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Abstract

High Gain Millimeterwave Antenna Array Design with High Isolation.
Oludayo Sokunbi, Ph.D.
ConcordiaUniversity,2025.

Millimetre wave (mrmwave) antenna arrays with high gain are explored to meet
the userrequirementsof highthroughput,with averyclosedistancebetweenthe
antenna elements, which enables miniaturisatiddowever, higkgain antenna
array design at mawave bands has been a growing concern among antenna
engineerdecauseof the inevitable, undesireanutual couplingbetweenthe antenna
elements.First, various decoupling techniques are explored to increase isolation
between patch and MHEipole antenna arrays at 30 and 60 GHhen, a novel
customized™ -shaped spliring resonator (SRR) metasurface is designéde
SRR is arranged in two configurations to decoupl@ And X 4 millimeterwave
(mmwave) magneteelectric dipole (MElipole) in the Hplane. The antenna
performances are verifiedThird, an effective method is used to design a large
dualpolarized finite planar array and its corporate feed netwofrke procedure

Is verified by an 88 and 1& 16 array of metallic ME dipoles fed by a network of
Microstrip RidgeGapWaveguide(MRGW).The procedureis basedon designing
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corresponding effective input impedance that accounts for the mutual coupling
betweenthe antennaelements.Theresultsareverifiedbythe full-wavenumerical
solution. A 10x 10 array is fabricated and measured. The array bandwidth

is similar to the element bandwidthThe simulated results are confirmed by
measurements.Finally, the same technique is used to design a dual circularly
polarizedmetallicmagnetoelectriaipole with excellentradiation characteristics.
Different scenarios are explored, and the antenna is fabricated to confirm the
simulatedresults. Thesinglelayer,singleslot designisalsointroducedto savethe
costof fabricatingdualslots. Thetwo-layerfeedingnetworkis introducedto solve

the problem of extra gaps introduced by the feeding netwdrke performances

are compared with the singlayer excitation.
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Chapter 1

Introduction

1.1 Millimeter-wave Technology

Wireless technology has improved due to the advent of the 5G millimeter wave
frequency range, resulting from the demand for fast data rate, wide bandwidth
and increased efficiency [1Pue to their shortwavelengths, millimetewave
(mm-wave) frequency bands (3800 GHz) are usually used for shdistance
communication.However, oxygen absorption exposes millimeter waves to path
losses Also,otherissuedike environmental mechanicalandtechnicalfactorscan
degrade wireless systems in the nwave band.Therefore, higkgain mmwave
antennaswith low mutual couplingare desirableto compensatdor the undesired

path loss.Multiple-input-multiple-output (MIMO) technology has been used where

multiple antennas increase channel capacity [2].



1.2 GapWaveguideTechnology

The millimeter wave (mrAwave) technology has engendered unprecedented opportunities
for wirelesscommunications,especiallyregardingthe availablespectrum, which

is over 20 GHz. Thishas made mm-wave a key factor in the fifth generation

(5G) wireless communicatiotdowever, implementation is usually a bottleneck in
mm-wave communication, especially at the physical layer, which includes waveguides
and antennas.The antenna required at this layer must exhibit high performance

to compensatdor highatmospheridosses.Thereare enormoustechnologicabnd
mechanical issues involved in the design ofswave, including but not limited to
Integration, cost, compact size, DC consumption, and packaging [3].

The common transmissionlines for antenna arrays are microstrip lines or
coplanarwaveguides However, thesdinesare difficult and expensivéo manufacture
at the mm-wave level, especiallywhen usedto designcomplexfeed networks for
mm-wave arrays.This is because good electrical contact is very importannore
costly technology, such as diffusion bonding, can be utiliZ2édhe mmwave level,
more precision is required as the physical components involving antennas become
small.

Notably, the properties of both microstrip lines and coplanar waveguides depend
largely on the dielectric material, which is usually losByerefore, both lines suffer
from high insertion and conductor lossesdue to the small dimensions[4]. Also,
the excited surface waves via the substrate enhance the mutual coupling between
the arrays.This is a serious issue in nwave technology, especially because the
arrays must be closely packed together.

It is, therefore, imminent that a new RF technology needs to be implemented

that can eliminate dielectric, insertion, and surfacewave lossesinherent in the



conventionalPCBandhollowwaveguidetechnology.TheSubstratentegrated
Waveguide (SIW) technology was invented as an alternative [[] However, it

still suffersfrom dielectriclossesgspeciallyat mm-wavefrequency.Prof. Kildal
discussedhe gapwaveguidetechnologyin hisfirst paperdescribedn [9]. The

idea of the gap waveguide is to have control over electromagnetic (EM) waves such
that their directions can be determined using boundary conditiofise idea is to
generatea stopbandbetweentwo parallelplates(PMC)whichisusuallyabed

of nails,andthen introducegrooves strips,or ridgeswhere propagationof EM
waves is allowed without any leakage (PEC) [TOf gap waveguide technology
eliminates the need for electrical contact by creating a cutoff between the parallel
plateg | @S 3 MEPE@sier,asshownin Fig.1.1.Accordingoa  Eg St f Qa
equations, thedistancebetweenthe two platesmustbe lessthan </4. At this
distance, the PEC/PMC walls on the strip are in theoffutegion, making it

similarto the typicalhardwarewaveguidg11].

PEC PEC

PMC

Figurel.1: Conceptof the Gapwaveguidetechnology[9]

Since PMC does not naturally exist, periodic structures are engineered to
realize PMC characteristics for the desired frequency range, artificially. This way,
losses can be curbed since propagation is no longer via any dielectric material

but via an air gap. Leakagesre reducedor suppressedoeyondthe region of



propagationwhichis boundedbetweentwo PEGurfacesasshownin Fig.1.1.
Another type of PMCstructure is the periodic EBGstructure, as shown in

the different implementations of this concept in Fi§).2. These four different

types of gap waveguide structures are mainly ridge, growesrted-microstrip,

and microstripridge [11], [12].

