linear polarizatiomhe cross
polaiizationdiscrimination KPD) is calculated by taking the difference between the patterns
in the broadside direction of the anten@aly the closed state is calculated as it is one of
the design goals for the linear polarization state of the antenna. The goal is to XéHeve
of 15 dB at the centre frequenaf2.4 GHz Figure3.20 shows the crospolar performance

of the antenna in the closed statbe XPD is high over theperating band, with a XPD of
14 dB at 2.35 GHz, 23 dB at 2.4 GHz and 25 dB at 2.45 GHz.

Department of Electrical, Electronic and Computer Engineering 44
University of Pretoria



CHAPTER 3 DESIGN OF A POLARIZATION RECONFIGURABLE ANTENNA USING AN
ACTIVE METASURFACE REFLECTOR

30

251

10|

5 | 1 1
23 232 234 236 238 24 242 244 246 248 25

Frequency (GHz)

Figure 3.20 Linear cross-polar performance for closed statefor initial parameters

The radiation patterns of the antennathemext part othedesign which is criticaWhile
searching for a suitable axial ratibe radiation patternserenot a priority.In the closed
statethe antenna should be linehorizontally polarized. fie cepolarized patterns should
be unidirectionaln the broadside directiowhereaghe crosgolarized patterns should be
at least-10 dB lower thanthe co-polarized patternsvithin the half power beamwidth
(HPBW) of the cepolarized patternin the open state the antenna shouldigkt-hand
circularly polarized. The rightand patterns should be unidirectiomal the broadside
direction The lefthand patterns should at least-bh@ dB lower than the righhand patterns
within the HPBW of theight-handpattern.

Shown inFigure 3.21 and Figure 3.22 are the circular patterns for the open state of the
antennaThe patterns are taken in tkep | a n=0°) (@nd the y | a n=90°). khe
antenna is righhand circularly polarized with a crepslarizationdiscriminationof 23 dB
in the broadside direction for both cut planes. Giheularradiation patterns in the ¥dane
have a narrov HPBW with a unidirectional pattern. The radiatipatterns in yplane

improves with a much wider HPBW with a unidirectional pattern. The narrow HPBW
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presented in the radiation patterns of thebane can be mitigated at the cost of the circular
performance of the antennBhus,the narrow beamwidth igccepted for this design as the
primary goal is to have a reconfigurable antenna with two polarization states. Overall, the

initial patterns produced good results in tireular stateof the antenna.
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180°
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Figure 3.21 Circular radiation patterns at 2.4 GHz with Phi = 0°
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Figure 3.22 Circular radiation patterns at 2.4 GHz with Phi = 90°

The linear radiation patterns of the antenna in tbsed state are shownhkigure3.24 and
Figure3.25, at Phi = Oand 90, respectivelyThe antenna iinearhorizontalpolarized. The

linear radiation patterns produced a similar trend as the circular patterns. The patterns in the
yz-plane renain unidirectional with a wider HPBW with a good crgsdar performance

over the B beamwidthof the pattern. However, the patteaisodegrade in the xplane

as seen in theircular stateof the antenna. With thiénear statetwo side lobes are as
produced Since theséobes are outside tHeeamwidthof the antennatheywill not affect

the crosgpolar performance and the functionality of the antenna as reqtioedever, the
lobeswill create a bad dual polarized antenna in the direction of #ie lobes rather than

a goodinearhorizontalpolarized antennd&hus, the antenna needs to be further improved.

The design process shows that a functional antenna can be obtained following the design
steps that are discussed in the previous sectidresmiin lobes in crogsolarized patterns
are not acceptable and it does not meet the design goals of the amtersa final design

iterationis required to improve the crepslarized patterns.
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Figure 3.23 Linear radiation patterns at 2.4 GHz for Phi = 0°
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Figure 3.24 Linear radiation patterns at 2.4 GHz for Phi = 90°
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3.4.4 Final antennadesign

In this sectiorthe details othe finaldesign iteratiorof the antenn# discussed. The focus
of thisiterationwas onachievingsuitableradiation patternsvhereaghe previousteration
focused oly onthe axial ratio of the antennAgain, an iterative process is followed where
the parametersreadjustedhe samaequence as before. The sequence of the parameters are
as follows:Rot, A, Dn, P, H, andR,. Thefinal design iteratioms also done manuglinstead
of using an algorithm to limit simulation timEor this iteratiorthe radiation patterns and
axial ratio was both considered. During tfesign iteratiorthere werea fewparameter sets
that could potentially produce an antenna which met thsigtle goals if they were
investigated further. Thus, the presented solution is not the only solhtibthe one that
was selected to be analysed furtfidre final parameter set is tabulatedTiable 3.9. The
final design iteratiorfocused orimproving the radiation patternto meet the design goals

