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RESUME

La demande sans cesse croissante de systemes sans fil multifonctionnels millimétriques (mmWw)
a haut deébit, efficaces et économiques incite les chercheurs et les praticiens des antennes et des
circuits RF a développer des solutions techniques attrayantesnees d'efficacité, de codt et de
performances globales. La technologie analogique radio sur fibre (ARoF) bien établie, qui existe
depuis 1983, est une approche viable pour établir une connectivité sans fil hautes performances et
a large bande a faible@t, ainsi que pour simplifier les architectures d'émettgdaspteurs de
stations de base. Grace aux développements récents de la photoniqguendesralans les
systemes sans fil ARoF de pointe, un signal RF est généré par un battement efficace de deux
sighaux optiques de haute qualité sortant de lasers a points quantiques et mélangés dans une
photodiode. Pour maintenir un niveau d'intégration élevé et éliminer les effets parasites et les pertes
associés aux fils de liaison dans un module frontal, dratéon monolithique d'un réseau
d'antennes avec une photodiode est cruciale dans un émméttepteur a circuits intégrés
RSWRpOHFWURQLTXHV 2(,& eWDQW GRQQp Txdéhdixtéms PDWpU |
SiGe, GaAs, InP, etc. sont généralemadoptés pour concevoir une photodiode, un réseau
G DQWHQQHYV j JDLQ pOHYp |j ODUJH EDQGH RX PXOWLEDQGI
souhaité pour une intégration transparente. avec une photodiode

Dans ce scénario, le réseau d'antennesYdd@Q WLRQQHO VXU GHV PDWpULDX]|
inévitablement des obstacles fondamentaux pour obtenir des rayonnements a large bande,
hautement efficaces et a gain élevé en raison de l'excitation des ondes de surface du substrat. Par
conséquent, nous avometudié dans cette thése des techniques d'antenne simples mais efficaces
pour contrbler les ondes de surface dans les réseaux d'antennes conventionnels afin d'atténuer ou
de diminuer leurs effets néfastes. Deux méthodologies ont été explorées pourleé@dmique
proposée, a savoir 1) la suppression du plan de masse entre deux antennes colinéaires (disposition
du plan E) et une série d'ondulations uniformes ont été introduites sur les bords des parties restantes
pour créer une région de transitiortrerles antennes mises a la terre. et non mises a la terre et pour
former une sorte de guide d'ondes de surface transversal, et 2) pour supprimer partiellement le plan
de masse en gravant des fentes longues, longitudinales et étroitement espacéemsle tegdse

pour compenser l'inductance du plan de masse et perturber I'état de propagation du TMO mode.
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Nos recherches ont montré que l'application de ces techniques entraine une réduction de 9 dB du
couplage mutuel et une amélioration de 4 dB durdiagne de rayonnement transversal. Malgré
I'efficacité de la technique proposée pour diminuer les couplages mutuels et améliorer le gain, le
réseau d'antennes conventionnel n'est toujours pas un candidat décent pour le régime mmW/THz

sur des matériaux a h&u

En conséquence, nous avons étudié l'utilisation d'antennes a ondes de fuite 2D (ou planaires)
(2DLW) comme alternative appropriée au réseau d'antennes conventionnel. Nous avons propose
et exploré une antenne 2DLW intégrée au substrat a profilnetn@&nt bas, a gain élevé et a
efficacité d'ouverture élevée avec un PRS capacitif. Nous avons montré que, contrairement a
I'antenne 2DLW remplie d'air typique, ou une perturbation du premier mode d'ordre supérieur
(TELZ/TM1) entraine un rayonnement larg@strdirigé, dans l'antenne 2DLW proposée, la
propagation et la fuite d'un quadie mode TEM donne une antenne extrémement discrete

HW j JDLQ pOHYp G%L 'H SOXV O HIILFDFdawp GH O

rapport a la contrepaeticonventionnelle remplie d'air

Un nouveau concept basé sur I'entrelacement des courants électriques et magnétiques de surface
a été proposé et étudié. Nous avons développé une surface rayonnante a ouverture partagée double
large bande peu encombrarites contraintes fondamentales sur la bande passante de I'antenne sur
les deux bandes de fréquences ont été évaluées a l'aide d'équations approximatives de forme fermée
qui ont été dérivées a l'aide de la théorie de Beate. Finalement, une antenne aldedarge
bande a cing couches a été développée et fabriqguée a l'aide d'un processus PCB multicouche
rentable qui fonctionne dans les bandes Ku et Ka avec une impédance respective et une bande
passante de gain d'environ %2 et dans la bande Ka. avec um@édance et une bande passante
de gain respectives de 29% et 16,32%. Par la suite, une méthodologie générale basée sur la
convolution des courants de surface électriques et magnétiques couplés pour le développement de
réseaux d'antennes multibandes a igtéoduite et étudiée. Nous avons développé une unité
rayonnante bbande réalisée par un arrangement rapproché 2x2 des quatre éléments d'antenne
fonctionnant dans la bande de fréquence supérieure. Dans ce cas, des résonances multimodes ont
été générées da une bande de fréquence inférieure par un couplage approprié des courants
magnétique et électrique. Cette technique pourrait étre employée de maniere répétée pour
développer plusieurs modes rayonnants en réutilisant les surfaces rayonnantes. Emfiatyjoe pr
de réseau Hbande 2 x 4 peu encombrant a été développé et fabriqué. Nos résultats de mesure ont
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montré que l'antenne proposée fournit des largeurs de bande d'impédance et de gétnetle 30
25,4%, en bande Ku et de 10,8bet 8,526 en bande Kagspectivement.

Nous prévoyons que les résultats de nos recherches seront exploités pour établir une cohabitation
dense et monolithique de réseaux d'antemmésibandesavec des circuits actifs dans les futurs

émetteurgécepteurs multifonctionnels OEla la pointe de la technologie
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ABSTRACT

The evefincreasing demand for higdgpeed, efficient, and cesffective millimeter (mmW)
multifunctional wirelessystemss enticing antenna and RF circuit researchers and practitioners to
develop appealing technical solutions in terms of efficiencyt, eosl overall performance. The
well-established analog radaverfiber (ARoF) technology, which has been around since 1983,
is a viable approach to establishing hjggrformance and broadband wireless connectivity with
low expenditure as well as simplifig base statiotransceiverarchitectures Thanks to recent
developments in microwave photonics in cuttedge AROF wireless systems, an RF signal is
generated by an efficient beating of two higlality optical signals coming out of quantum dot
lasers ad mixed in a photodiode. To maintain a high integration level and to eliminate parasitic
effects and losses associated with bonding wiresfiontend modulethe monolithic integration
of an antenna array withphotodiode is crucial in an optoelectromntegrated circuits (OEICS)
transceiver. Since high materials such as SiGe, GaAs, IsBmiconductorsetc. are usually
adopted to design a photodiode, a higln, broaeband, or multband antenna array on high

substrates is highlgesiredfor seaméss integration with a photodiode.

In this scenario, conventional antenna awayhigh (high permittivity) materialsinevitably
encounters fundamental hurdles for achieving broadband, highly efficient, and high gain radiations
due to the excitation ofubstrate surface waves. Therefore, we investigatethis thesis
uncomplicated yet effective antenna techngfar controlling surface waves in conventional
antenna arrays tmitigate ordiminish their adverse effects. Two methodologieseexplored to
realize the proposed technique namely 1) the removal of the ground plane between two collinear
antennas (#lane arrangement) and a series of uniform corrugatiensintroduced at the e@g
of the remaining parts to create a transition region between grounded and ungrounded regions and
to form a sort of transversal surface waveguatel 2) to partially remove the ground plane by
etching long, longitudinal, and closely spaced slots owegtbund plane to offset the ground plane
inductivity and disrupt the propagation condition of the¢Tilode. Our research shedthat
applying these techniques results in@®reduction in mutual coupling and alB improvement
in the broadside radiatiopattern. Despite the effectiveness of the proposed technique for
decreasing mutual couplings and improving the gain, the conventional antenna stityios a

decent candidate for the mmW/THz regime on highaterials.
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As aresult, we investigateusing 2D (or planar) leakywave (2DLW) antennas as a suitable
alternativeto the conventional antenna array. We proposed and explored an extremelypfiey
high-gain, and highly apertuefficient substratéentegrated 2DLW antenna with a capacitivRS?
We shoved thatas opposed to the typical dilted 2DLW antenna, where a perturbation of the
first higherorder mode (TETM3) results in highly directed broadside radiation, in the proposed
2DLW antenna, the propagation and leakage of a ¢u&sl mode result in an extremely low
profile (0.065 o), andhigh-gain (15 dBi) antenna. In addition, the aperture efficiemagenhanced

by 15% as compared to the conventionafileéd counterpart.

Moreover in the development of a multifunctional and msltanded ARoFbased wireless
system, a mulktband antenna array is an indispensable component of the frontend module.
However, the efficient realization of the muiand antenna array with a large frequency ratio,
particularly on high- materials, introduces fundamental challenges in antgongend
integration. Therefore, we propasand investigate several antenna arrays based on aperture
VKDUHG WHFKQLTXHV ZL W& of Bif XrtenRaQsuHadeHiir differegnt fraquiency
bands, which is highly demanded in OEIC design scenarios for the cohabitaimemndénna with
active circuits. To begin with, we investigdtthe apertureshared technique with two different
methodologies namely 1) stacking antennas in a multilaygstste, and 2) using the concept of
self-scalable radiation pattern for the developmentaualband antenna array with a large
frequency ratio. In this connection, a multilayer hggin antenna structure, consisting dai@e,
perforatedpatch antennand an array of 3x3 patch antennaas designed and prototyped for
operation in S and Kaband. Subsequently, a singfed multtmode resonance slot antenna
coupled to three narrow stripgsinvestigated for the development of a dbahd antenna elemien
operating in X and Kaband with a selécalable radiation pattern. These antenna elements can be
used for realizing duddand antenna arrays without operating the full grating lobe in the visible

region.

A singlefed dualband antenna operating irb@&nd and K&dandwas developed using the
2DLW antenna theory and the apertshared technique. Weund outthat how a thin and single
mode resonance (SMR) inductive PRS on highaterials in a 2DLW antenna is set to converge
two resonance frequencies (i.e., PRS and cavity resonances), consequently reducing the antenna
directivity and gain. We applied multhode resonance (MMR) PRS to address the underlying
challengesSubsequenyl the leakywave radiation behavior of an antenna with a heterogeneous
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substratevasinvestigated using the developed analytical equations. Our investigationsedeveal
that in the proposed scenario, an MMR PRS can significantly enhance the broadsioéylivgc

over 4 dBi at the resonance frequency (27.5 GHz), which is also set to improve the radiation pattern
compared to the SMHRased antenna. Finally, a CPfd duatband antennevasdeveloped based

on the effective reusing of the aperture in bothdestpy bands.

A novel concept based on the interleaving of electric and magnetic surface cwasnts
proposedand studiedWe develogd a spaceefficient dualwideband aperturshared radiating
surface. The fundamental constraints on antenna bandwidthbote frequency bandaere
evaluated usingpproximateclosedform equations thawerederived using Bod&anof theory.
Eventually, a fiveayer dualwideband antennavas developed and fabricated using a eost
effective multilayer PCB process that opazatin Ku and Kaband with a respective impedance
and gain bandwidth of approximately 42%, and inld&ad with a respective impedance and gain
bandwidth of 29% and 16.32%. Subsequently, a general methodology based on convolving coupled
electric and magnetisurface currents for the development of rAodtind antenna arraysas
introduced and investigatetVe develomd a duatband radiating unit realized by a 2x2 close
arrangement of the four antenna elements operating at the-fugeency band. In this oas
multi-mode resonancesere generated in a lower frequency band by proper coupling of the
magnetic and electric currents. This technique could be employed repeatedly to develop several
radiating modes by reusing the radiating surfaces. Finally, a-sffadent 2x4 dualband array
prototypewas developed and fabricated. Our measurement resultseshthat the proposed
antenna provides impedance and gain bandwidths of 30% and 25.4%bani&and 10.65% and
8.52% in Kaband, respectively.

We anticipate that the outcomes of our research will be exploited to establish dense and
monolithic cohabitation of mulband antenna arrays with active circuits in future stétbe-art

multifunctional OEIC transceivers.
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CHAPTER 1 INTRODUCTION

1.1 Motivation

Tremendous advans@ave been made inisgless technology over the last decades, and this has
mostly been fueled by a strong desire to cover theiagezasing andlsoubiquitous demands in

our rapidevolving information age such as Gigabit data rate, smart connectivity, fast identification,
accurate location, et¢l]-[2]. It has been emerging as a future technology not only for wareles

data communication, as traditionally used to be but aladrakessparametric sensing andreless

power transfer technologylhis has definitely attracted much attention in the research and
development community towards multifunctieantennaand front-ends (Figure 1.1). The
development of such systems with the feature of data transmission throughputs based on {frequency
diversified is a keyenabling feature within such highly publicized 5G/B5G analog rawko fiber

(AROF) wireless systems$5R) LV D KLJKO\ HIITHFWLYH DSSWRDRK JKSX W\
DQG EURDGEDQG ZLUHOHVV FRQQHFWLYLW\ ,W HQDEOHV WK
PLOOLPBIYMHUPP: DQG WHUDKHUW] \75])) WRGQRROM HILX\HQ P L
HISHQGLWXUH WKDQNV WR WKH VLPSOLILHG EDVH VWDWLR
RSHUDWLRQV DQG IXQFWLRQV DUH FHQWUDOL]HG DW WKH FH
VWDWLRQV

P
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Figure 1.1 Multifunctional antenna array for the various application
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Figurel.2 Simplified block diagram of a muigervice radieoverfiber wireless system (FTTH :
fiber to the home, RAU: remote antenna unit)

,Q $5R) VA\VWHPV RSWLFDO VLJQDOV DUH PRGXODWHG XVLQJ
HITLFLHQWO\ WKUBXBKXt®E V¥ RSOV LA Q@J WKH EDVH VWDWLRQ V
FDSLWDO DQG RSHUDWLRQDO H[SHQGLWXUHYV DUH VLJQLILFD

WKURXJK D KLJKHU Q X P E Hd5hBwitdterdlQ [gMDIGhand averRaQevtay

VHUYLQJ DV WKH 3H\HV DQG HDUV®™ RI D WUDQVFHLYHU LV D

multifunctional wireless systems.

Indeed, high-efficient, highgain, lowrcomplexty (guaranteeing an easy-gdegration with
active circuits), and spaadficient multtband antenna solutions should be developed with
unprecedented implementation techniques for cuttthge multifunction fibewireless systems.
Multi-band antennas with large frequency ratios covering both microwave and mmW bands have
been extensively studied over the past years for the development of a reliable wire(es$fe ek
by microwave frequency bands) and high data aad wideband wireless link (offerdy mmwW
frequency bandsp-8] . In contrast to the conventional mdittand antenna array realized by
arranging various antenna arrays sideside, which not only occupies a large area but also
degrades array performance due to strong unwanted mutual couplings, the -sbartde
technique is a promising approach to the development ettmty lowfootprint, and lowweight
multifunction antena arrays This technique makes use of a common space for the development
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of an antenna array operating at different frequencies. As shoftigure 1.3, the conventional
approach is based on stacking and interleaving different antenna elements in several layers with a
complex feeding network which inherently renders the integration of active circuits and antenna

a very challenging tasKhis Ph.D. thsis,however investigates an approach basedha&effective
"reusing” ofanantenna aperture in different frequency bands, provaimglti-bandantenna array

with a spartan structure that is appropriate for deep integratitn active circuitsin the

multifunctional ARoFtransceivers

Perforated patch antenna
array operating at the

low band
4 \
HEEENNENRE
. . . . . . . . Dual-band radiations
HEN
Square patch antenna array [. . . . . . Ju fe
operating at the high ’ - . . . .
frequency band \. . . . - ' '
? | Perforated antenna array
. . . . r\\ T ,"‘ Air gap \ ?,’4Antem1a
HEE SN mEn 7 oy
Feeding network
OO0 & RO1C1070

Figure 1.3 A multilayer dual-band antenna array with a large frequency ratio realized by patch
array and perforated patch array

Microwave photonics technology has empowered the development of different ARoF
architectures, including loviootprint and efficient broadband or meittand fiberwireless systems

[9]. In a frontend based on microwave photonics technology, RF signal gemerétiering,
mixing, and phasshifting are all handled in a highly efficient optical processor, which not only
substantiates the degree of integration but also dramatically reduces the complexity, costs, and
losses in the frontend module. As suggestgdhe conceptual diagram of a ddmind AROF
system based on microwave phototachniquesn Figure 1.4, a multrwavelength quanturdot

laser diode is adopted in a central station to generate fourrdsglution optical signals
corresponding to1, 2, 3, and 4 Two RF signals are then modulated on the optical signals
through an optical modulator. Four optical signals are set todmea photodiode at the access
point to generate both MW and mmW RF signals for dhaald communicationf]. In this
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scenarioaseamless integration of an antenna array with a photodiode is critical for maintaining a
high integration level and eliminating parasitic effects and losses associated with bonding wires.
As a result, a mukband antenna array on a higlsubstrate is intended for seamless integration
with a photodiode in the transceiver, since highaterials lke SiGe, GaAs, InP, etc. are typically

used to develophotodiodes. In this case, the antefmoatend integration inevitablgncounters

| | Dual-band ]
Multi-wavelength & Antenna Array \\
| Laser diode (LD) | Fiber optic link |
S Ml
—eet S EOM | »[ EOM
| T REa) | | \ |
Y \ /N "
| I\ / RF(1) RF(2)
ey \ Frequency Beating
| o RFE(2) \ (Hetrodyning) jl— — — — —I
-, | 1 y
L e -
_ ..
_/"/ H faomw (1) fywy (2) ~.
4 . fl : N,
2 | { Ml s \
; [ . / x
[ LD, S |
<7~ ¥
\ ™ } = /

Figure 1.4 A general block diagram of a dual-band wireless system based on analog radio-over-
fiber technology

fundamentalhurdles for achieving broadband, highly efficient, and high gain radiations in
optoelectronic integrated circuits (OEICBy using high material inthe conventional antenna

array design, fundamental issues arise, suethagh confinement of electromagnetic (EM) fields

in the substrate, resulting in an impedance mismatch between the antenna apertureandd air
reducing antenna gain and bandwidth, etc. It also prone the antenna structure to supporting slab or
surface waves, resulting in tightly coupled antennas via excited surface waves, which severely
degrades antenna performamdeurthermore, the exciteirface waves propagate on the Joss
substrate and radiate at the discontinuities (e.g., truncated edges, etc.), potentially forming side
lobes, increasing cross polarizations, and decreasing the gain and effidreragydition as
permittivity (and/ompermeability) increases, the physical size of antenna elements decreases while

inter-element spacing is kept unchanged to avoid increasing mutual coupling caused by space
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waves which result in the excitation of highwder surface wave modes due to bamd
conditions.Furthermore, the radiation and ohmic losses of feeding networkcamwentional
antenna array, particularly in the mmWw regime diminish the efficiency and gain of the antenna
array. Therefore, realizing higgain and efficient radiation ke conventional large antenna array

is an extremely challenging task

To reduce mutual couplings in the conventional antenna ameaproposedome techniques for
controlling surface waves and eventually reducing the associated muotpéihgs without adding

extra complexity to the antenna array strucintéis thesisHowever, due to substantial challenges

and hurdles regardirthe use ofconventional array on highmaterials, we explot2-D (planar)
leaky-wave antennas as arteahative solution for the development of single or ¢haaid high

gain antenna on high materials in this Ph.D. thesi&enerally, due to the boundary condition
realized by the metallic PRS, surface waves are not excited on the PRS surface. In #ushgon,
types of antennas can generate broadside directive radiation patterns using simple feeding

networks.

We also investigated a technique based onssaling radiationpattern for the developmeaof a

duatband antenna array with a large frequencprabowever, it suffesfrom anarrowimpedance

bardwidth. Finally, a novel technique based on the interleaving of magnetic and electric surface
currents is investigated for the development of mwitieband antenna arrays, which are also
appropriate for dense antenftantend integration. Because afight arrangement of the antenna

elements in this technique, as the antenna size is reduced by increasing the relative permittivity
(and/or permeability) of the substrate, inddement spacings are also reduced. As a result, not only

are surface waves weakly (ortrai all) excited on the antenna aperture, but the antenna aperture

is also efficiently used for radiationfwo duatband antenna arrayith a high apertureeused

efficency DUH WHBQL]H OMWKRBERMIK[FLWDWLRQ RI WKH DQWHQQD L

1.2 Researchobjectives

The apertureshared technique is a promising solution for realizing a spficgent, lowweight,

and lowcost multiband antenna arraln this techniquehowever gfficient reusing of the antenna
array aperture is a key factor for the deimsegration of the multband antenna array with active
circuits. On the other hanthe monolithic integration ot multi-band antenna array with active
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components is of significance for highly efficient antefmeatend integration design scenarios in
anARoFbased wireless system. As a result, the primary objectives of this Ph.D. thesis are twofold:

I) To investigate and develop antenna array techniques on tsghstrates fothe seamless and

monolithic integration oAnantenna array with frorgnd.

II) To propose and investigate multiband antenna array techniques basee comceptsof
aperture sharingnd efficient aperture reusing for the development of a highly syditeient

multifunctional antenna system.
There aresix specific objectives progressively stemming from these two main objectives:

1. $FFRUGLQOpeWRLWKMDWXUH YDULRXV WHFKQLTXHV KDYH
PXWXDO FRXSOLQJ FDXVHG® H WHFKI@LETHX BHD MRW ORSHI) Q H W
EDQGJDS @RWRQLF %DQGXDSG 3WRIW VRUWADRABDFKLQLQJ
substrateD QG\KEVWUDWH SHUIRUDWLRQ :KLOH WKHVH WHFK«(
VFHQDULRY WKH\ KDY Ht KH\UWDILQL OH FOL W DIQULRIQRD QW DPR
LPSOHPHQWHG HHKAWEDNE ®H FREWO\ DQG FRPSOH[ +RZH
IQYHVWLIJDWH D QRY H{O | HFRRPISDH W HF® QG LFIKHWWM RU FRQWURC
PLWLJDWLQJ PXWXDO FRXSOLQJV LQ DQ DQWHQQD DUUD\

KLJKO\ LQW HJ UDRQME HEBWIHSSIDL R VREW.U RWHOL]LQJ D

2. &RQYHQWLRQDO DQWHQRBYVNUDMMNVRIPAKH MNKHYHUDO FKDC
DSHUWXUH HIILFLHQF\ ORZ JDLQ UDGLDWLRQ DQG WKH +
GLIIUDFWLRQV ,Q RUGHU WR DGGQHRWXWHKMVRIQLYWX BV ] LR
OHIXPDYH DQWHQQD /:$ ZLWK D FNS\DFELWWAY BVBIE 6 RQHP K B
FRQILIJXUDWLRQ ZH FDQ SUHYHQW WKH H[FLWDWLRQ RI \
WR ERXQGDU\ FRQGLWLRQV X@GWHQYQRQAD/OPD SWEQW WA SIHH
GLUHFWLYH UDGLDWLRQ SDWWHUQV ZLWK D VLPSOH IHHG
/:$ VXIIHUV IURP ORZ DSHUWXBHRHLIQALW\YEX PP BUD KR KR
OLPLWDWLRQV ZH KDUWRK ARDGS BCHWHG REHG D SWR\WROWA S H
DQG KD1LKQ OHDADYH DQWHQQD 7KLV DQWHQQD LQFRUSRL
UHIOHFWLQJ VXUIDFUXBS B UDQE KLHKXOWLQJ LQ LPSURY

3. '"HYHORSLQJ DDRMWOHWQIED @WUD\ ZLWK D ODUJH IUHTXHQF
GHYHORSPHQW RI PXOWLIXQFWLRQDO WUDQVFHLYHUV +R
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DUUD\ WKDW FDQ FRQYHUJH VHYHUDO UHVRQDQFH IUHT
FRQVLGKDDBO®IFH 7KH SUHVHQFH RI JUDWLQJ OREHV LQ
HIILFLHQF\ PDNLQJ WKLV WDVN HYHQ PRUH GHPDQGLQ.
DSHUWMUH. QJ WHFKQLTXH HPHUJHV DV D YLDEOH DQG S
DOORZWIKRH GHYHO RSPHD WO R J KONREH LW Q WS BIFGIGF ISHRE W U
DQWHQQD DUUD\V ZLWKWHORBIN RIHIXRMBV¥WUDBMM RQJ DQG
EDQG DQWHQQD HOHPHEQWE WRWEHHQQDD RS WEXVOZRWK ODU
XVLQJ WKH BBHUQWXWHFKQLTXH

Developing a duaband antenna array with a unified feeding network that operates across

a large frequency ratioon high PDWHULDOV LV FUXFLDO IRU WKH VHDF
band antenn&rontend in a adiooverfiber system. In light of this, we propose and
prototype a novel duddand antenna operating in the&hd Kabands, with a frequency

ratio of nine. The antenna design is based on-héeaky-wave antenna theory and utilizes

an inductive PRS om heterogeneous high VXEVWUDWH 1RWDEO\ WKH S

achieves an apertureused efficiency of 100%.

While several techniques have been investigated for realizingbdundl antenna arrays,

these arrays often suffer from limited impedancegad bandwidths. In order to overcome
these challenges, we propose and prototype a novel concept based on the interleaving of
coupled electric and magnetic surface currents. This concept is aimed at developirg a dual
wideband aperturehared antenna arrawth a high apertureeused efficiency, facilitating

deep integration of the antenfrantend. By employing this approach, we aim to address

the limitations of existing techniques and enable the development ebdundlantenna

arrays with improved impedaa and gain bandwidths, paving the way for enhanced

performance and seamless integration in the antontend system

In order to meet the requirements of a mfultictional transceiver, it is necessary to achieve
multi-wideband radiation. To addethis need, we propose and prototype a novel technique
based on the interleaving of coupled electric and magnetic surface currents. This technique
is specifically developed for the creation of a multtleband aperturehared antenna array

with a high apdurereused efficiency, enabling seamless integration in anteantend

systems. By utilizing this approach, we aim to facilitate the development of antenna arrays
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capable of operating across multiple wideband, thereby supporting the implementation of
multi-functional transceivers. This innovative technique allows for efficient utilization of

the aperture and promotes effective integration within antéonéend systems

In the long run, the proposed antenna techniques and methodologies will servelasta
foundation for the development of a multifunctional OEIC transceiver using advanced fabrication
processes such as ceftective yet mature complementary metalde-semiconductor (CMOS)

and miniature hybrid microwave integrated circuit (MHMIC). This densly integrated
multifunctional antenndrontend modulds set to demonstratenderlying advantages including

costeffectiveness, space, and power efficiency
1.3 Organization of the thesis

In chapterla brief introduction to multifunctional ARoF wireless systems and anssomaigh

P D W Hd pteBedted. The potential advantages and opportunities of multifunctional wireless
systems are also discussed. It also highdigihe motivations and objectives of the theSisapter
2 presents a stataf-the-art literaturereview of multiband antenna arraysing apertureshared
techniqus. We discuss various topologies graint outsome future directions for furthezsearch
on thistype ofantenna. We also review the 2DLW antenna as a methodology for the development
of a multtband antenna array QFKDSWHKH SURSRVH D QRYHO WHFKQLTXH IF
ZDYHV IEQQDB IRU WKH FRQYHQWKXKRQUWHY BQWHKQQYBRRZVUWK\D W [
WHFKQLTXHV GHUWVWKHODGNVFWQRR LQ PXWX%DIPSERRSEPEAQYWVWAQA® WKH
UDGLDWLRQ SDWWHUQ 7KIWHKHKN®WHHEVIER @EMHFMQWHZ LW K

We explore the 2DLWantenna, with @apacitive PRS on a highmaterial inchapter 4 We
show that in the proposed 2DLW antenna, the propagation and leakage of BEjMasbde result
in an extremely lowprofile, high-gain antenna. In addition, the aperture efficiency is enhanced by
15% as ompared to the conventional diited counterpart. This chapter is consistent with the
second specific objectivén chapter 5 we investigate the apertusbared technique with two
different methodologies for the development of elhahd antenna arrays with large frequency
ratios. Thefirst design is a multilayer antenna structure operating en8 Kaband. The second
one is asinglefed multtmode resonance slot antenna coupled to three narrow strips operating in
X- and Kaband with a seitcalable radiation pattern. This chapter is consistent twvélthird

specific objectiveA dualband antenna operating inb&nd and Kéand is developed using the
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2DLW antenna concept and the apersinared technique ichapter 6The leakywave radiation
behavior of an antenna with a heterogeneous substrate is investigated. In the proposed scenario, an
MMR PRS can significantly enhanceetbroadside directivityT'his chapter is consistent with the

fourth specific objective

We develop a spaesfficient, dualwideband aperturghared radiating surface based on the
interleaving of coupled electric and magnetic surface currerdapter 7 The antenna array is
developed and fabricated using a esi$ective multilayer PCB process that operates in knd
Ka-band. This chapter is consistent with the fifth specific objectivechapter 8 a general
methodology for developing a multiand arénna array is investigatetlVe develop a dual
wideband radiating unit realized by a 2x2 close arrangement of the antenna elements- A space
efficient 2x4 duaband array prototype is developed and fabricdtbd chapter is consistent with

the sixth speci€ objective

Chapter 9provides a general discussion of methodologies and techniques used in this Ph.D.
thesis. It starts with the concept of deep and seamless antenna frontend integration and is followed
by fundamental issues regarditige use ottonventional antenna arrays bgh- PDWHULDOV DC
how solutions based on planar LWA can be applied as a proper alternative for it. This discussion
proceeds by offering a novel approach for developing rbaltid antenna arrays based on using
both electric and magnetic surface curréingéd can address the drawbacks of conventional antenna
arrays as wellEventually chapter 1concludes the thesis by highlighting the accomplishments
and outcomes. It also presents some areas that can be further investitfaddtase followup of

this research work.
The ontributions of the authein thearticlesare as follows

1) Article 1: 1.1) Amirhossei\skarianiiteraturereview andwriting thearticle1.2) Prof.
Ke Wu:reviewingscientificcontent andevisingthearticle

2) Article 2 2.1) Amirhossein Askarian: investigation, simulation, measurement and
writing thearticle2.2) Prof. Jianping Yaoeviewing and revising the scientitontent
of the article 2.3Dr. Zhenguo Lu: reviewing tharticle andproviding funding for the
project 2.4) Prof. Ke Wu: scientifisupervision,project leader,and reviewing and

revising thearticle



3)

4)

5)

6)

10

Article 3: 3.1) Amirhossein Askarian: investigation, simulation, measurement, and
writing thearticle 3.2) Prof. Jianping Yaoeviewing and revising the scientific content

of the article 3.3Dr. Zhenguo Lureviewing thearticle andproviding funding for the
project 3.4) Prof. Ke Wu:scientific supervision,project leader,and reviewing and
revising the article

Article 4: 4.1) Amirhossein Askarian: the investigation, simulation, measurement and
writing thearticle4.2) Prof. Jianping Yaaeviewing and revising the scientific content

of the article4.3) Dr. Zhenguo Lureviewing the articlendproviding funding for the
project4.4) Prof. Ke Wu:scientific supervision,project leader,and reviewing and
revising the article

Article 5. 5.1) Amirhossein Askarian: investigation, simulation, measurement and
writing the paper 5.2) Pascal Burasa: assistanegiiing, organizing,and editing the
article 5.3) Prof. Jianping Yaoreviewing and revising the scientific content of the
article5.4) Dr. Zhenguo Lureviewing the articlandproviding funding for the project

5.5) Prof. Ke Wuscientificsupervision, projedeader,and reviewing and revising the
article

Article 6: 6.1) Amirhossein Askarian: investigation, simulation, measurement and
writing thearticle 6.2) Pascal Burasassistance in writing, organizing, and editing the
article 6.3) Prof. Ke Wau:scientific supervision,project leader,and reviewing and

revisingthe article



11

CHAPTER 2 LITERATURE REVIEW
2.1ARTICLE 1: APERTURE-SHARED RADIATION SURFACE:
A PROMISING TECHNIQUE FOR MULTIFUNCTIONAL
ANTENNA ARRAY DEVELOPMENT

Amirhossein Askarian, and Ke Wu

Submitted to th&lectromagnetiScience JournalApril 1, 2023.

In the development of a multifunctional and muiianded analog frontend module in emerging

and future wireless systems, multifunction antenna array is an indispensable component. To this
end, the aperturshared technique comes of age, which has demonstrated significant advantages
in the costeffective design of efficient, compact, multiband, mbiam, and polarizatien
diversified antenna arrays, particularly with high frequency ratios. In this papeysantenna
topologies and surface architectures based on this technique, which have been proposed and
developed so far for a wide variety of applications, are reviewed, examined and categorized to
highlight the nature of electromagnetic apersinaringschemes and merits. Finally, we briefly
discuss future research directions in this connection for multifunction millimetee and

terahertz wireless systems development.
2.2 Introduction

Millimeter-wave (mmW) and terahertz (THz) frequency bands have $dented and dedicated

in support of B5G and 6G wireless communication systems as a fundamental solution to address
the spectrum scarcity issue and also to improve the capacity/speed requirement of existing wireless
systems. In particular, those electromeiic frequency bands due to their shorter wavelengths and
propagation properties, are highly demanded for emerging applications such as imaging, sensing,
locating, and spectroscopic systems, which go far beyond the conventional domains of wireless

communcation, as shown iRigure2.1[10, 11] However, they suffer from high path loss and low
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Figure2.1 Multifunctional and multistandard mmWave communications including integration of
mmWave and MW for 5G and 6@irelesssystemg10, 11]

wave penetration in objects,hweh presents numerous technical hurdles for wireless systems.
Radiofrequency and microwave (RF/MW) frequency bands, on the other hand, have the potential
to propagate longer in space as tipegsentiower propagation loss. However, due to crowded
existingspectrum, low data rate transmission and poor spatial resolution in these frequency ranges,
they are unable to meet current and future requirements. To take full advantages provided by each
allocated frequency spectrum, a multiband operation wouldvigbée and promising approach
[12].Obviously, multiband and mulstranded operation can be used for a variety of purposes and
applications, such as 1) the integoatiof radar and communication (RadCom) functions in a
multifunction transceiver, which provides a novel {owst, lowfootprint, and poweefficient
multifunctional intelligent fronend module, 2) synthetic aperture radar (SAR) applications for
acquiringadditional information about objects, such as backscattering and penetration information
[13-15], and 3) in scenarios involving concurrent power transfer and data transmission in an loT
oriented wireless systei$-18] etc. Since antenna is used to accomplish such critical functions
as the "ears and eyes" of wireless systems, the most important requirement for the fogthcomin
cuttingedge MW, mmW, and THz mulfunctional transceivers is no doubt the development of
highly efficient, compact, higlyain, and multband antenna arrays with polarization diversity. Of
course, the technical requirement of antenna arrays can &ediffrom one application to another.
Conventional multiband, duglolarized antenna array architectures based on the independent and
sideby-side arrangement of various antenna apertures typically suffer from bulky size, low

aperture efficiency, and infiicient isolation level between different frequency bands (caused by
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strong electromagnetic (EM) mutual couplings and interactions between those antenna arrays).
Around 1997, the apertwsharing technique was proposed and demonstfagddor synthetic
aperture radar (SAR) application, which presents a promising approach to the development of low
cost, low footprint, and lowveight multifunction antenna arrays. This is of particular interest for
high aperture efficiency multiband antenna arrays with a large frequency ratio, using common
antenna aperture. As schematically suggestédguare 2.2, this emerging antenna technique can
effectively be applied to the development of admetprint, multifunctional receiver as well as a

cuttingedge multiband analogue raebaer-fiber (AROF) wireless systeif20].
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Figure2.2 (a) Block diagram of a typical multifunctional receiver integrated with a multiband
apertureshared antenna array, (b) a general diagram of abdunal AROF wireless system
integrated with a duadand aperturshared antenna array

2.3 Aperture-sharedtechnique

Apertureshared technique has been studied and exploited over the past years to successfully
incorporate diverse antenna operations such as multiband, multibearpotaiiization, or any
combination of them, in a shared radiating surface. The conwahtapproach is based on a
proximity or simple interlacing of numerous antenna elements operating in different frequency
bandgq19, 21]. Generally, this would not be an efficient solution strategy for future multifunction
wireless systems. Strong mutual coupling, Hmerdulation products, and harmonic components

as well as antenna untuning would be some of undesired or evemagdisaginsequences of the
conventional approach that severely degrade the performance of a transceiver. To address these

issues a timely optimization process is imposed to tkdeagn procedure making this methodology
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inefficient design strategy. In thecently developed and demonstrated innovative apestuaieed
concept, on the other hand, each antenna element is "reused" to operate as a multifunctional
component that effectively contributes to the operation of entire antenna array's frequency bands.
In this codesign scenario, all EM interactions (resonance, coupling, and propagation, for example)
are utilized to achieve the desired or targeted antenna performance. The ratio of aperture reuse
(4#4L 5 Hisusedto measure the performance oftdubnique, wher8is the occupied area

of a larger radiating structure (operating in a lower frequency band), and Sr is the occupied area of
the radiating structure (operating in a higher frequency band) integrated in the larger radiating
structure[22]. In general, various antenna topologies based on the apghtaned technique can

be evaluated and compared using some key factors as figure of niétifs s shown irFigure

2.3.