L [hedft
d= Al
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plate with

periodic pins
a) Ridge ¢} Inverted Microstrip

| Fac e VI Qo
| e o o it e s

Metal plate

Substrate with
mushroom-like
patch

Bottom metal
plate with

b) Groove periodic pins d) Microstrip Ridge

Figurel.2: CommonTypesof Gap Waveguide[10].

These four types have advantages and disadvantages but generally have lower
losses than other traditional guiding structures, especially at-wames, due to
wave propagationin the air and lessinteraction with the surroundings[13].

In terms of losses, the rectangular waveguide has lower losses than the ridge gap
waveguide, mainly because the waveguide width is wider than the guiding ridge.

Consequentlythe current density over the guidingstructure is more extensive,
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leadingto a higher conductor loss. Microstrip and Inverted ridge gap waveguides
havemorelosses, obviouslgiueto their surfaceareas.However, theystill outperform

the regular microstrip lines, especiallyat the 30 and 60 GHzfrequencies[14].

1.3 ProblemStatementand Motivation

The 5G millimeter wireless technology offers high data rate, low latency, low energy
and cost, increased spectral efficiency, and channel capacity, especially in MIMO
technology [15].Therefore, mmwave antenna arrays are explored to meet the
userrequirementsof highthroughput,with averyclosedistancebetweenantenna
elements to allow miniaturization and compactness [Il8bwever, compact antenna
arrays designed at miwave bands have been a growing concern among antenna
engineers due to the inevitable, undesired mutual coupling between the antenna
elements due to the proximity of the elements [1'Mlutual coupling can greatly
distort MIMOI- y i S ympédan©bandwidth,radiationpattern, efficiency,gain,
and envelopecorrelation coefficient (ECC)Accordingto [18], the surfacewave
is the main cause of mutual coupling in antenna@kis occurs if the normalized
substrate electrical thickned$g <, satisfies the condition [18]:

h ., 03

—0 —&5— 11
< 2T (3.1

where h is the substrate thicknessp is the wavelength in free space, andis
the dielectric constant of the substratépart from the surface waves, space waves
(i.e., neaffields) also contribute to coupling in microstrip antennas in the rfedd
region of the antenna, especially if the distance between the antenna elements is

lessthan half wavelength. Thiscouplingeffect is restricted to the regionabovethe



substrate of the coupled patch antennas [19]. Surface waves are usually unwanted
between the interface of two dissimilar materials, such as free space and metal or
metal and dielectric materialThe fields along these waves are best described using
surface current at radio frequenciedVhen these currents radiate from antennas,
they can distort the radiation pattern by causing some rippléghen antennas
share the sameground plane, these currents can causemutual coupling[20].

Highquality, low-noise hardware systemsare important in millimeter-wave
signal processing especiallyin frequencymodulated continuouswaves(FMCW)
radar. Theisolation between the transmitter and receiverin FMCWsubsystems
affects the overall FMCW system and the & & & (i 8b¥it® ¥ detect a target
accurately.The factors that affect system performance include transmittereceiver
on-chip couplingand transmitter-to-receiverantennacoupling. The on-chip isolation
is usually fixed, usually greater than 40 dB. Hence, the antenna isolation requirement
should be greater than the on-chip isolation value of 40 dB [21]-[22].

Therefore, achieving more than 40 dB isolation improvement in closely spaced
millimeter wave antenna arrays for radar applications with high gain is necessary.
Also, achievingmore bandwidth impliesthat the antennacan be usedfor many
wireless applicationsA highgain millimeter wave antenna is important to overcome
path loss and enhance system coverage.

Many techniques have been reported in the literature to mitigate mutual coupling
at millimeter wave bands. In [23], a hybrid isolator and choke absorberwall
are employed to reduce the mutual coupling between two MIMO antennas by 22
dB within the 50-64 GHzimpedancebandwidth. The authors in [24] achieved
about 30 dB mutual coupling reduction using a slotted electromagnetic band gap

(EBG)structure between two MMW patch antennaarraysat 27.6 GHz. Also,



in [25], two metal strips are used to reduce the coupling between two MMW
DRAs by 12 dB within the 2738.35 GHz frequency rangkn [26], the authors
proposed aseltdecoupled antenna using slot characteristics to achieve 50 dB
isolation improvement between two MIMO patch arrays around3785 GHzA
defective ground surface was used to improve the isolation of adle@ment MIMO
patch antenna by 50 dB in the G2 GHz bandwidth [27]The defective fractal
groundwasreportedby[28] to achievel3dBisolationimprovementbetweentwo
compact patch antenna arrays in the 11.4.78 GHz rangeMetasurfaces have
achieved a maximum of 15 dB isolation improvement withii327GHz [29]A
metasurface shield achieved a maximum of 31.5 dB mutual coupling reduction
at 60.4 GHz [30]The authors in [31] proposed a Complementary Split Ring
Resonator (CSRR) as a decoupling element in a MIMO array to achieve 31.8 dB
isolationimprovementandimprovethe radiation characteristicavithin 24.7-25.3
GHz.Defected Ground Surfaces (DGS) [32] were used to enhance the isolation
of two integrated antenna systems by 3 dB in the ehehd of 4G (3.8 and 5.5
GHz), and 5 dB in the 5G bands (22943 GHz)Frequency Selective Surface
(FSSyvasreportedto increasethe isolationof a dielectricresonator(DRAMIMO
antenna by a maximum of 30 dB in the 57-63 GHzbandwidth [33]. In [34],

a hybrid isolator was used as an EBGunit cell to improve the isolation of a
MIMO dielectric resonator antenna by a maximum of 25 dB within -64.8

GHz impedance bandwidtilThe authors in [35] have used metallic vias as a
decouplingmechanismto achieveabout 19.8 dB isolationimprovementin the
Eplane,and 22.7 dB in the H-plane of a 1x 2 MIMO DRAantennaat 26 GHz.