with a more balanced performance between the circular and $itztes

Table 3.9 Final antennaparameter set

Parameter Description Final design | Initial design
iteration iteration
Rot Incidentpolarization angle of dipole | 25° 35°
Air gap between unit cell and reflecto] 27 mm 26 mm
Unit cell width 48 mm 48 mm
Unit cell height 22 mm 24 mm
Ry Unit cell ellipsey radius 7.8 mm 6 mm
Dn Air gap between surface and dipole | 6 mm 9 mm
Dw Dipole width 4 mm 3 mm
D Dipole length 50.85 mm 50.75 mm
Sub Substrate height 0.813 mm 0.813 mm
Suly Substrate width 308 mm 308 mm
Sub Substrate length 162 mm 174mm
Gx Extra substrate length 10 mm 10 mm
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Shown inFigure3.25is the reflection coefficient of the final design. The circskatewas
designed with a mighoint at 2.4 GHzandachieveda bandwidth of . With the design
either the circulaor linears t a tefteétien coefficient could be designed at the design
frequency not both The linearstatehad a slight offset with a reduced bandwidth of 3.7%.

With theantennalesign the lineastatealways opeaites with a smaller bandwidth.

—Open state
—Closed state
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Figure 3.25 Reflection coefficient for final parameters

Thesimulatedaxial ratio performancef the final antenna is shownkiigure3.26. Theaxial
ratio was designednd achieveshe lowest point at the design frequency of 2.4 GHz. It
produces a adequatdandwidth over the whole operatignd,which is limited by the

reflection coefficient of the antenna.
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Figure 3.26 Axial ratio performance for final parameters
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Figure 3.27 Linear cross-polar discrimination for final parameters
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The crosspolardiscriminationin the linear statef the antenna is reduced from the initial
design as a more balanced approach was tdketrhis iterationof the antennaesign If
this design iterationnly focused on onpolarization modef theantennathe performance

of theother modecould be degraded/Nith the design it is possible to obtain a betterular
statewith an axial ratio closer to O dB at the design frequency, but this crelatearatate
with a much lowelaxial ratio andcrosspolar discrimination at the design frequency. The
crosspolar performance the linear statef the antenna is shown igure3.27, here it can

be seen that the performance is still satisfactory with a XPD of approximately 15 dB.

In this design iteratiorm small improvemenin the radiation patterns of the antensa
observed The radiation patterns are shownHRigure 3.28 and Figure 3.29. The circular
crosspolar discriminationin the broadside direction between the left and riggiterns
remained very similar. The side lobe lessef the left polarized patterngerereduced. The
optimizationprocesslso createdradiation pattern in the )zlane with a narrower HPBW.
Shown in Figure 3.30 and Figure 3.31 is the final 3D radiation patterns where the

performance seen in 2D patterns is also mirrored.
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Figure 3.28 Final circular radiation patterns at 2.4 GHz for Phi = 0°
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Figure 3.29 Final circular radiation patterns at 2.4 GHz for Phi = 90°
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Figure 3.30 Final right hand circularly polarized 3D radiation patterns at 2.4 GHz
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Figure 3.31Final left hand circularly polarized 3D radiation patterns at 2.4 GHz
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Shown n Figure3.32 andFigure3.33 arethefinal radiation patters for the lineastateof
the antennarlhe larger side lobes thaevepresent with the initial design thexz-plane are
reducedby a significant margin. The radiationafierns within theyz cut planeare also
improved to create stable radiation patterns irbtbadsidelirection of the antenn&hown

in Figure 3.34 and Figure 3.35 are the 3D radiation patterns, it can be seen that the cross

polarizedpt t erns donodét interfere with the co
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180°
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Figure 3.32Final linear radiation patterns at 2.4 GHz for Phi=0°
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Figure 3.33 Final linear radiation patterns at 2.4 GHz for Phi=90°
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Figure 3.34 Final co-pol linearly polarized 3D radiation patterns at 2.4 GHz
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Figure 3.35Final crosspol linearly polarized 3D radiation patterns at 2.4 GHz