/ Aperture -
shared

antenna A

y
y

Efficiency

4

Figure2.3 The general key factors for evaluating and designing an apstiared antenna array

Depending on application scenario, soa&drs may be more prominent than the others. However,

the majority of which, for instance 1) efficiency (including aperture, radiation, and aperture
reused); 2) isolation; 3) radiation pattern (including cross polarization, gain, directivityolsale

level, and back radiation); 4) bandwidth (including impedance, and pattern bandwidth), are
essential factors that require special consideration during the design stage for a wide range of

applications. In several applications, a specific structure geonaetignna profile, footprint, and
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complexity) of an antenna array is not a limiting factor as they may only increase fabrication costs;
however, in an orchip and integrated design scenario, this factor becomes determining and pivotal
parameters for selecgnantenna types and design methodologies. Therefore, types of antenna
elements, feeding networks, fabrication techniques, antenna geometries, and array arrangements
will be determined according to a desired application and performance. This article raweews
focuses on the technical merits and potential drawbacks of "apehared" technique in the
development of mukband, multibeam, and dugbolarized antenna arrays from a historical
perspective to the most recent research progress on the perfereramncement for various
frequency ranges and applications. It is worth noting that this technique has been referred to as or
called by a variety of names in the literature, including 1) shapedture; 2) apertue
shared/sharing; and 3) common radiatpgrture/surface etc. However, throughout the paper, we
refer to it as "apertur¢ KDUHG 3 $FFRUGLQJ WR WKH RSHQ-s@aedd HUD W X
antenna array have been proposed and developed in connection with diversified polarization
diversity, multiple beams, and frequency bandés. shown inFigure 2.4, we may essentially
categorize the published techniques and structures in terms of polarization including 1) single
polarization 2) duapolarization consisting of dudihear polarization ah duakcircular
polarization in which numerous techniques of planar andpfamar realization such as SIW,
metasurface and holographic, Falygrot antenna (2D leakyave antenna), transmitarray,
reflectoarray, metallic waveguide, etc. have been usedeirdémonstration of aperturstiared

antennas.

Figure2.5illustrates the evolution of publications on aperisinared antenna arrays for each major
subdivision (according té&igure 2.4). These trends cover journal and conference articles with
contributions from both IEEE and ndBEE organizations Obviously, this technique was
proposed firstly for the development of a dliakar polarized antenna array which

hasexperienced an exponential growth particularly in the recent years.
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Figure2.4 Hierarchical classification of apertushared antenna arrays according to the litreture
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Figure2.5 Chronological trend of apertushared publication record (including bgbiirnals and
conferences) in the global community (extracted from Compendex database) according to
polarization, and Pie chart representing percentage of publication for each category
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Thereatfter, it was applied to the development of lipedarized (LP)antennas, which have
likewise experienced rapid growth. As depicted by the Pie graph, -folgiezed aperturshared
antenna arrayelated publications account for almost one half of all publications. Subsequently, a
linear rise regarding research andrelepment interests in circularly polarized aperisinared

antennas has occurred during the past ten years.
2.4 Single-polarized aperture-shared antenna array

As illustrated inFigure 2.5, singlepolarized aperturshared antennas have drawn considerable
attention in past few yed#ds 6, 8, 2231],[32-56]. Various antenna elementjch as DRA and

patch, patch and slot arrays, perforated patches, patch and square ring, gap waveguide antenna
arrays, patch and gricrrays cavity-backed sloairrays, and dipole and bowtiarrays FPC antenra

, Metasurfacehave been used in the devateent of duaband aperturshared antenna arrays.
2.4.1 Dua-band and singlebeam antenna array

A dualband antenna array operating at 26GHz and 3.5GHz was propf&&d A 2x4 substrate
integrated dielectric resonator antenna (SIDRA) array operating at 26 GHz is placed within a 2x2
segmented patch antenna operating at 3.5 Gide. to the use dbw-profile antenna elements
(patch antenna and DRA), the total profile of the antenna array issDWBere o is free space
wavelength at the lower resonant frequency. To reduce mutual couplings, DRAs were surrounded
by metallic conentric grooves. In addition, elemeiastelement spacing was increased up to 75

to further diminish mutual couplings. Due to large irgBgment spacing, however, the scanning
range of this antenna was limited to £25°. The impedance bandwidth of amgelihd@% and

11.9% for the lower and higher frequency band, respectively.

Another dualband aperturshared antenna array presented@h includes a large 3.5 GHz
segmented perforated patch antenna and two ebaitiged 1x2 mmW patch antenna subarrays.
This low-profile, low-footprint, and duaband antenna array operates in 3.38 to 3.64 GHz and 26.4
to 29.8 GHz with 7.4% and 12.1% impedaneaadwidths, respectively. Thanks to the use of SIW
cavities, high isolation levels were achieved over both frequency bands (45 dB at 3.5 GHz and 40
dB at 28 GHz). Furthermore, peak gain in the lower band is 6.9 dBi while it reaches 14.36 dBi in
the mmW fregency band. The SIW cavity not only improved the isolation level and impedance

bandwidth of the antenna array, but also enhanced the realized gain by creatin@ adsghance
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at the operating frequenciess mentioned earlier, the ratio of aperture e2( # 4 is a crucial

factor in an aperturshared antenna array that can be regarded (as /a A high value of RAR
indicates that the antenna aperture is being used effectively in both frequency bandshandual
antenna array that operates at 60z&d 3.5 GHz was proposeddg] with a frequency ratio of

17. In this antenna array, a 12x12 SIW slot array operates at 60 GHz while the wholedurface
the SIW structure was reused to operate as a large patch antenna working at 3.5GHz, as shown in
Figure 2.6. As reported, the RAR for this antenna architecture is 0.77. As it can be seen, the
maximum radiation occurs at the antenna's edges in-ba& whereas the slot antennas etched
on the patchantenna's surface radiate primarily at the aperture's center in the mmW frequency
band. With the higipass nature of the SIW structure and also the use of a compact microstrip
resonant cel[CMRC) in the feeding line, high isolation levels of around 1B0at 3.5 GHz and

65 dB at 60 GHz were achieved.

Cross section view
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Figure2.6 The outline of the dudband aperturshared antenna array proposg@j operating
at 3.5 and 60 GHz

Gap waveguide (GW) technology can be adopted in antenna structure to eliminate the substrate
loss and to develop a higdificient and higkgain antenna. It is realized by two parallel plates in

which one of them is a metallic surface and the other is xilmigedance surface created by
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periodic metal nail24] . This guiding structure confines the EM fields aldimg propagation path;
therefore, the EM leakage would be very low. Migaiedl.in this workshowed that using GW in

an apertureshared antenna results in a higgin and highly efficient duddand antenna array. The
proposed 8x8 antenna array operateK-band (19.821.5 GHz) and Kdand (2931 GHz). As
illustrated inFigure2.7, radiating elements in both frequency bands are circular aperfinese

circular apertures were realized by GWs in both layers, which were excited in two orthogonal
polarizations. A grating lobe is anticipated to appear in the antenna pattern as the antenna operates
at two distant frequencies (20 and 30 GHz), which decsdhseantenna’s radiation efficiency. To
circumvent this issue, a waffle grid was designed and applied to the antenna'’s aperture, making the
aperture fields uniform and eliminating the grating lobe. The realized gain in K and Ka frequency

bands are 26 d&ind 29.5 dBi, respectivelfhe peak radiatiorfficiency of the antenna array

A 2x2 array A 2x2 array
at 30GHz at 20GHz

i\
Beotl 1O
20-GHz Layer

J0-GHz Layer

[
*Eiey )

3D view of a 2x2 antenna element EM field in the aperture

Figure2.7 The general and exploded views of the ehehd antenna array operating inagtd
Ka-band based on gap waveguide technol@gy

is over 85% for both frequency bandsmulti-layer dualband antenna array operating in the S
and Kaband was reported for 5G applications[4) . The perforated patch antennal&nd
element) was fed by proximity coupling and a 3gBaregpatch array (operating in Kiaand) was
fed by an aperture coupling technique. For improving impedance bandwidth ubémel Sa square
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ring antenna introduced at the topmost layer, whi&Mscoupled to the perforated patch antenna.

A bandwidth of around 8% and 19% was reported respectively inlla@&and Kéand. Another
dualband aperturshared antenna array was designed by interlacing bowtie and rectangular slot
antennas for low eartbrbit (LEO) satellite communication {26], as detailed ifrigure2.8. The
proposed duaband antenna array functions in thebnd (19 GHz) and kband (29 GHz) with
frequency ratio of 1.5. An 8x8 antenna array in thbadd consists of 16 substratgegrated
coaxialline (SICL)}ed bowtie slots while in the Kband it includes 16 cavitpacked SIWfed

slot pairs. With reference teigure2.8, since Tk2o mode isexcited in the cavity, a pair of slots
etched on the top of the cavity are feegpimase generatingbaoadside radiatiorhe SIW and the

SICL corporate feeding networks are set to drive théo&ad cavitybacked slot pairs antennas

and K-band bowtie sloantennas, respectively.

Ka-band element K-band element

Max.

;% Min.

Bottom View

Figure2.8 The overall and layers views of the dirand antenna array proposefRj

Thanks to the use of SIW cavity, SIW, and SICL transmission lines (TL), high isolation level (50
dB and 60 dB) andrbad impedance bandwidth (14.7% and 20.7%) were achieved in both
frequency bands. As mentioned26] , the electric feld is perpendicular to the cawvibacked

slots in the Kaband while it is transverse to the bowtie slots in tHealkid; therefore, this antenna
shows a vertical polarization in the #and (with cavitypacked slots) and a horizontal

polarization in the Kband (with a bowtie slots). The peak measured gains were reported as 21.4
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dBi and 22 dBi in the K and Kbhand, respectively. The fabrication of multilayer antenna arrays
typically involves a timeonsuming, expensive, and sophisticated procedure, inagedsn
antenna profile, which is therefore not an appropriate solution fapplications. A novel single

layer dual band apertushared dipole antenna was proposd@ . This antennaperates at both
28GHz and 3.5 GHz with 20% impedance bandwidth. A 1x4 array of Yagi antennas operating at
28 GHz was integrated in a large dipole antenna operating at 3.5 GHz. To improte guott
isolation levels, an SIW structure was applied to bath dhd Sband feeding lines. Impedance
bandwidth of the Kdand antenna array was improved by introducing an interdigital coupling
(IDC) structure. This duaband antenna with a simple structure showed peak gain dBrand

11.3 dBiin the Sand Kabard, respectively. The Fabigerot cavity (FPC) antenna or equivalently

2D leakywave antenna concept is popular in antenna design due to its simple structure and ability
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Figure2.9 The conceptual illustration of a 2D lealgave antenna excited by a magnetic current
on the ground plane

to generate a highly directive radiation pattern without a complex feeding ndB8y@&31, 57]

The operabn of this antenna is based on a partial leakage of EM waves that propagate radially in
a cavity, as shown iRigure2.9. The cavity is formethetween a ground plane (at the bottom) and

a partially reflecting surface (PRS) at the top separated by aboutwaavalength apart. The PRS

in its classical and conventionfarm is a metallic surface in which periodic discontinuities (i.e.,
slots) areetched (inductive PRS) or a planar surface on the dielectric substrate in which tightly
coupled square metallic patches are arranged periodically (capacitive PRS). The antenna is
generally designed to operate based on the first higher order mode oflel ptatd waveguide

[30] ; therefore, according to the EM field distribution in this modeaiit be efficiently excited by
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an electric current (dipole) at the middle of cavity (where electric field is maximum) or a magnetic
current (slot) etched on the ground plane (where magnetic field is maximum). A uniform/quasi
uniform 2D leakywave antenna igealized with an aifilled cavity in which radiation is based on

the fundamental leakwave mode (or equivalently) L r spaceharmonic)[30, 31] while a
periodic leaky-wave antenna (e.g., a dielectfibed cavity with a large relate permittivity)
primarily radiatedased onJ L Fsspace harmoni@8] . Over the past years, the apertahared
technique has been adopted to the FPC antenogytfoe the development of a multiand single

and dualpolarized antenna with a large frequency ri8®39] . The proposed duddand aiffilled

FPC antenna i{B2] operates in 0.68.07 GHz and 1-2.7 GHz with 36% and 46.5% impedance
bandwidth, respectively. As shownhkigure2.10, the crosdowtie antenna operating at the higher
band [high band antenna (HBA)] was placed under the four loop antennas working at the lower

band [low band antenna (LBA)] were posiied at the top layer and then all antennas were excited
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Figure2.10 The outline view, gain profile (for different topologies), and circuit model of the
proposed dudband FPGbased aperturghared antennd2]

by coaxial TLs.In this apertureshared architecture, the LBA has some shielding effects, which
blocks the HBA radiation. In order to address this issue, the authors addegaskowlx11l PRS
(capacitive PRS) between the HBA and the LBA. In a transverse equivalentin€f&dl) model,

the PRS is represented by a shunt capacitor; thereby, the capacitive PRS realizessa ldveulit.

A result of the low pass nature of PRS, it is transparent in the low frequencies but opaque in the

higher frequencies. Therefore, an FPGeana was realized with HBA because PRS sheet is
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partially reflective (opaque) in this band while having a minor effect on the radiation of LBAs (four
loop antennas). Another PRS layer (PRS Eigure2.10) was incorporated above the LBA to
improve the antenna's performance even further. As this layer is highly transmissive in the low
frequency band and reflective in the higher frequency band, it is set to enhance the gain of the HBA
while having no impact oW KH /% $TV UD G L D RAguRZILMA/PRKI&/EZr@ar I62 used
effectively in two or more distinct frequency bands with various functionsrsl@unctional

element. In this case, the aperture reuse ratio approaches unity, which improves the antenna
performance. This concept has been reportd@3h in which the top layer serves as a Fresnel

zone plate (FZP) or a PRS depending on the frequency band. With referBrmred¢@.11, a dual
functional laye (PRS and FZP) was appligd[33]for the development of a dual band aperure
shared antenna operating in sulGHz (3 GHz) and mmW (28 GHan the sub6 GHz, a FPC
antenna was created by printing periodic grid patches on the substrate while a FZP lens was realized

by employing periodic doublscreen dipoles.

These two layers were stacked and unified to form an engineeredudaiabnal layer at the top.
Therefore, his layer concurrently functions as the PRS of a FPC antenna in HteGHdlz and a

FZP lens in the mmW. To create a high gain FPC in thédablz band, the ground plane should

be highly reflective. However, this highly reflective ground plane has dés#weffects on the

mmW band since the consecutive reflections of EM waves between the ground plane and the FZP
lens degrade the antenna performance in the mmW band. To solve this issue, instead of a solid
metallic plate, a gridbased ground plane was used shown irFigure 2.11. This engineered

ground plane is transparent to the mmW while it is reflective te6sGibiz. This technique has
improved the radiation pattern in mmW while having minor effects on thé siHv performance

as illustrated ifFigure2.11. In the sub6GHz, the FPC antenna is excited by a large patch antenna

on the bottom layer and a W&l waweguide, which feeds the patch antenna at 28 GHz, was housed

in an opening within the pata@ntenna. The measured gains are 15 dBi at 3 GHz and 20.4 dBi at
28 GHz. Metasurface theory and SIW techniques have been investigated over the past years for the
devdopment of a multband, multipolarized, and mulbeam antenna with apertesbared

technique as elaborated below.
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Figure2.11 The general view of fabricated dua@nd FPGbased antenna along with cross
section view of the radiated aperture fields along with effects of solid and slotted ground planes
on the gain of the proposed antenna in both frequency aBjds

A metasurfacéased lowprofile (0.04 o), and duaband antenna operating in thea®d X-band

with wide beam scanning ability (x50°) has been propos@tDin The antenna elements at both
bands are squared mushroom (patches with a metallized via at its center). The designed multilayer
stacked array antenna consists of 11 elements in a triangulee laperating in the-8and and

8x16 elements in a rectangular arrangement operate in-tfen& The $and elements were
placed under the Xand antenna array to avoid the radiation blockage. This configuration and
architecture allow the antenna to operptoperly in both frequency bands without grating lobes
during broad beam scanning. The measured gain and impedance bandwidthauidea®e 12.8

dBi and 11.7%, respectively and these values are 13.7 dBi and 11.1% foeb#mel Xperation.

2.4.2 Single-band and multi-beam antenna array

Although the aperturshared concept was initially developed to create multiband antenna arrays,
it can also be applied to form singdand antenna arrays where multiple radiation beams are
generated from a single shared apert®IW is a promising and wethown technique that can be
effectively applied to generate multiple radiatjgeitterns from a common aperture in an-érel
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antenna array. SIW corporate feed beamforming network, compact SIW Rotman lens, and Butler
matrix-fed SIW antenna array are some of the examples ofl&i%€d aperturshared multbeam

antenna arrays that can be employed-flight satellite communication, automotive radar, and 5G
mobile devicell5] . Holographic leakywave theory46] can be applied to establish beamforming

free multtbeam and higlgain antennas from a single aperture. The number of beams and their
directions are first defined in this technique, and then a corresponding pattern is printed and
arrarged on a guiding structure. This pattern "modulates” the guided wave as it travels through the
antenna structure. Floquet spatial harmonic expansion is used to expand the aperture EM field and
eachfield component in this expansion called "space harmonics!'periodic leakywvave antenna,

the radiation is primarily caused by tleL F sspace harmoni@8]. In [47], a novel holographic

based 2D leakyvave antenna was reported for the generation of four radiation beams from a
common suiace.Surface waves, which serve as guiding waves in this antenna, were excited at the
apertue's center by a small monopole antenna. The antenna's aperture was then divided into four
sections. A sinusoidahodulated surface impedance based on the holographic theory was realized
in each section by printing patches of varying sizes. Excited surfages in each section are
modulated in different manner, resulting in generating four radiation patterns in four directions. A
holographiebased duabeam and polarizatiediversified antenna was described[#8]. The
fundamental of this antenna is similar[t&Y], however one pattern in this antenna has vertical
polarization while the othenas horizontatounterpartA more complicated metasurfabased
antenna can be deployed to generate several radiation beams from a Bavatet al. [49]
proposed a novel methodology for generating rhdam from asurface without sectorizing the
surface. In this technique, all aperture was used for the superposition of several modulations. Each
modulation generates a radiation pattern in a specific direction. In addition, a scenario based on
multisource was investaded in which all radiation beams generated by several sources can be
combined to generate a single radiation pattern. This technigue can be adopted in some applications
VXFK DV 3VSDWLDO TaRI2 2l préviiésEaLt@ioqh summary of some published
articles for singlepolarized aperturghared antenna arrays in which critical factors in these antenna

arrays are listed and compared for was antenna topologies and techniques.



Table2.1 Summary of critical factors of singl@olarized aperturshared antenna array
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As can be seen the antenna arrays based onf3R@3],[35, 36}[38, 39], generally provide
relatively high gain, and high apertureused efficiency while those antenna arrays suffer from a
high profile structure as compared to the other types of arrays. However, wigvagienna arrays
including gap waveguid24] and SIW[22] , and[26] antenna arrays offer high levels of isolations

between fequency bands with very low profile structures.
2.5 Dual-polarized aperture-shared antenna array

Channel capacity of a wireless system can be improved by several fundamental techniques namely
1) space diversity (i.e., using several antennas operating aarnie fsequency), 2) frequency
diversity (i.e., using a multiband antenna), and 3) polarization diversity (i.e., utilizing a
polarizationdiversified antenna operating at the same frequency), or any combination of those
techniques. Among them, the polaripatidiversity is more spectral and space efficient, which is
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polarizations are used to develop a-filliplex data transmission operating in the same frequency
band.It can be effectively used in the development of a compactctst; and spectrafficient

full-duplex transceiver. As a result, the development of a space and-gifisient, low-cost,
polarizationdiversified antenna array with high levels of isaati between the ports and
polarizations is highly desired. In this section, we first review several -ctdibe-art
methodologies for creating a diladear polarized antenna array, and then we proceed te dual

circular polarized antenna array based ontapeshared technique.

2.5.1 Dual-linear polarized antenna array

2.5.1.1Dual/Tri -band, and singlebeam antenna array

The conventional and classical structure of a-tha@ld and singkbeam aperturgshared antenna

array realized by perforatgghtch array in lower band and square patch array in higher band is
represented irFigure 2.12. This multilayer architecture is the most prevalent type for SAR
applications that has been widely reported in the literdi@}¢21, 5863]. The perbrated antenna

array at the top is transparent to the radiation of the patch antenna array at the bottorhikayer.
technique was applied {21] ,[58] for developing a duaband and dugbolarized antenna array
operating in Lband and ¢band with impedance bandwidth of 100 MHz and scanning range of
+25°. One of the fundamental challenges in this typaminnago handle and govern mutual
couplings between antenna elements operating imititeer frequency band (e.g., square patch
array) and the lowebband array's feeding network, which are both housed on the same substrate.
To address this issue, itelement spacing is typically selected as §t8 0.9 o, which, in turn,
reduces the aay's scanning ability. A duddand antenna array operating in theid X-band was
designed in[59] using stacked dipole antenna and square patches. In this configuration, the
impedance bandwidths for the low bandb@d) and high band (Kand) are 9% and 17%,
respectivelyPerforated patches, stacked patches, and slim crosspatches were utilized to develop a
tri-band (X/Ku/Kaband) aperturshared antenna array[iB3] with the impedance bandwidths of
3.6%, 6.7%, and 5.3%, respectively. Although this type of antenna array architecture and topology
is very compact and allows for a wide range ofjfrency band selection, it suffers from low
impedance bandwidth, scanning range, and poor isolation. More advanced and sophisticated
techniques have been applied in recent years to developbantti duabolarized aperturshared
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Figure2.12 The classical and conventional type of a ehehd and dugbolarized aperture
shared antenna array
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antenna arrays with improved performance (e.g., isolation level, bandwidth, gain, and radiation and
aperture efficieng) using more complex fabrication processes and technol{@fie$2, 6478].

In [64], a dualband and dugbolarized antenna with vertical and horizontal polarizations was
proposed for operations in the #and (3334GHz) and Kuband (1517GHz) with a scan range

of up to £50° Figure2.13 shows a unitcell with radiation patterns of the antenna containing both
Ka andKu-band dipole antennas. With referenceFigure 2.13, to compensate for the shading
effects of Kuband antennas on Kzand antennas and improve the scanning ability, parasitic
directors were loaded in the Kmand to increase the height of tHeape center in these antennas.

The advantage of this antenna array is that it provides reasonable impedance bandwidth while also
offering a high realizegain and a wide scanning range in both frequency bands. The peak gain of
antenna in the Ku and Kaandare 19.7 dBi and 22.8 dBi, respectively.

More complicated structure was designed[66] for a dualband operation in the-8and

(2.4GHz) and Wbhand (60 GHzwith frequency ratio of 17. A large patch antenna radiates in the
S-band and orthogonal lorgjot array etching on the large patch radiates-ma¥d. Therefore, the
VXUIDFH RI WKH ODUJH SDWFK DQWHQQD ZD VbhandAxiHeG " IRU F L
V-band SIWbased structure with five ports was used to feed th@nd antenna, as shown in

detail inFigure2.14. Since, antenna was féifentially fed at both frequency bands, a stable beam

direction (particularly in Voand) was observed over tliequency band of interest.
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Figure2.13 Unitcell and the fabricated prototype of the antenna array propd&&d in

With reference tdrigure2.14, a five-port hybrid junction consists of a vertical cylindrical TL was
connected to a circular cavity. Two differential ports (2 &3 and 4&5) excite two degenerate modes
[TE11(1) and TEk1(2)] in the circular cavity, then the cavity was connected to the SIW power
dividers on the top layer through port 1. At 2.5GHz, a quavtarelength coaxial cavity excites

the TMo1 mode on the top patch antenna. This antenna showed a peak gain of 27.8 nid V

and 8 dBi in the $and. The isolation levels in thelfand and Wand are better than 25 dB and

55 dB, respectively.

Although this antenna showed a high gain and high isolation level, it still suffers from low
impedance bandwidth. Impedance bandisdn the Shand and the \band are around 3.27% (2.4

to 2.48 GHz) and 3.5% (59.7 to 61.3 GHz), respectively. Impedance and pattern bandwidths can
be improved by the concurrent use of magnetic and electric currents (a Huygens source) in antenna
design. Ths type of antenna is called magnelectric dipole (MED) or complementary antenna

in the literature. Impedance and pattern bandwidths can be improved by the concurrent use of
magnetic and electric currents (a Huygens source) in antenna design. Thisayf@na is called
magneteelectric dipole (MED) or complementary antenna in the literature. In fact, they are well
known for their broad impedancand gain bandwidth, low crogmlarization, and high

radiation/aperture efficiencylthough this type oaintenna has been investigated and developed
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Figure2.14 Exploded figure of the proposed dymilarized and dudband antenna j66]

with a variety of architectures and structures, a conventional type is basically realized by using an
orthogonal arrangement of a halhvelength dipole and a quar®avelength patch antenna,
which serve as electric amdagnetic currents, respectivpi9]. In this scenario, slot, and dipole
modes are properly coupled realizing mutibde resonances and wide impedance and gain
bandwidths. An apertwghared duaband and dugbolarized antenna based on MED antenna
was proposeih[68] for 5G communication systems. The antenna operates in 2.35 to 3.93 GHz
and 24 to 34 GHz with 50.31% and 33.91% impedance bandwidths, respectively. A 2x2 MED
antenna array operating in a higher frequency band was designed wahye &IW rectangular

cavity. By a proper arrangement of these four MED antennas, a larger MED antenna was realized
which operates in a lower frequenzgnd. Therefore WKH 1T 0(' DQWHQQD DUUD\ ZDV
create a larger MED antenna.

Two degeneratemodes Tkxo and TEio were excited in the SIW cavity for a dyablarized
operation. Four horn antennas with tilted inner walls were then placed over the four small MED
antennas (a 2x2 array) to increase the realized gain of array. The antenna's eakedsEinG7

dBi at 3.8 GHz and 14.85 dBi at 32.2 GHz. Although high realgsgds and broad impedance

bandwidths were reported for this antenna, scanning range of this antenna is limited to £20°.A
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high-gain antenna operating in the nd Kaband was deVeped in[34] using the FPC concept

in conjunction with a transmitarray (TA). AccordingRigure2.15, the top layer, or shared surface,
serves two functions 1) a PRS (an opaque surface) for the FPC antenna operatingharide X

and 2) a phase shifting surface (a transparent surface aitlalhattenuation) for the TA antenna
operating in the Kdpand, which results in a 100% apertueesed efficiency.The antenna
architectures in both frequency bands are similar, as both antennas consist of a feeding source, a
ground plane, and a multifational surface above the ground plane. Therefore, independent
control frequency responses of the top layer in both frequency bands are critical in this scenario.
The top layer consists of four stacked double concentric rings, which can operate as bath TA
PRS. Thanks to its Cartestagmmetric design, it can be used for a eualarized radiation.
Finally, two dualpolarized patch antennas were employed and placed at the proper positions to
feed the duafunctional aperture in both frequency bands. Hmtenna has successfully achieved
high levels of isolation between frequency bands, 15 dB for tHeaikd and 30 dB for the-Kand,
respectively. Peak realized gains are 14.8 dBi and 24.4 dBi at 10 and 28 GHz, respectively.
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Figure2.15 Dualband, duajpolarized antenna proposed3dd] using both FPC and TA antennas
2.5.1.2Single-band and singlebeam antenna array

Unlike conventional dugbolarized aperturghared antenna arrays (d=igure 2.12), which are
intended to operate in multiple frequency bands withogonal polarizations, this type is designed

to function in a single frequency band while sharing a common radiating surface between two or
more radiation beams with orthogonal polarizatj68g[67]. This typge of antenna can be

employed in a wireless communication system to boost channel capacity and reduce the effects of
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multipath fading. A 18ayer (with Ferro A6M with@= 5.9 and thickness of 94m in individual

layer) 16x16 antenna array with leemperatire cofired ceramic (LTCC) process was designed

in [65] to operate at 60 GHz offering both vertical and horizontal polarizations. The radiating
elements are SIW cavilyacked slot antenna, and they wie@ by a corporate vertically coupled

SIW feeding network. Potb-port isolation level is 22 dB and peak aperture, and radiation
efficiencies are 87.1% and 50% for both polarizations, respectively. This antenna provides a peak
realized gain of 24.6 dBi iboth polarizations. As reported [67], a 4x4 singldband and dual
polarized antenna array was designed to operate-RBZ3GHz with impedance bandwidth of
25.4%. Radiating elements are differenfed MED antenna, which were fed byplobes. Port

to-port isolation level is 18 dB and aperture efficiencies are 55% in both polarizations.

2.5.2 Dual-circular polarized aperture-shared array

Circular polarization (CP), which is widely used in satellite communications, can be used in a
variety of wireless systems teduce polarization mismatch losses, and to offer a robust immunity

to channel multipath distortions. Several techniques for generating CP radiation in antenna arrays
have been proposed in the literature, including using LP antenna elements then ustogCPLP
SRODUL]JHU VXUIDFH FORYV HBON Bmpokity CPQiERNA EldreialD, B2 UW X U H
83], exploiting LP antenna element along with sequential rotation technique in feeding network
[84], [83], [85, 86] using two orthogonal overlapped LP antenna arrays with a 90° phase difference
between their feeding netwofB3], and using metasurfaf®8] . This section begins with a review

of duatband and duatircular polarized (DCP) antenna arrays, then proceeds to a discussion on
singleband and DCP antenna arrays using apeghaeed techniques.

2.5.2.1Dual-band and singlebeam antenna array

A dualband DCP antenna operating in thedfd Kaband was designed and analyzed8).

The antenna has righiand CP (RHCP) radiation from 19.7 to 20.2 GHz aneheftd CP (LHCP)
radiation from 29.5 to 30 GHz. To begin with, the do@ahd LP aperturghared antenna array was
creded by interlacing loop antennas of various sizes. This antenna array was used as a source to
launch LP radiation. A duddand LRto-CP polarizer sheet was then placed over the-loaadl LP
apertureshared array antenna to generate-thaad CP radiatiorgs shown ifFigure2.16. The CP

array antenna can provide a wide beam scanning range (x55° to +60°) with axial ratio (AR) less

than 4 dB in both fragency bands. Since the polarizer is in the {fieda of the antenna array, both
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co- and crosgolarization components are reflected from it, which degrades the antenna
performance. In this case, the reflected waves were properly considered in the ales$igre

antenna and polarizer components were optimized accordingly. The measured peak gains at 19.95
GHz and 29.75 GHz are 17.65 and 20.94 dBi, respectively. As shown in Figure 16, the gain drops
by 4.3 dB when antenna scans up to 55°. Aperture effi@erati19.95 and 29.75 GHz are 81.4%

and 77%, respectively.

In[81], an SIW cavitybacked slot antenna integrated in a square patch antenna was proposed as a
radiating element for the development of a ¢hehd and DCP sharexperture antenna array
operating in the Yand and éhand. The Xband antenna element is a ¢gabacked circular slot

with two perturbation vias symmetrically positioned with a proper distance around the slot. These
two visas separate two degenerate modes gf>8Bd TMozin the cavity and generate a CP wave.

A square patch antenna inb@and waslesigned with a set of asymmetrically placed vias loaded in

the diagonal lineThese two vias effectively excite two degenerate modesgoldid TMuoo, in

the patch antenna, resulting in the radiation of a CP wave inbda@ These two antennas were
stacked together in a twlayer structure in which the bottom layer contains aladaled patch
operating in the éand and at the top, there is an SIW cabigked slot antenna operating in the
X-band. Thanks to this compact structure, apernteused efftiency is 88.3%. AR bandwidths

are 1.04% in the band of 5.765 to 5.825 GHz, and 0.75% in the band of 9.29 to 9.36 GHz. The peak
gains are 8.4 dBi and 6.35 dBi in thedhd Xband, respectively.

In [84] , a 4x4 DCP waveguide antenna array was proposed for dalucloperation in K(20

GHz) and the Ké@and (30 GHz) with RHCP and LHCP, respectively. As showrigare2.17,

the antenna element is a dyalt and DCP waveguide hornconnected to a square feeding
waveguide with a ridged septum polarizer. The -Beetion ridge polarizer inside the square
waveguide transforms TlEmode to Tlz mode, and a 90° phase shift is realized by the adjustment

of a septum polarizer size for generating CP wave. To eliminate grating lobes in the radiation
pattern, some corner stubs in the radiating cavity were introduced to uniformize th¢dgéfV ILHOG

distribution.
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Figure2.16 The overall structure of the proposed dbahd, and duatircular polarized antenna
array along with the realized gains profiles and the fabricated prot@9pe

The sequential rotation feed technique was then used-psawe CP properties. The overlapped
impedance and AR bandwidths (AR < 2dB) are 20%2428Hz) for RHCPand 13.3% (282

GHz) for LHCP. The measured peak gains in K andbKad are 23.94 dBi and 26.87 dBi,
respectively.

Figure2.17 Configuration of the proposed dualtcular polarized antenna array[8%]

2.5.2.2Single-band and singlebeam antenna array

A 15x15 singleband DCP antenna array was designef@mj for 94 GHz. The antenna consists

of two layers, the bottom layer of which is made up of two overlapped orthogonal long SIW slots,
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while the SIW feeding networks were located at the top layer, as iIIustr@' ure2.18 Two

SIW 16way power dividers in the first layer werecged by a 90° coupler to provide the required
phaseshift for CP radiationTwo layers were EMoupled by slots etched in the SIW line. This
isolation level between RHCP and LHCP is better than 15 dB and the antenna has a peak gain of
26 dBi with total rdiation efficiency of 57.5% at 94 GHz. The AR bandwidth is about 1% (93.5

to 94.5 GHz).

Table 2.2| provides a comprehensive summary of some published articles fopalaakzed

apertureshared antenna arrays in which critical factors in these antenna arrays are listed and
compared for vaous antenna topologies. As is indicated, the -gaddhrized MED antenna
array$67, 68] provide a large impedance bandwidth, moderate peak gains, and isolation levels
between polarizations as compared to the other types of antenna arrays. Unlike the MED antenna
arrays, the waveguide antenna arf8%] can provide high gains and isolation levels in both
frequency bandswvhile a more complicated fabrication process should be adopted for the
realization. Considering both advantagend disadvantageous of each type of antenna array and

depending on applications and required specifications, the types of antenna arrays are selected

Figure2.18 The overall configurations of the propds&ngleband and duatircular polarized
antenna array if87]



Table2.2 Summary of critical factors afuatpolarized aperturshared antenna array
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Freq. Antenna Peak gain Bandwidth (%) Peak efficiency (%) Isolation Scan. Pol.
Ref range

Chic type (dBi) Imped. Gain Aper. Rad. (dB) ) (Dual)
[59] | 1.25/9.65 Patch -126 6.4/3 - 50/40 - 40/40 20 LP
[61] 5.3/9.6 FPC 16.4/21 3.7/2.1 4.5/7.3 - 61.5/62 25/35 15 LP

9.6/14.8 13.8/18.1

[62] Patch 3/2/8.7 - - 85/8280 | 25/2525 - LP

/34.5 /19.2
[64] | 16/34.5 Dipole 13.5/22.8 | 125/8.7 | 12.5/8.7 - 90/75 50 LP
[65] 60 SIW slot 24.6 12.2 - 87.1 50 22 - LP
[66] 2.4/60 Patch/ slot 8/27.8 3.27/3.5 - - - 25/55 - LP
[67] 26.3 MED 19.8 254 - 55 - 254 - LP
[68] 3.5/28 MED 10.6714.85 | 50.3/33.9 - - 80/70 55/33 20 LP
[69] 2.2/3.55 Ring/FSS 8.6/7.2 40/14.1 - - - - - LP
[71] 2.47/8 Patch 8.5/10.8 22/19.3 - - - 32 - CP/LP
[80] | 19.9/29.7 Ring 17.65/20.94 2.5/1.6 - 19.9/29.7 - - 55/60 CP
[81] 5.77/9.3 Patch/slot 8.4/6.35 4.5/2.7 - - - - - CP
[84] 20/30 Waveguide| 23.9/26.8 20/13.3 - 61.4/53.6 - 40/40 - CP
[82] 1.15/6 Patch/FPC 5.8/13.8 3.9/9.9 - - - 35/20 - CP

59.455.6

[85] | 5.3/8.2 Patch 14.5/175 | 21/21.2 - - 15/20 - CP
[88] 20/30 Patch 27/28.5 15.8/13 14.1/11 | 35.3/23.9 - - - CP
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2.6 Future Prospectsand Research Directions

According to the published literature, apertshared technique has shown numerous fascinating

advantages over traditional antenna array techniques that merits further investigations and

developments. As suggested and predict@éidpyre2.19 this technique could be further expanded

and researched in three main directions as elaborated and elucidated in the following sgbsectio

Figure2.19 Future prospects and research directions for apesharged antenna technique
2.6.1 Terahertz

As THz regime offers unprecedented merits for wireless systems, it becomes more and more
accessible and attractive for some applications such adestructive sensing and imaging, short
range gigabit (or even greater) wireless communication etc. As a result, the development ef a multi
band, duabolarized, and higigain apertureshared antema array would be a necessity for the
upcoming multifunctional THz transceiver. Excessive losses in both RF circuits and air (path loss)
on one hand, and a scarcity of higbwer RF sources in this frequency regime on the other,
necessitate the investigai of highgain, and highly space and powedficient apertureshared
techniques and architectures based on innovative technologies and methodologies.

2.6.2 Integration

Due to the unavoidable loss in TL and matchingwatks (MN) in mmW and THz systems, deep
integration (without TL and MN) of antenna with active circ{@3] would be a principal design

scenard of upcoming RF integrated circuits. In this desganarigall components and functions
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including radiating element, biasing network, active circuits, TL and MN are aggregated and
handled in a multifunctional component callegified circuit-antenna (MICA). As a result, the
development of a loviootprint, highly aperturefficient apertureshared antenna array with a
spartan structure and architecture suitable for direct integration of active circuits with antenna is

indeed a pivotal demand.