The authors in [36] used multiple notches structures on the ground planes of a

MIMO Vivaldiantennato achievea 37.3dB maximummutual couplingreduction



enhancementwithin 24.5528.5 GHz. The feed line structure of a 56.564 GHz

slot patch antennawas modified to achievea maximumisolationimprovementof

38.6 dB [37].Several Electromagnetic Band Gap (EBG) surfaces were employed
as decouplingstructures in [38}[39]. Defective Ground Surface (DGS) was used
by [40] to decouplea slot-arraypatchantennaby 50 dBbetween1.2-1.35GHz.In

[41], the authors used nedlreld resonators above 2 andéement patch antennas

to realizea 20 dB couplingreductionwithin 6.1%bandwidth. Also, theauthorsin

[42] proposed a dielectric block to achieve over 20 dB coupling reduction between
very close patch antenna elements in both E and H-planes around 4.32-5.48

GHz bandwidth.In [43], parasitic elements are optimized using a particle swarm
optimization algorithm to reduce mutual coupling between two microstrip patch
antennas by 24 dB around 4 GHz. Slotted complementary split-ring resonators
were introduced between two microstrip patch antennas to achieve a 10 dB mutual

couplingreduction around 5 GHzin [44].

1.4 Objectives

The main objective of this work is to design a wideband -gigih antenna array
in the mmwave band that can be used for 5G and MIMO applications at 30 and
60 GHzMore importantly, the mutual coupling between these antenna arrays is
mitigated via different decouplingmethods.n addition, selfdecouplingmethods
are examined using the frequendgpendent effective impedance methodhe
process of achieving these objectives can be described as follows.

1. Different techniques for reducing mutual coupling, including defective ground
structure (DGS), Split Ring Resonator (SRR), superstrate, dielectric bridge, and

slots, will also be introduced in mmave antennas.



2. Using a simple metasurface decoupling structure to isolate a tightly spaced
1x 2 and X 4 MEdipole millimeter wave antenna array at 60 GHz, with 23.7%
bandwidth in the H- plane. The maximumisolation between these two arrayswill
be examined.

3. A new method will be used to predict the performance of a ¢ha@hrized
large finite array from a small array, including the effect of the mutual coupling
between the elementsThe method will provide us with the radiation characteristics
of the large array as well as the effective impedance(active impedance)of all
the array elements at its porfThen, this information will be used to design the
dualpolarized corporate feeding network as terminating loads without introducing
the radiating elements in the computation and an efficient design procedure will
be introduced for the large finite array feeding networkhe procedure will be
applicable to any feeding network technologiyhe procedure will be applied to
designan 8x 8 and 16x 16 antennaarraywith singlelayeredcorporatefeedat 30
GHz.The spacing between the adjacent elements of theddsubarrays is much
largerthan the elementto-elementspacing.Suchan unanticipatedproblemwill be
resolvedsuccessfullyThusto avoidsignificantlyperturbingthe powerdistribution
of the largerarrayaperture,the spacebetweenthe 4x 4 subarrayswill befilled by
parasiticME-dipoles,andthe antennaperformancewith andwithout the parasitic
elements will be comparedThe duallayer feed network will be introduced to
solvethe issueof extraspacedetweenthe sub-arrays,andthe performanceswill
be compared with the single layer.

4. The same concept above will be used to design a dual circularly polarized
8x 8 antenna array with a singlayered corporate feed at 30 GHin addition,

different scenariossuchaselementfailure, specificelementexcitation,and MIMO



configuration,will be explored. The feeding network is expectedto also introduce
a larger gap between thex4 arrays.Therefore, the parasitic elements will also be
employed to fill the extra gapsThe dualayer feed network will also be introduced

to avoid gaps.

1.5 DissertationOutline and Contribution

This thesis is organized into six chapters, including the introducGdmpter 2
introducesdifferent decouplingtechniquesto reducemutual couplingin mm-wave
MIMO antennas at 30 and 60 GHz.

Chapter3 introducesa new metasurfaceto reduce mutual coupling between
1x 2 and X 4 MEdipole millimeter wave antenna array at 60 GHhe metasurface
is carefully designedto exhibit negative permittivity in the bandwidth of interest.
This way, the reflected waves from the metasurface cancel out some direct coupling
waves between the antenna elements.

Chapter 4 introduces the concept of a sraHlarge array to extrapolate the
effective input impedanceof a large array using the information of a small array
by consideringthe mutual coupling effect. This information is used to construct
the frequencydependent duabpolarized feed network and to excite a dymilarized
8x 8 and 1& 16 MEdipole antenna.The dualpolarized feed network is introduced
to solve the issue of gaps between the sarpays.

Also, the above concept is utilized in Chapter 5 to design a dual circularly
polarized feed network, which is used to feed an8dual circularly polarized
ME-dipole antenna at 30 GH&pecific element excitation, failed element scenarios,
beamsteeringand MIMO scenariosare explored. Thefeedingnetworkintroduces

additional gapsin the subarraysfilled with parasiticelements. To solve this

10



problem, the duakayer feeding network is introduced.

Chapter6 providesconclusionsand future work.
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Chapter 2

AntennaArray

This chapter will discuss various antenna array elements with different decoupling

mechanismsndalsothe effect of thosedecouplingelementson the antennacharacteristics.

2.1 Mutual Coupling Reduction in a DA&Bcorporated
Millimeter-Wave Antenna Array

This section presentsa T- and E-sshapeddefected ground surface (DGS)}o reduce

the mutual coupling in a tightly spacedantenna array in the millimeter-wave
(mm-wave) frequency rangeBy carefully optimizing the dimensions and positions
of the slots on the ground plane, a 50 dB maximum mutual coupling reduction is
achievedover the 62-77 GHzbandwidth (21.6 %), with an edgeto-edge spacingof

0.55 mm (0.18), where<s the freespace wavelength, at the center frequency of
70 GHz.The carefully etched ground plane improved the bandwidth, especially
between the 60-70 GHz band, with good radiation properties. These results

makethe proposedtightly spaced,highly isolated mm-wave antennaarray a good

12



candidatefor mm-waveV-bandapplications.