The final antennalesignhasto be implemented.he design provideddequat@erformance
in both polarization states of the antermmaldemonstrated the concept of the antefii.
design has been designed with ideal switching characteristics where no biasingveiscuit
required to activate the switchetementsThe next section will discuss the technique that

is used to implement thevgching to achieve antenna reconfigurability

3.5 CHAPTER SUMMARY

Thedetailed design processed was discusséus chapterFirst thereflectivemetasurface
derivation was discussed wherehyparametric study was conducted alh the critical
parameters of the unit ceM.new antenna structure was then proposdiich combined the
reflective metasurface with a dipole. A parametric study was then conducted on the new
antenna to better understand the interaction between tbie dipd the metasurfack new
parameter set was obtained which was #i#jnstedo obtain arsuitableaxial ratiowithin

the operational bandwidtiAlthough theinitial design iteratiorproduced an antenna with
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good impedance bandwidth, axial ratio bamdth, high crosgolar discrimination for the
linear stateand acceptable circular patterthe linear patterns digbtmeet the design goals.
Thus,the antenna waadjusted in a final design iteratibm improve the linear patterns and

to obtain a finablesign without any biasing lines for the switching elements.
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4.1 INTRODUCTION

In order to realize theeconfigurable antennawitching elementkiaveto be implemented
and biased. In this chapt®vo different types obiasing linesare implemented andodelled
anddiscussedn detail In Section 4.2 biasing line in the form of straight wiis used to
bias the diodes. Using this methiodroduced unanted side lok®into the linear radiation
patterns. In Section 4.3 helical ire used fobiasinglines. These biasiniinesrecreate
the radiation patternshat are observed in section 3.4.4 where hiasing line were
implemented. These biasing liveere critical to feed the PIN diodes on the unit cell

elements.

4.2 VERTICAL VIA BIASING LINES

The first feeding methomnplementedisedstraightwiresvias Thesix rows ofdiodeswere
connected in parallel through the use of vertical,wdsch are routed through the surface

and the ground plane of the antenflae structure is shown iRigure4.1.
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Figure 4.1 Antenna with vertical biasing lines

Shown inFigure 4.2 and Figure 4.3 are the radiation patterrier the antenna with the
switches biased with vertical vias in the circular st@tee presence of the vias altettse
radiation patterns of the antenimaboth states of the antenrEhe initial design produced
patterns witha narrow HPBW in the xplane while the design with thevertical vias
produce circularpatterns witrawider HPBW The patterns in botthexz and yzplaneare
more uniformthan tke antenna without viaghe overall performance of the antenna in the

circular state is mostly unaffectég the addition of the vertical via biasing lines
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Figure 4.2 Circular radiation patterns at 2.4 GHz with via fed switches for Phi= 0°
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Figure 4.3 Circular radiation patterns at 2.4 GHz with via fed switches for Phi= 90°

The performance of the antenna in the linstateis affectedmore by the addition othe

vertical vias to the antennd@he biggest change in performance is seen in the radiation

Department of Electrical, Electronic and Computer Engineering
University of Pretoria

61



CHAPTER 4 DETAILS OF SWITCHING ELEMENTS AND BIASING TO ACHIEVE A
RECONFIGURABLE ANTENNA

patternsaasshown inFigure4.4 andFigure4.5. TheHPBW is slightly wider in the antenna

with the vias. The patterns remain unidirectional.
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Figure 4.4 Linear radiation patterns at 2.4 GHz with via fed switches for Phi= 0°
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Figure 4.5 Linear radiation patterns at 2.4 GHz with via fed switches for Phi= 90°

The 2D azimuth and elevation cuts through the patterns show that the patterns are altered
slightly with the addition of the viasThe axial ratio performance and the crps$ar
periormance of the antenna remains similar to the design without Miasever,the

performance parameters are only measured in the broadside direction of the antenna where

the performance remained unchanged.

Only by looking at the 3xrosspolarizedpatterrsin the linear stategn extra side lobe with
a higlter level can be seen within the operateamwidthof the antenna as th¢PBW is
wider. The pattern is shown Figure4.6. Compared to the initial design, these side lobes

are outside the operationatamwidthof the antenna because of therrow HPBWof the
initial design
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Figure 4.6 3D Crosspolar radiation pattern with via fed switches at 2.4 GHz
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Figure 4.7 3D Crosspolar radiation pattern initial design at 2.4 GHz
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4.3 HELICAL COIL BIASING LINES

From the firs feeding method it is clear that the PIN diodes hrasingcircuity has a
negative impact on the performance of the antasnaproduced unwanted sidelobes within
the operational beamwidth of the antenvath the implementatiomnd simulation of the
antenna with the via biasing linesnew challengavasrevealedThe linear vias between
the surface and ground plane cal&¥F interference and reflectignehich negatively
impacts the performance of the antening[10] PIN diodes were used to switch between
dipole elements to create an antenna with reconfigurable polarization. RF interference
caused by the PIN diodes on the surfachefantennavas also experienceBerrite chokes
wereusedsuccessfullyto minimize the interferenceln [33] a studywas conducted on the
basic effect of switches on the performanceemfonfigurableantennas. To block any RF
interferencecreated fromthe switcling elements an inductor in a form of a chaokas

implemented in series with the biasing circuitry.