On the otler hand, seamless integration of antenna with active circuits is necessary to eliminate

loss and parasitic effects of bond wires in integrated design scenarios, particularly HpadeoF

wireless systems [gFigure 2.2(b)]. Since active circuits (transistors, diodes, photodiodes, laser

diodes, etc.) are implemented on materials with high relative permittivity (e.g., Si, SiGe, InP, etc.),
a highly paver-efficient apertureshared antenna array should be also implemented on the materials
with high permittivity[8, 28] . In this case, new sets of space and pesflicient methodologies
techniques for controlling surface waves and reducing mutual cougfgseliminating scan
blindness and edge diffractions, amdproving antenna array radiation pattern, gain, and
impedance bandwidths (e.g., using magnetic matg8a]setc.) would be necessary to be further

investigated.
2.6.3 Aperture-reusedefficiency

As prevously stated, the innovative apertsteared technique in antenna design is centered on the
“reusing and refunctioning" of each component and radiating element to operate successfully and
FRQVWUXFWLYHO\ LQ O22133L13aM66]1(QL).DIfi \thid X&3&, VatcBraing to
definition, the aperture reuse ratio would approach unity, or equivalently apestised efficiency

would approach 100%. In this scenario, all mutual couplings and EM interactions could be
incorporated and considered caostively during the design process to be employed effectively
and positively in all antenna functions. As a result, the need for complex decoupling mechanisms
and structures will be relaxed, potentially resulting in antenna simplification and costarducti

This design strategy merits further investigation and research.
2.7 Conclusion

In this article, numerous techniqueasd design approaches for the development of multifunctional
antenna arrays based on apershrared technique was reviewed and studied. The published works

were primarily classified according to polarization, which included 1) single polarization and 2)
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dual polarization, which was further subdivided into 2.1) din@lar polarization and 2.2) dual
circular polarization, and each sabction was expanded and elaborated on the basis of open
literature results from technical and applications perspectiveally; future research directions
are discussed and feoasted in three fundamental aspects of terahertz, integration, and aperture
reused efficiency. This technique, we believe, is a promising approach for realizing multifunctional

and multistranded aenna arrays for existing and upcoming wireless systems.
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CHAPTER 3 ARTICLE 2: SURFACE-WAVE CONTROL
TECHNIQUE FOR MUTUAL COUPLING MITIGATION IN
ARRAY ANTENNA

Amirhossein AskarianJianping Ya@Zhenguo Lu, and Ke Wu

Published in théEEE Microwaveand Wireless Component Lettew®l. 32, no. 6, pp. 62826,
Januaryl?2, 2022

We propose and investigate an easy technique to mitigate the mutual coupling of integrated antenna
elements caused by surface waves in a-pemittivity grounaed dielectric substrate, which can

be deployed for higlensity integration of antenna and front end on a substrate. Two approaches
are examined to realize the proposed concept: 1) the removal of the ground plane between two
collinear antennas and a serésiniform corrugations are introduced at the edges of the remaining
parts to create a transition region between grounded and ungrounded regions and to form a sort of
transversal surface waveguide and 2) to partially remove the ground plane withrgitgdioal,

and closely spaced slots etched over the ground plane to offset the inductivity of the ground plane.
Simulation and measurement results on an example based on-@id2patch antennas show
reductions in the mutual coupling of around 9 dB angrovement in broadside radiation pattern

by 4 dBi.

3.1 Introduction

Mutual coupling in antenna array is attributed to two substantial effects.

1) Space Waves: When two antennas are in close vicinity (order of a quarter wavelength or
less) in the Hplane, ths mutual coupling is mostly related to néetd effects.

2) Surface Waves: In a highermittivity material with a larger distance (order of a -half
wavelength or more) especially over theplane, the contribution of surface waves in
mutual coupling outwighs the neafield effects. Some papers in this connecii®d-98]

employed lowpermittivity materials in which antennas either ararged in close vicinity
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in the Hplane or operate at a very low frequency. In either case, the mutual coupling is
mainly governed by the near fields.

Attempts have been made for suppressing or diminishing the effect of surfacd¥2a{&5]. The
electromagnetic bandgap (EBG) technique showsat gepability to alleviate the propagation of
surface waves partially or completely in a specific direction or even in an isotropic manner. It can
be realized with either a periodically loaded substrate with drilled holes to form a honeycomb or
triangularlattice or periodically etched patterns in the ground p[@9¢ In addition, it can be
realized by periodic patches with a central metalized via that forms aliRM8urfac¢100-103].
However, the realization of aquer bandgap takes up a large area and requires substrate drilling
and perforation. A substrate perforation technique was introduced to create an effective permittivity
of dielectric slaj104]. Micromachining is another technique that is usually employed for AoC to
enhance radiation efficiency and reduce the amount of power coupled to surfacq10@ves1].

The soft and hard surface (SHS) technique, either in a trench or via hole configurationpcan als
alleviate the propagation of surface waves to some ept@@t115]. Although these techniques

are still applicable and valuable, in this letter, we present a-$oadirint, low-cost, and easto-

adopt surfacevave control technique for highmateriatbased integrated antenna array in which

no laser drilling or metallization is required.
3.2 Theory and methodologies

To characterize surfasgave modes in a dielectric slab, the wedtablished odgven mode
analysis can be applied to develop twiss# even and odd equations for TM and TE waves. A
general solution of electromagnetic (EM) analysis in a dielectric slab includes a linear combination

of both odd and even modes. However, in a grounded dielectric, due to boundary conditions, the

TE wavesonly include odd modes, while TM waves hold even m§ti&s]. [Figure3.1|shows the

dispersion diagram of surfageave modes with propagation constaiior a grounded RT/Duroid
6010 (% L 10.2 and thickness of 25 mil), which is not only used for mimicking a semiconductor
substrate but also for experimental validations in this waskindicated, the cutoff frequency of
TE1is around 39 GHz @&, N r &{); therefore, only TMmode of surface awes is excited in our
desired frequency range (BR GHz). As is well known, TM modes propagate on an inductive

surface, while TE modes require a capacitive impedance surfgoefagation. To reduce the
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Figure3.1 Normalized dispersion diagram of surface wave modes for grounded RT/Druid 6010
ZLWK WKLFNQHVV RI 3G~

surface inductance for disrupting the propagation of Tivbde, we remove the ground plane
between the two collinear antennako investigate the surface impedance of the created
ungrounded region, we evaluate the dispersion diagram of surface waves. A general and accurate
EM solution for the ungrounded dieldactslabincludesalinear combination of both odd aegen

modes of TM and TE waves. However, due to employing apéghittivity dielectric slab % (

Y?U‘i‘_ 9, the ungrounded surfaces can be considered as-IRERIGurfaces. Using this

approximate gt acceptable condition, we estimate the dispersion diagram for an ungrounded

dielectric slab as shown|Figure3.2| which includes solely even TE modes and odd TM modes.

Figure3.2 Normalized dispersion diagram of surface wave modes for ungrounded RT/Druid
ZLWK WKLFNQHVV RI 3G~

Obviously, in the desired frequanspectrum (@4, O r &, only the Tk mode propagates along
the substrateHaving employed the TEN modgFigure3.3) along with the TL theory according
to 3.1 (where, PER L 43; R, LV LOQWULQVLF LPSHGDQFH RI DIGU 1 LV F
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is free space Wavenumbe{;EU L &[i@w%g é1<e"33/‘a L &Qn[f/“,and <L 4.EF F#:sE

F¥R,Goté aJd L r&a &, we calculated the normalized surface reactand®,) of the

air-dielectric interface for both grounded and ungrounded dielectric as desciigdrne3.4|(a).

Figure3.3(a) 7(1 PRGHO IRU JURXQGHG GLHOHBMW b &r€ pibpayation KL FN Q
constants of surface waves in air and dielectric, respectively alomepthe, \4is surface

impedance of ground plane andis surface impedance of aielectric boundary. (b)TEN model
for ungrounded dielectric loaded with airpedance (g is air impedance for TE mode)

P p Ay 1Yy
o <saok Fe™ I%—théd;TT@G
TP M U
el < — CERE LU,
<I/EU | ¥ ER@”OYthéED T@G
® ? G &

We consider two scenarios for developing TEN modelHemngrounded region 1) an opemded
TL corresponding to PMC surface (ideal load), and 2) a TL loaded with air impedaneeéabn
load) as depicted jRigure3.3(b). As shown ifFigure3.4{(a), the surface impedance is capacitive

for the ideal lad (infinite load) and it becomes somewhat inductive for theides load (air

impedance) asa®§, approaches 0.1, while the grounded region is inductive over the entire range.

In both scenarios, alteration in surface impedance is pronounced betwegrouhded and
ungrounded regions. This step change in surface impedance creates a narrow discontinuity/singular
region between grounded and ungrounded parts as iIIustr@ b). The trapped TiW

and Tk surface waves on either side of this singular line create standing waves which not only
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Figure3.4 Normalized surface reactance for both grounded and ungrounded dielectric slabs with
WKLFNQHVV RI 3G~ E ODIQHWLF ILHOG GLVWULEXWLRQ IRU

lead to impedance mismatch in antennas but also increase thebations as studied|Figure

3.7|(b).

3.2.1 Ground plane with corrugated edges

%\ LQWURGXFLQJ D VHULHV RI WLQ\efR{1UMIT) ¢ sR@Ested @ WKH J

Figure3.5(a), back radiations are alleviated to a tangible extent as stufféglire3.7|(b). In this

case, surface waves will be guided to the transverse diregtaoqg irfFigure3.5(b)] through the

corrugated edgg&igure3.5(b) represents the magnetic field distribution in the corrugated ground

plane, signifying that the corrugated parts act as transversateswaeguides. According to

simulation results indicated JRigure 3.7(a), this technique with corrugation length around a
quarter guided wavelenghy HWV WR UHGXFH PXWXDO FRXSOLQJ E\ G%
3" DQG ZLGWHKEFK DUH DOV R[1RY) WerePrsRicked ey Xl FCB fabrication

process in PoRGrames Research Center.
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Figure3.5 Geometry of collinear antenna array with corrugated ground pland,4.82, .=
2.1, 13=3.2,4L=1.8,15=0.7, Le= 1.36, W= 0.2, G = 0.25, P= 0.45 (all dimensions are in
millimeter), and (b) magnetic field distribati of corrugated ground plane

3.2.2 Longitudinal Parallel Slots in Ground Plane

In some applications like reconfigurable antenna array, AiA, etc, the ground plane is also employed
as a monolithic DC conductor. Therefore, we extend the corrugation region t@aoaitel and

closelyspaced longitudinal slots (slotted and connected ground plane) between two collinear

antennagHigure 3.6{a)]. These slots abate the inductivity of the ground plane hence in the air

dielectric surface. In addition, due to the resonance length of the narrow strips and as the current
distribution eveals ir{Figure 3.6(b), each strip would act as a local radiator exited by the TMz
mode of the surface wave. Simulated scattering parameE@jreBJ a) indicate this technique

can mitigate the mutual coupling by 9 dB. In fact, proposed techniques can control excited surface

waves and make af them to the broadside radiation through slotted and corrugated regions as

investigated ifFigure3.7
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Figure3.6 (a) Geometry of collinear antenna array with slotted ground plarel2.82, l.=
28,13=1.8,4=3.2,15=1.36, W=0.2, g = 1, p= 1.2 (all dimensions are in millimeter), and
(b) current distribution on slotted ground plane

Figure3.7 (a) Simulated gparameters for antenna array with simple uniform, corrugated, and

slotted ground planes [according to dimensions mentioa) ana)],

and (b) Simulated front and back radiations for antenna with simple uniform, disjoint without
corrugation, corrugated edges, and slotted ground planes
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3.3 Planar antenna array with corrugated ground plane

To show the effectiveness of the proposed methodology in controlling of surface waves in an array
environment, we applied the corrugated edge technique in an array of 3x3 a@
and explore the mutual couplings reduction.

Figure3.8 (a) 3x3 antenna array with corrugated ground plane (b) 3x3 antenna array with simple
ground plane

We opt for this dimension since a larger array on a substrate with a high dielectric co@stant (
=10.2 and thickness of 25 mils) with including tiny corrimyas takes a large processing time and
requires large resource allocations especialthimfrequency bandn addition, in an array, first

order mutual couplings introduced by the nearest vicinities (surrounding antennas in the 3x3
antenna array) havthe most and foremost effects on the antenna performdafel22] .

Therefore, our prapsed configuration can adequately emulate an array enviror[ﬁigute3.8

andFigure3.9show a planar arrangement of nine patch antennas with both corrugated and simple

ground planes. Each antenna has been connected to a coaxial line and then excited by a wave port
in HFSS. According t|c§igure3.9 the interelement spacing between the antenna elements in both

cardinal planes are 6.5 mm corresponding to around Qirbihe resonant frequencye consider
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Figure3.9 Top view and dimensions of (a) array with a simple ground plane (b) array with a
corrugated ground plane, both with inteBrOHPHQW VSDFLQJ &1 PP a

the center antenna (antenna No. 5) as our reference, as it experiences the maximum mutual

couplings{Figure3.10/(a) and (b) indicates theeparameters of both antenna arrays. As mentioned

earlier, by assigning adequate irtdement spacing (avod a half free space wavelength), rear

fields (space waves) has minor contributions to the mutual couplings. As shbwurie3.10(a),

the mutual couplings in the-plane (YoZ) corresponding to S(5,8) and S(5,2) is mainly due to
nearfield effects which are by far smaller than those of in th@age direction (XoZ) [S(®) and
S(5,4) which are indicated by broken lineSince in the Eplane direction the mutual couplings
are mainly governed by surfaeeaves and these guided waves propagate along thi@$sviigh
substrate, by increasing intelement spacings the nuail couplings in this direction experience
negligible reductions. Note that, since the Fggds are highly evanescent, by increasing iter

element spacings the corresponding mutual couplings should experience a tangible reduction.
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Figure3.10 S-parameters of (a) the array with simple ground plane and (b) the array with
corrugated ground plane withitétt OHPHQW VSDFLQJ ®1I PP a

Figure 3.10(b) shows the -parameters of the proposed corrugated ground plane. Compared to

Figure3.10(a), themaximummutual couplings have been mitigateddrpund 8.5B. While the

peak irband mutual couplings in the@ane [S(5,6) and S(5,4)] are reduced by 10 dB (which is
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consistent with the results mentioned earlier in the work) indicatengubcessful functionality of
the corrugated edges in controlling of surface waves and consequently reduction of the mutual
couplings in the array environme@n the other handhé peak iFfband mutual couplings in the

H-plane [S(5,2) and S(5,8)] are remad unchanged while the mutual couplings corresponding to

the center frequency |lRigure3.10(b) (corrugated ground plane) are increased by around 4 dB as

compared to those of|figure3.10(a) (simple ground plane) which is mainly due tanesting of

the surface waves to the transverse direcifeax(s) by corrugated regions.

To provide further investigations, we increased the spacing between antennas (in both cardinal

planes) from 6.5 mm (~ 0.53) to 7.3 mm (~ 0.570) and the simulattsparameters are shown

in|Figure3.11{a) and (b). IfFigure3.11{a), the peak mutual coupling in the array with a simple

ground plane (which is in the-jdane direction) experienced a negligible reduction fraB154

dB to-13.8 dB as these mutual couplngre primarily due to the surfas@aves (as is expected
and explained earlier). Interestingly, mutual couplings in th@ade direction in the corrugated
ground plane @b) [S(5,8) and S(5,2) indicted by the broken lines] experienced

appreciablegeductionsof 5 dB as compared to those oE'rgure&lO b) [from-22 dB in|Figure

3.10(b) to-27 dB ir[Figure3.11(b)]. It can be explained as 1) surfagaves are more ienuated

(radiated) as they propagate longer along the corrugated regions 2) since the mutual couplings in
the Hplane are mainly governed by evanescent spaces (neafield), minor changes in inter

element spacing results in tangible reduction in @utouplings.
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Figure3.11 S-parameters of (a) the array with simple ground plane and (b) the array with
corrugated ground plane with iHédt OHPHQW VSDFLQJ BRI PP a
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3.4 Fabrication and measurements

To validate the analysis and the theoretical results, we fabricatedetipeemental prototypes
including antenna arrays with the uniform (as our reference), corrugated edges, and the slotted
ground planes on RT/Duroid 6010 with thickness ofis, as shown i|rFigure3.12 (a) and (b).

To control the surface waves, we added another layer of RT/Duroid 5880 substrate with low

relative permittivity of 2.2 and thickness of 20 mils and extended it to install théaench
connectors. Microstrip lines in the bottom layer (RT/Duroid 5880) were connected to the patch

antennas on the top layer through metallic pins with diameter of 15 mils.

Figure3.12(a) Top and (b) bottom view of substrates and an assembled prototype equipped with
two Endlaunch connectors (inset) and (c) comparison between measperdrSeters

Experimental results jRigure3.12(c) show a reduction of 8 dB and @B in mutual coupling in

the antennas with the slotted and corrugated ground planes, respeEiyalg3.13 displays the

normalized radiation patterns for the three fabricated antennas. Compared to the antenna with a
uniform ground plane, both the corrugated edges$ slatted ground planes show significant
improvements in broadside radiation by 4 dBi since the radiation pattern in a simple uniform
ground plane has a maximum-a5°. Furthermore, the antenna with uniform ground plane shows

a null at-30° which is dimimshed in the slotted antenna and almost disappears in the corrugated
ground planes. This null is formed by the diffraction of the guided surface waves from the truncated
edges of the ground plane and its destructive interactions with the radiated spesatveaspecific

angle.
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Figure3.13 Measured normalized-Blane radiation patterns of three prototypes

3.5 Conclusion

We proposed a compact, and etsyealize technique for controlling surfag&aves in a grounded
dielectric of large relative permittivity. In this research, we investigated the effect of alteration
surface impedance by removing the ground plane betweenahiennas and disrupting the
propagation of surfaeaves. This methodology, related to an example based on two 25 GHz
patch antennas, alleviates mutual coupling by around 9 dB and improves broadside gain by 4 dBi.
The presented technique outperforms pthethodologies in terms of the combined advantages of
small footprint, low profile, and concurrent appreciable improvement in both mutual coupling and
radiation pattern. Considering all the abewentioned advantages on a higlsubstrate, we

believe it @n be easily applied to the design scenarios of an integrated antenna array.
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CHAPTER 4 ARTICLE 3: EXTREMELY LOW -PROFILE PERIODIC
2-D LEAKY -WAVE ANTENNA: AN OPTIMAL SOLUTION FOR
ANTENNA -FRONTEND INTEGRATION

AmirhosseinAskarian JianpingYao, Zhenguo Lu, and Ke Wu

Published in théEEE Transactions on Antennas and Propagatiasl. 70, no. 9, pp. 7798812,
April 25,2022.

In this chapter w investigate and present a very {pwfile, highefficiency, and higkgain 2D
leaky-wave antenna (2DLWAimplemented on a high permittivity substrate operating in the
millimeter-wave range, paving the way for the seamless integration of aghighand high
efficiency antenna with a frontend. In contrast to the typicaffiled 2DLWA, where a
perturbationof the first higherorder mode (THETM1) results in highly directed broadside
radiation, inthe proposed antenna, the propagation and leakage of aliMsQ-TEM) mode
results in an extremely loprofile (0.0650), high-gain (~15 dBi) antenna. In this scenario, the
transverse resonance condition for aTEM mode is established by employing a capacitive
partially reflective surface (PRS) in a thin substrate with a relative permittivity of 10.2. The
proposed periodi2DLWA, unlike the conventional uniform/quasniform airfilled counterparts,
radiates based on th& L FUspace harmonic operation. Dueatcstrong mutual interaction
between the PRS and ground plane, conventional design and analysis approachesraer no |
relevant in this lowprofile architecture. Instead, we employ the Floquet modal expansion theory
to create an equivalent circuit model (ECM) for the PRS that takes into account the contributions
and mutual interactions of the Floquet harmonics akasehe ground plane effect. By employing
reflecting boundaries realized with edge truncation (air trenches) in a high permittivity substrate,

we show that the aperture efficiency is enhanced by 15% as compared to conventional counterpart.
4.1 Introduction

The seamless integration of an antenna with a -adt is of significant importance in the
realization of higkefficient and low foofrint transceivers in millimeter wave (mmWw) and
terahertz (THz) analog RadaverFiber (AROF) systems. In upcoming ARaslstems, electro

optic modulator (EoM) and photodiode (PD) in an optoelectronic transceiver are basically
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implemented on a high permittivity material (e.g., SiGe, GaAs, InP, etc.) with eventual
heterogenous structured layers which introduces fundamemtédésiin the design and integration

of antennas with a frontend. Fig. 1 describes a generalized block diagram for-edg@méRoF
frontends [opteelectronic integrated circuits (OEICS)], in which electrical mmW/THz signal is
generated by an efficient dewy of two highquality optical signals coming out of quantum dot
lasers (QDL) and, mixed in a HD23, 124][9]. The use of a power amplifier generally introduces

nontlinear behavior andoss into transceiver, inevitably increasing power consumption and

complexity. Therefore, it is removed from the ARoF frontends, as shogure 4.1| Laser

diodes, on the other hand, are set to operate at relatively low power; therefore, it is anticipated that
adopting a higtgain and higkefficiency antenna becomes critical in this design to meet the desired
link budget in a mmW/THz ARoF wirelessik [124],[125].

Figure4.1 General block diagram of an ARoF system

A highly original integrated circuiéntenna approach studied and dastrated iff89] can improve

the performance and efficiency of an OEIC frontend by eliminating piara$iects and extra

losses caused by bond wires and matching networks. Furthermore, this technique requires less real
estate in an ochip transceiver. Therefore, as the next step towards creating an efficient frontend,
achieving a low footprint, higigan (high aperture efficiency), and leprofile antenna on a high
permittivity substrate becomes crucial. As a result, the work reported here is focused on developing
a low-profile, compact, higigain, and higkefficiency antenna on a high permittivity strase to

fulfil the criteria of an OEl@based frontend in a ARoF system. A common approach to readizing

high-gain antenna is to create a massive planar antenna array. However, implementing such a
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massive antenna array at mmW and THz frequencies on @dghttivity substrate is deemed to

create several significant problems, making it extremely difficult in practice. High confinement of
electromagnetic (EM) fields in a substrate, which is set to reduce antenna efficiency and to generate
slab or surfacevaves, tightly coupling of antennas through excited surface waves, and excessive
radiation loss in feeding lines, etc., are some of the headache issues that severely degrade antenna
performances. Some strategies for achieving a-gagh and higkefficiency antenna array by
suppressing surface waves and mutual couplings have been deV@d®&d Although these
approaches are still practical, they have the potential to increase system complexity and cost, as

well as to make antearintegration cumbersome and complex.

Another intriguing option, namely the 2D leakyave antenna (2DLWA) (also known as the Fabry

Perot Cavity antenna (FPCA), EBG resonator, and resonant cavity antennas) has been extensively
explored in recent yeaf$25],[29, 30, 57, 126.44][31, 145147] [57, 148175]. This highgain

antenna can generate a pencil beam using a simple structure which makes it a promising alternative
for the conventional planar antenna array in mmW and THz frequencies. Basically, its radiation
mechanism is based on the propagatiod lealage of the THTM1 waves in a cavity realized by

a ground plane and a capacitive/inductive PRS or #ayléar superstrateThis cavity can be
efficiently activated by a single slot (in mmW and microwave) or multiples slots etched on the
ground plane (at 6GHz) or a dipole antenna (for-and) aligned in the middle of the cavity,
respectively, where magnetic and electric fields are maximum. Although this antenna exhibits some
advantages over the other types of higin antennas, it typically suffers fronvd fundamental

issues: 1) higiprofile structure due to the use of "/BVi: modes which requires a large separation
between the ground plane and PRS (cavity height) to satisfy the transverse resonance condition,
which is a limiting factor in integrated cirits (ICs) design; and 2) typically low aperture efficiency

which makes the antenna bulky and large.

Typically, the cavity height in a 2DLWA without the PRS loading effects is estimated as a half
wavelengthD L r &v&,23%[30]. Considering the susceptance of the PRS, however, this height is
evaluated aDL :r &8, o3 s E 3% 2e$:[30] (where $is the normalized susceptance of the
PRS tothe air admittande As is evident for a capacitive PR$ (P 1), the required height will

be larger than a half wavelength while for an inductive PRSJ r) with a large susceptance (a
high gain antenna is realized by a large valudp[9, 30), the cavity height approaches a half

wavelength. Note that the typical and practical value $fis estimated with $L
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G¥ :SE¥M;% egei®F:sF3M:%;msF ggi®;, where gg;is the magnitude of the PRS
reflection coefficien{145]. Basically, a higkgain antenna requiresg i P0.9, which results in
$ P Ey[138, 145] Therefore, the cavity height in a conventional 2DLWA using a substrate with

Y; L srdwith a capacitive PR evaluated aD P r & z3,

In this work, we show that by employing a lprofile capacitive PRS, whosesceptance is in a
specific range (according to the developed equations and graphs in 4eftion a substrate of a

large relative permittivity, a Q EM mode can be excited which results in a very-powfile and
high-gain 2DLWA. Fullwave simulationgn sectiord.3 areset to validate the results obtained by

the theory presented in sectid2 Generally, in this lowprofile 2DLWA, the ground plane has a
strong mutual interaction with a metallic PRS; therefore, conventional design and analysis
methodology based on the evaluation of the reflection coefficient of a suspended PRS (in which
the graund plane is removed in a waell and two ports are assigned at the top and bottom) cannot
be applied. To address this issue, we developed a hybrid methodology based on the modal
expansion of Floquet harmonics and fwkve analysis to evaluate the eguent circuit model
(ECM). In this methodology, the mutual coupling between the PRS and ground plane as well as
mutual interactions between Floquet harmonics are consideredwdudl simulations and
analytical model of the radiation pattern in secdoBverify the accuracy of the proposed ECM.
Looking at the literature, the aperture efficiency in these antennas was reported as[185B2%

and 10~20%[153] with an inductive PRS, up to 65% with a capacitive HRE3, 145]and up to

86% by a multilayer transverse permittivity gradient fR%5]. Although the latter type can
provide a larger aperture efficiency, in this paper we focus on a low profile metallic PRS which

can be used without airgap for OEIC application.

To address this issue, we show that thedation of a PRS printed on a substrate with a large

relative permittivity creates a reflecting boundary. An analytical model of the radiation pattern is
HPSOR\HG LQ ZKLFK HIIHFWV RI ERXQGDULHVY UHIOHFWLRQ
contributions of edge reflections to aperture efficiency. The analytical model is then validated by
full-wave simulation results in sectigh3 7RWDO ERXQGDULHVY UHIOHFWLRQV
proper choice of antenna dimensions (studied by parametric s)aBarametric analysis shows

that these reflecting boundaries can improve the aperture efficiency up to 15% as compared to a

conventional aHfilled counterpart. The rest of tlehaptens organized as follows. Isection4.2,
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we discuss the fundamentddeory of the capacitive PRS on a substrate with large relative
permittivity. We also discuss the development of an ECM based on the EMafud! simulator

and Floguet modal expansion theorysdation4.3, an 2DLWA is designed on Rogers RT/Duriod
6010 baed on the developed theory presentedetion4.2, and then dispersion diagrams are
calculated. Having used the dispersion curves, we present aleakyanalysis for the antennas

in this section. To select the proper design parameters, a paramaiygsais presented. Bection

4.4, an airfilled 2DLWA is designed, and its aperture efficiency is compared with that of in the

proposed antenn&inally, simulated, and measured results are presented and discussed.

4.2 Theory and background
4.2.1 Capacitive PRS m a high-permittivity substrate

A metallic parallelplate waveguide (PPW) filled with a dielectric with large relative permittivity
can be considered as a closed waveguide realized by-lIRBICateral walls in which the
fundamental propagating mode (TEM mode) is a slow wavézrA®! Reference source not f
ound. illustrates, the reflection coefficient of the lateral walls f§rR s rdis larger than 0.5
implying that at least half thgower is reflected from the lateral boundaries. To satisfy the single
mode propagation conditions of the fundamental mode, higfger modes including TETM1

modes should be in the eoff frequency range.

Figure4.2 Normalized height and reflection coefficient of lateral walls in a dielettibeded
parallel plate waveguide operating in the fundamental mode (TEM) with respect to the relative
permittivity of substrate
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Therefore, the propagation constant &fL ¥ %G F :&eD;° should be imaginary, which
corresponds tor O 3% Ded, O rdvand the hatched region Error! Reference source not f

ound.. This area describes a region where only a TEM mode propagates in a closed PPW with
PMC-like lateral walls. In this case, by introducing periodic perturbations in the top plate (i.e.,
PRS), a 2DLWA is realized in which the propagatand leakage of a quaBEM(Q-TEM) wave

result in a high gain antenna.

The periodicity and types of perturbations, determine the susceptance of the PRS. To evaluate

susceptance of the PRS, a walbwn transverse equivalent network (TEN) is employed as shown

in|Figure4.3| In this case, a transverse resonance (TR) condifion= € .5 E ;x3a0L r[157]

is satisfied when$ RL ... — f3n¥ t €Dr&,;, whereB is the susceptance of the PR8s wave
impedance in the dielectrib;is cavity height; andg, is freespace wavelength. For a capacitive
PRS ($ P r) the argument of theotanfunction should either be in the first or third quadrant.
Considering the singimode propagation condition in a PPW a0 34 De§, Orav and
practical realization of a 2DLWA with a capacitive PRS, a TR condition f0EEQI mode could
be held when the cap#éige PRS and PPW simultaneously satigfyt] and 4.2). It should be noted
that, in an inductive PRS witB O r, the argument of eotanfunction in the TR equation should
be either in the second or fourth quadrant resulting in a higher profile 2DLWpazethto that of

with a capacitive PRS.
o~ D i}
resO¥Y,;1§4 Ordw 'V,

rO$ROs vd;

Having considered (4.1) and (4.2), we can develop a set of design curves for different v&lizes of

,which can be employed for antenna design, as presented [kégerne4.4] As is welkknown in

the 2DLWA theory, large values of normalized PRSceptance $ result in a higkgain antenna
[29], [30]. According to (4.2) one can readily find th&t}, L $ O /%; therefore, a dielectric
filled cavity with a large dielectric constant not only results in apoefile but also a high gain

antenna can be realized.
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Figure4.3 TEN model of a single layer 2DLWA

Figure4.4 Relative permittivity with respect to normalized height in a 2DLWA for different
values of PRS susceptance

4.2.2 Equivalent Circuit M odel (ECM) of PRS

The standard design technique for a uniform/quagorm PRS is based on evaluating the
reflection coefficient of a suspended PRS in a -geit with PEC and PMC boundary
condition$125] , [29]. However, due to the use of a high permittivity and also a relatively thin
substrate in the proposed antenna, the ground plane should be included in the simulated model to
incorporate the mutual interaction betweenrietallic PRS and the ground plane appropriately.

A typical analytical design technique based on the Bloch analysis, which ignores the mutual
interaction between space harmonics, is thought to provide erroneous findings, particularly in the
case of a highgrmittivity substrate and mmW regime. However, in this part, we intend to develop

a hybrid design process based on-wdive simulation (HFSS) and the development of an ECM
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using the Floquet modal expansion the@ ure4.5(a) depicts the proposed ECM developed for

a typical unitcell, which include a PRS over the grounded dielectric with periodic boundary

conditions|Figure4.5(b)] [171] , [172]. In this model, according to the Floquet modal expansion

theory, <{f/ga 4is the input impedance of the ugi¢ll for TEh mode (fundamental Floquet harmonic

for TE mode) which is evaluated with the & at the aiPRS interface in the ungell, as

exemplified in[Figure 4.5(b) and described analytically i%.8). It is worth mentioning that

employing either Tk or TMoo mode as incident waves in a normal direction leads to identical

results.

Figure4.5 (a) Equivalent circuit model of a PRS with Floquet modal expansion (b) with a
corresponding typical unitell and its equivalent TL model

(4.3)

In (4.3), Li‘:i{“and legE are the modal admittance seen ®Y; 5 and 6 / 5 s modes, respectively, at
the airtlielectric boundary;6, ; is the transformer turn ratio (TTR); arfé}%is input modal
admittance of the grounded dielectric slab. These parameters weréy etegeribed inf171] ,

[172] , and therefore for the sake of brevity, we will not elaborate on them in this paper. It should

be noted thatﬁjfﬁn Figure4.5(a) indicates mode conversiofhe only unknown parameters in
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(4.3) are I'gEand 6 7(TTRs). Analytical equations based on the Fourier transformation of surface
currents are developed[ih71], [172] to evaluate TTRs at low frequency and on a dielectric with
low relative permittivity. Notably, the lat generally cannot be applied in a dielectric with large
relative permittivity in mmW ranges. Therefore, \aen at calculating "gE and E‘%{Z“ over
frequency band of interest through afwkve simulation conducted by the HFSSB/ rearrangig

(4.3), one can readily find(@4).

(4.4)

(4.5)

(4.6)

The matrix representation o4.4) is shown in4.5) which is suitable for numerical programing.
To evaluate th& matrix as mentioned i(5) and 4 .4), we calculate<ff/g 4and $f13£“by HFSS and
analytical equations mentioned[tv1], [172], respectively at each frequency point. Notably for
the benefit of simplicity in our calculations, we considefad L sin this model Equation 4.5)
can be considered as a 3D matrix Wthages correspondinig N frequency points, where a total
of 2N Floquet harmonics (correspondingmm pairs) are applied for both TM and TE modes. Note
that, considering only a few Floquet harmonics leads to an accurate[1é3Ult[170]. Finally,

the TTR matrix representing the contribution of each Floquet harmonic in the ECM is obtained
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using @.6) in the desired frequency range. Having evaluated the TTR matrix, one can readily
calculate the circuit parameters of the PRS correspondithg toput impedance/admittance seen
from the AB terminal inFigure 4.6|and as described by.7). Note that the Floquet harmonics

correspond to Tlwand TMyhave been removed in this ECM, since these radiative modes generate

realvalue impedances in the ECM which do not contribute to the susceptance of the PRS. In the

next section, we will apply this methodology for evaluating the ECM of a capaei®

Figure4.6 ECM for evaluation of PRS susceptance

4.7)

4.3 Antenna design and analysis

In this section, we aim at designitwo 2DLWAs realized by a typical capacitive PRS in which a
Q-TEM wave is responsible for generating high directive broadside beams. Following that, a
leakywave analysis is presented to confirm the propagatioAld) mode and findings in section

4.2 To investigate the effects of edge reflections on aperture efficiency, an analytical model is
provided and validated using HFSS. To begin with, we consider two different possible scenarios

for PRSwithS LL r&gwand S LL rd, corresponding to periodicity. L w&ll andL L
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v || , respectively, on Rogers RT/duroid 6010 Wighl srd and P =J U rértuat 26 GHz,

as exemplified ifFigure4.7| Generally, periodicity is chosen so that the antenna operatewin a

grating lobe regimet the resonant frequency (a half free space wavelefigtt) Although this
methodology can be extended to a broad range of capacitive PRS (e.g., dagBdneve utilize

square patches on a grounded dielectric slab as a proof of concept. A capacitise®RAonly
achieved by a periodical repetition of metallic patdB8$ The PRS has been extended up to only

a few unitcells (three unitcells in this design) to ensure that someaiated EM powr remain

at the truncated edges to be reflected, as this technique enhances the aperture efficiency of the
2DLWA. This is scrutinized by analytical equation and parametric analysis in this section. Now,
we use the analytical set of equations developadadation4.2(A) as the starting point for design,

then a fulwave analysis by HFSS is employed to optimize and validate the results.

According to (4.1), the normalized cavity height for exciting-aEM mode in a 2DLWA with a
capacitive PRS on a dielectridth Y4 L s rdis evaluated a®xed, O r &y ZThis limit can be found
readily inError! Reference source not foundat the intersection point of two labeled broken lines ¢

orresponding toYs L srd f et Dod, Ordwesy, Considering this range along withg L

srd in|Figure4.4| the optimal normalized susceptance for the PRS is found mab® $ RO

s( is the wave impedance in dielectric) correspondinggdow O$ O za ye . Starting with a
substrate thickness within the range %8, O r & y zas the initial value, we optimize the substrate
thickness for both antennas with LL rfand S L L r& wsing H-SS at 26 GHz to obtain the

maximum directivity at the broadside as showfigure4.8

It is worthwhile stressing that, the maximum normalized substrate thickness is limited to around
Dad, N rdy zpreventing the antenna from propagating higbreler modes, which should be
consicered in the optimization proceduiihe calculated optimum thickness is evaluated arbund

= 0.754 mm corresponding tBed, L ra x vat 26 GHz for both antennas. Evaluated broadside
directivities of the antennas are 15.74 and 12.17 dBi correspondigltd. rgand S LL r&w
respectively. Further analyses and validations of propagating mode are accomplished by a leaky

wave analysis presented in thext subsection.



66

Figure4.7 Proposed 2DLWA with dimensions of P=4.8 m& (L r§) and P =5.7 mm
(SLLryww=43mm,L=19.7 mm

Figure4.8 Simulated directivities (with linear scales) of the proposed antennas corresponding to
SLLrdandS LLr§w

4.3.1 Leaky-wave analysis of antenna

Leaky wave analysis is presented in this subsection to evaluate the obtained results and validate

the proposed theory. Moreover, this analysis offers a physical insight into the antenna operation.

To this end, the susceptance of PRSs were evaluated pyoiesed ECM for botts L L r& w

and S L L r{ andthe results are presentg

€igure4.9

In the model, we consider a total number

of 30 Floquet hamonics for both TM and TE modes. According to the proposed analytical

evaluations in sectiof.2along with prior subsection, the optimum susceptance of PRS at 26 GHz
should be in the range ofivw O$ O z& yi 5 8As shown irtFigure4.9 the susceptance of the
PRSwithS LL r§is $ N z&l5 which is in the optimum range while this is not the case for
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S LL r&with $ N séave . Therefore, one can infer th& L L rd results in an optimum
design satisfying the TR condition.

Figure4.9 Evaluated PRS susceptance of the proposed antenna by ECM for two vaudslof
rgandS LL rgw;eeil Peg)

This antenna & L L rg) also presents a higher directiviby a fullwave simulation (HFSS)

compared to that o5 L L r& was shown ifFigure 4.8 To evaluate phase and attenuation

constant, the TR techniqus applied to the TEN model shownRigure4.3| for both antennas

according t04.8).

(4.8)

where,Yo is air admittanceB is susceptance of PRBjs cavity height;G L ¥ 4G F :UF F (f

is propagation constant in normal directioragds irfFigure4.3), andko is free space wavenumber.

Dispersion curves (fod L Fsspace harmonic) along with realized gains (evaluated by HFSS)

for both antennas are shownlkiigure 4.10| At 26 GHz, the antenna witB L L r§ shows a

smaller attenuation constant and a larger realized gaf (@ $ By t § @ ®E conpared to the

antenna withS L L r & wwith realized gain ofs t@ $ Eherefore, we select an antenna with

S L L rdinthe rest of this paper as the optimum design. Note tffagure4.10|peakgain for

S L L r§occurs at the frequency correspondindto® Uwhich is due to edge reflectiofis45]
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[163-165] while in S L L r& wpeak gain is very close to tHg L Ucondition, as this antenna

has a larger attenuation constant consequently; edge reflections are diminished.