2.1.1 DGSIncorporatedl1x 2 Millimeter-Wave AntennaArray

Fig.2.1 (a) depicts the front view of the antennH.consists of two microstrip
patches, each 4.55 mm x 2.8 mithese dimensions are used to realize the intended
impedance bandwidth.The edgeo-edge spacing of the antenna is 0.55 mm
(0.13), where<isthe free-spacewavelengthat the centerfrequencyof 70GHz A
microstripline of dimensionsL.5mm x 1.79mm, with acopperthicknessf 0.035
mm, feedsthe antenna.RogersRT597Gtandardsubstrateof relative permittivity
2.33,thicknesd9.508mm, anddimensionf 19 mm x 12 mmisemployed. These
dimensions are optimized to obtain the best reflection coefficiefite back view of
the antennaconsistsf two meticulouslyoptimizedT- and Eshapedslots,etched

on the ground planewith dimensions d = 4 mm,d> = 2.5 mm,ds = 0.6 mm,

and d: =2 mm, as shown in Fi@.1(b).
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Figure2.1: DGSincorporated1x2 array configuration: (a) front view (b) back
view

The dimensions, positions, and intersections of theaiid Eshaped slots are
meticulouslyoptimizedto filter the unwanted surfacewaveson the ground plane
to reducethe mutual coupling. Theantennais designedusingCSTmicrowave
studio. DGSurfacesare periodicor aperiodicstructuresetchedon the ground
plane of microwave circuitsThey operate similarly to Electromagnetic Band Gap
(EBG) structuresThe current distribution of the antenna is usually disturbed
with the addition of slotsin the DGStherebyalteringthe characteristic®of the
antenna by creating additional inductance and capacitaides changes the
overall inductanceand capacitanceof the antenna. The confined currents within
the slots cause the capacitive effedthe inductive effect is caused by the current

flow aroundthe DGSresultingin more resonancecharacteristics.Thesecombined
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effects are responsible for the bandstop characteristics of the DGS, inhibiting the
surface waves within a specific band gdjis is also responsible for the overall

improvement of the impedance bandwidth of the antenna.
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Figure2.2: SimulatedSparametersof the DGSincorporated1x 2 antennaarray.

Fig.2.2showsthe simulatedSparametersof the proposedarray. Thereflection
coefficient (1) of the array only (without DGS) ranges from BB GHz, with
mismatch observed around 60 GHz and6&GHz.The transmission coefficient
betweenthe two radiatingelementsrangesfrom -13to -28dBoverthe 55-80 GHz
bandwidth. Two observations can be made after inserting the DGS (Proposed).
First, the minimum coupling between the antennas is now arouf#ldB, and
the maximumis around -22 dB within the 62-77 GHzimpedancebandwidth.

The antenna exhibits a maximum coupling reduction of about 50 dB at 75 GHz.
Also, the carefully optimized DGS has corrected the mismatch around 60 GHz

and 65-68 GHz. Thismakesthe DGSincorporated 1x 2 array suitable for 5G
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antenna devices, exhibiting wide impedance bandwidth (about 21.6%) and 50 dB
high mutual coupling reduction.

Theproposedantennal NN.E an@i-planeradiationpatternsat 69 GHzare
shown in Fig. 2.3. The patterns are reasonably stable over the entire bandwidth.
Also, thedefectedgroundslightlyaffectsthe beams, tiltingghe maximumradiation

direction slightly away from the broad side.

180 180

(@ (b)
Figure2.3: Farfield radiation patterns of the DGSincorporated1 2 antenna
array at 69 GHz(a) Eplane, and (b) H-plane.
FigohH ®n O2 YLJ NB&a GKS LINRLIRASR yuSyyl Qa
antenna (array only)The DGS improved the overall gain and efficiency of the

antenna within the bandwidth.
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Figure 2.4:Simulated:(a) Peak gain and (b) Efficiency of the Bx@&8rporated
1x 2 antenna array.

TheEC®fthe proposedantennacomparedo the referenceantennaisshown

in Fig.2.5. The result shows excellent properties.
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Figure2.5: SimulatedECOf the DGSincorporated1x 2 antennaarray.

The surface current distribution of the proposedantennacomparedto the

referenceantennais shownin Fig. 2.6. Theproposedantennashowsfewer surface
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currents between the antenna elements compared to the reference anteAiso,
most of the surfacecurrents are concentratedaround the carefully designedDGS

on the bottom of the proposed antenna.

@) (b)

(c) (d)

Figure 2.6: Surface current at 64 GHz: (a) Array OnlyTop, (b) Array
Only-bottom, (c) Proposedop, and (d) Proposeabttom.

2.1.2 DGSIncorporated1x 4 Millimeter-Wave AntennaArray

To confirm that the DGS can reduce coupling, the2 Jantenna array has been
expanded to ¥ 4, and the same DGS has been inserted on the bottom, as shown

in Fig.2.7.
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Figure2.7: DGSincorporated 1x4 array configuration: (a) front view (b) back
view

Fig. 2.8 (a) showsthat all four antennasresonate between 55-80 GHz,while
Fig. 2.8 (b) shows that the antenna exhibits 20 dB of the highest isolation between

the four antenna elements.
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Figure2.8: (a)Reflectiorcoefficient(b) Isolationbetweenthe DGSincorporated
1x 4 antenna array

Fig. 2.9 shows the surface current distribution of the proposed antenna when
the first antenna is excited and other ports terminate@he surface current is
confined to the DGS at the bottom, hence preventing it from moving closer to the
other antennas.This confirms that the DGS can be used for any number of linear

arrays, yet with reduced coupling between the elements.
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(b)

Figure2.9: SurfaceCurrentof the proposedDGSincorporatedlx 4 antennaarray
at 64 GHz{a) front (b) back.