Thus, to eliminate and normalize the antenna performatgeeaof choke in the form of a
helical coil feed line is proposed to eliminate tlegativeeffects of the biasing lirreThe
implemenedstructure is shown iRigure4.8 andFigure4.9. The coils had a diameter of 10

mm and 18 windings. It was found as the windings increased the results improved thus, the

maximum number of windings possible was used.
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Figure 4.8 Antenna with helical coils for biasing lines
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Figure 4.9 Side viewof antenna with helical coils for biasing lines

The simulated antenna patterns witke coil solution in thesircular stateare providedin
Figure 4.10 and Figure 4.11. The coils eliminated the effects of the biasing lines on the

radiation patterns of the antenithe results correlate well with the final design without any
biasing lines.
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Figure 4.10 Circular radiation patterns at 2.4 GHz with coil fed switches for Phi= 0°
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Figure 4.11 Circular radiation patterns at 2.4 GHz with coil fed switches for Phi= 90°
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The results for thénear stateare shown irFigure4.12 andFigure4.13. Again, the results

correlate very well with the final design without biasing lines.
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Figure 4.12 Linear radiation patterns at 2.4 GHz with coil fed switches for Ph= 0°
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Figure 4.13 Linear radiation patterns at 2.4 GHz with coil fed switches for Phi= 90°

The overall performance of the antenmih the coils isalmost identical to thantenna
design withoutany biasing lines. The crogwlar discriminationand axial raticcorelated
well with theinitial design.To design an effectivantennaijt is critical to implement the

helical coils to mitigate the effect of any biasing lines on performance of the antenna.

4.4 CHAPTER SUMMARY

In this chapter the implementation of the PIN diodes are discussed. It was found that some
biasing methoslintroducednegative effects on the linear radiation pateifwo biasing
methods were investigated, the first was straight wire/vias and the second helicaheoils.
vias had a detrimental effect on the radiation pattemasty in the linear state of the
antennaA mitigating solution in form of helical coils was then implemented to eliminate
the negative effects dhe linear vias. The coils producddvourable results andwere
thereforeselected to be implemented as the biasmeghodfor the PIN diodes. The d@n

could then be manufactured.
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5.1 INTRODUCTION

With the theoretical design completed the antemasmanufactured and measurédhree
versions of the antenna were manufactured and measlinedsame metasurface and
radiating element was used with only the switching elements changed between the three
versiors. The firstversionwas the antenna with no biasing circujtwhich used copper

strips to emulate the switches. The second version was the anteerestraight wireswas

used as the feeding method for the switchad the third version used the helical coilaas
method of feeding the switcheé3oth biasing methads were implemented in manufacturing

to better understand the operation of the biasing circuitry which was studied in Chapter 4.
The implementation challenges as well mgasured resultsre discusseth detail in this
Chapter The measurement setup is amoin Figure5.1. All measurements were conducted

at the Compact Range at the University of Pretoria.
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Figure 5.1 Antenna measurement setup

5.2 MANUFACTURED ANTENNA

The antennavas manufactured on ROGERS 4@8ubstrate with a height of 0.813 namd
copper t hi cklnieigcal o fimpl&renrt the switching elements with the
structue of the antennaA PIN diode was selected as thwitching element as it is easily
controlledwith biasingusinga low junction voltage. The PIN diodelected fothe antenna
systemis a BAR65 with a junction voltage and current draw of 0.93V and 1Q0mA
respectively.This diode hasa compact SC79 packaginghich will have a very small
footprint on the structure. When the diode is biased it acts as a closed switch, thus to control
the antenna polarizatipa DC voltagéhasto be applied to all the switchie elementsEach

row of unit cells requires roughly 0.65 W to turn on the PIN diodes. To do this a buck
converter capable of a 5A outpwasused with the voltage adjusted to 1.25V. This then
requires a series resistance of 04%o limit the forward caent to roughly 100mA. The
current path through the coils hasneasured resistance of @5thus no current limiting
resistor is requiredlo power the buck converter a 9V battery with a rating of 600mAnh is
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used which will be sufficient for the short pmts the antenna is in the linear state. The

antenna was also powered through a bench power supply to verify functionality.