Figure4.10 Evaluated dispersion curves by (8) along with realized gain calculated by HFSS for
both valuesofS LL r§andS LL r&w

To provide a further investigation about the propagation and radiation fEMn the cavity,

Figure4.11{compares evaluated dispersion curves of the antennas with those of the fundamental

mode of a PPW (TEM mode) and pkhode of surface waves in a grounded dielectric slab (GDS)
for both J L Fsé&f «1J L rof space harmonicdotably in the fast wave region (FWR), the
DOQWHQQDVY GLVSHUVLRQ GLDJUDPVY FDQ EH HVWLPDWHG DV L

around 26 GHz (corresponding space harmonics are quite similar around 26 GHz).

As perturbations (corresponding to the attenuation constants shéwguie4.10) are diminished

with frequency, the dispersion curves of antenngpraach more TEM mode curves.
Consequently, in both antennas, radiations are due td theF sspace harmonics of a-TEM,

as these space harmonics are in the FWR around 26 GHz. Surface waves, however, do not
contribute to the radiations as their dispamsiturves are quite divergent from those of the antenna

in the FWR around 26 GHZ0 validate the ECI\@:ompares the input susceptance of

the unitcell obtained by a fullvave simulation §/%; L E1=0 <%;in the unit cell ifFigure4.5(b)],

with that calculated in (4.9) according to its equivalent TL mode|faire4.5(b)]:
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Figure4.11 Evaluated dispersion curves (Brillouin diagram) of fundamental modlés 1) and
J L Fsspace harmonics of the proposed antennas for two values 8f (a). r§ and (b)
S L L r& walong with dispersion curves of fundamental modks& (r) and J L Fsspace
harmonics of both TEM mode of a PPW and TMO mode of the surface wave in a GDS

$UAL EI=GLEFFI% KRGD; (4.9)

where, ; 1%, L BL%,is PRS admittance evaluated by Ecrx{ﬁilgure4.9 1% Goflg, GL

¥Y% @G F :UF F tfin which Uand Uare transverse phase and attenuation constants, respectively
according tfigure4.10 h is the substrate thickness. Note that, radiation, ohmic and substrate

losses in a unit cell are negligible; therefore, the input admitta;m% 0f a unitcell is primarily

dictated by its susceptance pa@{f@. A good agreement between HFSS, and TL model results
verifies accuracy of the evaluated ECM, and transverse propagation constant.



70

Figure4.12 A Comparison between input susceptance of the unit ¢Elgure4.5(b) obtained
by a fullwave simulation (HFSS) and TL model forbdthLL rgvend S L L r§

4.3.2 Analytical model for antenna

The farfield radiation pattern of an infinitelgxtended 2DLWA was accurately modeled by either
the Fourier transformation of aperture field or reciprocity term along with transmission line model
[30],[29],[162]. An analytical equation was developedldb],[163, 164]for a finite but large
2DLWA in which the effects of truncated edges were considered irfi@lhradiation patternn

[165], edge reflections are also considered in a 1D uniform LWA with a small linear aperture to
describe the fafield radiation pattern which forms the basis of our model in this work. In the
proposed periodic2LWA, radiation occurs at discrete points corresponding to the air gap between
patches. Therefore, a discrete form of the equation is employed to describe aperture field
distribution €sp) and farfield radiation (corresponding to discrete form of tReurier
transformation) of the antenna according4d @) and 4.11), respectively. In these equationp,
denotes the uRIFHO OV SRV LWL RQY LSH U KR risdkvigtiahla;NDsQaBal numbers of
complete unicells;’ N :3¥% F s;2:3% E s;is reflection coefficient of a TEM/Q'EM wave at

the boundariesGp L UF FUg is free space wavenumber; and. 0 H Lrepresents total

antenna length-igure 4.13|compares the normalized patterns calculateddyilf and HFSS at

three different frequencieé.good agreement (frequency deviatiod%) is observed between the
analytical model and the fulvave simulation signifying dominant contributions of the leaky
waves in faifield radiation, although the slot etched on the ground plane may have some minor
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contributions in the radiation pattern. Moreover, it implicitly verifies the accuracy of theagx
ECM and dispersion curves.

(4.10)

(4.11)

Figure4.13 Comparison between normalized radiation patterns evaluated by the analytical model
and HFSS for the proposed 2DLWA with L L r d at three simulation frequencies of a) 26GHz
(model: 25.9 GHz), b) 26.5GHz (model: 26.35GHz), and c) 27 GHz (model : 26.9GHz)

The second term i4(10) indicates the contribution of the edge reflection coefficient in broadside
directivity and aperture efficiency according td ;L &oveé:. 0d,:5 where D is antenna
directivity at broadsidel;. is antenna length; ané, is free space wavelength. Aperture efficiency
is evaluated using(10) and 4.11)with . L triIl , L L v&ll ,and three typical normalized
leakywave propagation constants ofA'$L UF RSL r&F R4 &4 FRA & *TraiF
F & with respect to magnitude and phase of the edge reflection coefficient as s@

414 2EYLRXVO\ WKH DSHUWXUH HIILFLHQF\ LV D IXQFWLRQ RI"

by choosing a proper boundary condition. As an example,tﬁﬂ@L r&F k& if Lr(no
edgereflections or absorbing boundaries) the aperture efficiency is around 30% ~ 40% and can be

improved up to 90% by employing a reflecting boundary witNl (H herefore, in a 2DLWA by
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choosing the proper antenna length (which can control the edlggibution), the aperture
efficiency can be enhanced as investigated in the next subsection.

Figure4.14 Contour map of aperture efficiency with different values of edge reflection
coefficient for threaypical normalized leakywave poles 68$L UF R3L = r& F
Fda>rdFRAGEI@ raFR4

4.3.3 Parametric analysis of proposed 2DLWA

Figure4.15a) describes the antenna performances with respect to different lengths normalized to

free space wavelength at 26 GHz. Note that in this analysis the substrate height is fixed at 0.754
mm, ascalculated in Sectiod.3. We define a figure of merit (FOM) as the ratio of broadside
directivity over peak directivity to describe beam splitting conditions. According to this definition,
the FOM equal to one corresponds to peak directivity at the fideadnd antenna presents a single
broadside beam. In the case of a gass at the broadside, the FoM is smaller than one. A complete
beam splitting condition, manifested as a large gain loss at broadside, is defined & Faw
which directivity (realized by a power pattern calculated by HFSS) at the broadside is diminished
by 3 dBi. As shown i@ a), the apettre efficiency has two peaks aroundéz= 0.8 and

a,= 1.7 without gain loss at the broadside as indicated Ky L s Then at. §,> 2.4, the

antenna experiences a beam splitting condition. Since the aperture siz&=at0.8 is much
smaller han that at. &,= 1.7, likewise, the corresponding directivity and realized gain are much
lesser than those of at 8= 1.7. In the case of &= 0.8, due to a small aperture size, radiation
from the slot in ground plane dominates lgmsky-wave radiation as the antenna has a substantially
lower realized gain than &= 1.7. The optimum length for the antenna is then selected at

a= 1.7 corresponding to three complete to@tls at 26 GHz.
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Figure4.15 Parametric analysis of the proposed 2DLWA for various values of (a) normalized
cavity length and (b) normalized cavity height at 26GHz

At this length, the aperture efficiency of the antenna is F@¥her investigatiomeveals that the
field is attenuated at the edges by a factor of ot ;&' , N £ § " FU. ot ; whereEs is the field
LQWHQVLW\ DW WKH /D&\dlsl @i g EndthiQanihiforniiaicem L WA [29].
Since in the proposed periodic 2DLWA radiation occurs at discrete points, in this equdtion

0 HL whereN is a total number of complete wuiells; L L vé&l | is periodicity; and. = 60.1

Np/m(Figure4.10lat 26 GHz forS L L r§) is the attenuation constant. In this antenna at the

operating frequencyhe field ratio is 0.65 which corresponds to a 0.42 power ratio. This signifies
edge contibWLRQV LQ DQWHQQD VLQFH Rl WKH SRZHU DW DQW
parametric study of the antenna height (with a fixed substrate lengthdef 1.7) at 26 GHz, in

Figure4.15(b), indicates that the optimum cavity height is aroldN r & x vé, which suggests a

very low-profile antenna and verifies findings in sectidB. As discussed in the introduction, a
typical cavity height in a conventional substrfiled 2DLWA [operates based on first higher
order mode (TETM1)] with ¥4 L srdis aromd D L r& Z5,. This offers a higiprofile antenna

with a substrate around three times thicker than in the proposed 2DLWA. As the FoM indicates,
the antenna has a splitted beam B, R rdy t. It can be attributed to the propagation of higher
order modesaccording to sectiod.3 in which the propagation of the higheider mode is

estimated atbed, Rrdyz
4.4 Conventional air-filled 2DLWA

For the sake of a fair comparison, we developed and analyzed a conventidiiataimiform
2DLWA based on thélesign procedure ¢i.25], [145] . A capacitive PRS printed on a 20 mils
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Rogers RT/duroid 5880 dielectric is separatethftbe ground plane with a 5.8 mm air gap. The
antenna operates based on the propagation of the first higher mode of a PPW. An opening etched
on the ground plane efficiently excites thei/llBM1 modes in the cavit{B0]. Antenna parameters

have been calculated and optimized to achieve the maximum realized gain at the broadside. The

dispersion diagrans evaluated by TR technigy&45] and shown ifFigure 4.16|along with

realized gain obtained by a fwllave simulation.

Figure4.16 Evaluated dispersion curve for the developediled 2DLWA along with realized
gain calculated by HFSS

4.4.1 Parametric analysis of airfilled 2DLWA

The antenna performance has been scrutinized with parametric analysis of the length and height as

illustratedin|Figure4.17| A beam splitting condition (based on the defined FoM) occurs at L
W&, as shown 1rI>Figure4.17 a). The estimated beam splitting condition is consistent with analytical

results if145] as indicated here with a triangular curve. The aperture efficiency generally has a
declining trend and reach 64% at maximum antenna gain arouddL u&, which is consistent

with the 65% aperture efficiency mentioned14b],[138]. Parametric analysis for the antenna

height inFigure 4.17(b) clearly shows that resonance condition occurB @; L r&as is the

case for the conventional diled 2DLWA. The defined FoM indicates that below &, L r&v
the antenna experierg@ beam splitting condition (a conical bef80],[29]). The presented
parametric analyses reveal that the aperture efficiency in the proposed 2DLWA on a high

permittivity substrate is enhanced by 15% as compared to conventiefiddcicounterpartThis
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Figure4.17 Parametric analysis of the developedfilied 2DLWA for various values of (a)
normalized length and (b) normalized height at 26GHz

attributes to employing edge reflections in the proposed antenna which can be readily realized by
etching airslots around the PRS printed on a high permittivity substrate.

4.5 Simulation and measurement results

Antennas have been completely designed with optimum dimensions and feeding lines based on the
parametric analysis as illustrated in deta|iFigure4.18 To eliminate the spurious effects of the
feeding line on radiation behavior and excitation of surface waves, we take advantage of the SIW

to realize a completely isolated antenna from tleelifeg network. The SIWs are implemented on
Rogers RT/duroid 5880 with a thickness of 20 mils for both antennas to reduce loss and achieve
mechanical stability for the fabrication process and measurement. A narrow aperture is etched at
the end of the shoreSIWs (where magnetic field is maximum) to ensure that cavities are excited
efficiently. We use a lowcost standard printecircuit board (PCB) process in our PgBrames
Research Center for fabrication of the ante@(a) illustrates the fabricated proposed
2DLWA on Rogers RT/duroid 6010 with a relative permittivity of 10.2 along with the SIW feeding

line. According to the parametric agals of the proposed antenna, a substrate with a thickness of
0.754 mm results in a peak gain of 15 dBi.

However, this thickness is not in the range of commercial substrates provided by the Rogers
corporation.nstead, we use a stack of three 10 mils layers which were tightly pressed and glued

using epoxy to synthesize a unified substrate with the desired thickness and uniform connections
between layers. In this antenna, substrates are extended enough beyaptdritm size of the

PRS to ensure that a negligible amount of epoxy glue leaks into the cavity. This extended area
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separated by airench/slot walls from the cavity to realize reflecting boundgfegure 4.19(b)

provides a snapshot of the fabricated conventiondiligid 2DLWA. The capacitive PRS is printed

on Rogers RT/duroid 5880 with a thickness of 20 mils and separated from the SIWBoyia 5.

air gap (~o/2), realized with a ROHACELL foam. The PRS layer, foam, and the SIW layer were
glued and then pressed. The high density (71Rgfoam was deployed to provide a sufficient
mechanical strength during the fabrication process as weddage fabrication tolerances. To
mitigate loss and parasitic effects introduced by the foam inside the cavity, a large air hole is etched
inside the foam. Then, the foam was extended beyond the PRS to reduce leakage of the epoxy glue

inside the cavity.

Figure4.18 Geometric and dimensions of (a) the proposed 2DLWA witis £ 18.6, Wsiw =
4.8, Wepw= 1.9, Lcpw=6.5, k=40, Lc =20, W=4.3,P=48,Ws =1,Ls =2, and (bjilked
FPCA with Lprs= 41.5, Wsiw = 4.8, Wepw= 1.9, Lcpw= 6.5, k=50, h = 5.8, Ws = 0.25, Ls =
8.5,Wc=10.8,Lc=7.2,P=4.2, and V8.8 (All dimensions are in millimeter)
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Figure4.19 Top and bottom views of (a) the proposed and (bfilled 2DLWA

4.5.1 Simulated and measured results of the proposed 2DLWA

Reflection coefficients of both antennas were measured by Keysight network analyzer (PNA

N5247B)|Figure4.20jcompares the measured and simulated reflection coefficient of the 2DLWA

on a high permittivity substrate. Some discrepancies are observed between simulation and
measurement results which ahee to fabrication tolerances and can be explained by sweeping the

slot length [Lsin[Figure4.18(a)] etched at the end of the shorted SIWe simuéted fractional

impedance bandwidth85 9 4Q t ; corresponding to 4= 2 mm is around 5.3% while, due to 0.5
mm inaccuracy in slot length in the fabricated prototype, the measured fractional impedance
bandwidth for ls= 2.5mm is about 2.2%.
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Figure4.20 Simulated and measured reflection coefficient of the proposed 2DLWA [Ls is the
length of aperture etched on the ground plane according to Fig. 18(a)]

It denotes the seitiwity of impedance matching to the slot length which should be carefully
considered in antenffeontend integration. Simulated radiation and aperture efficiency of the
2DLWA at 26 GHz are 96% and 79% (up to 80% around 26.1 GHz), respectively as dbligtrat

Figure 4.21f Note that the antenna experiences a slight frequency shift as compared to the

parametric analysis which is due to introducing the feeding line. Broadside radiation efficiency is

also plottedn|Figure4.21hich is defined as the ratio of broadside gain over broadside directivity

[125] . As plotted, the broadside radiation efficiency in the proposed antenna is about 89% at
26GHz.



79

Figure4.21 Simulated total, aperture, and broadside efficiencies of the proposed 2DLWA

The antenna’s radiation patterns were measured in owGPalyes Research Center's-fiatd

anechoic chamber, and the results are detailed below. The antenna under test (AT) in

measurement setup receives a radiated EM power from a transmitter, which is a mmW horn

antenna. To evaluate the gain of the AUT, a standard gain horn (SGH) antennrisll (NSI

technologies Model: MIL2A-26) was employe

Figure4.22

andg

Figure4.23

compares simulated

and measured ecand crossolarization radiationpatterns of the proposed antenna. Some

discrepancies are observed between both data sets ifplaadeof cepolarization pattern which

can be attributed to diffractions from the dadnch connector during measurement as studied in

Figure4.22

Figure4.22 Normalized simulated and measuredpmdarization radiation pattern of the proposed
2DLWA with and without connector effects including adhesive withil2 thickness
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Figure4.23 Simulated and measured crgxsdarization radiation patterns of the proposed
2DLWA with connector effects including adhesive with 2mils thickness

Measured and simulated broadsi

de realized gain along with aperture efficiency in the frequency

range of 287 GHz are plotted i

Figure 4.24] A reasonable agreement is observed between

simulation and experimental results. The minor discrepandkes @ ¥ i realized gain around

the operating frequency (26 GHz) are mostly duéatwication tolerance in slot length fjLas

estimated ifFigure4.20| The measured and simulated peak realized gain is around 14.45 dBi and

15 dBi,respectively. As indicated|ffigure4.24 the measured aperture efficiency properly follows

the simulated result with a reasonable agreement.

Figure4.24 Simulated results

and expmental validations of realized gain and aperture

efficiency of the proposed 2DLWA

4.5.2 Simulated and measured results of a#filled 2DLWA

As shown i4Figure4.25 measured reflection coefficient is in proper agreement with simulated

results in aHfilled 2DLWA. |Figure 4.26|illustrates simulated and measured radiation patterns in




both E and Hplanes of this antenna at 26 GHz. As studied by parametric analysggine4.26
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some disagreements between experimental and simulation results are due to minor deviations in

cavity height realized by foam as justified for both principal planes. Simulated aperture efficiency
s around 60% at 26 GHz while it has a peak of 65% around 25.68 TaitH.
radiation efficiency and broadside radiation efficiency are 86%93%, respectivelyt is worth

in

Figure 4.27

mentioning that the simulated broadside realized gain in this antenna is 20 dBi.

Figure4.25 Simulated and measured reflection coefficient of thdileed 2DLWA

Figure4.26 Normalized simulated and measured radiation patterns of tfidlemir2DLWA at

26GHz.[hs is the cavity height as indiead in

Figure4.18|

b)]
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Figure4.27 Simulated aperture, total, and broadside efficiencies in tHédleit 2DLWA
4.5.3 Comparisontable

To highlight the advantages of the proposed 2DLWA, a comparison table is provided as tabulated

in

Table 4.1} It demonstrates that the proposed antenna outperforms other published counterparts

judging from the combination of antenna profilegepre efficiency, and cavity footprint, for OEIC
applications. Although the proposed antenna provadiesver impedance and pattern bandwidth
than certain aifilled counterparts due to the use of a substrate with a high relative permittvity (
=10.2),it is still a viable candidatir antennéront integration.

4.6 Conclusion

An extremely lowprofile, low-footprint and highly efficient mmW 2DLWA on high permittivity
substrate has been presented and analyzed completely. A design methodology was dewtloped
investigated based on employing a capacitive PRS on a high permittivity substrate for the first time.
Then a leakywave analysis was presented based on the proposed ECM awd\alkimulation

to support the theory. It has been shown that the prdpag#Hta QTEM mode in a 2DLWA with

a capacitive PRS, implemented on a high permittivity substrate, leads togamghighefficient,
compact, and lovprofile antenna. Owing to wave reflections at truncated edges of the limited
extend PRS on a high peittivity substrate, the aperture efficiency was improved up to 15% as

compared to the developed conventional counterpart with a capacitive PRS. We believe that our
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proposed 2DLWA, together with the methodology outlined, sheds light on the realizatioiglef a

gain and higkefficient antenna for emerging highly integrated ARwSed systems

Table4.1 Comparison of the proposed and reference antennas

Antenna Peak 3
. Peak gain | Impedanc | Gain BW Cavity _ Freq.
Ref. profile Aperture (dBi) BW (%) 9%)? ) Cavity type
i e 0 0 : 1 3
9t | erficiensy 66) Footprint ( A) (GH2)
[125] 0.5 18~35 15.6 7.8 4.29 21.34 (4.62x4.62) 63
[134] 0.81 51 16.6 16.7 ; 6 (3x2) 9.9
[138] 0.5 65 20.07 4.7 - 18.1 (4.25x4.25) 8.5
[139] 0.254 26.2 16 115 3.6 12.11 (3.48x3.48) | Rectangular, 60
[145] 0.51 65 20 - 2.88 13.47 (3.67x3.67) air filled 10.5
[153] | >0.4 10~20 13.6 - 25.6 10.0(3.17x3.17) 61.4
[146] 0.2 19.21 12.77 58.1 34.8 & 46 7.84 (2.8x2.8) 8.5
[174] 0.96 27.82 21 13.4 2.92 36 (6x6) 12
[175] 1.29 86 20.2 47.2 57 11.15 Circular, air filled | 14.5
Rectangular,
This Meas.: ~78.7 | Meas.: ~14.45| Meas.: ~ 2.2| Meas.: 4.83 ) L
0.065 2.9 (1.71x1.71) | dielectric filled, 26.1
work Sim.: 80 Sim.: 15 Sim.:53 | Sim.:4.9
p=10.2)

L oLV FDOFXODWHG DW WKH DQWHQQDYV SHDN SHUIRUPDQFH
2: 3dBi variations is considered in bandwidth calculation.
8 JUHTXHQF\ RI DQWHQQDYVY SHDN SHUIRUPDQFH
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CHAPTER 5 DUAL-BAND APERTURE-SHARED ANTENNA
ARRAY WITH LARGE FREQUENCY RATIO

In this chapter, we aim to develop two dbahd antenna elements operating in two different
frequency bands with large frequency ratios (greater than three) which can be applied to the
development of dugband gratingobe-free antenna arrays. The first technique is based on stacking
different antennas operating in sélsHz and Kaband in a multilayer structure while the second
technique uses the first and third resonance frequerfcéeslat antenna, which are coupled to the
three metallic strips at the top layer, to generate assaled radiation pattern. This antenna
operates in Xand Kaband in which a selfcalable radiation pattern suppresses the grating lobe

in the uppeifrequency band

5.1 Sub-6 GHz and Ka-band aperture-sharedantennas

The integration of microwave and mmW systems can be arranged in two distinctive scenarios. On

one hand, crowded spectrums available in the RF/microwave band make it highly useful for energy
harvesting purposes in addition to the wedtablished communicationné other wireless
applications. On the other hand, attainable broad bandwidth in the mmW regime is also preferable

for broadband data communication and sensing functions. Therefore, the concurrent use of both
mmW andRF/microwave frequency bands openp new horizons toward the realisation of

multiple wireless functions within the same transceiver design platform such as energy harvesting

and high data rate communication for forthcoming batesg wireless sensor networks (WSN)

and loToriented systempl76]. 'HVLJQLQJ FRPSDIFO\G RRZKBRWHWILFLHQW DQ
IRU VLPXOWDQHRXWHDQ @& IFRR@ ERQUERDENEVREE: EDQGYV LV QRW D \
VLQFH PDLQWDLQLQJ D SHORPW®\W &/ SIDAHFN ULG RQW G BMPAMAR DY
D XvVXDOO\ UHVWULFWHG GHVLJQ VSDFH ZLWK VXFK D ODUJI
GHYHORSPHQWY 7R RYHUKRRP HWBHRKKH DWEUIHRQ A SEH KQ V
SURSRVHG DV D SURPEBEVLQIMPHY KWRIGRROQIKIW KL WIWRIF KWR.Z XH
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UHDOL]DEOH JDLQ DQG O Hize $herSdéxperin®@ EoHcdp-an®e& dpflied kh either
single layer or multlayer architecture. However, the former type doesaifgr an optimum
strategy because of improper isolation and insufficient mutual coupling control between antenna
blocks especially working in mmWands Strictly speaking, surface wave and radiation loss in
mmW feeding networks are two inevitable issueser&fore, a reasonable isolation is highly
desired for suppressing any mutual coupling witm@rray in question.

5.1.1 Antenna structure and specifications

In this subsection, a mulkayer architecture is proposed achieve a highevel of isolation,
integration and gain. To this end, more effort and special care should be inegtld superior

results compared to the case of a siigjer architecture. Several factors are involved for selecting
adequate radiating elements such as easy fabricaticawizablon diversity, reasonable filling
factor in array design and ease of integration with active circGibnsidering all the above
mentioned criteria, we consider patch antenna in this work as a radiating element of choice for both

operating bands evehough other topologies can be considered.

Figureb.1 Specifications and main dimensions of the proposed multiktenna

A unit cell of the proposed duland antenna comprising off@ur-layer stacked architecture is

shown inFigure5.1jandFigure5.2|. A perforated rectangular patch antenna resonates at 3.7GHz,

which is fed through a proximity coupling mechanism at the bottommost layer. In order to increase
both bandwidth and gain, a capacitivhaded square loop antenna located in the topmost layer is

stacked with the perforated antenna, leading to the formation of a relativelgdirghnd
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Figure5.2 Details of the proposed multilayer ditznd antenna, W= 4.5, L1=16, Wo= 0.5,

W3=3, Ls=21, W =0.5, L, =12, Ws = 1.5, s = 29.8, W= 1.63, ls = 33, W, = 1.2, Ly = 3.85,
Wg=0.75, ls = 6, Wo = 0.4, Ly = 3.52 (all dimensions are in millimetres)

broadband radiator. In this case, the mmW antenna array comprising of 3x3 square patches are
located underneath the s6bGHz antennalo achieve wider bandwidth and good isolation, an
aperturecoupled feeding is applied to the mmW antenna, consistimgiabstripfed tiny slits
etched on the ground plane aligned to the middle part of the patch antennas (where magnetic field
becomes maximum), resulting in the maximum coupling and better impedance bandwidth. In the
proposed foutayer architecture, certaiparameters like perforation ratio, air gap and substrate
thickness are set to play prominent rolesfiectingantenna performansavhich deserve much
attention and design consideration. Air gap betweer6sGlbiz and mmW antennas has eminent
effects on atenna functionality, namely 1) reducing mutual coupling between mmW patch
antennas; 2) controlling power coupled to surface waves in the upper layer; and 3) controlling
bandwidth and coupled power to sGliGHz antenna fed bg proximity coupling. To allelate
destructive effects of surface wavasdto have reasonable bandwidth, substrate at the topmost
layer is preferred. Therefore, Rogers RT/Duriod 5880 is used in this case. A further improvement
in mmW efficiency and radiation is made by opting thin pedorated substrate in the third layer.
It is worth mentioning that the perforation causes additional decrease in permittivity thus helping

to suppress the surface wave
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7KH IDEULFDWHG:igSrEJE.?\IBWPQRPQ\/L\@UDWHV WKH PXOWL OD\HU
VLPXODWLRQ a *+] DQG PHDVXUHPHQW a *+] DOQ
*+] DQG PHDVXUHPHQW a  ssimddtedDa@oWndaBuPed ré&sults D\ D

are summarized jn Table 5.1. Figllre 5.4 and Figure 5.5 show the simulated and nreéisatexh

reflectioncoefficients and radiation patterns in both bands. The proposed antenna shows 13.3 dBi

and 8.35 dBi realized gains in Ka-band and S-band, respectively.

Figure5.3 Front and backside of the fabricated antenna

Figure5.4 Simulated and measured reflection coefficients in botb&ad (with various slot
ZLGWX #EQgure5.2) and Shand

Table5.1 Main parameters of the proposed antenna

Frequency 3.7 GHz 28 GHz
Imp. bandwidth (sim.) (?’_3;_7'\gHo/§) (5'128%”(;) )
Imp. bandwidth (meas.) (?_55_'23";;)) (f'zlfgf/o )
Realized gain (meas.) 8.35 dBi 13.3 dBi
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Figure5.5 . Simulated and measured radiation patterns in-@grfsl and (b) Kdoand (Eplane in
left side and Hplane in right side)

5.2 X-band and Ka-band aperture-shared antenna with seHscalable pattern

As mentioned earlier, the frequency ratio of a ¢haald antenna array is primarily limited by the
appearing grating loba the uppeifrequency band which degrades the antenna array performance.
In the previous section, an architecture based on stackiegedt antennas was proposed and
prototyped, however, due to the complex antenna structure, it magermtitable for deep
integration of the antenna with active circuits. In this sectimmwyever,a simple dualayer slot
antenna with a seBcalable adiation pattern is investigated and elaborated in which the grating
lobe is suppressed Bgueezinghe radiation pattern in the uppeequency bandrhanks to simple
structure of the proposed antenna, it can be employed in afftentend integration ekign

scenarios.
5.2.1 Fundamentals of seHscalable radiation pattern

Total radiation patterns of a 1x10 uniform antenna array with awzalélength inteelement

spacing for fouantennalemens with theradiationpatternf ¥2? K Q @ K Q & K% é&and ? K&
at the resonance frequency géfe depicted ‘Eigure5.6 a). Asit is shown, as the element pattern
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is more directive (i.ecos( ) function with a larger power), the total array pattern, which is scanned
to the broadside, has smaller sldbe levels As frequency increases, electrical iréégment

spacing is increased and the antenna array is prone to appearing grasngdatewn ifFigure

5.6|(b), a full grating lobe appeared in tagay factorof the array antenna at 3.prounda L

XV.

Figure5.6 (a) Total pattern (i.e., array factor and element patternsyIfd Liniform array with a

half-wavelength inteelement spacing along with the element patterns for four types of radiation

patterns at resonance frequencyodb) array factor of this arragt 3.5¢<fo , and (c) the total array
pattern of the array at 3k

However, a illustrated irﬁFigureSﬁ c), as the directivity of thantenna element in the array is

increased, the gratiFigbe levelis morereducedn the corresponding total radiation pattefhis

technique can be used for suppressing the grating lobe in-bahlantenna array with a large
frequency ratio which ishe key idea of the developed dirnd antenna element inethext
SUbVHFWLRQ ,Q WKLV WHFKQ-WPOD DA KU DG LHDWICRHG SOW®VIH U
grating lobe is suppressed by squeezing the radiation pattern in theneppency band

5.2.2 Dual-band slot antenna with a large frequency ratio

Slot antenna has been deployed as a fictitious magnetic dipole ferokiwand lowprofile
applications. Multiband and broadband slot antenna have been extensively studied in literatures.
In[177], an ultrawideband slot antenna was designed based on mutipde resonance (MMR)
scheme. A novel microstrfed slot antenna was proposed[178] for broadband applications
using double rejection zeros. Broadband cabagked dumbbekhape slot antenna was propas

and studied il 79]. Fictitious short circuit technique was usedli0] for developing a broadband
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slot antenna. However, the maximum attainable frequency ratio in the-at@mt®ned antennas

for dualband operation is mesebne octave which is definitely not sufficient for future multi
functional systems. Developing a compact mbi#thd phase array antenna for simultaneous
wireless operations in both communication linkage and radar sensing including synthetic aperture
radar (SAR), shorrange (SRR)/longange automotive radar (LRR) is strongly desired in
forthcoming integrated RF/wireless systems. Integration of triple dlaasl been realized by a
sharedaperture conceg62]. And also, the integration of right/lefftanded (CRLH) transmission

lines into Bowetie antenna as a LC filter for dubhnd operation was proposed[181]. A 2x2

dual band antenna array with ometave frequency ratio based on stepedance filter was
developed irf182] while it suffers from the compkity of both feeding network and structure.

this subsection, we aim to develop a do@ahd slot antenna element operating tbhatd and Ka

band with a frequency ratio of around three, based on using the first and third resonance frequencies
of a slot,in which grating lobe is suppressed in theliéand using the seffcalable radiation pattern
technique.

As shown inFigure 5.7| the proposed antenna consists of a-Walelength slit etched on the

ground plane fed by a-shape microstrip line. The use of a very narrow slot ensures that 1) dipoles
and slot are couptewith each other through magnetic field; and 2) back radiation is considerably

reduced.The Ushape feeding network impedes the excitation of the second resonance mode of

magnetic fieldand slot has aevensymmetrical excitation as shown|kigure 5.8| At the first

resonanceHigureb.8(a)], a larger parasitic halfave dipole is coupled to the slot and presents two

fundamental effects: 1) uniformity of field distribution through coupling to magnetic field and 2)
decreasingFRQWULEXWLRQ RI VORWY{fV HGJHV WR UDGLDWLRQ FRC(

well as increasing realizable gaiAt the third resonancgF[gure 5.8(c)], however,two half

wavelength short dipoles placed close to nodal points of magnetic field are effectively coupled to
the slot andconstruct a parallel dipole array which resultsnicreasing gain by shrinking pattern
(self-scalable concept) fosuppressing grating lobes and reducing mutual coupling.worth
mentioning that the two edge dipoles cannot couple properly at the first mode since their lengths

are smaller than the resonasleagth at this frequency. As shown|kingure 5.8(b), the second

mode is suppressed by U-shape feeding network as the two symmetric branches of the feeding

network are close to
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Figure5.7 Geometry of the twdayer proposed antenna, £ 8.42 mm, L=2.8 mm, Iz =2.25

mm, Wi =

the nodal

0.2 mm, W=0.4 mm, W =5 mm, (b)fabricated prototype using Rogers 5880 with
thickness of 20 mils in both layers

of the magnetic field in this mode a result, due to even symmetry of both feeding

network and the magnetic field, this mode is effectively suppressed.

Figure5.8 Approximate nagneticfield distributions of the proposed duadnd antenna at the (a)

Figure5.9

first mode (b) second mode, and (c) third mode

shows the crossection vews of the magnetic field in the first and the third resonance

modes.n the first mode, due to resonance of the-halfelength slot, strong magnetic fields are

observed at both ends of the slot. However, due to magnetic coupling of the slot to tdargeo

parasitic dipole at the top layer, magnetic field becomes uniform over the slot antenna. This

technigue also increases the directivity and, as a result;térdnatck ratio (F/B) of the antenna.

Note that

, two short dipoles create local short discaver the slot in this mode. In the third

resonance mode, magnetic couplings to the small dipoles are strong while a weak coupling is

observed

to the large middle dipole. Therefore, in this mode, two small dipoles, as an array of two

parallel dipols, dgnificantly contribute to the radiation pattern and increase the broadside
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directivity. In this case, a se#icalable radiation pattern is realized at the third mode since the
radiation pattern of this mode is more directive than in the first modewdirik noting that in this
mode, two branches of thedhape feed line (found on the backside of small dipoles) at the bottom

layer have reflective effects that increase F/B of the antenna.

Figure5.9 Operation principle of the proposed dina@nd antenna in the first and third modes
along with crosssection views of the magnetic field distributions and surface currents on the
parasitic dipoles

Simulated radiation pattern of the antenna at the third mode is further expldétigaina5.10/by

theantenna array theory. As showfHigure5.10{(a), the simulated radiation pattern by HFSS can

be approximated by th@ K8 Note that, as shown|figure5.6{c) the element pattern &f Ké@

shows a proper ability for grating lobe suppression as frequency is increased by a factor of 3.5. As
shown ir{FigureS.lO b), the radiation pattern of the antenna in the third mivdaipper band) can

be obtained by the theory of antenna array using only contributions of the three dipoles which
indicates the mechanism of radiation irstmode Weighting factors of "1", "1", and "0.5" were
applied in the analytical model derived from the atteory for edges and center dipoles,
respectively.
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Figure5.10 (a) Comparison between the simulated radiation pattern by HFS3 Kfd
function, as welbs ) radiation pattern of array of parallel dipoles (the proposed antenna)

5.2.3 Experimental results anddiscussion

Radiation patterns were measured in an aned@mber of our PolsramesResearchCenter
and reflection coefficients were measured using Keysight N5224B as depigftegline 5.11,

Figure5.12| andFigure5.13

Figure5.11 Simulated and measured reflection coefficients of the proposed antenna with
different values of slot length {lin|Figure5.7(a)] in (a) Xband and (b) Kdand
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Figure5.12 Broadband measurement of the reflection coefficient showing ebdnal operating
of the proposed antenna

The deflection in Eplane of the Xband antenna is caused by diffractions from thelandch

connector since at this frequency electrical distamteden antenna and connector is lesser than

that of Kaband|Table5.2[summarized the measured radiation parameters of the proposed antenna
in both frequency bands.

Figure5.13 Simulated and measured radiatfmatterns of the proposed antenna in ()axd and
(b) Kaband for both Eplane (left side) and dlane (right side)
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Table5.2 Measured radiation parameters of the proposed antenna in batid Xaband

Antenna Realized gain | X-pol [dB] | F/B [dB] HPBW(E-plane) | HPBW(H-plane)
parameters [dBi] [Deg] [Beg]

X-band 4.3 <-34.5 ~2 77 80
Ka-Band 8.5 <-30 ~7.5 72 40

5.2.4 Linear array design

A threeelement linear array is developed and analyzed to evaluate the antenna performance in

arrayandvalidation of grating lobe suppression in-Kand according

Bigureb.14

Figure5.14 (a) Linear array of three developed dbahd antennas

a).

7KH DQWHQQDV DUH DU y(DeQitdrHiozedter\Vas thz Riepm@inly radiates from
LWV FHQWH i thekakrourh irband wavelength in the-Band. In this case, the inter

element spacing between the small dipoles (as the antennas mainly radiate from the small dipoles)

are aound 0.78 on in the Kaband. According tgrigure5.14{b), maximum mutual couplings in
X-band is-14 dB while this value is29 dB at the Kéand. Sinulated radiation Fplane patterns
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of the antenna array is showrjfigure5.15 The suppressed grating lobe in-Band is evident

around 50° which is around 12 dB below the main radition lobe at broadside. It is worth noting
that, the impedance bandwidths of the andsraredecreasedue tothe mutual couplings and it

can be enhanced by using muitode resonace concepis3].

Figure5.15 Radiation pattern of the linear array antenna in betiaXd and Kéand
5.3 Conclusion

In this chapterwe investigated two different antenna techniques for realizinglwaral antenna

arrays operating in two frequency bands with large frequency ratios. Fitstjtacell of five

layered duaband antenna operating in both €ulBbHz and Kaband has been gposed, studied

and demonstrated.ow gain and limited bandwidth of the perforated patch antenna has been
compensated by introducing a stacked capaciticgyged square loop antenna. Loaded
capacitance and inductance of the loop antenna have introdocaddaional resonance, thus
enhancing impedance bandwidth. Moreover, this coupled antenna system has improved a realizable
gain in sub6 GHz radiation. Subsequently self-scalable pattern concept is proposed and
demonstratedo suppress grating lobeén multi-band antenna array exhibiting a large frequency
ratio. This concept is realized by introducing parasitic dipoles in slot antenna, which constructs an
array with parallel dipoles for shrinking pattern and removing grating lobe in upper frequency band

Theoretical and experimental results are presented to validate the proposed techniques.
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CHAPTER 6 ARTICLE 4: LEAKY -WAVE RADIATING
SURFACE ON HETEROGENEOUS HIGH -
MATERIAL FOR MONOLITHIC ANTENNA -

FRONTEND INTEGRATION

Amirhossein Askarian]ianping Yao, Zhenguo Lu, and Ke Wu

Published inJournal of applied physiosl. 133, no.7January 282023.