2.2 Millimeter-Wave Antenna With Decoupling
Structures for Isolation Enhancement

A antennaof four elementswith decouplingstructuresis presentedhere for millimeter-wave
applications.Theantennaconsistf radiatingelementsanddecouplingstructures,

such as defective ground planes and metasurfaces, and an array of Split Ring
Resonators (SRRs), individually or combiniéidst, an optimized defected ground

surface (DGS) used in the previous section is introduced to improve the isolation

over 60-75 GHz (22%) bandwidth with an inner edge separation of 0.55 mm

(0.13) at 70 GHz.Furthermore,the metasurfacerealizedby split ring resonators

at 0.6% from the antennaelementsimproved the isolation of the four elements

0& | YIFIEAYdzY 2F Hp R.® ¢KS LINRLERAaSR | yds
currents are compared to the initial four elements to verify the proposed decoupling

technique for applications.
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2.2.1 SRRMetamaterial Unit Cell

We present a new SRR unit cell metamaterial capable of absorbing electromagnetic

surface waves within 605 GHz.The unit cell is carefully optimized to exhibit

negative permittivity and positive permeability in the required bandwiditihe

dzy Al OStftQa 20SNIff &A1 S dzadzrffteé RSGSNINA
St SYSyidQa aal S RSGSN)YA VhE sondickve cofpers@face A @S LIS
createseffectiveinductance while the gapcreateseffectivecapacitanceThisway,

whenthe unit cellsare carefullyarranged the tangentialcomponentof the surface

waves is altered to suppress the surface waves responsible for the mutual coupling.

The SRR structure and its extracted properties are depicted inEigs.(a) and

(b), respectivelyThe unique SRR with a diameter of 13 mm is printed on the top

and bottom of a square Rogers RT5880 substrate of dimensions 1.5 x 2,5amm

thickness of 0.254 mm, and a relative permittivity of 2A2. inverse problem can

be investigated from the unit cell@rameters, and the equivalent permittivity

and permeability can be extracted from the intrinsic impedance, wave number,

and angular frequencyFrom Fig.2.10 (b), the real part of the permittivity is

negative from 60 to 75 GHz.
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Figure 2.10:SRR Unit Cell (&88tructure of the unit cell, and (b) Extracted
equivalent relative permittivity and permeability.

2.2.2 DefectedGround(DG)PatchAntenna

The antenna consists of carefully designegl&he 4 patch elements€ach element
comprises a microstrip patch of size 2.8 x 4.5%ramd copper cladding of 0.017 mm
thick. Theantennais fed through a microstrip line of width 1.5 mm and length

1.8 mm, all printed on a standard Rogers RT5870 substrate of thickness 0.508
mm and relative permittivity of 2.33These dimensions are carefully optimized

to enable the antenna to resonate at the desired frequency baltte top view

of the antenna is shown iRig.2.11 (a).It consists of four elements placed very
closeto eachother with an edgeto-edgedistanceof 0.55mm in the H-plane.The
backview of the antennaconsistsof three carefullyoptimizedslotsetchedon the
ground plane to disturb the surface current, as seen in Fig. 2.11(b). The defected
ground has dimensions = 4.1, = 2.3,¢c3 = 0.7 andca = 2.1 (all in mm).The

DGS is carefully placed where the surface currents are heavily concentrated. The

reflection coefficientand mutual couplingare then determinedwith andwithout
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the DGS cells, which are carefully arranged on top and bottom of -#lement
at a distancéh = 2.5 mm from the substrate, as shown in R2gl2. The distance

between the array elements is denoted és- 0.55 mm.

(b)

Figure 2.11Geometry of the fouelement with DGS (a) Top View and (b) back
view.

s L Rogers RT 5880

Rogers RT 5870 Defected Ground(DG)

Figure2.12: Crosssection of the four-element antenna with the superstrate
metasurface.

Figs. 2.13 revealsthat the impedance bandwidth of the four elementsis
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improved when DGS is etched and also a combination of the DGS and metasurface

on single and double configurations. K S & & A y 3 f 617 cohfiguralioD lori Sa T
GKS G2L) 2F GKS &dzLJS NEA  NI7 éodfiyuratidh brf bSth theR 2 dzo £ S ¢
top and bottom of the superstrate.Also, S is consideredfor the 7x 17 unit cells

of SRR.The metasurfaceon the & dzLJS N& tdopN(singl8)a@ri bottom (double)

has also improved the performance over the intended operating bandwidth -G%560

GHz.
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Figure2.13: (a) S1 and Si4 of the four-elementwith DGSand Metasurface.

Comparing the coupling reduction between the four elements as shown in Figs.
2.142.15, it is evident that the proposed antenna with DGS and metasurface on
single and double configurations improves the isolation by about 25 dB at 72 GHz
between elements 1 and 2 (see Fig. 2.11) as depicted in Fig. 2.14. Also, a steady
improvement in isolation is observed when various decoupling structures are used,
as shown in Figs2.14-2.15. First, the isolation improvement is 7dB over the
bandwidth when metasurface (MS) is added to the arrAyl3 dB improvement is
observed when DGS alone is added. Combining DGS and metasurface as a single

configurationachieved20 dB isolation improvement. When the MSis addedas a
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double configuration, the isolation improves by 25 dB, as depicted in Fig. 2.14.
Thisfurther strengthensthe decouplingcapability of this structure, especiallyover

a wide millimeter wave frequency band.
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Figure2.14: (a) 1 and (b) Sz of the four-element with DGSand metasurface.
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Figure2.15: $3 of the four-elementwith DGSand Metasurface.