The first version of the antenna was manufactured exactly as the theoretical desogih with
PIN diodes. The diodes are emulatedhwihe addition of copper stgpat the switch
locations. The second versisr@asmanufacturedavith the addition of the PIN diodes on the

unit cell structure. The PIN diodes are biased through straight wires that connect everything
in a parallel configurationWith the third versionthe staight wires were replaced with
helical coils.The manufactuitantennawith helical coilsis shown inFigure5.2 andFigure

5.3. A section of the metasurfaaghich is positioned underneath the dipole surface is shown
with a soldered PIN diode irigure5.4.

Figure 5.2 Manufactured antenna front view
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Figure 5.3 Manufactured antenna rear view

Figure 5.4 PIN diode implementation
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5.3 MEASURED RESULTS

5.3.1 Reconfigurable antenna with no biasing lines

To verify the initial design and concept that was established in CHapber antenna was
measured with no biasing lines. The switchesavimmplementedisingcopper tape to short
the unit cell connections to obtain tiear stateof theantennaand removed to obtain and

measurehecircular state

5.3.1.1 Reflection coefficient

The first measurement that is discussed is the reflection coefficient and the impedance
bandwidth of the antenn&ihe measured and simulated reflection coefficient of the antenna
in the linear state ish®wn inFigure5.5. An impedance bandwidthvith S11 better than

10 dB,is measureffom 2.353 GHz to 2.45 GHavhich equates to a bandwidth of 4%. This

is close to the simulatedbdwidth of 3.7%. The measuresflection coefficienhadaslight
offsetcompared to the simulated gieinging it closer to designed operation range of 2.35
GHz t0 2.45 GHz

—Measured S11
—Simulated S11

S11 (dB)

_30 | 1 |
23 232 234 236 238 24 242 244 246 248 25

Frequency (GHz)

Figure 5.5 Measured and simubted S11 for the antenna with no biasing line inlinear state
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Themeasured and simulateeflection coefficienof the antenna igircular states shown
in Figure5.6. A good correlationis obtainedbetween the measured and simulated results
An impedance bandwidtis measuredrom 2.317 GHz to 2.466 GHzesulting in 86.2%

bandwidth which isvery similar tothe simulated6%.

—Measured S11
—Simulated S11

S11 (dB)

_30 | 1 |
23 232 234 236 238 24 242 244 246 248 25

Frequency (GHz)

Figure 5.6 Measured and simulatedS11 of the antenna with no biasing line incircular state

5.3.1.2 Crosspolar discrimination

To evaluate the linear performandbe crosspolar discrimination is measured the
broadside direction of the antennEhe results are shown iRigure 5.7. The antenna
performed well with a XPD of 20 dB at the design frequency. Theafiverosspolar
performance over the operating baisd< 14.5 dB.The performance is on par withe

simulationsexceptfor frequenciesabove2.4 GHz.
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Figure 5.7 Linear cross-polar discrimination of the antenna with no biasing lines inlinear
state

5.3.1.3 Axial ratio

To evaluate the circulgrerformancethe axial ratio of the antenna is calculatsihgthe
measured result®\ comparison between the measured and simulated results are shown in
Figureb5.8. As seen from the grapthdé measured axial ratimsa bandwidthovertheentire
operating band2.352.45 GHz) From the measured results,bandwidth of 8.3%is
achievedthis could be widerbut themeasurements were only carried out over a frequency
range of 2.3 GHz to 2.5 GHz. The measured results pestbslightly beter than the

simulated design.
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3 .

—Measured axial ratio
—Simulated axial ratio
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Figure 5.8 Simulated and measured =ial ratio of the antenna with no biasing line incircular

state

5.3.1.4 Radiation patterns

The performancef the antenna was also analysed by meastinmgadiation patterns. The

main characteristics that are obserwefudethe mode of operation, the overall shape of the
radiation patterns, thinear and circulacrosspolar discriminationandthe frontto-back

ratio. As the main goal of the antenna is reconfigurability, the gain of the antenna was not a
design parameter that was optimized. This also reflects the design choiees¢hatde in
Chapter 3The mtternsvere measured at thireecritical design frequencies of the antenna
namelh2.35, 2.4and 2.45 GHz. The patterm&re measured in two cptanes {( = 0° andt

= 9(F). A comparison between the measured and simulated patterns of the antenna in the

linear state are provided Figure5.9 to Figure5.14.
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Figure 5.9 Simulated and measured adiation patterns of the antenna inlinear state with no
biasing lines at 2.35 GHz with Phi 0°
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Figure 5.10 Radiation patterns of the antenna inlinear state with no biasing lines at 2.35 GHz
with Phi = 90°
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Figure 5.11 Radiation patterns of the antenna inlinear state with no biasing lines at 2.4 GHz
with Phi = Q°

Figure 5.12 Radiation patterns of the antenna inlinear state with no biasinglines at 2.4 GHz
with Phi = 90°
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