In a highly integrated analog radawerfiber transceiver, seande integration of the antenna

frontend is crucial as an antenna is generally implemented ona hBDPWHULDO ZKLFK LV
KLJKO\ GHJUDGH WKH DQWHQQDYV SHUIRUPDQFH 7KLV ZRUN
improvement of a planar leakyave atenna with an inductive partially reflecting surface (PRS)
onahigh VXEVWUDWH IRU GHYHORSPHQW RI D KLJKO\ GLUHFWL"
a thin and singlenode resonance (SMR) inductive PRS onhigit DWHULDOV L@ale SODQDL
antenna is set to provoke two resonance frequencies (i.e., PRS and cavity resonances) to converge,
thereby diminishing the antenna's broadside directivity. By applying an equivalent circuit model
(ECM), we explain how a muiinode resonance (MMR) PRS can adsgly be applied to address

the underlying challenges. Subsequently, the leekye radiation behavior of an antenna with a
heterogeneous substrate is investigated and analytical equations are derived and verified with a
full-wave simulation. The effectd material permittivity and thickness in a heterogenecaisty

antenna on leakwave performance are investigated using these approximate yet aanoatg

equations. To justify the findings, two 9x9 planar leakgve antennas are prototyped on
heterogeeous substrates based on SMR and MMR PRS and the radiatifommances are
compared. Our investigations reveal that in the proposed scenario, an MMR PRS can significantly
HQKDQFH WKH DQWHQQDYV EURDGVLGH GLUHKR\W@LYGN¢), E\ RYH
which is also set to improve radiation pattern compared to a-B&4Rd antenna. Finally, a single

fed duatband aperturshared antenna with a large frequency ratihd8d and Kéand) is

developed and fabricated on a highV X E V W U briihE peopogdd GIMR PRS.
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6.1 Introduction

The emergingdemand for higkspeed, efficient, and lowost millimeter (mmW) wireless
communications is enticing antenna and RF circuit researchers and practitioners to design and
develop appealing technicsblutions in terms of efficiency, cost, and overall performance. The
well-established analog radaverfiber (ARoF) technology, which has been arogimte 1983

[184, 185], is a viable approach to establishing hp#rformance and broadband wireless
connectivity with low expenditure as well as simplifgi base station transceivef$86].
Microwave photonics technolodyas empowered the development of different ARoF architecture
including low footprint and efficient broadband or mulnblafiberwireless systemp, 20, 124,

187]. In a transceiver based on microwave photonics technology, RF signal generation, filtering,
mixing, and phsaeshifting are all handled in a highly efficient optical processor, which not only
substantiates the degree of integration but also dramatically reduces the complexity, costs, and
losses in the frorend. To preserve a high integration level and alsditadrete parasitic effects

and losses associated with bonding wires, a seamless integration of an antenna array with a
photodiode is essential. Since high permittivity materials such as SiGe, InP, etc. are usually adopted
to design a photodiode, the anteatfrontend integration inevitably encounters major hurdles for
achieving broadband, highly efficient, and high gain radiations. Naturally, a highly directive and
power efficient antenna array is required in transceiver to compensate for the overalltmopaga
loss in an mmW fibewireless communication. In addition, a cieaind antenna array with a high
frequency ratio is necessary to exptbé microwave (MW) and mmW spectrums' potential
advantages in ordén establish both a highly reliable (givepw MW signal) and broadband
(offered by mmW signal) wireless connectivith},[92].

As suggested by the conceptual block diagram of alwhrad ARoOF system based on microwave

photonic inFigure6.1| a multrwavelength quantum dot laser diode (MYDLD) is adopted in a

central station to generate four higgsolution optical signals oc@sponding to<a; &8 8&; &g =

Two RF signals are then modulated on the optical signals through an optical modulator. Four
optical signals are set to beat on a photodiode at the access point to generate both MW and mmWwW
RF signals for duaband communicatins. Therefore, a dubland antennaona high VXEVWUDWH L
intended for seamless integration with a photodiode in the transckivibis work, we aim to

develop a duaband with large frequency ratio and higain antenna on a highmaterial for a
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dualband AROF wireless system, as conceptually illustratgelgare 6.1{ Since this antenna is

integrated with an MMAQDLD in an opbelectronic integrated circuit (OEIC), it should generally

fulfil three major criteria, namely 1) the antenna should have a highly directive radiation beam
while it occupies a small real estate and has a low profile structure; 2) to facilitate antenna
integration with the MWQDLD through the OEIC fabrication process, the antenna should have a
simple structure that also allows surface waves to be effectively suppressed or diminished without

adding excessive complexity to the system and; 3) with refergikeguiee6.1| for integration with

an MW-QDL, antenna should be able to operate on both frequency bands through a single feed

line (singlefed duatbandantenna).

Figure6.1 General block diagram of a typical dieind AROF system

A review of recent publication®2],[188],[189],[33],[190] indicates a growing research interest
in developing duaband antennas having a large frequency rafiowever, low permittivity
substrates have been used in those antenna strieisittnis common practice enables an easy
generation of a high efficiency radiation while restricting the antenna arrays from seamlessly
integrating with active circuits. Considering the special requirement of a hmglbstrate
integration in this work, @ will address both challenges namely 1) creating an antenna on a high
substrate with improved radiation performances, and 2) devising a-gwdgldualband, and
high-gain antenna with a large frequency ratio suitable for seamless integration witRof A
based fronend.For a variety of technical reasons, developing a conventional antenna array on a
high- substrate is exceedingly challenging. First, a coupling of antenna elements through surface
waves within a high substrate results in various dt@us consequences such as excessively
PXWXDO FRXSOLQJ SRRU UDGLDWLRQ HIILFLHQF\ DQG VWUR
edges[90],[191],[192],[193],[194],]195] . Then, a significant mismatch takes g#abetween
antenna array aperture and air, resulting in a narrowband operation and poor ritifoim
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addition, instead of yielding an adequate radiation, a tightly bounded electromagnetic (EM) wave

is formed in ahighh VXEVWUDWH GHJUDGLQJ To @idtéekse Qd3€] son&erhs, IR U P D
various strategies were studied and presented in the litef@@ifg.96],[197]. Although these

solutions are practicalnd adaptable, they may increasedbst, footprint, and complexity of the

antenna array in question, thus introducing a new set of issues and problems fearmierunta

integration.

Planar leakywave antenna, also known as a FaBgyot cavity antenna, is a suitable alternative

for convettional array antennas since a highly directive pencil beam can be easily realized with a
spartan structurg1971],[28],[29],[125],[30],[198],[165],[199],[200]. This radiating structure,
which is typically realized by two parallel metallic plafgsound plane and partially reflecting
surfacgPRS]) positioned roughly a halfvavelength apart, can be efficiently excited by a magnetic

or electric current (slot or dipole) etched on one surface or placed in between two plates,
respectively. In such antenna architecture, surface waves are eitherssgol or weakly excited

RQ WKH DQWHQQDYV DSHUWXUH GXH WR D ERXQGDU\ FRQGLW
potentially an advantage for developing a higtin antenna on a highsubstrate. Therefore, in

this paper, we intend to deploy a mda leakywave antenna with an inductive PR®] as it
enables us to effectively reuse antm@perture over two different frequency bands, due to the fact
that the real estate is a crucial factor in an integrated antenna design.

To begin with, we investigate the issue regarding the use of a conventional thinnsiatge
resonance (SMR) surface a high substrate by developing equivalent circuit model (ECM). As

the relative permittivity of the cavity increases in an antenna with an SMR PRS, the PRS becomes
more transparent, resulting in a gain loss for the antenna. Although increasing dpasucsof

the PRS (e.g., using a narrower slot in this work) could be a potential solution for some structures,
it is not always a practical and feasible solution due to fabrication process constraints and
restrictions for satisfying the cavity's resonammdition. To address this fundamental issue and to
propose a general methodology, we examine the application of thennaalé resonance (MMR)
concept for improving antenna radiation performances on a hagibstrate. We show that MMR

PRS can not onlyx this problem but also improve antenna gain bandwidth. Subsequently, a planar
leaky-wave theory is applied to explore and analyze a ddalgkred substrate integrated cavity
realizing a heterogeneous antetfirentend integration. Our investigations shitnat adding a layer

with a lower relative permittivity over the primary substrate (feeding network layer hosting active
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circuits) with a large permittivity brings up some privileges in antenna design. This method not
only makes it easier to select a propaaterial for satisfying the cavity resonance at a desired

frequency but also provides a more control over the phase and attenuation constants of leaky waves.
6.2 Theory and fundamental issue

The magnitude of reflection coefficient of PRS with respect todladive permittivity of a cavity,

which is evaluated by6(1) and ECM, is described Figure6.2[for certain values of the normalized

PRS susceptancebg ¢ i3, .1t shows the effect of a relative dielectric permittivity inside a cavity

on magnitude of PRS reflection coefficient. As depictgBigure6.2| for a practical and high

gain antenna with 'gg; P r&w[28] corresponding to $:¢i L $eeiRy P x, as the
permittivity of the dielectric inside the cavity is increased, the magnitude of PRS reflection
coefficient is diminished for each value o ¢;.This would result in a tangible gain loss in
radiation[29],[125],[30], particularly for a lower value of$g g3 . To reach a robust conclusion

about radiation behavior, the resonance condition inside the cavity should be properly considered
asthe PRS's susceptance plays a significant role in the resar@amigons inside theavity at the

desired frequencyA well-known rayoptic approach is used to calculate the desired phase of the
356 UHIOHFWLRQ FRHIILFLHQW KHUHLQIFAVHIRWHBIBIWUWIGLQY R

resonance criteria ifde the cavity for a maximum broadside radiation, as describ&®2){198].

Figure6.2 (a) Variations of magnitude of PRS reflection coefficient, evaluated in HiRSr
boundary, for some values of normalized PRS susceptance with respect to relative permittivity of
material inside the cavity, and (b) ECM of thin and Sht&ed antenna

In addition, the required height for satisfying the cavity resonance conditions with an inductive
PRS is evaluated by6@) [30]. Substituting 6.3) in (6.2), the PRS phase can be obtained

alternatively by §.4) for the fundamental resonance mode [correspondingj to r in (6.2)] in



102

the cavity. Equationg4) states the required PRS phase for fuliigithe cavity resonance condition
as a function of the magnitude of normalized PRS susceptdizgg and relative permittivity¥

It is worth noting that in a planar leakyave antenna, two resonant frequencies contribute to the
operation, notably 1davity resonance frequency, corresponding to a frequency at \et23tig.4)

are satisfied30],[198]. In other words, the cavity starts to resonate whiehElis set to satisfy
(6.2) or 6.4) or the cavity height satisfie§.8); 2) the PRS resonance frequency, corresponding to
EEI

a frequency at whichi == 'vanishes and the magnitude of reflection coefficient is also drastically

decreased (i.e., PRS becomes transparent).
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To understandhe role of relative permittivity of a substrate in the performance of a dielectric

filled planar leakywave antenna with an inductiRRS a 3-D plot of 6.4) for a wide range of

permittivity (s Q %y Q w) and normalized PRS susceptance@ $:; QwY is provided in

Figure 6.3] Evidently, in a PRS (constanf¢; L $e ¢y planes),of gg@0Y% O rdhe latter

means that the PRS phase:() should decrease to maintain the resonance condition [satisfying
6. @ DW WKH FDYLW\YV UHVRQDQW IUHTXHQF\ ZKHQ WKH SH

increases. Equivalently, as the relative permittivity is increased inside the cavity, the PRS

resonance frequency [corresponding to a frequency at whi&{lL r, c.f.|Figure 6.4{d)]

approaches the cavity resonance frequency. In this case, the magnitude of reflection coefficient

also decreases and the PRS becomes more transparent, which results in a gain loss in the antenna.
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Figure6.3 3D plot of 1 g gj[mentioned in (6.4)] with respect to variations of relative permittivity
and normalized PRS susceptance

Therefore, to avoid such a gain loss, the cavity resonance frequency should be properly adjusted
so to stay far away frote PRS resonance frequenty.validate the analytical results, the Ansys
HFSS is used to perform a fwillave analysis on a typical thin and SMR PRS. Although this
analysis is applicable to a wide range of inductive PRS, a PRS withstobsmitcells [c.f|Figure

6.4{a)] onRogers RT/duroid 6006 withs L 6.15 is used for proof of concept in this wohs
shown irtFigure6.4 a), a port is assigned at the bottom of a-uaeit

Figure6.4 (a) unitcell and top view of a crosdot SMR PRS (Ws = 0.4 mm, Ls =3.6 mm, Lu =
4.9 mm,Y; L 6.15), (b) normalized input impedance (normalized to air impedasice€c)
magnitude of reflection coefficient, and (d) phase of reflection coefficiembesslot SMR PRS

Having deembedded the dielectric thickness, we calculated the normalized input impedance along
with the magnitude and phase of reflection coefficient of the PRS in the desired frequency range
as shown ifFigure6.4{b)- (d) in which PRS and cavity resonances are also indicated. According

to|Figure 6.4{d) and the theory of planar leakyave antenna, the cavity resonance is the point at
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which two curveget coincidednamely the curve obtained b§.Z) and the phase of reflection
coefficient obtained by HFSS. At this resonant frequency, the normalized PRS susceptance is
evaluated about$::; L 5.5 by HFSS To investigate and validate the effects of relative
permittivity on the PRS performance, the normalized input impedance and magniduplease

of reflection coefficient of the PRS urgtll are examined by HFSS for three different relative

permittivity values, namely% L 2.2, 6.15, and 10.2, as showr]Rigure 6.5(a)(c). The cavity

resonance is determined 182) and 6.3) with $: ;= 5.5. The relative permittivity of the cavity

Is swept in this case, while the PRS dimensions remain unchangedthidty as the permittivity
changes, the cavity height is adjusted in accordance &&) {o maintain the cavity resonance at

the desired frequency (i.e., 27.5 GHz). As the substrate permittivity rises from 2.2 to 10.2, the PRS

resonance frequency [iructed irﬁFigureG.S a) an@Figure6.5(c)] approaches the cavity resonance
frequency (i.e., 27.5 GHz). In this case, accordir"@igmre 6.5(c), the magnitude of reflection
coefficient of PRS at cavity resonance is diminished; therefore, PRS becomes gradually transparent

at cavity resonance frequency as the substrate permittivity is increased, which generally agrees

with resuls shown ifFigure6.2

Figure6.5 (a) PRS phase evaluated by HFSS &2))((b) normalized input impedance
(normalized to air impedance), and (c) magnitude of reflection coefficient of SMR PRS for
three different values of relative permittivity (cavity resonates at 27.5 GHz as ettlimat

dashed line in these figures)

At the same time, the phase of reflection coefficienFigure 6.5(a) at cavity resonance is

decreased, implying that the PRS resonance approaches the cavity resonance, which result in a

low-gain radiation, as discussed earlier. This is consistent withe¢beytelaborated by R)-(6.4)

in this section along witkigure6.3| which introduces a fundamental challenge in the design of a

high-gain planareéakywave antenna in a highsubstrate.Note that, as expected, the impedance
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bandwidth of PRS is also decreased as the permittivity of substrate is increased. To circumvent this
scenario, an MMR PRS is proposed and investigated in the next section.

6.3 Multi-mode resonance antenna

The MMR concept was used in antenna and filter design to enhance their performances
[183],[201],[202]. In this section, an MMR PRS is designed to addrthe fundamental issue of

the SMR counterpart and to increase the directivity of a planar-lgakg antenna on a high
substrate. To construct an MMR PRS, a short etdgssle inside a square ring is printed on a
dielectric slab (Rogers RT/duroid 6006ed in this work) and placed on the top of an SMR PRS,

as illustrated ipFigure 6.3(a). TheECM of cross short dipoles and square ring can be totally

describedby a parallel RLC circuit and the ECM of the cra$st in the bottom layer is also

equivalent to a parallel RLC circuit as illustratefFigure6.3(b). A T-shaped equivalent network

between two resonant tank circuits models the EM mutual coupling between two RLC circuits.
Circuit component values are obtained with the help of Adwhbasign System (ADS) software
and mentioned i|rI=Figure 6.3(b). The Sparameters of the MMR PRS are evaluated by assigning

two ports at the top and hotn of the unicell [c.f.[Figure 6.3(a)] and deembedding the

corresponding air and dielectric spaces at the top and bottom, respectively.

Figure6.6 (a) unitcell (Ls =3.6 mmWs = 0.4 mm, Lr = 3.1 mm, Wr = 0.4 mmy £1.8 mm, Wd
=0.5mm, Lu=4.9 mm@P= 6.15), and (b) ECM of the proposed MMR PR$&5111.97 pH,
Cs=2.95 pF,R=374.62 ,C.=0.55pF, kL=293.3 pH, R=10 k ,C=1 pF,L=17.64 pH
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Figure6.7 (a) normalized input impedance (normalized to air impedagjoevaluated by full
wave simulation in HFSS and circuit model in ADS, (b) magnitude of reflection coefficient of the
MMR antenna shown |Rigure6.6

Dimensions in both slot and risdjpole layers are then optimized to create multimode resonances
over the frequency band of interest. The normalized input impedances evaluated bywhagefull
simulation in HFSS and the circuit model in ADS are depicw a), also the magnitude

of both reflection and transmission coefficients @lotted inFigure 6.7(b). With reference to

Figure6.7(b), two PRS resonance frequencies appear around 25.5 and 34 GHz corresponding to

two nulls on the curve of reflection coefficient. Between these two frequencies, the reflection
coefficient isconstant and remains around unity realizing an opaque PRS. Looking into the
impedance curve 1|’fFigure 6.7(a), the capacitive effect of the first resmce is offset by the

inductivity of the second resonance in the region between two PRS resonance frequencies and
appropriately far away from them, resulting in a frequency band with low resistance (R) and
reactance (X) values with negligible variationsep the frequency rangelherefore, PRS
susceptance can be estimated $isz; N so:$ ;. Since & :jis very small between the two
resonance frequencies, the corresponding realized suscepfindenould be large. Simulation

results show that theRS susceptanas aslarge as @éEE‘,EE N twénat 27.5 GHz, which is much

larger than that of theMiR antenna with<§LE F+L 5.5,

In this context according to the theory of planar lealave antenna, a larger value of normalized
PRS susceptanced: ¢ results in a higher antenna peak field value at broag3@jeAs a result,
MMR PRS can enhance broadside radiation since it provides a grffaterthan SMR PRSThe

cavity resonance frequency can be set in the region between two PRS resonances by appropriately
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adjusting the cavity height. In this case, accordingitre 6.2|andFigure6.3| due to the large

value of $ ¢, the magnitude and phase of the PRS reflection coefficient would experience minor
changes as the permittivity of the cavity increa$éss characteristic makes the MMR PRS suited
for achieving higkgain leakywave radiation in an antenna on a material with high relative

permittivity. Consequently, an MMR PRS provides: 1) an opaque PRS with a larger reflection

coefficient than that of SR PRS on éigh- material, as shown |Figure 6.7(b); therefore,

realized leakywave attenuation constant) (would be small (as studied in thext section) , and
as a result, broadside directivity&(R se¥), and power density at broadside are increased
according to §.5) [30], [199] 2) a larger value of §&4 E= 25.5 in comparison to the SMR
counterpartvith @E‘EF+: 5.5 on ahigh- substrate; in this case according@®}, broadside peak

field value is also increas¢80].

Figure6.8 Variations of normalized input impedance (normalized to air impedagjcef MMR
356 ZLWK UHVSHFW WR 3W’
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where ¥ f « tasare relative permittivity and permeability of material inside the cavity, &nd

UeG is normalized leakywave attenuation constant. Parametric studies are performed to

investigate MMR behaviors, as illustratedFigure 6.8|andFigure 6.9 In[Figure 6.8| the outer

edge of the square ring is swept while the inner edge remains fixed. Therefore, the width of the
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square ring at the top layer changes while the gap between the square ring adighcl®ss kept
constant. In this case, the inductivity of ggaare ring is changed while the coupling capacitance
between the crosdipole and square ring remains unchanged. As shown in the figure, the second
resonance is changed while the first resonance is almost fixed around 25.5GHz. The same results

are observe by changing the inside edge of the square ring which are not discussed here for

brevity. By altering the length of the creslet in the bottom layer as shownkigure6.9| both

resonances are swept along the frequency axis, signifying that the coupling between two resonators

circuits is changed by altering the slot length.

Figure6.9 Variations of normalized input impedance (normalized to air impedaj)cé MMR
356 ZLWK UHVSHFW WR 3/V’

6.4 Design procedure and analysis

In this section, we aim to design two antennas with SMR and MMR PRSs at 27.5 GHzlgrnel ana
them by equivalent transmission lines (TL) model to illustrate and support the theory presented and
discussed in the previous sections. In addition, this model provides a general design methodology
as well as a leakwave analysis of antenna with hetgeneous cavity, and then a fulave

simulation validates the results.
6.4.1 Antenna with heterogeneous cavity

Generally, a heterogeneous dielectric can be practically realized by a stack of several dielectric
layers having different properties such as ret¢apiermittivity, permeability, and thickness. This is
significant in AROF integrated design scenarios as materials generally employed inagéctab
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transceivers are not necessarily the same as that used in RF circuits and antennas development.
Also, it is of practical interest in planar leakyave antenna design as this technique add more
degrees of freedom in the cavity design with available commercial substrates. In this work, we
utilize a doubldayer planar leakyvave antenna in which the substrased in the feeding layer is

not the same as that used in the radiating layer. The transverse TL model of an antenna with a

doublelayer cavity is used for design and analyze as shoy#ngure6.10| Note that this model

would be more accurate when the incidence wave impinges at the same angle as the one used for
the PRS characterizatid@03] which is = 0. To mimic a practical integrated anterinantend

design scenario in a ARoF systéap, a relatively thin dielectric with a large relative permittivity
(Rogers 60, ¥;=10.2, Oy=0.635 mm) is considered for the bottom layer while a thicker substrate
with a low relative permittivity (Rogers 6006 =6.15, ; P D) is used for the top layei and

0 are selected so that the overall heighf E D) satisfiesthe resonance condition in the cavity
EI=CAj5 E;xaea L r; where;szand ;. ;s zare described in6(7) and derived based on the
network and TL theories, respectivel@ is the freespace wavenumbers L 3¥is; Js L 3¥g

;41S air admittanceC§ - t$are normalized¢tanductance and susceptance of PRS,By@ahd O

are indicated iﬁigureG.lO

Figure6.10 TL model of the planar leakywave antenna with doublayer cavity (i.e., a
heterogeneous cavity)

Note that a tweport network (characterized by admittance matrix) can describe the thick PRS
[125]. This two-port network is terminated with an air admittan¢g,(as shown iEigureG.lO
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By substituting 6.7) into the transverse resonance conditbh=C A5 E ;xzaa L I; Bis
evaluated according t6.8) and plotted iFigureG.ll or both SMR and MMR PRSs with nominal

dimensions shown i|rI>Figure 6.4| and|Figure 6.6{ respectively.As shown, B,can be estimated

around 1.5 mm at 27.5 GHz for both antennas.
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Figure6.11 & D O F X O D WHFIGurgB.10) by (6.8) versus frequency for antennas with SMR
and MMR PRSs

6.4.2 Leaky-wave analysis

The weltknown transverse resonance technique along with the theory ofrsiftedtions[204]

are employedo evaluate the leakyave attenuation and phase constants in a ddéayde cavity.

This approximate yet accuradé@ough methodology facilitates the calculations in a heterogeneous
cavity. In a special case where the ratio of relative permittivity oecliets in a doubkayer
cavity is within the specified range ofk O Yis@¥%s Q s a set of analytical equatior&q) can be

derived to evaluate the leaky wave phase and attenuation constants (a derivation is provided in

AppendixA). It should be noted that a set of transcendental equations descv|ihppeindix A

should be numerically solved for other ratios of dielectric constants. egibations ing9) are
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used to obtain the leakyave attenuation and phase constants and the results are sf{foguré

6.12] As shown, the MMRbased antenna (antenna with an MMR PRS) not only provides a

substantially lower attenuation constant (by a factor of around 35) around the cavity resonance
(27.5GHz) than lte SMR counterpart, but also the variations in attenuation constant versus
frequency in the MMRbased antenna are much smoother around the cavity resonance. This feature
may contribute to an improved broadside directivity since a larger portion of taéngdiperture

is involved and contributes to radiation.
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Figure6.12 Leaky-wave (a) attenuation and (b) phase constants of both SMR and MMR antenna

Furthermore, the phase constant in MMR antenna around the cavity resonance is notably less than
that in SMRbased antennar KLV SURYLGHYVY D VPRRWKHU SKDVH YDULDW|
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To validate the analytical results, the calculated leatye attenuation and phase constants (c.f.

Figure 6.12) are employed to calculatezgjand 1T ggjby (6.10) and 6.11). Longitudinal

propagation constanGsg L Usg E Pl 55 (z-axis shown ifFigure6.10) in each layer is obtained

by using the transverse propagation constgnt UF F)n (6.10). Then a system of equations
with two unkrown parameters Egid gg) in (6.11) is solved at each frequency to obtain
( ggd gei (where YE and TifE i3/“are described in Appendix A= 1.5 and=0.635 mm
are the thickness of layers in the cavitgE5G L Y48F A¥E® rytFFat, and
GELRG L Y {y%E (4 sFE Fary. Itis worth noting that employing either the TE or
TM leaky-wave moddeads tothe sameesults, according to the theory of planar lealgve
antenna[29],[125],[30]. The obtained g¢jand T ¢ ¢jare compared i@ with those
evaluated by HFSS for the SMR and MMR PR&good consistency between analytical and full

wave simulation results confirms the accuracy@®)( (the derivations of§(10) and 6.11) are
given in Appendix A).

Figure6.13 Magnitude and phase of reflection coefficient evaluatedsdyf and 6.11) and fult
wave simulations (HFSS) for both (a) MMR and (b) SMR antenna
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Since the fulwave simulation of a large antenna with dotlalger cavity anchigh- substrate
involvesa large amount of resource and time, an analytical modél1ig)([28],[165] is used in
this work to estimate broadside directivity for a largeathalg aperture.
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Theanalytical model is used to evaluate the antenna directivity at broadslde [« «: x& t]], for
various edge reflection coefficients, with regard to a number of unit cells, as iIIust@
6.14] which incorporates the edge reflections of a truncapetture, wherésypis aperture field,
3S° is  periodicity, G§A GYS UFFU ¥~ is antenna length, ''*L
kG V5 @ VAG Y @ U8is edge reflection coefficient for TE mod€P VL ¥G F @,

GLE8YGF :C{ Udts Gis freespace wavenumber. Generally, there are noticeable reflections

at the antenna's truncated edges thatiwgoact the directivity of the antenna, particularly in the
case of an antenna with a lower attenuation constant. It is worth noting that applying €itrer

1A (edge reflection coefficients for TE and TM leakjave modes, respectively) which
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corresponds to the 4lane and Eplane reflectioncoefficients, respectivelyesults in the same
broadside directivity125],[30].As shown irEFigure6.14 there are a significant difference in the

directivity of two antennas, particularly with P x Compared to SMRased antennas in the

MMR counterpartedge reflections have a more noticeable impact oditgetivity of the antenna.

Figure6.14 Evaluated directivity of SMR@G/5 %G, L UF R3L rgtF A &9 and MMR
ZE8G L UF RJL ra sF i aru;antennas at 27.5GHz b§.{2) with different values of

edge reflections (2 * ug i7g & weg), and fullwave simulations (HFSS). FuNave
resultsare comparable to analytical results f&*Y?  '%in both SMR and MMR PRSs

Edge reflections, however, have a negligible infleena directivity for unitcell numbers more
than 18 @ P s 2, as all corresponding curves in both MMR and SMR antennas are converging

together. The effects of height and permittivity ratio on leakye phase and attenuation constants

in the doubldayer cavity MMRbased antennas are showjkigure6.15| In this case, the height

and relative permittivity of the first layer, as well as the unit cell geometrical parameters mentioned
in Sections6.2 and6.3, areassumed to be constant, while the top layer's relative permitigty

and thicknesd) are swept, and the transverse phase and attenuation constants are calculated by
(6.9). With reference @ using a thicker substrate on the top layer (la@arD) with

a lower relative permittivity (smallefs @Yo reduces both phase and attenuation constants. It

should be noted that, to dgs an antenna with the desired leaksive parametersid) according

tolFigure6.15| the cavity resonance condition mentionediB) shouldalso be addressed to obtain

a maximum directivity.
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Figure6.15 Variations of leakywave attenuation and phase constants in the MMR antenna for
different values of relative permittivity ratio with respe@tUDWLR RI VXEVWUDWHVY Ki

6.43 (I ITHFWV Rl HGJHYV UHIOHFWLRQ FRHIILFLHQW RQ

Figure6.1 LOOXVWUDWHY D KHDWPDS RI DQWHQ @.D2y,\or®htk HFW LY L

605 DQG 005 356V ZLWK UHVSHFW WR WKH PDJQLWXGH DQG S

antenna athe resonant frequency with nominal parameters valueamd w

Figure6.16 +HDWPDS RI HYDOXDWHG DQWHQQDTV GLUHFWLYLW\ X
phase of edge reflection coefficient{*Y%or 0 L wéB L tyav o
= ™ GE0G L UFMLrytFR&tand:>; ™ GLERG L
UF L raisF Féaru
As described, peak broadside directivity in the SMR antenna correspongs g A while it

shows a minimum atgx« g S Maximum and minimum broadside directivities in the MMR

antenna correspond tgy x y ) A78and 4« H A%, respectively.
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7KLV ILIJXUH VKRZV WKDW WKH DQWHQQD GLUHFWLYLW\ LV D
YDULRXV HGJHYV UHIOHFWLRQ FRHIILFLHQW FDQ EH UHDOL]H
TL theory. This figure o illustrates that, in comparison to the SMR, the variation of directivity

in the MMR-based antenna is significantly greater when considering edge reflections.
6.4.4 Full-wave simulation of developed MMR and SMR antennas

Two 9x9 antennas based on SMR, and MMé&hcept and heterogeneous cavities are developed
and analyzed using HFSS in this subsection, and the results are comparetdw®dlargennas are
designed based on a®arrangement of unit cells on RogeT/duroid 6006 with¥% L x& von

the top layer an®oger RT/duroid 6010 withi= 10.2 on thdottom layeras their geometries are

detailed iTFigure&l?

Figure6.17 3-D and cross sectional views of two 9x9 antennas along with corresponding unit
cells with (a) SMR antenna, Lu = 4.9, Ls = 3.6, Ws = 0.5, Wp = 46.4, Wa = 60, La = 63.25, and
(b) MMR antenna, Ls = 3.6, $\= 0.4, Wp = 46.4, Wa = 60, La=63.25, Lr=3.1, Wr =0.4, Ld =

1.8, Wd = 0.5, Lu = 4.9 (all dimensions are in millimeters). In both antennas, YoZ plane is E

plane and XoZ plane is-glane

Each antenna's cavity is fed through an opening etched in the griamedand excited by a wave

port in HFSS. In both antennas, the bottom layer (Roger RT/duroid 6010) beyond the cavity area

is covered by a metallic sheet (copper cladding) and surrounded byikel\Wietallic walls to

eliminate the adverseffects of edge iffractions on radiation patterns caused by surface wave
propagation on thdottom substrate. These metallic walls (Slike walls) also inhibit the
propagation and diffraction of excited paraidhte waveguide (PPWG) mode in the bottom layer.

It is worth noting that ifFigure6.17| E WKH FHQWHU XQLWFHOOYfV GLPHQVLR

modified by about 25% to improve impedance matching at the waveporiv&d simulations
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are usedo evaluate antenna realized gain and directivity at broadside, and the results ar@ashown i

Figure6.18] The peak directivity of the MMR and SMR antennas are located at approximately

27.37 and 27.19 GHz, respectively with slight offseagf27.5 GHzObviously, an MMR antenna
shows an appreciable improvement in broadside gain and directivity by more than 4 dBi compared
to that of an SMR antenna. The peak directivity for MMR antenrlm b) is 16.1
corresponding to 12.07 dBi which agrees well with 12.25 dBi evaluated analyti¢Blfyuire6.14
with 0 L {and 2*Y% % The peak directivity of the SMR antenna is estimated as 7.5 dBi
analytically while this value is 8.15 dBi in a fullave simulation. According I@ a), the

3 dB pattern bandwidth in the MMR antenna is around 3.3% (26.75 to 27.65 GHz) while the SMR
antenna shows only 1.65% pattern bandwidth (27.1 to 27.55 GHz). The 1.65% improvement in

patern bandwidth of the MMR antenna is attributed to a smooth variation of the phase of reflection

coefficient around the cavity resonance at 27.5 GHagare6.13(a).

Figure6.18 Simulated broadside (a) gain and (b) directivity of both MMR and SMR antennas as
shown inFigure6.17

Figure6.19/compares the 4plane and Fplane radiation patterns (directivity) of SMR and MMR

antennas. As illustrated, the radiation pattern of the antenna utilizing MMR PRS improves
noticeably as compared to the SMR PRS. With referenéggtoe6.12(b) at peak directivity, in

comparison to SMR antenna witleG, L r & t, MMR antenna withUaG, L r & sprovides a
more uniform phase distribution throughout the antapeature. Furthermoyen the SMR antenna
UeG L rayt whereasthis value is aroundJeG, L rar ufor MMR antenna. These analyses
suggest that the antenna with MMR PRS should be able to prowgdeatercontrol over the

attenuation constant as well as a smoother phase fluctuation in the radiating aperture, thus leading



118

to an improved radiation behavid\ further investigation shows that the aperture field intensity is
UHGXFHG DW WKH DQWHQOQD%StVe' 8 38 E vt Dwheré Wik fielor |
LOQWHQVLW\ DW WKH DQWHQQDYV F¥ Qa¥ehuatich cohstanD @V HQ Q D 1
QRPLQDO YDORAKR IRU @ in both SMR and MMR antennas reveals

that in the SMR antenna only 4% of power meets the edges while this value is 91% for MMR

antenna. It turns out that in the SMR antenna, 90% of the pewadiated within 70% of the
DOQWHQQDYY DSHUWXUH 7KHUHIRUH WKH DQWHQQD VXUIDFH

MMR antenna is found to be larger than that in the SMR antenna.

Figure6.19 Simulated radiation pattern (directivity) of (a) MMR antenna (c.f. Fig. 17(b)) and (b)
SMR antennéc.f. |Figure6.17{(a)] in both principal planes

6.5 Dual-band antenna with large frequency ratio

The developed and studied MM#&sed antenna is used in this section to propose a-seagtieia
band antenna with a douHkeyer cavity that operates at bothb&nd (3.2GHz) and #&band

(27.5GHz) for highly integrated ARoF applications. The measurement results are then presented

to validate the fulwave simulation result&igure6.20landFigure6.21fillustrate the 3D geometry

of the proposed duddand antenna and tfebricated prototype, respectively. The overall structure
consists of three stacked layers which are glued and then pressed under a high pressure to form a
uniform connection, according to the PCB fabrication process in our@alypes Research

Center. Tle bottom layer (feeding line layer) is Rogers RT/duroid 6010 Wjth. s rd and 25

mils thickness. The middle layer and top layer are Rogers RT/duroid 6006¥withx& vand

standard thickness of 100 and 25 mils. The antenna is fed by a CPW transmission line (CPW TL)
WHUPLQDWHG DW WKH UDGLDWLQJ DSHUWXUHYV FH&HU E\ D
Ka-band, the antenna radiates as a 3x3 leakye surfice while in Sband the antenna operates as
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a large square patch antenna excited by an etched slot on the ground plane forming an aperture
coupled antenna. To accommodate an-landch connector for our measurement purposes, a
transition from an ungroundedPW TL to a microstrip line is designed to provide a proper

impedance matching condition in both frequency bands. The main architectsigbatrdtes used

in this antenna are the same abigure6.17(b), but this antenna is driven by a CPW TL. Because

of the parasitic effects of CPW TL within the cavity, a thicker substrate is required in the middle

layer compared {Bigure6.17{b) to obtain maximum directivity at 27.5 GHz.

Figure6.20 3-D and cross section views of the proposed-thaald antenna with MMR PRS
along wth corresponding dimensions (in millimeters)sM/= 69.2, lsiw =56, Ld =12, Wd =1,
Sd =2.15, Lp = 14, 4up=26.5, Lte=12, Ls = 11, Ws = 0.8, Wsc = 1.6, Wc = 0.6, £10.35,
Wms =15.2, Wm = 0.6

Figure6.21 Top and bottom views of the fabricated proposed-taald antenna
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The top surface of the bottom layer (feeder layer) is covered by a metallic sheet and surrounded by
an SIWlike wall to prevent the excitation and propagatf SW and PPWG modes. The operation

of the antenna in each frequency band is outlined in the next two subsections.
6.5.1 Radiation in S-band

Since the antenna radiates like an apetorgled patch antenna in this frequency range, the E

plane length (alonghe y-axis in|[Figure 6.20) is adjusted to be roughly a half of the guided

Wavelengthééﬂt ¥¥s, Where é&is freespace wavelength at the lower resonance frequency (3.2
GHz) and %5 L x& wThe aperture width (Ignth in the Hplane direction, along theaxis) is also

tuned to achieve the optimum impedance matching. The overall dielectric thicknesg( E

0y in|Figure6.20) should be in the range ofds O D éﬁ O r & 4205]to ensurghe antenna can

radiate properly as a patch antenna. Nlo&t, since the antenna should operate simultaneously in

both frequency bands, all dimensions should be optimized to achieve the best possible results in

both frequency bands. Two parasitic dipoles (showrigare6.20) on both sides of the radiating

aperture in the middle layer improve the impedance matching by properly coupling to the antenna

as illustrated ifFigure6.22

Figure6.22 Effects of parasitic dipoles on reflection coefficient and realized gain ofdunal
antenna in $and

The length of the parasitic dipoles is initially set aroﬁdt ¥ to excite the fundamental mode

of surface current. The dimensions of the désa@nd their distance from the antenna are optimized
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to achieve the best possible results in both bands. The optimization procedures are not discussed
in this work for the sake of brevitf¥he dfects of the surrounded metallic walls are also studiﬁi in
Figure6.23ndicating its tangible effects on impedance bandwidth of the antenna. Simulated and

measured reflection coefficients and radiation patterns in both principal planes are compared in

Figure 6.24|andFigure 6.25| respectively, which indicates a reasonable consistency between the

measurement and simulation results. Simulated and measured peak gains realized in this work are
around 6 and 5.62 dBi, respectively.