The simulatedgain and efficiencyof the proposedfour-element with DGSand
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metasurface compared to other configurations are shown in Fig 2A6gain
decrease for the proposed antenna is observed compared to the reference antenna.
Sincethis work focuseson mutual couplingreduction, the proposedantennagain
is enoughfor efficient radiation. Fig. 2.16 (b) showsthe efficiencyof the antenna.

All the configurationshave an average95% efficiency over the bandwidth.
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Figure2.16: (a) Gain(b) Efficiencyof the four-elementwith DGSandmetasurface.

The surface current distribution of the reference antennaand the proposed
antenna with metasurface and DGS are presented in Bid3(a) and (b), respectively.
The first antennais excited, while others are terminated by 50 Ohms. Lookingat
Fig.2.17(a), it is obvious that when the first antenna is excited, the surface current
propagated on the adjacent antenna reduces as the antenna elements are far away.
However, two things are observed in F&y17(b) by adding the metasurface and
DGS. First, the DGS has absorbed most of the surface currents on the ground,
thereby reducing the mutual coupling between the adjacent antenna elements.
Also, the SRR rings on the superstrate (metasurface) inhibit some of the surface
wavesaccompanyinghe radiated wavedy turningthem into evanescent waveand

allowingthemto be absorbedy the carefullyoptimizedSRRThis isobservedoy
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the overall decrease in the surface current intensity on the ground plane, increase in
the surfacecurrentaroundthe defectedslots,andincreasen the intensityaround

the SRRings in Fig2.17(b).

(a) (b)

Figure 2.17Surfacecurrentdistribution of the four elementsantennaat 70 GHz
(a) Neither DGSnor metasurfaceand (b) with DGSand metasurface.

The E and Hplane radiation patterns a69 GHz are shown in Fig. 2.18. As
expected, the antenna exhibits some distortions in the radiation patt@ims is
obviously due to the distortion on the ground plane by the DGS. However, the

far-field pattern is still sufficient for radiation.

@ (b)

Figure2.18: Farfield radiation patterns of the four-elementantennaat 69 GHz
(a) Eplane, and (b) H-plane.
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2.3 Millimeter-wave Magneto-ElectricDipolelsolation
EnhancemenusingSuperstratebasedDecoupler

Thissectionpresentsa superstratebaseddecouplerto increasethe isolationbetween
two closely spaced MagnetoElectric (ME) dipoles in the 52-64 GHz millimeter
wave (mm-wave) frequencyband. The decouplerconsistsof a row of 15 vias, and
a copper plate carefully inserted into a high-permittivity superstratebetween the
two-element antenna. The vias help to mitigate the surfacecoupledwavesin the
antennasubstrate, while the copper plate and the high-permittivity superstrate

help to alter the space permittivity, disturb the space coupling, and increase
the isolation. This combination improved the proposed | y (i S yisblati@riby
a maximumof 31 dB over the 52-64 GHzbandwidth (14.3%)in the H-Plane,with
a very close edgeto-edge spacingof 0.62 mm (0.1X), where < is the free-space
wavelengthat the center frequencyof 60 GHz. The superstratebaseddecoupler
structure also improvedthe I y (i S ybghibvidsh (52-70 GHz)without distorting

the radiation pattern.

2.3.1 SuperstratebasedME-dipole Millimeter Wave Antenna

Array

Fig. 2.19 showsthe extended view of the proposedantenna. It consistsof
two MEdipoles. Each dipole has four vias acting as the magnetic dipoleaand
horizontalpatchactingasthe electricdipole,asshownin Fig.2.21with dimensions

a1 =2.08 mm, a=2.09 mm, a=0.632 mm, a= 0.1 mm.It is well known that
ME-dipolescanexhibitstableradiationpatternsandgain. Thetwo-elementdipole

is designedto operatearound60 GHzwith wide bandwidth. TheMicrostrip Gap
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Waveguide (MGW) is the guiding structure with periodic pins carefully optimized
to exhibit bandgap within the intended ban@he EBG must be designed to have
a bandwidth that at least covers the required antenna bandwidth of operation.
Theunit cell hasdimensionscz = 1.05mm by c2 = 1 mm on the ground plane.

On top of the pin is Rogers R0O300 dielectric material with dimensiors 159

mm by ¢ = 0.13 mm, as shown in Fig.20 (a).An air gap of thickness 0.18 mm

is betweenthe copperplate andthe gapwaveguidewhere electromagnetiavaves

are confinedusingthe PEEGPMCconcept.Hence, thdeakagefrom the microstrip

line (MS) feed is curbed in the intended bandwidth, as shown inZ=&§ (b),

where the bandgap is between 8®0 GHz between modes 1 and 2.

Rogers RO 3010

Copper slate

Plated via
ME-Dipole

Rogers RO 4300

Coupling slot

[0.17 mm) Rogers RO 3003

Feedline

Periodic pins

Ground

Figure 2.19: Superstratebased MEdipole mmwave Ix 2 array configuration
(Extended view).
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Figure2.20: (a) EBGUnit cell (b) Dispersiondiagramshowingthe modes.

The dipole is built on RogersRO4300 substratewith dimensions9.3 x 8 mm?
and a thicknessof 0.508 mm. The coupling slot has dimensions2.5 x 0.2 mm?
each, and the MGW feedline has dimensions 0.633 x Hnmounted on an RO
3003 substrate of a thickness of 0.13 mirhree different decoupling methods are
employed to reduce mutual coupling. First, a high dielectric constant superstrate
material (RogersRO 3010) with dimension0.3 x 4.1 mm? and thicknessof 0.295
mm is inserted between the antennaelements. Then,a row of 15 viasis inserted
in the antennasubstrate between the antennaelements. Eachvia has a diameter
of 0.3 mm.Finally, a copper plate with dimension 3 x 1.5 fiminserted between

the dielectric superstrateand torches the vias, as shownin Fig. 2.21.
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a
(2)

(b)

Figure 2.21Superstratebased MEdipole mmwave k2 array configuration(a)

ME-dipole Dimensions (b) Top View.

The simulated parameters of the proposed antenna are shown in FB&2

First, the antennais simulated without any decouplingelement. Thisis referred

to as the reference antenna (Ref.). It is obvious from Fig. 2.22 that the reference

antennasare matched between 51-59 GHzwith a maximum isolation of 15 dB

across the band. When the dielectric superstrate material is inserted between the

FYyGSyyl

St SySyiia

0 NBEFSNNER

i 2

a

W5 ASf SO0

unaffected. At the same time, isolation is improved by a maximum of 5 dB over the

band. Thisimprovementis attributed to perturbing the space coupling between

the two elements. To further improve the isolation, a single row of 15 plated

via is further inserted to distort the surface waves emanating from the substrate,

denotedas W+ # 15 A St S Thé ahferth@match band is increasedfrom 52-59

GHzto 52-70 GHz,and 15 dB improves the isolation throughout the band. To

further increase the isolation, the dielectric block is removed since it has minimal

effect on the isolation improvement, and a vertical copper slate is connected to the

top of the 15-plated via to disturb the surfacewavesin addition to surfacewave
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suppression.Thiscombinationis denotedas W@+ { f | ii iS ébdousthat while

the bandwidth is not affected, the isolation has improved by 20 dB throughout the

52-64 GHz bandwidthFinally, the copper slate is incorporated in the dielectric
superstrateand carefully inserted on top of the 15row vias (denotedas Wt NRB LJP QU ®
The bandwidth is unaffected, but a maximum of 31 dB further improves the

isolation over the bandwidth. This improvement confirmed the combined effect

of the dielectric superstrate,copper slate, and plated vias.
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Figure 2.22: Simulated: (a) S1 and (b) $1 of the superstratebased MEdipole
mm-wave I 2 array configuration

The simulated radiation pattern of the proposedantennain both E and
H-plane is shown in Fig.23 (a) and (b)This pattern is stable over the entire

52-64 GHz bandwidth.
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(@ (b)

Figure2.23: Simulated: (a) S1 and (b) 1 of the superstratebased ME-dipole
mm-wave Ix 2 array configuration

Fig. 2.24 comparesthe referenceantennato the proposedantenna. The

proposed antenna has less surface current compared to the reference antenna.

(b)

Figure2.24: Surface current distribution of the superstratebased ME-dipole
mm-wave 1x 2 array configurationat 54 GHz: (a) Ref. (b) Prop.

Fig. 2.25depictsthe gainand efficiencyof the proposedand referenceantenna.

Thegainand efficiencyare fairly constantover the bandwidth.
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Figure 2.25: Simulation of the superstrdiased MEdipole mmwave % 2 array
configuration: (a) Gainand (b) Efficiency.

2.4 Mutual coupling Reductionin 5G Antenna
Using Dielectric Bridge and Superstrate

The dielectric bridge discussedn the sectionabove and superstrateare combined

to reduce the mutual coupling between 4 aneeBment MEdipole antenna at the
millimeter-wave (mm-wave) frequency range of 52-66 GHz (15.2% bandwidth).

The dielectric bridge consists of a carefully inserted metallic plate inside a high
dielectric substrate material, as used in the previous section. This combination

is inserted on top of 1Bow vias between the four and eight antenna elements.
When the superstrateis placedat 2.5 mm (0.5) (< is the free-spacewavelength

at the center frequency of 62 GHz above the 4 arelddnent antenna, a maximum
mutual coupling of 70 dB and 55 dB is achievedwithin the 4- and 8-antenna

ME Dipole antenna, respectively, in thepkne. The edgeto-edge separation

between the elementsis 0.62 mm (0.1X). The radiation pattern, Sparameters,
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andsurfacecurrent of the referenceand proposedantennaare comparedto validate

the proposed technique.

2.4.1 1x 4 ME-dipole Antenna Structure

The 1 x 4 arrangementof the antennais shown in Fig. 2.26, showing four
ME-dipoles excited by four narrow slots coupled to four microstrip lines with
air-filled substrate (this is consideredas a reference antenna). Three additions
are considered to improve the desigihree vertical dielectric blocks (Dielectric
bridge) are placed between the inner spaces of the four ME dipdlks. dielectric
bridge comprises Rogers RO 3010 material of high dielectric constant 11.2 and loss
tangent 0.0022.Three rows of conducting vias are embedded and grounded in the
ME-dipoles substrate.Also, a metal plate is sandwiched in the vertical dielectric
blocks (plate). A dielectric superstrate is hung above thediEBles of the same
dielectric material used with the dielectric blocks. All these additions represent
the final proposed structure.

Theconceptof evenandodd modesisemployedto getthe sparametersof the
four ports. In this concept, the antenna is electrically divided into two halves and
terminated with PEC and PMC. This is done using the CST sofveate mode
will providethe Sparameterdsfor two ports, andthe total s-parametersfor the four
ports canbe determined. Accordingp symmetryusingevenand odd modes,the
total reflection coefficients of the fouport antenna are shown in Figs 2.27 and 2.28.
Thereferenceantennaexhibitsa bandwidthbetween50-64 GHz Thebandwidthis
almost unaffected when the dielectric bridge is inserted between the four elements
without the via and copper plate. The samescenariois observedwhen the via

is addedto the dielectricbridge. Howeverthe I y (i S \bahtwidlthisimproved
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Dielectric
superstrate

Dielectric bridge
Copper Plate

Figure 2.26: Crosssection of the four-element 5G antenna with dielectric bridge
and superstrate.

when the copper plate is inserted between the dielectric bridgaally, when the
dielectric superstrate is added at &%om the antenna elements (Proposed), the
resonance significantly improves to 30 GHz.The dielectric bridge comprises
Rogers RO 3010 material of high dielectric constant 11.2 and loss tangent 0.0022.
The same dielectric material is used as the superstrate matdried. results reveal
that the proposed antenna matches their impedances with reflection coefficients
below-10 dB between 556 GHz.