Figure6.23 Effects of SIWlike walls around the antenna on reflection coefficient-lma8d
(without (w/0) SIW wall, with (w/) SIW wall, and with SIW wall with an additional 10 mm
offset in each direction

Figure6.24 Simulated and measured reflection coefficients of the proposeddundlantenna in
S-band
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The asymmetry observed in the measured pattern alongplten€& is attributable to diffractions
from the endaunch connector durg measurements. Cross polarization levels are better3Ban

dBi in both principal planes.

Figure6.25 Simulated and measured (apkE&ne and (b) Hplane radiation patterns of the
proposed duaband antena in Sband

6.5.2 Radiation in Ka-band

As indicated briefly earlier, the antenna in this frequency band radiates as-wheakgurface, as
discusseckarlier According to the preceding section, the antenna length (length alongiie y
is initially adjusted arounoﬁﬁvt y¥sand subsequently optimized using a-fuive simulation.
The number of unit cells is determined as follows. In the ufsjpguency band (Ké&and) antenna
VKRXOG RSHUDWH LQ D 3Q[R8] iheeit¢ ®d uitBelt dimerndidn. H.el,
periodicity) should be turned around a half of fspace wavelength in the upgezquency band.

Therefore, the number of usgell is calculated as:
HWt ¥ Yol 0: & ot ; IXE U
0L &0&9¥%s

Consideringl?f L ud )*Vé&A L tydv)*V, and Y L x& wthe number of unit cells in each

principal plane isO L u With reference tgFigure 6.14| peak directivity withO L uand

2xUQ  I%g expected to be around 6 dBi for an MMR antenna and around 3.8 dBi for a SMR

antenna. The optimized dimensions of two parasitic dipolesranend t a/ééli'ayﬂ;gin the Ka

band. As such, a higher order mode of surface current&igee6.26((a) and (c)] are induced on

the parasitic dipoles at 27.5 GHz-phase induced currents across the dipoles, as shviguire

6.26(a), act as a twelement iaphase antenna array, creating coherent radiations at the broadside.
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However, in the SMR antenna, substantially smaller surface currents are induced on the dipoles,
revealing a weaker coupling between the dipoles andeakgs at the aperturdges [se|§igure

6.26(c)]. This is explained by the leakyave analysis shown|ifigure6.12(a).

Figure6.26 Current distribution on parasitic dipoles along with simulated realized gain with (w/)
and without (w/o) parasitic dipoles in the proposed-thaald antenna with {a) MMR PRS, and

(c-d) SMR PRS
A SMR antenna has a substantially higher leaky wave atienuzonstant at 27.5 GHz than an
MMR antenna. As a result, in the MMR antenna, weakly attenuatedvemkgs reach the antenna
edges, where they induce stronger surface current on the dipoles, resulting in a significant
improvement in antenna gain. In tB®R antenna, dipole contributions to radiation are negligible
due to weakly induced surface currents on the parasitic dipotpse6.26(b) and (d) illustrate

the gain profile versus frequency with and without parasitic dipoles for both MM& SMR

based antennas, respectively. Because of the minimal coupling between the dipb leaky
waves at the edges in the SNdRsed antenna, its gain is only increased by around 0.5 dBi, from
4.5 to roughly 5 dBi. The gain in the MMR, on the other hand, is roughly 5.8 dBi without dipoles
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and increased up to 11.75 dBi with parasitic tipandicating around 6 dBi improvement. The
MMR-based antenna's aperture efficiencies without and with parasitic dipoles are around 14% and

43%, respectively. Simulated and measured reflection coefficients and normalized radiation

patterns inboth princi@l planes are compared |Figure 6.27| and[Figure 6.28] respectively.

Reasonableonsistanceare observed between simulation and measurement results.

Figure6.27 Simulated and measured of reflection coefficient of the proposeébdndlantenna
in Ka-band

Figure6.28 Simulated and measured (apk&ne and (b) Hplane radiation patterns of the
proposed dudband antenna in Khand

Simulated and measured cross polarization levels in radiation pattern are bettd8td&n in
both principal planes while measuredpmarization level (realized gain) is around 9.6 dBi at the

broadsideWith reference tg-igure6.28| the Hplane pattern has a relatively high side lobe level

(SLL), which could be attributed to the following effects: 1) parasitic radiation of excited higher
order modes in the discontinuity between CPW and slot; 2) parasitic CPW TL radiation inside the
cavity and parasitic radiation from transition between CPW TL and microstrip line, and; 3)
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radiation from higheorder modes of surface currents induced on the parasitic dipoles, which
positively contribute to the antenna's radiation at a particular spagke.

6.6 Conclusion

We investigatedhe effects of increasing relative permittivity of substrate on radiation performance

in a substraténtegrated planar leakyave antenna with SMR PRS for the first time. We showed
that the cavity and PRS resonances tencherge as relative permittivity is raised. According to

the analytical studies and fwMlave simulations in this scenario, the magnitude of the PRS's
reflection coefficient on high- substrate is significantly reduced, which means a transparent PRS,
causing a directivity loss at the broadside. We proved how to adopt an MMR PRS can successfully
handle this issue and result in a significant improvement in the antenna broadside directivity and
radiation pattern. According to our studies, an MMR PRS istesgbrovide a larger PRS
susceptanceith a smooth variation over specified frequency range. Additionally, it has a lower
leaky-wave attenuation constant, thus enhancing the broadside radiations in accordance with the
planar leakywave theory. A set of ahdical equations for leakyave analysis ahe antenna
designed on a heterogeneous material were developed using the theory of small reflections. The
results were confirmed by felave simulations. Finally, we developed, evaluated, and fabricated

a clas of singlefed duatband antennas with a heterogeneous cavity that radiates in-batindS

and Kaband to shed lights on the development of an integrated antenna frontend in an ARoF

system.
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CHAPTER 7 ARTICLE 5: DUAL -WIDEBAND RADIATING
SURFACE USING INTERL EAVED ELECTRIC AND
MAGNETIC CURRENTS FOR HIGHLY INTEGRATED
MULTIFUNCTION WIRELESS SYSTEMS

Amirhossein Askarian, Pascal Buradianping YagZhenguo Lu, an&e Wu

Submitted tahe IEEE Transactions on Antennas and Propagatihme4, 2023.

Unlike popular multiband antenna array radiation based on either electric or magnetic surface
currents, the use of mutually interleaved and tightly coupled electric and magnetic currents results
in an aperturgeused spaeefficient multiband radiating stace for highly integrated antenna
frontend architecture and spatial power combining design scenarios. In this work, slot and dipole
modes corresponding to magnetic and electric currents are effectively excited and interleaved in a
surfaceto developa spae-efficient dual wideband apertushared radiating surface. In this case,

due to effective reuse of the antenna aperture over both frequency bands, the-snestare
efficiency is 100%. First of all, we devise a planar-dipole-alike antenna and analy it in both

the frequency and time domain using a circuit model as well as amuade resonance (MMR)
concept. To investigate it further, the antenna is then studied by the characteristic mode (CM)
theory and findings are validated using fwthve simiations. The developed planar Mipole

alike antenna is used to realize a dwaleband radiating surface in which electric and magnetic
currents are mutually coupled and interlaced, which is excited by properly oriented and distributed
sourcesontheartQQDTV VXUIDFH DV VXJIJHVWHG E\ WKH &0 DQDO\V/!
antenna bandwidth over both frequency bands are evaluated and elaborated usingeamughte
closedform equations derived by BodeD QR TV F WELenmiblly | RA@hly isolated dual
wideband prototype developaad fabricatedising a coseffectivemulti-layer PCB process that
operates in Kiband with respective impedance and gain bandwidth of approximately 42%, and in

Ka-band with respective impedance and gain bandwid#®%§ and 16.32%
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7.1 Introduction

Wireless technologhas made a tremendous progress during the last decades, and this has mostly
been drivenby a strong desire to cover the evmgreasing and ubiquitous needs in our-fast
evolving information societguch as higher data rate, smart connectivity, fast identification and
accurate location, etc. It has been emerging as a future technology not only for data communication,
as traditionally used to be, but alsop@sametric sensing and wireless poweringliaptions[2,

206]. This paradigm shift has definitely attracted much attention in the research and development
commuity towards multifunction frontends and systeftid, 207] The development of such
systems with high data transmission throughputs based on frequency diversity isrealéyg

feature within such highly publicized 5G/B5G (beyond 5G) and future generation wireless
communication and sensing technolodgtiorms. However, as opposed to the scenarios over
single band frontends, a successful implementation of such multifunction frontends in an efficient
integrated manner requires innovative multiband approach to dealing with technical challenges
simultaneosly over RF/microwave and millimetarave (mmW) bands. Indeed, higifficient,
high-gain, lowcomplex (guaranteeing an easy-iotegration with active circuits), and space
efficient multtband antenna solutions should be developed with unprecedented enfdéon
techniques for such future multifunction wireless systems. Ndalid antennas covering both

RF/microwave and mmW bands have extensively been studied and r¢fogaed]

For a widespread deployment of such multifunction systems, however, the selection of antenna is
principally basedn compactness. This remains a challenging problem and it is not well studied
and demonstrated in the context of the abmestioned higkefficient integrated multifunction
frontends. Therefore, in our opinion, radiation apersirared techniques present an adequate
candidate for such compact and efficient antenna developments since they make use of a common
space for the design of antennasraping over different frequency bands. Thus far, a majority of

the divulgated materials on dua@nd aperturshared antenndgd-6] were realized by stacking
antenna elements, which generally demand for a complex feeding network to excite both frequency
bands, and inherently render the integration of active circuits and af8mavery challenging

task. In[5], for example, the integration makes use of a metasurface combined with a partially
reflective surface (PRS) in a sha@gerture manner operating at theéb&d and Kaband,
respectively. The resonant mode of the metasurface is excited by a midex$sipt, and the PRS

with a pair of substrate integrated waveguide (St#d) slots forming a FabrPerot resonator
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antenna (FPRA). If6], a patch antenna array operating at 28 GHz is embedded into a perforated
lower frequency band path antenna operating at 3.5 GHz. SIW vertical power divider esructur
are used to feed the upper frequency band patch antenna array. Even though they present a dual
band mode, they still exhibit a narrow band, and it is even more challenging to simultaneously
provide wide impedance and gain bandwidth for both bands. &opE-dipole antenna
techniqueg$7, 67],[209],[79],[210],[211],[212],[213],[214] are often used to mitigate and enhance

the bandwidth issues. Indeed, they are \ketiwn fortheir broad impedance and gain bandwidth,

low crosspolarization, and high radiation/aperture efficiency. Although this type of antenna has
been studied and developed with a variety of topologies, a conventional type is basically realized
by using an orthgonal arrangement of a halfavelength dipole and a quadsavelength patch

antenna, which serve as electric and magnetic currents, respeftiely

So far, there is still a need to study a planar apediaeed MEdipole concept for the development

of multi-wideband antenna array featuring high speffieiency, simplicity, and the ability to

allow a multiband operation with high basid-band isolation without adding any complexity to

the antenna structure. In this work, the proposed-widgdband radiatingurface is thoroughly
studied and elucidated. The simulated and measured results are found to support the feasibility and
confirm its spacefficiency and frequenecgiversity based on a reused and shared physical space
while maintaining robust radiation ermances (gain, bandwidth, and isolation) and coherent

beam directions.

The key idea of the proposed concept is to use both electric and magnetic currents in an interleaving
manner in a duaband or multiband antenna array design scenario, as oppogkd tonventional

way in which radiation is mainly based on either electric or magnetic currents, resulting in-a space
and aperturgeused efficient antenna array for integrated antémumaend and spatial power
combining design scenarios. Slot and tkponodes corresponding to magnetic and electric
currents, respectively, are effectively interleaved in a planar tordevelopa highly space
efficient dual wideband antenna array, radiating from a common aperture. Due to an efficient reuse
of the antennaperture over both frequency bands, apemeused efficiency of this proposed
antenna concept is 100%. An experimentally prototyped-wigtEdband antenna exhibits a
measured peak gain of 6.83 dBi in-Kand with impedance and gain bandwidth of 41.9% and
shows a peak gain of 9.55 dBi in4and with impedance and gain bandwidth of 29%, and 16.32%,
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respectively. A radiation efficiency of 94% and 90%, is observed irbahd and Kéand,

respectively.

In section7.2, we formulate and examine a theory basethe planar MEdipole-alike antenna in

both frequency and time domain using a circuit model as well as amude resonance (MMR)

concept. For further investigation, the antenna is analyzed using characteristic mode (CM) theory.
Subsequently, a fulvave simulation is applied to validate our analysis and findingsedtion

7.3, the developed planar Miiipole-alike antenna is used to realize a dwaleband aperture

shared radiating surface in which both slot and dipole modes are interleaved andogxoitgzer

sources distributed over the radiating surface, as suggested by the CM analysis. The fundamental
constrains on antenna bandwidth over both frequency bands are also studied and evaluated using
approximate closetbrm equations formulated by Bodano criterionsection7.4 presents and
discusses the measurement results. Both simulated and measured results are shown to have a good

agreement in support of the proposed duidleband radiating surface.
7.2 Fundamentals of planar medipole antenna

In this section, the fundamentals of a planar-tMgole antenna are elaborated and studied in both
frequency and time domain using an equivalent circuit model (ECM) as well as anod#i
resonance (MMR) concept. Then, we make use of a characteristicanalysis to explain the
contributions of both dipole and slot modes (electric and magnetic currents) in connection with
theantenna radiation mechanis'@ conceptually depicts a typical planar Migpole
antenna as well as electromagnetic (EM) field distributions of the fundamental modes of slot and

dipole antennas. As suggestadthe EM field profiles of the slot and dipole antenngBigure

7.1] the perpendicular arrangement of the slot and dipole antennas would result in a coherent

combination of the EM fields. Since the amplitude ahdse of the EM fields change with the
variation of lengths and widths of the dipole and slot antennas, the EM fields can be coupled and a
multi-mode resonance (MMR) is thus generated, leading to a broadband bandwidth of both

impedance and gain. As illusteal in[Figure 7.1| the input impedance of the dipole antenna is

capacitive before the resonance frequency and subsequently flips to inductivieeafesyonance

frequency, whereas the slot antenna impedance is inductive first and then becomes capacitive after

the resonance. In this cagegure7.1), within the region between two resonant frequencies, both
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Figure7.1 Electromagnetic field distributions in a slot , dipole, and-Mpole-alike antenna
along with frequency response of reactance of isolated slot and dipole antennas

antennas have an inductive impedance that is not set for an MMR condition and broadband
behaviour.The coupled dipokslot antenna can be described by admigamatrix 7.1) where

each element is determined by EM field interactions over the antenna surfacg;déments
represent the seddmittance of isolated slot and dipole (where subsciigt&l Fdenote slot and

dipole sources) while v,y grepresent the mutual admittances between dipole and slot antennas
ZKLFK FDQ EH HYDOXDWHG Bk MRMMBLDOHIDFR/ LRQ WH

(7.1)

The equivalent network of the coupled system is illustrat@éiguire7.2| In this model, ;s sand

;6 sfepresent the admittances of the isolated dipole and slot antennas;yvhilegand ;s ;56

are equivalent admittances of the coupled dipole and slot antennas. As in the proposed ECM, all
EM mutual interactions are considered, it can explain thedberad behaviour of the M#8ipole-

alike antenna through the MMR concept. As earlier n&edording to 7.1), the value of each

admittance matrix element can be adjusted to obtain the desired frequency response by properly

opting slot and dipole dimensiand/ith reference tid-igure7.2| Z is the input impedance of the
HTXLYDOHQW QHWZRUN IURP 3$%" WHUPLQDO Heep@lotteaty V LPDJ

with respect to frequency. As expected, the coupling network shifts the resonance frequencies of
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both isolated slot and dipole antennas. It also serves as an impedance convertor. Looking from the
AB terminals, the frequency response of théasal slot antenna is changed from aBasonance

(parallel RLC) to resonance (series RLC) behaviour, as shown by the coupidgbsletcurve

described ifFigure7.2[ In this case, in the region between the two resonances (dipole and slot

resonances), the inductance of the dipole antenna is compenstiedhpacitance of slot, and as
a result, an MMR frequency response is realized, which setli@adband MEdlipole-alike

antenna.

Figure7.2 @equivalent circuit mode of a coupled dipalet antenna and profile of the
imaginary part of input impedance

To validate our qualitative analysis, a fulhve simulation was performed by CST Studio Suite

and simulated results are plottefFigure7.3| TheproposedME-dipole-alike antenna is composed

of two metallic plates (dipole antenna) arranged longitudinally with an air gap (slot antenna) and
placed over a ground plane. It is excited by a lumped port at the gap, and all dimensions were set
to achieve th optimum results. The antenna shows more than one octave impedance and gain
bandwidth of 74% and 71%, respectively. Variations of "Wp" and "Lp" mainly change the slot
(second resonance frequency) and dipole mode (first resonance mode), respectivitypatedn

by thequalitative analysis as aforementioned. As expected, in a coupledipite (MEdipole)

antenna, any variation of parameters would affect all resonant frequencies (as can be explained in
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Figure7.3 A basic form of the MEipole-alike antenna (Wp=2.58 mm , Lp=2.5 mm ,g=0.2 mm)
along with fullwave simulations and paranmetric results for validation of the presented
qualitative analysis. Distance between antenna and ground plane is 3.2 mm

Figure 7.2). It is worth mentioning that, as opposed to the classicaldjjBle antennas, the

proposed antenna does not have a complsyehmetrical radiation pattern over a wide frequency

range.

7.2.1 Qualitative time-domain analysis

The timedomain analysis as depictedRigure7.4gheddight on the principle of operation of the

proposed MEdipole-alike antenna. In the optimized structure, both dipole and slot antennas are
electrically small; therefore, they have capacitive and inductive impedances, respectively.
Therefore, the MHlipole-alike antenna can be presented by a simplified ECM consisting of a

parallel combination of capacitor and inductor. According to the surface current distribution

evaluated by the fulvave simulationgKigure7.4), the dipole mode is the dominant mode around

T L APL r, while the slot mode outweighs the dipole mode around A PL eat, which can
be explained by ECM in a time domain analysis. As can bg $e® 1 O eat in the frequency
domain corresponds to O PO 6#avin the timedomain diagram. During this period, the capacitor

(dipole mode) in the parallel LC circuit begins to charge, whereas the inductor (slot mode) can be
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approximated by an open circuit due to its high input impedance. Subsequertht, @T O é
corresponding to6av O PO 6at, the capacitor (dipole mode) is discharged into the inductor
(slot); therefore, the contribution of the slot mode exceeds the dipole mode. This cycle repeats in
the time domain; thus, the Mdipole-alike antenna radiates basedexchanging the EM energy

between the slot and dipole modes.

Figure7.4 Time domain analysis of the proposed Mipole-alike antenna along with fullave
simulation results

7.2.2 Characteristic mode analysis

Characteristics mode (CM) has drawn considerable attention recently for the analysis, systematic
design, anagynthesis of antenf216-225]. In this method, antenna properties such as radiation,
bandwidth, an@fficiency are characterized, evaluated, and described by specifying two prominent
parameters, namely modal significance (MS) and characteristic angle (CA). A mode resonates
when its /5 L scorresponding to% #L s zr.rRadiation bandwidth of a resonambde is
defined as a frequency range in which the radiated power, is ndhdess half of the power
radiated at its resonance. In other words, the radiation bandwidth of each resonating mode
corresponds to a frequency range Wit ryO /5 QsandsuwO %t Ottw1[224, 225]Itis

worth mentioning that neradiating modes with{r* O % #O s z r §tore magnetic energy in a

near field of the antenna manifested as inductance in the input impedance of the antenna, while
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nonradiating modes withszrtO % #O tyr?!store electric errgy contributing to the

capacitance of the antenna input impedance. The MS and CA of the first ten modes of the ME

dipole-alike antenna from 5 to 40 GHz are illustratefFigure 7.5 Note that in this work each

characteristic mode is representeddgAccording tgFigure7.5(a), J1, J2, J4, and J5 are radiating

modes in this frequency range, while other modes have inductive or capacitive effects on input
impedance of the antenna. Since these reactive effects have fregepecyglent behaviors, these
modes can potentially affethe bandwidth of the antenna. According to the definition of CM
bandwidth, these four radiating modes, particularly the first two modes (J1 and J2), which are also
degenerate modes, are wideband and their radiation bandwidth ranging from 11 to 40 GHz.

Figure7.5 (a) Characteristi@angle and (b) modal significance of the proposeddiiole-alike
antenna

For further investigation about radiation behaviour of the modes, radiation patterns and surface

current distributions for the first four modes are depictg#igure7.6| As it can be seen, only the

first two modes generatgoadside radiations, and the first mode is adifiole-alike mode based
on itscurrent distributions (containing both slot and dipoledes), which isonsistent with the

full-wave simulation results presente¢Higure 7.4/ It is worthwhile mentioning that J6 also has

the same currerdistribution as J1, however, J6 (with CA > 180°) is not a radiating mode and it
has a capacitive contribution to the input impedance of the antenna which restricts its bandwidth.
In other words, although the J1 (Mfpole-alike mode) has a broad radiatidbandwidth (see

Figure7.5), a pure excitation of this mode is difficult as it requires a complicated feeding network;

therefore, bandwidth of the antenna in the-fudlve simulation (CIE igure7.3) with a lumped port
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Figure7.6 Radiation patterns and modal current distributions of the first four modég-of
dipolelike antenna at5GHz

ZLWK UHDO LQSXW LPSHGDQFH RI Y LV OLPLWHG WR WKH F
a large duaband antenna array, we place two Mdigole-alike antennas tightly together in the H
plane and calculated thist ten CMs, as shown @According to this analysis, J1, J2,
J4,J5, and J8 are wideband radiating modes with frequencies ranging from 5 to 40GHz. The surface
current distributions i@ show that putting these two Mdiipole-alike antennas side by
side would generate a neagt of modal surface current distributions and radiation patterns. With

reference t-igure7.8|, among the radiating modes, only two degenerate modes of J1 and J2 have

broadside radiations. It is apparent that these two modes exhibit diagordipM&alike current

distributions, whit excite both dipole and slot modes. Accordingrigure7.7(a), CAs of these

two degenerate modes are set to vary between 162° and 180° from ataiondO1GHz, which
suggests a broadband radiation behaviour with more than 100% fractional bandwidth. We apply
this new antenna for the development of a large-daatl antenna array due to its Cartesian
symmetric structureSince it is formed by tightlyaupling two MEdipole-alike antennas, it is

referred to as a coupléddE-dipole-alike (CMED)antenna from now on in this work.
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Figure7.7(a) Charctristic angle, (b) modal significance of the firstnedes of , and (c) the
structure of new tightly coupled antenna with air gap between the antennas is 0.2 mm and the
distance between the antenna and ground plane is 3.2 mm

Figure7.8 Radiation patternsf¢J1, J2, J4, J5, and J8) and modal current distributions of the
first eight modes of new M#ipole-alike antenna at 2GHz

7.2.3 Full-wave simulations and analysis

The excitation of J1 or J2 modes, including contributions of both electric and magnetic currents,
requires adequate feeding network. However, effective excitation of these modes necessitates a

complicated feeding network, which is undesirable for integmgtioint of view. As suggested by
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the CM analysis iEigure?.S instead of using two independent excitations for eachdijBle-
alike antenna, a neME-dipole mode can be excited in the CMED antenna by using a diagonally

oriented lump port (interleaved excitation) as showrigure 7.9(a). Refletion coefficient and

input impedance of the CMED antenna are shoWfignre7.9(b). The frequency response of the

input impedance for this antenisaguite resemble to that of the separateddiiole-alike antenna
shown ir{Figure?.B indicating that this antenna also exhibits an MMR behaviour. The shared gain

and impedance bandwidth is around 51%, which shows a significant reduction compared to what

was expected from théM analysis (c.{Figure7.7) with a pure excitation of J1 or J2 modes. In

this case, with reference|agure7.8| diagonally oriented feeding can excite several radiating and

nonradiating modes, potentially affects impedance matching as frequency changes, thereby

reducing antenna bandwidth.

Figure7.9 (a) Seperated and interleaved arrangements of thdiptite-alike antenna, (b)
reflection coefficient, gain, and input impedance of CMED antenna with diagnally oriented
excitation

Total efficiency calculated by fulvave simulation is shown|figure7.10|(a) which is larger than

80%. Surface currents and radiation patternhefantenna at 20 GHz and 30 GHz are described
in|Figure7.10(b).
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Figure7.10(a) Total effieicny of the CMED antenna and (b) surface current distributions and
radiation patterns of the CMED antenna for two different frequencies (20 GHz and 30 GHz)

7.3 Development of singleband radiating surface

A 2x2radiating surface is realized by a planar arrangement of four CMED antennas as shown in

Figure7.11{a). Spacing between CMED antennas is optimized to obtain the best impedance and

gain bandwidth. Like the single CMED antennfligure 7.10(b), all antennas are excited by

diagonally oriented ports. With reference|Raure 7.11(b), the radiating surface shows an

impedance and gain bandwidth of more than 40% with the total efficiency of more than 80%.

Figure7.11(a) 2<2 singleband radiating surface and (b) gain and impedancévindth and total
effieicny. Air gap between the CMED antennas are 0.2 mm and the distance between the aperture
and ground plane is 3.2 mm

The bandwidth is reduced by around 10% compared to the single elenftégtiia7.9(due to

mutual couplingSurface current distributions along with radiation patterns of the radiating surface

for three differentfrequencies are depicted|iigure7.12| As it can be observed, the radiating
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surface has a stable, symmetrical, and -kdefree radiation pattern over a wide range of
frequency. It is worthwhile noting thahe proposed CMED antenna array is referred to as
SUDGLDWLQJ VXUIDFH” LQ WKLV ZRUN VLQFH LW IXQGDPHQWD
coupling of dipole and slot modes (electric and magnetic surface currents). Therefore, basically it
does norequire a ground plane for radiation. However, since the ground plane is indispensable

part of integratedircuit-antenna design scenarios, we have considered its effects in our design and

investigations. In addition, the ground plane improves the dirigcand gain

Figure7.12 Surface current distributions along with corresponding radiation patterns of the single
band CMED radiating surface at three different frequencies of 23, 29, and 35 GHz

7.4 Development of dualband radiating surface

In the previous section, a singband racdating surface with CMED antenna element was
investigated and analysed. In this section, we aim to develop &aldliradiating surface by
excitingat least one radiating mode over the antenna aperture in a lower frequency band (Ku/K

band), while maintaimg a high level of isolation between two frequency bands. To begin with,

the radiating surface (qfigure7.12) is analyzed by the CM theory to obtain potential radiating
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Figure7.13 Modal significance and charactric mode analysis of the single band radiating surface
(shown inFigure7.12

modeg Figure7.13|illustrates MS and CA of the radiating surface for the first ten modes. As shown,
except J3, J6, and J7, other modes radiate between 5 to 40 GHz.

Modal surface current distributions and &tthn patterns of the first six modes are depicted in

Figure7.14] As it can be seen, only J1, J2, and J6 generate broadside radiation patterns among

them, J1 and J2 are degenerate modes while J6 is not a radiating mode. To simplify the
identification of modal currents, they are highlighted by the black and yellow arrows, in which the
black ones denote modal currents on the surface while the yell@rdepéet the modal currents

near the slots. As it can be seen from the surface currents of J1 and J2, one dipole mode and one
slot mode are excited on the antenna aperture (slot modes are only aloraxithéox J1 and the

y-axis for J2). Although at lshone MEdipole-alike surface current can be excited in this radiating
surface, the excitation of this mode requires several ports (sources) positioned accurately within
the radiating surface to ensure that both dipole and slot modes are properly @xi#tegpe of

excitation not only increase the complexity of the feeding network, but also due to polarizations of

surface currents, mutual coupling with uppand ports [ports 1 to 4{Figure7.11{a)] is increased,

which degrades both the antenna efficiency and isolation.

Therefore, tiny perturbations in the antenna arrangement and elements sizes would modify the

surface current distsutions while keeping the CMs unchanged, as showrigare 7.15, As
shown irfFigure?.lS tiny diagonal perturbations (electrically small offsets) are introduced at ports
2 and 3. Comparingigure7.15b) with|Figure7.13lindicates that these perturbations do not alter
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Figure7.14 Radiation patterns and modal current distributions of the first six CM modes of the

radiating surface at 15GHz

Figure7.15(a) Duatband radiating surface configuration with perturbations, (b) modal
significance and charactristic angle of the ehehdradiating surface

results of the CM analysis while the distribution of the modal surface currents are changed as

illustratedin
which can

upperband

would be neglyible. In addition, by comparing the modal currentBigure7.10landFigure7.16

Figure7.16

Eigure7.12

In this scenario, two degenerate modes of J1 and J2amdu-polarized

be selected (by choosing a proper mode) twthegonal to the polarizations of the

. Therefore, the mutual couplings between ports in alolaradl operation

one can find a similarity between their current distributions. It turns out that by assigning the

diagonally oriented ports at the middle of the radiating surface, this structure canasadidsege

CMED (c.fl

Figure7.10

in the lower frequency band.
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Figure7.16 Modal currents and radition patterns of the modifiladiating surfacat 15GHz

Figure7.17(a) Surface curent distributions of ttediating surfacat 15GHz by exciting the
lower-frequency port in a fullvave simulation. As shown, thadiating surfaceés polarized iru
direction which is orthogonal to the polarization of the upper frequency @@neflection

coefficient, gain, and total efficiepc

According tgFigure 7.17| a diagonally oriented (along theaxis) excitation is assigned at the

middle of the surface, and the fullave simulatiorresults are presented

Higure 7.17

b). As
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earlier mentioned, for minimizing the mutual coupling with the uyaed |Eigure 7.12),

orthogonal polarizationufaxis) was selected in this frequency band. Simulation results indicate
that mutual coupling between two frequency bands is better5agB from 11 to 40 GHz. With
reference t@ b), the total efficiency is better than 85%, and impedance and gain
bandwidth is 50%. Radiation patterns of the radiating surface in the upper band for two different
frequencieg16 and 24GHz) are shownigure7.18

Figure7.18 Radition patterns of theurfacelFigure7.17{(a)] at 16 and 24 GH

Figure7.19(a) Port arragement and heatmap of the surface current distribution in the upper
frequeny band , (b) reflection coefficient, gain, and total effieicny, (c) surface current along with
radiation patterns at three differert¢duenices (25, 29, and 33 GHz)

The effect of perturbation on the impedance matchings, gain, and total efficiency in the upper

frequency band is investigatedrigure7.19| Due to the perturbation (the shifts of ports 2 and 3),

impedance matchings are changed. As a result, the impedance and gain bandwidth is reduced by
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about 6.6% as comparedRmure7.11] The inband total efficiency varies from 62% to 85% in

this frequency range. In addition, the radiation patterns at three different frequencies (25, 29, and

33 GHz) ar
offsetting p

e symmetric along the principal planes, as shgwigime7.19c). Besideseffects of

orts 2 and 3 are studied on the input impedances of all péitgine 7.20{ providing

essential information regarding the integration of active circuits with antenna. As shown in the

Smith chart, the offset has capacitive effects on ports 1 and 4 while it presemisictive effect

on ports 2 and 3.

Figure7.20 Investigation about effects of offseting ports 2 and 3 on the input impedance of the

7.4.1 Par

radiating surfacevorking in the upper frequeny band

ametric analysis

Three different possible scenarios (type 1 to 3) for the arrangement of ports 1 and 4 are depicted in

Figure 7.2

hlong with its &ects on the input impedance of ports 1 to 4 (upper band) and port 5

(lower band). Type 1 is considered as the reference for our evaluations. By offsetting ports 1 and

4, the input impedances at theses ports become more capacitive. As it can |Ib'fiagsmem.21 ,

this capacitive effect is more pronounced in type 2 than type 3, while these offsets do not have

tangible variations in impedance ofrpp2 and 3. However, on port 5 (lower frequency band),
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these offsets present an inductive behaviour in type 3, while presenting capacitive behaviour in

type 2.

Figure7.21 Three differenpossible scenarios for arragements of ports 1 and 4 and their effects
on the input impedances of all ports in both the upper and lower frequency bands

7.4.2 Fundamental limitations on bandwidth

Although the proposed dubbnd radiating surface can provide aevishndwidth, the bandwidth

is primarily restricted by reactive effects of the ground plane. Generally, in avaledand
antenna with a large frequency ratio, the electrical distance between antenna aperture and ground
plane could have different effects doth frequency bands which set to increase or decrease
reactive part of the input impedance of the ports, subsequently causing impedance mismatches.
Therefore, selecting the optimum antenna profile in the design stage is crucial. In this section, we
aim at finding substantial limitations on antenna bandwidth by Heateo criterion in both
frequency bandgl92, 226228], [229-232]. A transverse equivalent network (TEN) model of the
proposed duaband radiating surface is showr@ a). The duaband radiating surface
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is modeled by a thrgaort network which is conjugately matched to the two circuits operating at
upper and lower frequency bands. Applying the BBdro criterion for the thregort network
requires complicated analytical procedy&&7]. However, due to the polarization diversity of the
proposed radiating surface, it radiates in two orthogonal polarizations corregptmd(lower

band) andLgupper band) as describecFH'rgure?.l? a) aanigure?.lg c). Therefore, it provides

a high isolation between both frequency bandsKEw y@,%s mentioned earlier). As a result, the

threeport network can be decomposed into two-fraot networks ssociated with two singleand

radiating surface operating in the lower and upper frequency bands.

Figure7.22 (a) Transverse equivalent network (TEN) of the propsoedithrad radiating surface
along with approximated frequency response of the return loss, and (b) TEN modes of the
decomposed singleand radiating surface working in the lower and upper frequenayshaith
lossless substrates and broadsatbtion

In this analysis, a maximum of one octave bandwidth, corresponding to a fractional bandwidth of

sa¥f , is considered for both frequency bands. Therefore, the maximum frequency ratio of two is

considered imur calculationgfigure7.22(a)] between the upper and lower bands. With reference

tolFigure7.22(a), the maximum allowable4band return loss for both frequency bands @i}'eand

£, which are considered identical in this figure for the sake of simplicity. It is worthwhile

mentioning thassharp edges are considered in the return loss cu|rl¥fi@lime7.22 a), which is a
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highly accurate approximation for a highder antenna array like integrated fitwrtenna. Since

in this work we analyze a generalized case study for determining the furtdanestrictions on
bandwidth, it can be used for deriving clogedn equations and this assumption does not affect
our conclusion. Since we consider a maximum of one octave bandwidth for both bands and a
maximum frequency ratio of two between two baritle, antenna profile is considered between

r &t vway zand r & W&, sfor the lower band, ana &w&; sand r &4&; sfor the upper band. It is
worthwhile mentioning that foiDegd; 4 Q s r(with &; zis the largest guided wavelength in the
lower band) a viual shoricircuit happens in the lower band, while forg; 4 P t (with &; 4is the
smallest guided wavelength in the upper band) a Fabrgt cavity between radiating surface
[acting as a patrtially reflecting surface (PRS)] and ground plane is fonrted upper bands. In

the latter case and according to the planar leekye theory8],[28], antennaexperiences a deep
(in-band) gain loss before and after the cavity resonance while it presents a highly directive
radiation pattern at the cavity resonance. Therefore, thand gairprofile of the antenna would
experience sever variations as frequert@gnges, limiting the gain bandwidt&onsidering these
criteria, the fundamental limitations of bandwidth for upper and lower frequency barhaisstess

substrate, and broadside radiatimre obtained according to (7.1) and (712spectively the

derivationsof (7.1) and (7.2are provided ifAppendixB
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permeability of substratep is the characteristic impedance of airs the light speed, artuis the

total antenna profile. According t@.1) and 7.2), it is worth noting that in both frequency bands,

increasing the reteve permittivity of the substrate results in reduction of bandwidth while with

concurrent increase of both permeability and permittivity, the bandwidth remains uncf@itiged

In addition, the maximurachievable bandwidth in this radiating surface is principally determined

by the maximum allowable iband return loss @ and gf) which depends on the impedance

matching conditions with active circuits in an integratgduit-antenna scenario

7.4.3 Large dual-band radiating surface

Figure7.23(a) A large duabandradiating surfacencluding 4x4 elements operating at the upper
frequency band and 2x2 elements working at the lower frequency band along with surface
current distrubutions and radition patterns at two frequencies (18 and 30 GHz); (b) reflection
coefficient and gain versdgequency in both frequency bands

The proposed duddand radiating surface architecture can be used for the development of a larger

structure as shown|ifigure7.23(a). The larger radiating surface contains 4x4 radiating elements

operating in the upper frequency band, polarized along/-pas and 2x2 radiating elements

working in the lower frequency hd, polarized along theaxis. Reflection coefficient and gain in

both frequency bands are depicte

Figure 7.23,

b). The gain and impedance bandwidth in the
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lower frequency band is around 50% while for the upper frequency band is around 43%. Peak
realized gain in the lower and upper frequency bands are about 12.9 dBi and 16.4 dBi, respectively.

7.5 Dual-band radiating surface structure with feeding network

In this section, we aim at developing an experimental prototype for the validation of the proposed
concept, which is based on the interleaving of electric and magnetic currents in a common aperture.
In this connectiona duatband prototype is realized in Kand Kabands with a frequency ratio of

two. Feeding networks are designed to excite the proposedtbaiidiradiating surface in both Ku

and Kabands. Various views of the simulated and fabricated structure aﬂe(ﬁb@
Costeffective multtlayer PCB process was used to develop the prototype. Two sets of

orthogonally positioned probes (strips), oriented tpaxis and v-axis, which are

electromagnetically coupled to the suspended radiating surface, are set to exottr|tdaved.

Figure7.24 Complete struture and fabricated prototype including different views5B.22, W
=48, Wc=4.3, Lc=10, Wm=5, La=8.57, Wa=8.57, Ws=3.85, [,=24.8, W= 11 (all
dimensions are in milimeter)
electric and magnetic currents in both frequency bands. In tHeaKd, due to mutual coupling,
the whole surface operates as a single element, while in thamththe surface radiates as a 2x2
array. To enhance the pdad-port isolation level, the lower band and the upper band feeds are

implemented on both side of the ground plane. In addition, twel&l¥éd cavities were designed
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to operate at Tkzo mode for enhancing isolation levels between ports also transferring tla¢ sign

from the upper layer to lower layer. To eliminate devastating effects of surface waussd
regionson the substrates are covered with metallic ldlgen surroundetty SIW-like walls to

avoid the excitation of a parallel plate mode as wRtigers RT/Duroid 5880 substrate with
different thickness of (from the topmost to the bottommost layer) 10, 50, 31, 62, and 20 mils have
been used. All layers were glued using Epoxy and then heated and pressed under a high pressure
to create uniform connaonh between layers, according to the PCB fabrication process in our Poly
Grames Research Center. Conductive adhesive was employed for making electrical connection

between two adjacent ground planes in the bottom layers. Simulated and measured reflection

coefficients, gains, and mutual couplings for both frequency bands are stéiguia7.25

Figure7.25 Simulated and measured reflection coefficients, mutual couplings, and gains of the
proposed prototype: (a) Kand and (b) Kdand

Simulated and measured peak gains iFidnd are around 7 dBi and 6.83 dBi, respectivehjlenv
these values in khand are 9.75 dBi and 9.55 dBi, respectively. Simulated impedance and gain
bandwidths in Keband are around 42.6% and 40%, respectively, while both values in the
measurements are around 41.9%. Simulated impedance and gain bamiWadtrand is around

24% and 20%, respectively, and 29% and 16.32%, for measurements. Additional resonances are
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observed around 20 GHz and 30 GHz in the measured reflection coefficient, which may be
attributed to errors in the fabrication process and pgaraffects of the connectors. Peak aperture
efficiencies in Ku and Kaband are around 88% and 39.8%, respectively. Since timikeh four
radiating elements are arranged in a planar manner and in a close proximity, the footprint of the
array is reducedind according to the antenna array theory, the total realized array directivity and
aperture efficiency are reduced. In this case, using an antenna element with higher directivity while
occupying less reastate would increase the aperture efficiendh@firray. Due to efficient reuse

of the radiating surface in both frequency bands, the apedused efficiency of this proposed

radiating surface is 100%.

The maximum measured and simulated mutual couplings-badd are33 dB and47 dB while
for Ka-band are-31.44 dB and22 dB, as shown iEigure 7.25 Radiation patterns for both

frequency bands were measured in our Falgmes faffield anechoic chamber and compared

with simulated results JRigure?.26|at different frequencies. Due to some parasitic radiations from

metalized vias as well as coupling apertures (slots) of cavitie-i@gute 7.24), also diffractions

of surface waves from the substrate edges, some nulls are observed in both simulated and measured
patterns in Keband particularly at 32 GHz and 34 GHz. In additions, due to diffractions from the
endlaunch connector in kband, sme tangible deflections in the radiation patterns are observed

in our measurements, since the size of the substrates and ground plane in this frequency band is
electrically smaller than that in Kiaand. To evaluate the gains, standard gain horn (SGH)&sten

NSI-MI technologies (Mi12A-26) and doublgidged guide antenna ESCO technologies (EMCO
31608) were employed for kband and Ktband, respectively. To highlight the advantages of the

proposed duaband structure, a comparative tablalfle 7.1) is provided. As it can be seen, the

proposed radiating surface outperforms other published works judging from the combination of
aperturereused efficiency, impedance and gain bandwidthatiem, and integration with active

circuits.
7.6 Conclusion

A concept based on the muttiode resonance of a coupled electric and magnetic current ¢dipole
slot antenna) was proposed in this work for the development of a-effi@tent, dualwideband
apertue-shared radiating surface. First of all, we investigated and elaborated themmati

resonance of the coupled sttipole antenna (M#lipole-alike) by developing ECM and analyzed
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in both frequency and time domain, and then characteristic mode anagsteployed to extract

potential radiating modes over the desired frequency range. Subsequently -effsgeoé duat

band radiating surface was developed based on the interleaving of the magnetic and electric surface
currents in two orthogonal polarizants. The Bode) DQRfYV FULWHULRQ ZDV WKHQ GF
the fundamental limitations on antenna bandwidth in both bands. Finally, an experimental
prototype was fabricataasing a lowcost multtlayer PCB process, and simulation outcomes were
comparedwith measurements results. We believe that the proposed radiating surface can
effectively be employed in integrated freettdd modules as well as spatial power combining

systems

Figure7.26 Simulated and measured radiation patterns: (ab#&d and (b) Kdoand
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| : - Peak - . Aperture
.| Impedance ain ntegrable .
Frequency | Peak gain P . . aperture g Isolation reuse
Ref. band bandwidth | bandwidth ffici with tfici
ands - efficienc efficienc
(GIED) (%) (%) A — (1) /
(%) (%)
[8] S/Ka 5.62/9.6 3.12/9.6 ~3/~3 -/143 Yes - 100
[5] S/Ka 10.4/14.6 23.45/9.7 35/9.76 61/15 No -/21.5 -
[6] S/Ka 6.9/13.6 7.4/12.1 - - No 45/40 -
[22] SV 7.3/24 5.3/6.4 - - No 130/65 77
Ka
25] | 2s & 38| 14.7/145| 1565/16.7 - - Yes 20/20 -
GHz)
[39] S/Ka 8/15 3.2/2 - - No 38/25 -
. Ku 6.83 41.9 41.9 88 33
This
‘ Yes 100
wor Ka 9.55 29 16.32 39.8 31.4
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CHAPTER 8 ARTICLE 6: FREQUENCY-DIVERSIFIED SPACE -
EFFICIENT RADIATING SURFACE USING CONVOLVED
ELECTRIC AND MAGNETIC CURRENTS FOR HIGHLY
DENSE MULTIBAND ANTENNA -FRONTEND INTEGRATION

Amirhossein Askarian, Pascal Burasa, &edWu

Submitted to théEEE Transactionsw Antennas and Propagatipharch27,2023.

Highly dense multwideband antennfiontend integration is essential for the development of
spaceefficient multifunctional wireless systems. In this work, we propose and investigate a
methodology based on cavlved electric and magnetic currents for the generation of -inauttdl
responses over a spasieared radiating surface. First, a single wideband antenna operating based
on interleaved dipole and slot modes is studied and analyzed ustagfdisimulation$ollowed

by a qualitative time domain analysis. Then, a parametric analysis is performed to investigate the
variation of input impedances with respect to physical dimensions for deep integration of active
circuits with antennas. Subsequently, a éaeldradiating unit is conceived and realized by 2x2
closely arranged antennas. In this case, multimode resonances are generated in the lower frequency
band by a proper convolving and coupling of the magnetic and electric currents realized in the gaps
between lte antennas and on the surface of the antennas, which are electromagnetically (EM)
interconnected through mutual couplings, respectively. This methodology can be deployed
repeatedly to build up a sedtalable topology by reusing the Eddnnected radiatingurfaces and

gaps between the radiating units. Thanks to the efficient reuse of Hestatal for the development

of multiband radiations, a high aperttreused efficiency is accomplished. Finally, as a proof of
concept, a spaeefficient 2x4 duabandarray operating in Kuand Kabands is developed and
fabricated by a linear arrangement of the two developed radiating units. Our measurement results
show that the proposed antenna array provides impedance and gain bandwidths of 30% and 25.4%
in Ku-band ad 10.65% and 8.52% in K@and, respectively.
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8.1 Introduction

The progress of wireless technology over the past decades has fundamentally been fueled by an
everincreasing demand for efficient communication links related to our constantly changing
information era. This moving forward is set to revolutionize the next generation technology not
only for data communication but also for parametric sensing and wireless poj2e20§] This

has undoubtedly sparked the curiosity in the R&D community towards the development of
multifunction frontends[14, 207] Among such newly emerging 5G and 6G wireless joint
communication amh sensingechnologies as analogue radwerfiber (AROF) systems, the
development of multifunction systems with the virtuegigfabit throughput and multispectral
sensing based on frequerndiyersity is of crucial advantage. A successful implementafitimse
frontends requires cuttingdge techniques to address different technological issues in both
microwave and millimetewave (mmW) bands. To realize multifunction wireless systems, space
efficient multtband antenna solutions featuring higdin, lowcomplex, and easy tm-situ
integration with active circuits are incontestably essential. Nbaltid antenna array
simultaneously operating in both the microwave and mmW bands have been extensively
investigated and reported in the literat{#@8],[8],[4], [23], [6], [22], [25], [26], [27], [32], [33],

[34], [35], [36],[38],[39],[40],[41],[42],[92],[76].,[701,[62] ,[37].

Yet, the development of a spaefficient multiband antenna array for such highly integrated
multifunction frontends, presents a fundamental challenge which still requires more éxplorat
Apertureshared technique, which makes use of a common radiating surface for the development
of multiband antenna array, offers a promising methodology to address the requirensents of
space and powetefficient antenndrontend integration. So faa majority of published works on
duatband, particularly trbandapertureshared antenng87, 70] have been generally based on
stacking multilayers or interleaving topologies of different types of antenna elements in a single
layer and using complex feeding networks, which not only incur unnecessary fabrication costs but
alsomakes the cohabitation @fctive circuits and antennas practically impossible. Numerous
practical techniques have been suggested in open literature for realizing planar dual band aperture
shared antenna array, such as patch and DRA antf8jasegmented patch antenjtd, SIW
cavity-based slot antenna arri82, 26] grid array[25], Fabry-Perot cavity[32], [34], [35], [36],

[38], [39], [37], FabryPerot cavity and Fresnel zone pl§&8], metasurfac¢40-42], multimode

resonance slof92], perforated patch antenna arrpd; 62] , etc. However, they still exhibit
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relatively low impedance and gain bandwidth despite the use of low permittivity materials.
Therefore,a methodology based on using higmaterials for the development of multiband
antenna arrays that can also present both reasonable gain and impedance bandwidth remains an
unsolved challenge despite its practical and technological significance. TiiBpBl& antennas

which have also been known as complemenrsaryrce antennas are popular for offering broad
impedance and gain bandwidth, low crpsdarization, and high radiation and aperture efficiency
[67],[212],[210], [233], [211], [7], [79]. A half-wavelength dipole and a quar&avelength patch

antenna were utilized in a conventional manner to serve as electric and magnetic currents,
respectively[177]. So far, there is still a crucial need to adopt the-diiible concept for the
development of a planar multiband radiating surface featuring broad bandwidth, space efficiency,

ease of cohabitation with active circuits.

On the other hand, a seamless integnaof antenna with active circuits in a highly integrated
frontend module, is of practical and technological importance, as this scheme is set to eliminate the
need for bonding wires and their associated parasitic effects, excessive losses, andtb@sts. In
case, the antenna array is implemented in an identical fabrication process as the active elements.
In this connection, the antenna array should be implemented in-a gterial such Si, SiGe etc.

which severely degrades the antenna array perfa®satdue to adverse affects of surface waves
and associated mutual couplinf8, 90, 234] In addition, it is worth mentioning that in a
conventional antenna array design as permittivity (or permeability) increases, the physical size of
antenna decreases while the irgEment spacing remains constant (to avoid increasing mutual
coupling caused by space waves), resulting in the excitation of hayder surface wave modes.
Indeed, there is a crucial need for the development of Hmaifidl antenna array with not only the
abovementioned features, but also the ability to suppress surfaceswon the aperture without

adding any potential complexity to the antenna structure.

In this work, a topological and scalable multiband radiating surface operating based on convolved
electric and magnetic surface currents, resulting in broad impedadcgaam bandwidth, is
proposed, investigated, and demonstrated. Owing to an efficient reuse of the antenna aperture in
all frequency bands of interest, the proposed radiating surface features highly apeace
efficiency. This apertureeused efficientadiating surface is an appropriate candidate for seamless
antennafrontend integration (unified circudintenna) design scenari$@34]. Thanks to the

boundary condition realized by a tight arrangement of metallic radiating elements, surface waves
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are weakly excited (or not excited) on the antenna aperture. With a planarized structure of the
proposed radiating surface, a technique basedhenuse of both low permittivity and high
permittivity (high VXEVWUDWHYVY LV DGRSWHG LQ WKH SURSRVHG DU
both low and high permittivity materials for radiation and integration purposes, respectively. In

fact, this hetrogeneous architecture is compatible with -edf&ctive, yet mature fabrication
processes like CMOS process. Then, as a proof of concept, we deviséaralieddiating unit as

the fundamental building block of the proposed topological radiating suifaeesimulation and
measurement results suggest the practical feasibility and confirm the efficient reuse of space for

the development of a frequendyersity radiating surface, while maintaining reliable radiation
performances and coherent beam direstio

This paper is organized as follows.skttion8.2, we introduce and study the proposed topological
multiband radiating surface concept along with its potential challengsaction8.3, the antenna
element operating based on convolved electricraagnetic currents is thoroughly analyzed. A
parametric analysis is then conducted for a further investigation about the feasibility of cohabitation
of active circuits antenna. kection8.4, the dualband radiating unit is developed and studied in
both lowver and upper frequency bandsction8.5 presents the structure of the developed -dual
band antenna array in both #and and Ké&éand along with fulwave simulation and
measurement results. A table of comparison is also provided to highlight the pedesntd the

proposed structure with the published results

8.2 General topology and concept

The general concept and topology of the proposed multiband radiating surface is gRaunen

8.1(a). The topology makes use of both electric and magnetic surface currents, which respectively

correspond to dipole and slot modes, in three different polarizations convolved togetherdtegener
three radiating modesk(ffm, and f). Although the presented topology generates three radiating

modes, it could theoretically be extended to the scenario of a multimode radiating surface operating

at several radiating modes. As suggested by theceuciarrents distributions|ifigure8.1(b)-(d),

individual Upolarized antenna (radiating element with polarization) radiates at the highest
frequency band (f+), the 2x2 arrangement of four radiating elements (an array of 2x2) with
polarization toward 1axis (Lg) works at the middle frequency band) , and the entire radiating

surface that is polarel along the 4axis (L;) operates at the lowest frequency bands)( By
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opting proper edge gaps between each antenna as well as groups of antejigsrésfl), the

radiating surface can operate locally in the upper frequency band while as frequency decreases, the
antennas or groups of antennas are virtually merged and recast by mutual coupling, leading to a

larger radiating surface which operates at the |dweguency bands. In the proposed topology

shown inFigure 8.1} lump ports with proper orientations have been deployed to excite the three

modes on ta surface while generally each radiating section can be driven by integrated frontend

active com ponents.

Figure8.1(a) General demonstration of the proposed topology and concept for generating three
radiating modes, (b(d) full-wave simulation results including surface current distributions,
reflection coefficient, and realized gain in different frequency bands

The proposed topological radiating surface operates based on a local excitation af dipbkn

modes; therefore, it basically does not require a ground plane for radiation. As a result, the proposed
WRSRORJLFDO DQWHQQD LV UHIHUUHG WR DV D 3UDGLDWLQJ
plane is indispensable part of an integraieclit-antenna design scenario, we consider its effects

in our investigation. Although the proposed topological antenna array can theoretically be extended

to operate in several frequency bands (a multiband radiating surface), the ground plane could
potentally restrict the number of frequency bands as well as the achievable frequency ratio between
bands. In this case, based on the ratio of frequency bands, the ground plane can have either
capacitive or inductive effect on the input impedance of excitammces. In the proposed

topological radiating surface, the minimum distance between the ground plane and the radiating
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surface should be selected larger thapgsr, [ & A4S the maximum guided wavelength at the
lowest frequency band({L)] to avad sever gain loss due to virtual short circuit. In addition, it
should be smaller thag; zot, [ &; sls the minimum guided wavelength at the upper frequency
band (fn)] to prevent the structure from the formation of a FaPeyot cavity between the
radiating surface [acts as a partially reflecting surface (PRS)] and the ground plane. In the latter
case and according to the planar lealgve theory[8, 28], the gain profile experiences a deep

null just before and after the cavity resonance while it shows a crest (highly directive radiation
patten) corresponding to the cavity resonance. As a result, tband gain profile has severe
fluctuations as frequency changes, which reduce the gain bandwidth. In the next sections, the
principle of a duaband radiating surface, as the fundamental mgldlock of the proposed
topological radiating surface, is investigated. To begin with, the antenna working at the highest
frequency band is analyzed, then it is shown that how tightly arrangement of four antennas as a
group of 2x2 can radiate in the lowfeequency band based on convolving magnetic and electric

surface currents.

8.3 Fundamentals of radiating element

Figure8.2|shows the antenna geometry along with reflection coefficient, gain profile, and radiation

patterns at several frequencies ranging from 25 to 50 GHz. The antenna contains two parasitic
elemens as well as two driven parts which are excited along.dhes at the antenna center by a

lumped port in the CST Microwave Studio and the antenna is placed at the distance of 2.7 mm

above the ground planAs indicated ifFigure8.2(c), an impedance and gain bandwidth as wide

as 52.6% is achieved by the coupling of dipole and slot modes (magnetic and electric currents,
respectively) to generate a multimode resonance (MMR) behavior, as depicted in the input

impedance diagram. Althoughe slot and dipole modes are generally coupled and convolved,

individual contribution of each mode can be investigated, as shgwigume8.3] Inr Q 1 O

eat through a frequenegomain analysis, corresponding toQ PO 6avwith a timedomain
analysis ( L fi B, the antenna radiates based on the two diagonally oriented slots or equivalently
magnetic currents along with theasis and vaxis inwhich/& L /& F /& and/& L /& E /&

For eat Q 7 O e corresponding tdav Q PO 6ot in a timedomain analysis, theontribution

of dipole mode outweighs that of the slot mode and antenna radia@dsRpolarized electric

surface currents inwhictg L &F &and & L &E &
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Figure8.2 (a) Geometry of the proposed antenna based on coupled electric and magntic surface
currents, b=W1=4.2, [,=1.5, W,=0.26, L3=2.4, Ws=0.05, b= 0.75 (all dimensions are in
millimeter) (b) radiation patterns of antenna in sal/&equency bands, and (c) refelection

coefficienct, gain profile, and input impedance of antenna

As a result, two sets of coupled and interleaved magnetic and electric currents
[k&d & 0&k¢d&0o FRQWULEXWH WR WKH DQWH Q Qidefiva Rith iddued/ L R Q V
slot and dipole modes, the effective electrical size of the dipole and slot modes is somewhat larger
than the resonance length; therefore, the input impedance of the individual dipole mode is inductive
while it is capacitive for the gt mode.

Figure8.3 Surface curents on the proposedigole-alike antenna in (a) slot mode and (b)
dipole mode, and (c) illustration of convolved electric and magnetic surface currents

Therefore, from the perspective of the equivalent circuit model (ECM), this antenna can be

represented as a parallel combination of a capacitance and an inductor which are connected to an
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AC source. As a result, the capacitor and inductor are periodidadisged and discharged on
different time slots. According to the ECM and electrical circuit theory, durin@ PO 629y,

capacitor (i.e., slot mode) is charged and the®®w Q PO 61t capacitor is discharged while
concurrently the current of the inductor (dipole mode) is increased. Therefore, it turns out that in
the first time slot, the proposed antenna mainly operates based on the slot mode while in the second
time slot, the dipole wde is the dominant mode of radiation. As such, the antenna operates based
on exchanging energy between slot and dipole modes. In this scenario, since both slot and dipole

modes contribute to the operation of the antenna, this antenna radiates baseMBrdipele

concept and is called the Miipole-alike antenna throughout this paper. With referengégore

8.2(c), the realized gain of the Méipole-alike antenna experiences a steep reduction at the end of

the band which can be explained by examining the surface current distributions along with 3D

radiation patterns in different frequency bands, as shoyrgire 8.4f At 30 GHz, the antenna

radiates based on the contributions of ho#imdv-directed magnetic and electric currents over the
antenna surface. In this case, the antenna primarily radiates based on the contributions of the
surface currents around the crosstats as well as two currents induced at the left and right ends

of the paasitic parts along th&Jaxis.

Figure8.4 Distribution of surface current along with radition patterns at four frequencies (30,40,
50, and 55GHz)

However, at frequencies above 40 GHz, a new set of surface currents (marked with red color) along
the Faxis are emerged on the top and bottom of the driven parts which akphase along both

Tand Uaxis and as frequency increases, their coniobsatto the total surface currents are also
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increased.These surface currents arephase along the u andaxis, however, their total
contribution to the radiation pattern at the broadside iobphase, leading to the formation of a

null at the broadde. Consequently, the gain profile(ffigure 8.2(c) experiences a significant

reduction for frequencies above 45GHz.
8.3.1 Parametric analysis

Parametric analysis of some pivotal parts of the antenna provides more insights into the principle
of operation of the antenna. In this analysis, the variations of input impedance with respect to the

changing of some crucial parameters, which is of impoddor direct integration of the antenna

with active circuits, are investigatgiigure 8.5(epicts the profile of real and imaginary parts of

the input impedance with respect to the variations of[W2 in|Figure 8.2(a)]. In this case, the

length of the electric current [gFigure8.3(b)] is changed, which, in turn, modifies the reactive

effects (capacitive or inductive effects) of the impedance for the dipole moderessilg the
coupling between the slot and dipole modes is switched between under coupled{witmiiv),
coupled (with W = 1.4 and 1.6mm), and over coupled (with ¥/1.8mm) resonance conditions

in the proposed MHlipole-alike antenna.

Figure8.5 Parametric analysis &%-> and its effects on the input impedance of antenna

In [Figure 8.6| feeding position is swept along the vertical direction by changing @f

Consequently, the real part of the input impedance is swept over a wide frequency range while the
imaginary part remains almost unchanged. This parameter would be cruciakfpaiion as it

provides an independent control on the real part of impedance.
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Figure8.6 Parametric analysis ofP and its effects on the input impedance of antenna

Figure 8.7| provides a parametric analysis of several parameters and their effects on the input

impedance of the Midipole-alike antenna. As it can Iseen, changing both vertical and horizontal

gaps in

Figure8.7 Variations of several critical parameters in antenna and their effects on the input
impedance of antenna over a wide range of frequency

Figure8.7(b) and (c) mainly affect the imaginary part of the impedance while the real part is almost

kept unchanged over a wide frequency range. These two parameters are pivotal for directed
conjugate matching between the antenna and active components withoutrnatogiag network.
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8.4 Dual-band radiating unit
8.4.1 Lower frequency band

A dualband radiating unit is realized by a 2x2 arrangement of the foudiplide-alike antennas

in a close proximity to make up a larger radiating surface in the lower frequency band, as shown

in|Figure8.8| In this scenario, a diagonally oriented excitation (port 5, along-&#xés) can excite

both electric surface current (along theandv-axis) on the antenna surface and magnetic surface
FXUUHQWY LQ WKH VORWYV > 31b&dylaksMcd|Figle8B(&HH DQWHQQDV

Figure8.8 (a) Duatband radiating unit realized by 2x2 arrangement of the foudiBle-alike
antennas along with distribution of surface currents for both dipole and slot modes in the lower
frequency band, and (b) reflection coefficient, gain, and radiatiorrpsithe four frequencies
(15,18,21,23 GH2z) in the lower frequency band
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Similar to the MEdipole-alike antenna, this structure also operates based on the convolving of two

sets of magnetic and electric surface currd§&d & ok§&d &o , as demonstrated |iF\igure

8.8(a). By optimizing the dimensions as well as the gap between the antennas, a new set of slot and

dipole mode is coupled which results in a moibde resonance behavior, wide impedance and
gain bandwidth, and symmetric radiation patterns over a wide range of frequency, as depicted in

Figure 8.8(b). The maximum realized gain is around 6B dt 18 GHz while it is reduced as

frequency decreases (due to small electrical distance between the radiating surface and the ground
plane). Moreover, the gain is decreased at the upper end of the frequency band due to the formation
of side lobes, as uistrated ifFigure8.8(b).

Parametric analysis of the intelement gap [c.tfFigure 8.8(a)] on the antenna operations is

investigated ifFigure8.9] Smith chart diagram is used as it is more informative for illustrating the

coupling between the slot and dipole modes. With referenEetoe8.9(a), as the gap width is

increased, the ring in the Smith chart, indicating the coupling between the slot and dipole modes,
gradually becomes larger, indicating a looser coupling between the dipole and slot modes. On the
contrary, the coupling between thdt and dipole modes (or magnetic and electric currents) is
tighter as the gap width is decreased. Considering normalized input impedance of the antenna as

<8,L #E F%and with reference to its trajectory on the Smith chart, as the gap with is imgrease

both #and $are increased, as is highlighte¢Figure8.9(a) by the yellow arrow. It turns out that

as the gap is increased in a specific range, not only the input impedance becomes more inductive
but also radiation resistance and consequentlyrttemaa gain are increased. It is verifigdfull-

wave simulations iEigureS.Q b) as the gain is increased with larger value of the gap width. In

other words, in the overoupled dipoleslot scenario & yaad¥bBe gk wWhich is realized with

smaller gap width, the antenna operates almost as a single resonator (dipole mode), as a result the

peak gain and gain bandwidth are decreased.

This analysis shows how properly coupled magnetic and electric currents can enhance radiation
properties of the antenna. It is worth mentioning that as the impedance matching and eventually
impedance bandwidth §594Q t; highly depend on the reference impeda (the source
impedance at port 5 which ¥, L swr } the impedance bandwidth highly depends on the value

of source impedance. Therefore, it can decrease or increase with respect to the variations of the gap

width. This analysis clearly shows the effeof the gap between the antennas on formation and
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coupling of the dipole and slot resonance modes as well as its effects on the radiation performance

in the lower frequency band.
8.4.2 Upper frequency band

In the upper frequency band, the Mipole-alike ant@nas are excited individually by ports 1 to 4

along theUaxis, as shown 1H>Figure 8.10(a). Due to the mukimode resonance behavior of the

coupled electric (mostly along theaxis) and magnetic currents (aloogand v-axis), a wide

impedance and gain bandwidth with stable aidn patterns is realized, as depictefFigure

8.10(a)(b). With reference llGigureS.lO b), side lobes are formed at frequencies above 37 GHz,

and these unwanted radiations cause gain loss at the broadside at frequencies above 45 GHz. Since
in the lower frequency band, radiations are basednagnetic and electric currents along the
direction of (TAY and : THR), respectively while in the upper frequency band, they are alontjithe

and : Q4R axis, the dual band radiating surface basically operates based on convolving magnetic

and electic currents oriented in different directions, as summarizdabie8.1

Figure8.9 . Effects of different gap width (50,120,170, and 300 um) on antenna performances in
the lower frequency band

With reference tgrigure8.10(b), over a wide range of frequency (except at the end of the band)

radiation patterns of the antenna feature almost symmetric andbb&ldree which is due to
uniform distributions of eledd RPDJQHWLF (0 ILHOG RYHU WKH DQWHQQD
IOH[LELOLW\ LQ WKH DQWHQQDYV VWUXFWXUH DV VXJJHVWH
tunable input impedance in terms of reactance and resistance parts, which makdset fsuita

direct integration with active components.
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Table8.1 Directions of electric and magnetic surface currents in thelghrad unit

Frequency band
Electric current ( v& Magnetic current (y &
Sources
Polarization in lower band TR o
Polarization in upper band V) QK

Figure8.10. (a) Dualbandradiating unit realized by 2x2 arrangement of four-Mpole-alike
antennas along with distribution of surface currents for both dipole and slot modes in the upper
frequency band, and (b) reflection coefficient, gain, and radiation patterns in the leguesricy
band

Note that, the reactance part can be also tuned, to some extent, by altering distance between the
radiating unit and the ground plane (i.e., antenna profile). Depending on frequency ratio between

bands, this reactive contribution could be gehe (capacitive/capacitive or inductive/inductive)
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or incoherent (capacitive/inductive or inductive /capacitive) in the lower and upper frequency band.

It is worth mentioning that the variation of the ineement gap (c|Figure8.8) shows negligible

effects on the upper frequency band; therefore, we do not consider it for the sake of brevity.

8.5 Prototyping of dual-band radiating surface

With reference td-igure8.1| a 2x2 arrangement of the developed dhaaid radiating surface (c.f.

Figure 8.8|and|Figure 8.10), a larger radiating surface is realized, which can operate in three

frequency bands. However, in this section a 2x1 array arrangement of the radiating unit
(corresponding to 2x4 array of the Mipole-alike antenna) operating at Ku and-Band is
designed and fabricated in this work as a proof of concept. The diffeesvd wif the proposed

five-layer antenna are providedqkigure8.11

Figure8.11 Different views of the developed prototype along with some main dimensions
(L1=38.8, W=31.65, 1.=24.8, W=15.5, 15=18, W=8.7, g=0.6, 3=0.3, ¢=0.3, Lu=4.2, W=
4.2, all dimensions are in millimeters)
Theradiating aperture is at the topmost layer while all the feeding lines are designed at the bottom
layer. Rogers RO3006 with relative permittivity of 6.5 and thickness of 10 mils was employed at

the bottom layer while Rogers Riliroid 5880 with thickness &1, 10, 31, and 1@ils (from the
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bottom to the top layer) were employed for the upper layers to reduce surface wave effects and
improve radiation performanceall substrate layers were glued using Epoxy and then they were
heated and pressed to estabbstniform connection between the layers, according to the PCB
fabrication process available in our P@yames Research Center. Conductive adhesive has been
employed to make electrical connections between two adjacent ground planes in the bottom layers.
It is worth emphasizing that all the feeding networks have been transferred to the bottommost layer
and then a relatively highermittivity substrate has been used for this layer, as this technique
provides a solution for seamless integration of the antestharontend[8, 28] It is worthwhile

to mention that although the presented methodology can be adopteditte @ariety of high
substrates with much larger relative permittivity, due to some restrictions imposed by our PCB
fabrication process, we used a substrate Witlh. x&v To reduce devastating and parasitic effects

of surface waves omadiation patterns, particularly in the #and, some free spaces on the
GLHOHFWULFYV VXUIDFH ZHUH FRYHUHG Ea&likRrandto avbiddk FRYHU
propagation of surface waves as well as parallel plate modes.

8.5.1 Feeding network in Ka-band

As mentioned earlier, each Miipole-alike antenna individually operates in the upper frequency

band. As shown [Figure8.12] all antennas were excited by coupling of eight narrow strips to the

antennas at their centers then two fauary microstrip power dividers were designed and connected

to the strips through eight metalized vias. Subsequentlywayomicrostrip power diviers were
designed at the bottom layer and connected to the top power dividers by-tmibdi&meter pins

which were soldered and then polished at both top and bottom layers. To reduce parasitic effects
(including reactive and radiation effects) of pigyt were shielded by two large, metalized holes

that operate as coaxibke transmission lines (CLTL), as depictedkigure 8.12(b). Parasitic

radigions of the two pins at both sides [right and left sidg=igure8.12(a)] of the antenna result

in the formation of nulls and deviations of theiedihn pattern. To circumvent this issue, a slight
asymmetry was introduced on the right side of theway power divider at the bottommaost layer

[c.f.|Figure8.12(a)]. Therefore, by optimizing the positions of the pins, adverse effects of parasitic

radiations on the
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Figure8.12 Details of the feeding netwrok in the #and (W=9.45, Wi=11.58, W=0.46,
Ws=0.31 W=1.16, Wo=0.2, 15=1.32, Ls=2.5, 17=3.47, Ls=2.5, Lv=9, L10=10.4, D=1.5,
D,=0.4, »=0.4, all dimensions are in milimeters)

main radiation patterareminimized. In this case, asymmetry in the tway power divider was

adjusted to achieve the optimum results for both radiation pattern and return loss.

8.5.2 Feedingnetwork in Ku-band

In this Kufrequency band, the radiating surface operates as a 2x1 aaageatralongFaxis, as

shown inFigure8.13(a). Although the radiating surfaces can be excited by the coupling of two

diagonallyoriented [along the-axis infFigure 8.8(a)] strips to the aperture, due to restrictions

imposed by our PCB fabrications, two pairs of pins electrically connected to the radiating surfaces

are used for excitations. The two pairs of pins connect the ragliatirfaces to the narrow

multimode resonance (MMR) slfit77] etched on the ground plane. The paired pins operate as

differential transmission lines; therefore, they present negligible parasitic effects on the antenna

performance. The MMR slots [which are oriented alongwh&is in

Figure 8.13

b)] are set to

enhance the impedance matching between the feeding lines and the antenna while requiring lesser

spaces as compared to simple slots. The connecting pirs selered and then completely

polished at both ends to
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Figure8.13 Details of the feeding netwrok of the lower frequency bandlfid) (W1=0.2,
W= 1, Wi3=0.5, Wis=1, Wis=0.34, 11=8.5, Lio=4, alldimensions are in milimeter)

eliminate parasitic effects. A twway microstrip power divider at the bottom layer feeds the two
MMR slots. To enhance the EM coupling and eventually the impedance matching between the
power divider and the radiating surfatee MMR concept along with step impedance technique
was used183, 235, 236] Then, a high impedance microstrip line was eleatly shorted to the
ground plane through the two metallized vias. Reactive effects of the step impedance discontinuity
along with the use of a high impedance microstrip line over the narrow MMR slot enhance the
impedance matching conditions over a widsgfrency range. In this scenario, a high impedance
microstrip line increases the current intensity and in turn magnetic field around the slot. Since the
coupling between narrow MMR slots and microstrip lines are mostly governed by the magnetic
field, the inpedance matchings are improved.

8.6 Simulation and measurement results

The fabricated prototype is shownkigure 8.14] Reflection coefficient and realized gain were

measured by Keysight network analyzer (PNA N5247B) and at tHeldranechoic chamber of

our PolyGrames Research Center, respectively aaddbults are depictedigure8.15
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Figure8.14 The top and bottom views of tifi@bricated prototype

The simulated and measured peak gains in theaqd are around 7.3 dBi and 7dBi, respectively
and these values for the impedance bandwidth are 41.2% (12.5 to 19 GHz) and 30% (12 to 16.2

GHz). Around 10% reduction in bandwidth is olv&er which may be attributed to fabrication
tolerances.

Figure8.15 Measured and simulated reflection coefficiencts and realized gains of antenna in (a)
Ku-band and (b) Kdpand

The simulated and measured 3 dB gain bandwidths are 37.8% (12 to 17.6GHz) and 25.4% (12 to
15.5 GHz), respectively. In the Keand, the simulated and measured peak gains are 8.9 dBi and 8
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Figure8.16 E-plane and Hplane cuts of the radiation patterns for two frequencies (13 and 15
GHz) in the Kuband

dBi, respectively while the simulated and measured impedance bandwidths are 13.14% (32 to 36.5
GHz) and 10.65% (32 to 35.6 GHZhe simulated and measurgdB gain bandwidths are 12.6%

(32 to 36.3 GHz) and 8.52% (32 to 34.8 GHz), respectively. Due to the efficient reuse of the
DQWHQQDYfV DSHUWXUH LQ E RatsKd ktficiehdyHsQBO%EDtReGMposes H U W X
duatband aperturshared radiatingusface. Simulated and measured radiation patterns of the

antenna in Ktband are plotted for two frequencies of 13 GHz and 15GHiguare 8.16] which

show a welpronounced agreement between simulation and measurement rBsudliation

patterns of the proposed prototype in thelléad are measured and compared with simulation

resuts in|Figure 8.17at two frequencies of 33 and 36 GHz. As can be seen, the simulation and

measurement results have good agreements. It is worthwhilerttion that, due to parasitic effects
of the connecting pins, some deviations are observed in the radiation patterns particularly in the E

plane.To highlight the performance of the proposed ¢haid antenna array, a comparative table

Table 8.2) is provided. As it can be seen, the proposed radiating surface outperforms other

published works, judging from the combination of apertetesed efficiency, impedance and gain

bandwidth, samless integration with active circuits.
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Figure8.17. E-plane and kplane cuts of radiation patterns for two frequencies (33 and 35 GHz)
in the Kaband

8.7 Conclusion

In this work, we proposed and investigated a concept based on convolving magnetic and electric
surface currents for the development of mb#tnd radiating surfaces. We demonstrated that a dual
band radiating surface can be realized by a 2x2 arrangemntbetddveloped single band antenna.
Subsequently, a thand radiations can be realized by 4x4 arrangement of single band antenna. As
a proof of concept, an array of 1x2 ciraind antenna was designed and fabricated using cost
effective multilayer PCB proess. In this prototype, we transferred all feeding lines to the bottom
most layer with a relative permittivity of L x@while the top layers are implemented on
substrates with low permittivity. In this scenario, the antenna takes advantages of Ioth hig
radiation performance and the ability to seamless integration with active circuits. THeaddal
antenna was fabricated and demonstrated, and the comparison of measurement and simulation

results show good agreements.



Table8.2 Comparison of the proposed and reference antenna arrays
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Freque i Aperture-
Imped. Gain No. of freq. Antenna Seamless
Ref ncy reused . )
BW (%) | BW (%) bands SURIL)YO . integration
bands efficiency (%)
Two
[8] S/Ka | 3.12/9.6 3/3 0.03 100 Yes
(Fixed)
Two
[23] S/Ka | 11.7/11.9| 15/13.5 0.03 - No
(Fixed)
Two
[6] SIKa | 7.4/12.1| 7/14 0.04 - No
(Fixed)
Two
[22] SIV 5.3/6.4 - 0.02 77 No
(Fixed)
Two
[39] S/Ka 3.2/2 - - 100 No
(Fixed)
Ku-
41.2 37.8
This work | band
(Sim.) Ka-
1314 | 126 Two
band
(Extendable 0.12 100 Yes
Ku- to
30 25.4 .
This work | band multiband)
(Meas) Ka-
10.65 8.52
band
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CHAPTER 9 GENERAL DISSCUSSION

Integration of multiband antensawith active circuits is essential fahe development of
multifunctional cuttingedge mmW ARoF wireless systems. Generally speaking, there are two

fundamental steps towards€omplete antennfrontend integration as follows:
- Deep integration (or deng cohabitation) of antennas with active circuits,

In this techniqueantenna and active circug (e.g., low noise amplifier (LNA), power amplifier
(PA), mixer, etc.) are regarded as a unified element (called UN234 ). In this scenario, the
antenna array operates as a multifunctional element includifiy;d)) matching network (MN)
andc) radiating element (RAd) biasingnetwork Due to the unifications of several elements, the
transceive will be simplified and compact which potentially reduces the cost and loss. However,
antenna and active circuits arstill fabricatedthroughdifferent processs Then they are inter
connected through bonding wirgkerebyintroducing inevitable parég radiatiors and reactive
effects, losss and increasg fabrication costs. Since, the parasitic reactangengrallya function

of frequency, it affects the antenna bandwidth, particularly in mmW. In addition, parasitic
radiations not only reduce the antenna radiation efficiency but also degrade the radiation
performance of the antenna. To eliminate the aforementioneersad effects and unify the
fabrication process, a seamless (monolithic) antéromdend integration is proposed and
investigatedn this Ph.D. thesis

- Monolithic (or seamless) integration of antennawith active circuits,

In this scenario (whichas beninvestigated in this Ph.D. thesis), antemaad active circuits are
implemented on the same material with the same fabrication process. Since RghWHULDOV DL
used for the realization of active circuits in an integrated cg¢i@ts) design, an aenna should

be implemented on these materials as well. As suggested by Hod@2R TV FULWH-bECIRQ IRU C
conventional antenna array, increasing the relative permittivity of substrate in an antenna design

scenarias set tocause fundamental limitatioms bandwidth. Although increasing permeability
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can reduce this limitation, it potentially leads to the creation of higtaer modes of surface
waves. As relative permittivitpr permeabilityincreases, the impedance matching between the
antenna aperturand air is reduced which, in turn, limits the radiation bandwidth as well as
impedance matching between antenna and active c¢ileagting to a low impedance bandwidth.

As the surface waves (slab modes) are easily excited in this scenario, partioutariyM, inserted

RF power to the antenna mainly couples to the surface waves rather than air (radiation). The surface
waves propagate in a lelwss substrate and are reflected as well as diffracted from the truncated
edges of the substrate. The diffractedves generally degrade the radiation performantiee
reflected surface waves bounce back and forth in thddessubstratecausing a high level of

mutual couplings between the antenna elements. Notéhtbptppagation of surface waves in the

substate caralsocause the formation of scan blindness in a phased array antenna

To reduce the mutual couplings caused by surface waves in a conakatitenna array, we
proposed a technique based on disrupting the propagation condition of thaolMd of surface
wavs thusreducing the mutual coupling in antenna array. In many planar antennalasagson
the use ofpatctes the thickness of substraite selected so that only the tTNhode is mainly
excited. Therefore, this technique aasilybe applied for reducing the mutual coupling for many
array design scenarios on ighV XEVWUDWHY $OWKRXJK WKLV WHFKQLTXH
for two colinear patch antennas, it can be successfully adopted to a planar antenna array, as the TM

modes mainly propagate in thepkane directiorj109].

Although the proposed technique can successfully reduce the mutual coupling, thsti# are
fundamental issues regardirtige use ofconventional antenna array on high PDWHULDOV D
numbered in the introduction. The planar leakyve antenna can generate a directive broadside
radiation pattern without requiring a complex feeding netwaridalsg surface waves can be
suppressed on the antenna aperture realized by a metallic PRS, it can be a proper alternative for the
conventionabntenna array. Therefore, we investigated the planar-@akg antennas on high
materials. In these antenna types, from the circuit model point of view, a good impedance matching
to the air causetheincreaseof aleakage of electromagnetic waves iifte air and consequently
reduces the antenna gain. Interestingly, this scenario is completely different from that of the
conventional antenna arrayhereforg we designed and investigated a subsiraegrated center

fed 2DLW antenna with a capacitivd&RB. A thin Rogers RT/duroid 6010.2LM with a relative
permittivity of around10.7 (which is around 11 in practice) is used in this design. Unlike the
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conventional 2DLW antenna operating based on the propagation of #fiéViliEnode of a parallel
platewavegude, QTEM modeis the radiating modéat generates a highly directive radiation
beam. Owing to reflecting boundaries realized by the truncated edges of the PRS, the aperture
efficiency is enhanced by 15% as compared to the conventiosidliegircountepart. The antenna

is excited by a slot etched in the ground plane (it can be also excited by integrated active
components in the PRS).

In this scenario,safrequencyncreasesPRSwouldbe virtually unified (by electromagnetic fields)
developing a large, segmented patch antenna. However, due to the short electrical distance between
the PRS and the ground plane, the radiation efficiency is very low, and the antenna cannot radiate.
To dewlop a duaband and higlyain antenna, we investigated the 2DLW antenna with an
inductive PRShatis fed by a CPW TL. Note that, according to the 2DLW antenna theory for two
antennas with identical PRS susceptance values operating with the same madésraan with

an inductive PRS requires a smaller profile than that of a capacitive PRS for satisfying the

transverse resonance condition and radiation

The apertureshared technique was deployed in which the antenna surface was effectively reused
in bothfrequency bands. Unlike the proposed antenna with a capacitive PRS operating based on
Q-TEM mode, this antenna radiates based on the first higher ordgm {7 mode. Therefore,

the antenna profile is larger than that of the capacitive PRS for satiifgitigansverse resonance
condition and then propagation of this mode inside the cavity. It radiates as a large patch antenna
in S-band while it operates as a 2DLW antenna irbidad. According to our investigations, using

highh PDWHULDO LQ Wkvikh a'dingl2 @udéir@sQnance inductive PRS, provokes two
resonance frequencies, including PRS and caepnances, to baonverged In this case the
resonance frequency of the antenna is close to the PRS resonance fre§uremthe PRS is
transparat near its resonance, the attenuation constant of the LW is increased; therefore, a lower
portion of the PRS contributes to the radiation consequently, the antenna gain is reduced. This
condition is similar to the "opestopband” condition in a-D LW anenna in that the LWs are
stopped from propagating while the antenna is open to radiation. We showed that instead of using
single mode resonance PRS, using multimode resonance PRS restdisgible improvement in

gain (> 4 dBi) while this technique alsahances the gain bandwidth. Subsequently, the effects of
using a heterogeneous ighPDWHULDO LQVLGH WKH FDYLW\ KDYH EHHQ H
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As stated,onahigh PDWHULDO S D WWQ, th& ghixsldaDlizZ af\&hkenda elersan
the conventional array is much smaller than their iatement spacing. In this case, not only is the
array aperture not being used efficiently for radiation, but surface waves are also being strongly
excited on the antenna aperture. To addressd$iie, we investigated a methodology based on the
tightly planar arrangement of Méipole-alike antenna elements, where ir¢égment spacing is
also scaled down with the antenna size. Surface waves are not excited on the antenna aperture due
to the boudary condition realized by tightly arranged metallic surfaces. By proper excitation and
interleaving of coupled electric and magnetic currents on the aperture,~aideband antenna
array is developed in which mutual couplings and antenna aperturdeatesefy employed Due
to therestrictions of our PCB fabrication process, the prototype is realized using a low permittivity
material, however, this methodology cargeaerallyapplied to the antenna with high PDWHULD OV
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CHAPTER 10 CONLUSION AND RECOMMENDATIONS

10.1 Conclusion

This Ph.D. thesis has primarily dedicated to the exploration of using higigh permittivity)
materials in the development of meihi@nd highgain antenrmsand applying techniques to address

the adverse effectshile taking advantage of the potential opportunities. In addition, we explored
techniques for the development of a speffeeient multtband antenna array suitable for the
cohabitation of antensawith active circuits. Generallyemploying high materials in antenna
structure provides the RF and antenna designers and developers with two potential opportunities
namely 1) reducing the physical size of the ante@panonolithic antennérontend integation

which, in turn, offers two opportunities 2.1) reducthgtotal fabrication costs of a transceiver as
active circuitsandantennaare implemented with the same process (e.g., CMOS or MHMIC), 2.2)
eliminating bonding wires and their inevitable acheseffects, (i.e., parasitic radiations and reactive
effects) and losses (including both radiations and ohmic losses), which also potentially reduces the
total cost of the system. On the other hand, some adverse effects should be properly addressed
namely1) a high excitation of surface waves and associated adverse d#egs diffractions,

mutual couplings, gain log2) reducing gain and impedance bandwidths

Of course, depending on applicapreach opportunity and bright side can regarded as a
drawback or advantage and vice versa. For example, using a Bigbstrate (i.e., monolithic
integration) results in shrinking the physical size of the antenna which is a highly denranded
antenna and system operatiaglow frequenciesWhile in mmW, high- material potentially

makes the fabrication process cumbersome as fabrication tolerances would be in the order of guided
wavelength hence more accurate and sophisticated fabrication process would be required for
obtaining satisfactory reis. However, the monolithic integration of antesméth active circuits

in mmW potentially reduces the fabrication costs as the labor involved with the fabrication process
is reduced. On the other hand, using low permittivity materials and theconteecting the mmw
antenna to the frontend module usingdiag wires can severely degrade the performance of the

antennarontend system (such as crgsslarizations, gain, efficiency, and impedance bandwidth,
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etc). Therefore, there would be a trasfEbetwveen the advantages and disadvantages of monolithic
integration considering system applications and their preferences (fabrigatimess, required
performance etc.) as well aperating frequency band. In this Ph.D. thesis, we investigated the
adoptionof high- materiab in mmw and THzARoF applicationgin which RSWLFDO VLJQDO
PRGXODWHG XVLQJ PP: DQG 7+] 5) VLIQDOV DQG WUDQVPL!
ZDY HJ XdnGdéveloped some techniques for mitigating its adverse effettferent antenna

design scenario®Ve believe the outcomes will assist antenna andeB&archers and developers

in their future explorationand shedight on seamless integration of antenna iritimtend.

To begin with, we proposed a simple yet effesttechniqudor controlling surface waves and
reducing the corresponding mutual couplings and their adverse effects on antenna performance.
This technique can be applied to a linear or planar antenna array for antenna in package (AiP) and
antenna on chifAoC) design scenarios. In contrast to the numerous techniques reported in the
literature forreducing mutual couplingsaused byspace wavesthe proposed methodology
effectively reduces the mutual couplings originatedsbyface waveswhich are the domant

factor in mutual couplings of halflavelength apart colinear antennas. Although such techniques
can be investigated and applied to the conventional antenna array, thes# &wredamental
challenges (as elaborated in the introduction) regardinggube conventional antenna array in

high- materials which makes it inefficient solution.

The concept othe 2DLW antennawith a capacitive PR®asbeen investigated as a suitable
alternative for the conventional singdand antenna array on the higBubstrate. It offered a very
low-profile and high aperturefficient solution which is highly desired for OEIC design scenarios.
The 2DLW antenna witlan inductive PRS has been further investigated for the development of
high-gain, spacefficient duatband antenreawith a low-complex structure on high materials.

The key features of the proposed antenna are 1) effective reusing of antenna apéxttine in
frequency bands resulting in a spadficient solution 2) a heterogeneous material is applied to
the antenna structure providing the fabrication and design process with a degree of;fB3edom
uses a single feedingetworkthat allows it to opeta in both frequency bands and facilitates the

integration of antenna with a multiwavelength photodiode.

The weltknown complementargource (MEdipole) antenna has inspired us to develop a-dual

band radiating surface using interleaved electric angn®tic currents. From the perspective of
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theory, this concept can be generalized to develop a-baritl antenna array, however, the ground
plane potentially restricts the bandwidth and a number of frequency bands. The key features of the
proposed radiatig surface are 1) due to the completely reusing of radiating surface in both
frequency bands, the apertusised efficiency is 100% which is highly desired for integragyn

thanks to boundary conditions realized #@yight arrangement of metallic radiiag surfaces,
surface waves are not excited on the antenna apeBjuleveraging both electric and magnetic
surface currents could result in broadband impedance matching with a wide range of tunability in

input impedance, which is critical for dense abitation of antenna with frontend module.
10.2Discussion

In this subsection, our objective is to highligbhtmepotential applications for the proposed antenna

techniquess follows

1) The proposed surface wave control technique discussed in Chapter 3 has the potential to be
highly valuable for antennim-package applications. In such applications, where an antenna array

is implemented orhigh- material, the technique offers a promgs solution for reducing the

mutual coupling in the antenna array. By effectively controlling surface waves, the proposed
technique enables a more compact integration of the antenna artaghen materials. This
reduction in footprint is crucial for aginain-package applications, where space constraints often
pose a challenge. Implementing the surface wave control technique allows for a more efficient use
of available space, leading to improved antenna performance and overall system design. By
leveragng the advantages bigh- materials and applying the surface wave control technique,
antennan-package applications can achieve a significant reduction in size without compromising
antenna array performance. This advancement opens up possibilitiesdgrorating antenna

arrays into compact electronic devices and systems, enabling enhanced wireless communication

and connectivity.

2) The proposed very lowrofile and highaperture efficient 2D LeakyWave Antenna (LWA)
discussed in Chapter 4 holds sigrant potential for the dense integration of antennas with active
circuits in radieoverfiber wireless systems. This integration can be achieved by utilizing advanced
fabrication processes such as MHMIC or MMIC. The key advantage of the prop@s&ilVA

lies in its ability to provide both a low profile and high aperture efficiency. These characteristics

make it wellsuited for integration with active circuits, enabling seamless integration of antennas
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and circuitry within the same compact module. By emiplp MHMIC or MMIC fabrication
processes, the integration of the propos& I2AVA with active circuits becomes feasible. These
processes are known for their capability to achieve high precision and miniaturization, allowing
for the creation of complex anmtkensely integrated systems. The combination of the very low
profile and highaperture efficiency of the proposedD2LWA, along with the utilization of
advanced fabrication processes, opens up opportunities for the development of highly integrated
and efftient radieoverfiber wireless systems. This integration offers advantages such as reduced

size, improved performance, and enhanced functionality.

3) The two duaband antenna array techniques proposed in Chapter 5 hold great potential for
numerous applations, both in celphase and basestation transceiver (BTS) design scenarios.
These techniques offer significant advantages in terms of theibduodl functionality, allowing

for the simultaneous operation of two frequency bands. This capability isupentyr beneficial in
cell-phase applications, where the demand for accommodating multiple wireless communication
standards is high. Moreover, the proposed antenna array techniques can also be effectively
employed in BTS designs. By providing ddeind capbilities, they facilitate the integration of

two antennas within a single transceiver, enabling improved coverage and capacity for wireless
communication systems. The versatility of these techniques makes them applicable to a wide range
of scenarios. Bydveraging these duand antenna array techniques, designers and engineers can
optimize their designs to meet the requirements of various applications, resulting in improved

performance, increased capacity, and enhanced user experience.

4) The duaband 2D LeakyWave Antenna (LWA) with a unified feeding network bigh-

material holds significant applicability in basestation transceivers (BTS), particularly in micro or
nano cell configurations, within a RoF integrated wireless system. By utilimjhg material and
incorporating a unified feeding network, the dbahd 2D LWA offers advantages in terms of
compact size, enhanced performance, and improved integration capabilities. These characteristics
make it wellsuited forapplicationswhere space catraints are prominent. The utilization of a
unified feeding network further simplifies the BTS design, leading to reduced complexity and cost.
This unified approach enables seamless operation across multiple frequency bands, supporting the

requirements ofiluatband communication.
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5) Two novel spacefficient and scalable multvideband radiating surfaces based on the
interleaving of electric and magnetic surface currents offer valuable solutions for various
applications, such as multiideband antenna irepkaggAiP) and antennas ahip (AoC), where

real estate is limited and costly. The unique design of these radiating surfaces allows for efficient
utilization of space, making them highly suitable for applications with constrained physical
dimensions. Inthe context of multivideband antennas in package, where miniaturization and
integration are crucial, theseadiating surfaces offer a compact and effective solution for
accommodating multiple frequency bands within limited space. Similarly, in the tasaCo

where available space is at a premium, these sgfficeent radiating surfaces provide an optimal
solution for delivering multivideband capabilities. Their scalability ensures adaptability to
different chip sizes and configurations, allowing foeasnless integration and improved
communication performance. By interleaving electric and magnetic surface currents, these
radiating surfaces achievenade tunability of input impedance for various beam scan angles and
active circuits Their ability to opeate across multiplevidebandenables enhanced connectivity

and functionality in challenging environments.
10.3Recommendations for future works

The subject of mukband antenna arrays with a large frequency ratio or even single band antenna
arrays orhigh- material continues to baf significant interesin research. We believe there are
several topics covered in this research that offer significant potefaiaiurther investigations.

These topics are briefly discussed as follows
10.3.1The 2-D leaky-wave antenna on high substrates:

1) For the proposed-P leakywave antennas on highsubstrateit would be of interest to
investigate the effects of matesand metdic losses on the antenna operations and propagation

modes

2) According to som@@rimary investigation§d1], increasing the permeability of a substrate with

a high permittivity can enhance the radiation performance of antenna. This technique could be
applied and investigated ihd proposed duddand 2D leaky-wave antenna for improving the gain.

In this case, a heterogeneous cavity can be realized by using different layers and features with a

wide range of permeability and permittivity. The radiation performance of the antemid lveo
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improved by carefully selecting the parameters of these layers (thickness, permittivity, and
permeability), which would provida better impedance matching to the air while controlling the
surface leakages. Furthermore, éfffects and advantagebadopting superstrate over and attached

to the inductive PRS can be explared

3) We investigated the effects eflge reflection coefficient on the directivity and aperture
efficiency of the antenna. This parameter can be modified by employing severahained
materialsof variouscharacteristics surroundirtpe PRS. In this case, according to the theory of
multilayered slabs, a wide range of edge reflection coefficients can be realized by properly

choosing the parameters of surrounding layers

4) We provide a comprehensive analysis based on the theory ofthe@kywave antenna, we
believe by using the high@rder space harmonics, one can investigate the generating of several

radiation patterns from a shared aperture on a higjbstrate

10.3.ZThe radiating surface based on interleaved electric and magnetic

currents:

1) This work can be further expanded by incorporating photodiodes and other active devices into
the antenna array usirige CMOS fabrication process and conducting researdbeamsteering

by controlling the phase and amplitude of surface currents.

2) A beamformingless multibeam antenna array can be also investigated by dividing the aperture
of a large antenna array into a group of smalieed antenna arrays with different surface

conditions (phase and amplitude of currents).
3) This concept can be further explored for realizing a-go#rized antenna array.

4) The spatial power combining technique can be investigated by efficient distributions of the RF
powers to each antenredement. In this case, the efficiency of the spatial power combining

technique can be explored by using antenna elements of various sizes

5) Due to boundary condition realized &tight arrangement of the metallic antenna elements, the
substrate surfacwaves cannot be excited, or it would be weakly excited. However, according to
theinvestigation of professor MunR37], a tightly arrangement of the radiating elements prone
the antenna array to supporting another type of the guided surfacemvieVeis similar to the

well-known YagtUda array antenna operating basedhmexcitation of a guided surface wave
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[238]. In this case, some power will be coupled to these surface waves and guided through the array
aperture then radiated from the truncated edges of the-simgearray. These ed¢@rne
diffractions may degrade the array performanaadalso it may causeneHfire radiations and
formation of side lobes. This phenomenon can be more pronoanhkiggher frequencies such as
subterahertz regimevherea large radiating surfaces required to improve the gaiRigorous
researchs required for suppressing thisice wave without adding extra complexity and loss to

the antenna system.

6) It has been observed that if the antenna profile was aroundguinddfd wavelength, the antenna

array showed a highly directive radiation beam as the antenna supports atdghearallel plate
waveguide mode. In this case, antenna aperture serves as a PRS, and antenna radiates based on
theory of the FabrpPerot cavity. We believe, by carefully designing, this mode can be effectively

employed for realizing muHband radiatios.

7) It would be interesting to investigate the impedance matching of the proposdgpbl&alike
radiating surface on highmaterials with air and active circuits fibie development ghulti-beam
radiations. First, using higk materials cause an padance mismatch between the antenna
aperture and air which, in turn, results in an impedance mismatch between thesandrative
circuit as shown in the following figuf@27]. In addition, radiationscannedo thevarious spatial
directions require various impedant®tching scenarios, as suggested by the following figure. On
the other hand, according to the Maetl equatios, using magnetic current provilthe antenna
with one additional degree of freedom for impedance matchiingrefore, it is expected that the
proposed MEdipole-alike antenna offers a wide range of impedamed¢ching scenariofr a

beamsteering or multbeam antenna array
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APPENDIX A LEAKY -WAVE ANALYSIS OF THE DOUBLE -LAYER
HETEROGENEOUS CAVITY

In Figure A.1 the transverse resonance technique in the form of a reflection coefficient is used to
calculate the transverse propagation constant in a déayse cavity at< L r (reference line)
according to (ALl), where ggjL  ggj A AkKs the upward rediction coefficient at reference line

(or PRS reflection coefficient at L r?); g, Is the downward reflection coefficient at reference

line (or equivalently reflection coefficient at L r”).

Figure A.1TL model of the leakywave antenna with doublelayer cavity

Tvwidalk S - )

According to TL theory ¢4,5L "A6¥0 P where fis the reflection coefficient evaluated at

AL r> Therefore,

& a2 6YU) bs T
TVWI’I.6YU_Da_ Ls . ’ét,

At the boundary of two dielectrics, an infinite numberreflections takes place. However,
according to the theory of small reflectior, [the overall reflection coefficient at thé?L 0
boundary [ %h (A.3)] can be approximated as a combination of two terms including the reflection

coefficient between two dlectrics ( 13/“

”E) as described in (&) and reflection coefficient of the
ground plane transferred td 0 boundary (yA?8Y0 Pa), where y L Fs is the reflection

coefficient of the ground plane.
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AN AT E ARSUP 4
. iy ATA%

AIAI/EL_'AI/M/E_'AY(EY L
i3 i3 A3
<'F 4% GsF G (A3)
%%E%% Gs E Ge

ié“EL <|6;EF<é;E Y55G6FY516G5

O SFE<S® " ¥sGe E %6Gs

RAL

Substituting (A3) into (A.2), a system oequations can be developed according td A

o i A?ﬁll &-
A+JA|;E+?K@EA§U_ L 2K& L — a
+i%iE@ESQEA60, & OBdLra (A.4)
05 L TEE]ET{I,’%“E FtDUs
dg L TEE]EéFt:[%L'Js E[%L'%;
where, gg;d ggjare calculated by a fulbave simulation in an unttell; +f/4“E*?'Jmcn{i%“E

are described in (®); Dyand DQyare indicated in FureA.1 ; Us dlg Us, Ugare longitudinal
attenuation and phase constant§4s L Uss E Flsg: Note that positive sign is selected to
realize improper leakyave in A?6¥4Ps4 terms) in the dielectric 1 and 2 , respectively which

can be expressed as a function of transverse propagation co@thnt’J(F FYaccording to (A)

by solving Gsg L Uss E Fdsg L §%ss @ F G

©kl‘J6FU‘5E%55C-§oE§:L‘PFUGE%%CS;GE:'[UL';JG,

Uss L n a

(A.5)

oF KPF P E Vass QOE§: P F P E Viss (6 E U (P )

Uss L n a
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Equation (A4) together with (A5) can be numerically solved for finding transverse ph&sar(d
attenuation () constants at each frequency. It is warthntioning that in an antenfaeG, ' s
and UsG, ' s, the binomial approximation TE ¢T;2 NTR EJTA?5; TED:JF t; can be
applied to simplify (A5) [2] and approximated it with (A6) wherdsg L ¥ Yass:
LFUPEt Jgascgé

tJs5G

Uss N
(A.6)

oo N2
%7 556G

For a specific range of relative permittivity ratios® O Ys2Yis Q 9, an analytical equation can

be developed for calculating the transverse propagation constant. Since in an antenna with

UeG ' sand UeG ' s, and particularly in a high permittivity dielectricGoG ' Yass;
therefore, %s5 F : G2G;® L :Gs59G;®can be approximated a¥%ss N :Gs52G;%in (A.3)
and in this casefrl%”E+N JAEFor r& O VstV QS, +f/““E+O r&; therefore, wave

reflection (due to a step change in relative permittivity) between two dielectrics is negligible. In

i3 /&

this case, +, +can be ignored in (A.4); therefore N FA’®YU.Pa . By considering

+i3/“ "E4L rin (A.4) and rearranging it, &vcan develop (A.7) as follows:

TeeiNtIJFs;@Et:(sD E gDy

\ '[I&_EI N A?6: 20> 53 0;

(A.7)

Having substituted (A.6) into (A.7) and applying some basic algebraic manipulations, transverse
phase and attenuatiaonstants are calculated according to (A.8):

%L@) FIgE¥I:fEQSvI€ 4
tG dbw, E Bw,A
(A.8)

%L@ I%E¥F$E[\2/3F? 4
LG @V, E W, A
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BL:TgeiFitIJFs;e;FtG:JD E JDy;a
RL.J¥ Aegi J L r &Gs&Gt &Gudd

A periodic leakywave antenna radiates based on the space harmonics (partidularfys [3].
In this case, phase constant of radiated wave (a fast wave) is described as follows:
(808G L F2%G EtIenlGg

(A.9)
JL Fs&t&u&a.

where L'Jfé%neﬂs normalized phase constant of unperturbed wave (slow wave) (A.8)L &sd

periodicity in the PRS.
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APPENDIX B FUNDAMENTAL LIMITATIONS ON ANTENNA ARRAY
BANDWIDTH

TheBode)DQRTV FULWHULRQ LV SULPDULO\ LQYHVWLJDWHG LQ W
the theoretical fundamental limit on bandwidth for certain types of load impeddnégsif can

be successfully adopted in the emta array theory for estimation of substation restrictions on
antenna array bandwidtib-B @ ,Q WKLV ZRUN ZH DSSO\ WKLV WKHRU
transformation [4],%-8] to obtain a closeform approximate analytical equations for the proposed
dualband radiating surface antenna arrAg. aforementioned, the antenna profile in the lower

frequency band should be selected betwaggzand &; v (where §; s the guided wavelength
in the lower frequency band) corresponding to the frequency range?ad D/ Y;a; Q B, O

?0v BN 4. In this case, according to the TEN modeFigure 7.22| the surface impedance of

substrate, which is evaluated according 4@L <, — f:UD;, [where <, is characteristic
impedance andJis propagation constant of the transmission line (ELjjductive. The equivalent

circuit model of the substrate and air (radiation) would be a parallel RL circuit in wheghesents

the surface inductance of the grounded substrat® amticates tie antenna radiations. Therefore,
according to the Bode) DQRTV WKHRU\ IRU D|Fyh&JT2e|Htte fiactionRD G >

bandwidth $9 4 L —

/) of antenna array should satisB.1):
1/2

s+ s s @B)‘ Aa té6 | S p’-’5 (B.1)
te qo, B AA 36/& A
AB _teé%Bx. s 7°
\ $9:L—0 | J—
ATBa T 4 A

whereBaLV FHQWHU IUHTXHQF\ Rl WKH ORZHU EDQG ,Q WKLV FD

[40], <4 L . whereL is the equivalent surface inductance of the substrate. For a broadside radiation

(a TEM wave)<, L ¥&;0Y, and 4 L R,; therefore B.1) can be rewritten as:
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$9,05 2 3.5

A % T%&‘p
. teb B.2
g | L BA (B.2)
ﬁ ? ?

- i DO————
SeBaTat 2 O VBATEY

With reference tgFigure 7.22(b), in the upper frequency band substrate height can be selected

between &; s8v and &; 0t corresponding to the frequency range ofev B¥:as QBsi O

20t DY &4 . In this case, surfacenpedance of the antenna is capacitive. Therefore, according to
theBode) DQRYJV WKHRU\ IRU D SDUDOOHO 5& ORDG WKH IUDFWLF
satisfy B.3):

C JS@IB)S AB‘O S Js?5
o A 2% Bs tBtA4°/c|" AP
(B.3)
s s 7°

whereBs LV WKH FHQWHU IUHTXHQF\ RI WKH XSSHU EDQG "KHQ
we virtually divide the total substrate height in this frequency rarfgeqv O D O §; 40t) into

two seriesconnected suBectiors Dband Oy :DL DB E 0y;. The first part @) is a short circuit

TL (grounded TL) whose electrical length changes with frequency in the rar@jeioé O B, O

udy 48z and the length of the second sdxtion in the range olug; ;2z O Oy O &; 4@t . In this

case the length of each part is maximudg@z. The first part provides a virtual open circuit as the

input impedance of the second part. Therefore, the input admittance of the second section can be
written as; L F;— f:JD,where ;,is the characteristic admittance of the substrate. Now, the
5LFKDUGTV WUDQVIRUPDWALIRSY</LVYDHE® CLidttke atlveleéhHdIURface
capacitance of the substrate in this frequency ra@gmsequently, §.3) can be rewritten

accordingly:
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APPENDIX C ARTICLE 7: WIDEBAND AND HIGH -GAIN SLOT
ANTENNA USING SELF-SCALABLE CURRENT DISTRIBUTION AND
MULTI -MODE RESONANCE

Amirhossein Askarian, and Ke Wu

Published in théEEE 19th International Symposium on Antenna Technology and Applied
Electromagnetics (ANTEMWinnipeg,MB, CanadaAugust 232021, pp. 12

We present a compact, higfain, and wideband coplanar waveguide (CR¥d)slot antenna. This
antenna makes use of setfalable current distribution and muttiode resonance (MMR)
techniques to broaden the impedanetahing condition and also to form a stable radiation pattern.

It operates in K/Kéband and covers a wide frequency range 629.7GHz with 54% and 28%
impedance and pattern bandwidth, respectively, showing a maximum realized gain of 9dBi. Owing
to its simplicity, ease of integration, and higjain radiation pattern, this antenna is a promising
candidate for integrated circtantenna design.

C.1 Introduction

Wideband, higlkgain, lowfootprint, highefficiency, and lowprofile antenna is of great
importance and choice for dense integration of antenna elements with active elements and circuits
in CMOS/MMIC technologies. Among all the printed or planar antersh@isantenna has received
considerableattention due to its simplicity, low profile, and ease of integration. Thanks to its
resonance nature and omnidirectional radiation pattern, slot antenna generally suffers from low
bandwidth (both impedance and pat)eand low realizable gain. Over the past decades, this
antenna has been extensively studied and many techniques have been developed for improving
radiation pattern as well as impedance bandwidth. Over recent years, some innovative ultra
wideband (UWB) slb antennas have been presented®][1in [1], an UWB slot antenna was
proposed with multiple resonances to enhance the impedance bandwidth. However, it still presents
an unstable radiation behaviour and low realizable gain. Pagthif2] presented a @ notched

band slot antenna for UWB operation with maximum gain of 5.8 dBi. ¥aiad)3] investigated

an UWB slot antenna based on a travelvaye mode with 121% fractional bandwidth (FBW) and
maximum gain around 4 dBi. A wideband slot antenna backeullbstrate integrated waveguide
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(SIW) cavity was proposed in [4Bi et al[5] proposed a broadband slot antenna with FBW of
40.8% and maximum gain of 6.2dBi. A filtering dumbbksilaped slot antenna with FBW of 62.5%
and peak gain around 5dBi was presdnn [7]. A notched CPWed slot antenna was proposed

by Gaoet al[8], however, it shows an unstable radiation. In this work, we propose and investigate
a miniaturized slot antenna inspired by a molbde resonance technique to provide a wide
impedancematching.The radiative part of this antenna moves along the antenna aperture as
frequency changes, thereby forming a sort of-sedilable current distribution. This mechanism
not only increases the realizable gain but also creates an adaptive impeadthdeghiand multiple

resonance for broadband operation.
C.2 Antenna structure and analysis

Figure C.1shows the geometry of the proposed antenna and its equivalent transmission line (TL)
model for each section. This geometrically symmetric antenna isnéelsan Rogers RT/Duroid

5880 substrate with relative permittivity 2.2and thickness of 2Mils. A shorted feedline (CPW)
ensures a maximum current at the center of slot, consequently a strong magnetic coupling over the

entire frequency band.

Figure C.1 The geometry of proposed slot antenna and its equivalent transmission line model for

HDFK VH R With&igput infpedance for each section)=I35, L,=5.2, ls=5, Lyu=3.2, Ls=

1.5 W=1 Wo=4, Ws=1.9, Ws=0.4 (all in millimeter) 3'LVF" VWDQGV IRU GLVFRQW
the slot lines

Owing to this feeding, only even modes of the magnetic field can be excited. As a rgsudtsén

current distribution will appear at the end edges of the albtHigure C2). Such conformal edg

FXUUHQWY PDNH D FRKHUHQW FRQWULEXWLRQ DW WKH EURD

to the propagation of the surface wave in the substrate and its associated edge diffractions, the size

of the ground plane should be optimized for a consitret and maximum radiation at the broadside.
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(DFK DQWHQQDYV VHFWLRQ KDV WZR ZLGH LQGXFWLYH
corresponding to k2 and lowz TL, respectively, thus creating a step impedance resonance
condition. Circuit model anthput impedance can levaluated by cascading tA&CD matrices
of subsections according t&(1), in which i .i Mis complex propagation constant anénd

i are attenuation and phase constants, respectively (note ihedrresponding to radiain and
can be evaluated per wavelength by aWdlve simulation)|; is length, and s characteristic
impedance of the slot TL, al36is the end load admittance. Impedance ma#iratrix in (C.1)]
for each discontinuity between the slot lines anah Yigure C.1 can be obtained by numerical

calibraton techniques [9].

(C1)

C.3 Results and discussion

Figure C2 illustrates the surface currents at four frequency points including 20 GHz, 24 GHz, 26
GHz, and 29 GHalong with corresponding radiation patterns. As demonstrated, the radiative part
(associated with stronger current distribution) is gradually converged to the center of the slot as
frequency increases, which indicates a-se#fling current distributionnladdition, the directivity

of the antenna is fairly stable, and the antenna can radiate at broadside over a wide range of
frequency. As Figre C3(a) reveals, the impedance and pattern FBW are around 54% (17
29.6GHz) and 28% (230.6 GHz), respectively (ote that we consider +8Bi variations for

calculating the FBW pattern). The real and imaginary parts of input impedance are discussed in
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Figure C3(b), emphasizing the MMR nature of the antenna (a combination of four resonance
frequencies).

Figure C.2 Current distribution and radiation patterns at (a) 20GHz; (b) 24GHz; (c) 26GHz; and
(d) 29GHz showing a seffcalable manner in current distribution and stable broadside radiation

Figure C.3 (a) Realized gain and return loss of the proposedrgenna; (b) real and imaginary
parts of the input impedance (CPW TL has beerrdbedded)

C.4 Fabrication and measurement

The proposed slot antenna was fabricated on both low permittivity (i.e., Rogers RTERB86)d
and high permittivity (i.e., RogerRT/duroid 6010.2LM with¥% L s r@) substrates, as shown in
Figure C4. For the development of the antenna on-high XEVWUDWH DOOu@ICR HQVLRQ"

have been scaled according to the ratio of relative permittivity of substrates
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Figure C.4 Fabricated slot antenna on both low permittivity and high permittivity substrates

Simulated and measured reflection coefficients along with simulated front and back radiations are
shown in Figire C5. It is important to note that all dimensidnshigh- materials were selected

while taking our PCB fabrication constraints into account. Thus, compared to the MXEVWUDWH
some frequency shifts can be observed in the reflection coefficient curve of the g WHQ Q D

Figure C.5Simulated and measured reflection coefficients and simulated broadside and backside
radiations on both (a) high 5RJHUV D-Q G5 REJ HQWR/Z VXEVWUDWH

As shown in Figre C5(a), the measured reflection coefficient has some frequency dsifts
compared to the simulated one wi¥pL s rd However, this frequency drift has been justified
by considering¥ L s tin the simulation. While the measured reflection coefficients of the antenna
on the low substrate agree well with the simulation result wghL t & & Because of EM field
confinement inside the substrate and the high excitation and diffraction atesuvaves from the
truncated edges of the substrate in the -higlubstrate, the frortb-back radiation ratio in the
antenna is smaller than that in the fowubstrate. Normalized radiation patterns of the antennas

are illustrated in Figres C.6 andC.7
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FigureC.6 Hplane adiation patterns of the antenna on higsubstrate in (a) 32 GHz, (b) 34
GHz and (c) 36 GHz

FigureC.7 Hplane adiation patterns of the antenna on{owubstrate in (a) 26 GHz, (b) 28
GHz and (c) 30 GHz

C.4.1Discussion

Some inconsistencies between the simulated and measured radiation patterns (particularly in the
high- antenna) arevidentlyobserved, whiclreelaborated as follows. In our measuremsaine
unbalances are introduced between potentials of ground planes in the ungrounded @GBW TL
result, parasitic coupled (odd) slotline modes would be excited in the CPW TL. These modes
propagate with different velocities from the dominant even CPWemaod cause some radiations

to free space. The coff frequencies of these modes are highly dependent on the antenna structure
and substrates characteristics resulting in different effects on the radiation patterns of the antennas.
Parasitic radiations @he higherorder modes in CPW TL and the discontinuity between the CPW

TL and slot highly disturb the radiations of twetennaparticularly off the broadsidét is worth

noting that the same potentials are considered in the ground planes in the canpuiegion,

enough that highesrder modes are eliminate@ne solution to address this issudasuseair
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bridges along the CPW TL (with a quarteavelength apart) as well as in thguhction of CPW
TL and slot. These air bridges suppress the parasitipled slotline modes by foreguating the
potentials of the two ground planes. The realization of these air bridges requires a more

sophisticated and accurate fabrication process
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