The total mutual couplingof the 1 x 4 usingthe evenand odd mode concept
is shown in Figs. 2.29 and 2.30. From Fig. 2.29, the reference antenna exhibits an
average of 15 dB maximum isolatiowhen the dielectric bridge and via are added,
GKS FyuSyyrQa AazftlaArzy 20SNJ 6KS o6lyR 27
isolation improved significantly when the copper plate was added. Also, when
the superstrate is added (Proposed),a maximum 70 dB isolation enhancement

is observedthroughout the 52-66 GHzbandwidth by comparingthe referenceto
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Figure 2.27: S1 and S of 4-element 5G antenna with dielectric bridge and
superstrate.
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Figure 2.28:$, and Sz of four-element 5G antenna with dielectric bridge and
superstrate.

the proposed antennaThe copper plate in contact with the EBG substantially
disturbsthe coupledwavesinthel y (i S yubstr@&Addingthe superstratealso
disturbsthe spacewavepermittivity, hencecancellingsomeof the coupledspace

waves. Thisresultedin massiveisolationimprovementof the antennaover the
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intended bandwidth (52-66 GHz).

The coupling between antennae 2 and 3 is shown in Fig. 2.30. It can also
be seen that the addition of dielectric and via have almost no effect on the
isolation between the elementd-dowever, the copper plate inserted in the dielectric
bridge and mounted on the via causes massive disruption of the coupled surface
waves.By adding the superstrate (Proposed), more than 70 dB maximum isolation

enhancement is observed over the band.
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Figure2.29: S$: and Sz of the four-element 5G antennawith dielectric bridge and
superstrate.

The surface current distribution of the reference and proposed antenna is shown
in Fig.2.31.Fig.2.31(a) shows that the surface current is largely distributed over
the surface of the four antennas when antenna 1 is excited and other ports are
terminated with a matched loadwhen the dielectric bridge and superstrate are
added, there is an obvious reduction in the surface current distribution, as seen
in Fig.2.31(b). This same scenario is observed when antennas 2, 3, and 4 are

excited, and other ports are terminated with a matched load.

38



-60 -

m— Ref.
= = With Dielectric
* Dielectric + Via
== 1 Dielectric + Via + Plate
Prop.

-70-

-80+

'90 T T T T T T
50 52 54 56 58 60 62 64 66 68 70

Freq.(GHz)

Figure 2.30: %, of the fourelement 5G antenna with dielectric bridge and
superstrate.

(a) (b)

Figure 2.31:Surface current distribution of the fotelement 5G antennavith
dielectric bridge and superstrate at 60 GHz (a) Reference (b) Proposed.

2.4.2 1x 8 ME-dipole Antenna Structure

To further confirm the effectiveness of the decoupling structures, we have extended
the MEdipole elements to 8, as shown in F&§32. Using the same concept of
even and odd modes, weaveelectrically divided thé elementsinto two halves

and terminated each half with a PEC and PMC to extract-ffagameters of the
whole structure.The total reflection coefficient of the antenna is shown in Figs.

2.33,2.34and 2.35. The proposedantennaexhibitimpedancematchingbelow -10
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dB between52-66 GHzin all cases.
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Figure2.33: Si1 and S of the 8-element 5G antennawith dielectric bridge and
superstrate.
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Figure2.34: S3 and Se of the 8-element 5G antennawith dielectric bridge and
superstrate.
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Figure2.35: Ss and Si4 of the 8-element 5G antennawith dielectric bridge and
superstrate.
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Figure2.36: (a) $1 and (b) Ss of the 8-element 5G antennawith dielectric bridge

and superstrate.



Themutualcouplingbetweenantennas2 and1 andantennass and5isshown

in Fig.2.36. A maximum of 20 dB isolation enhancement is observed.

2.5 Conclusion

Thissectionintroducesa different decouplingmechanisnfor antennaarraysin the
millimeter wave band, using microstrip patch antennas anddifiele as array

elements.
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Chapter 3

Millimeter-wave MEdipole Array
Antenna Decoupling Using a

Novel Metasurface Structure

A simple metasurface structure consisting of a novel customizsldaped split ring
resonator carefully designed to exhibit negative permittivity in the bandwidth of
interestis presented.Thismetasurfacds placedat one mm (0.2<at 60 GHz)rom
the surface of ¥ 2 and X 4 MEdipole antennas in the {Plane. The isolation
between the k 2 and 1x 4 arrayelementis reduced by maximum of 531Band
40 dB, respectively, over the 886 GHz bandwidthin addition, the efficiency
and gain of the proposedntenna are improved over the 56 GHz bandwidth,
without altering the radiation characteristics in both &d HPlanes. The main
additions in this work are captioned as follows:

1) Using a smaller number of unit cells as metasurface to achieve a high

isolation enhancementof more than 50 dB over 23.7%bandwidth in the mm-wave
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frequency range. The work in [45] used a metasurfaceof 13x 13 unit cells, but

the bandwidth is small, making a realized gain of around 6.5 dBi. However,

in [46], a 4« 4 square ring metasurface was used, improving gain and efficiency
within 24.11:29.68 GHz (20.7%) and enhancingthe isolation by 20 dB. In the
present work, a smaller number of metasurface unit cells25and 1% 2, for the

1x 2 and 1x 4 elements, respectively,are usedto achieveabout 8.5 dBi realized

gain over 566 GHz.Thus, miniaturization and compactness are ensured with
wideband isolation enhancementCompared to previous literature, the proposed
work achieves the largest bandwidth, peak gain, and isolation enhancement, making
it a good recommendationfor V-band applications.

2) Carefully optimizing the dimensions and spacing of the unit cells to improve
the overall gain and efficiency within the intended operating bandwidth (52-66
GHz).Thisis achievedby observingwhere the surfacecurrent is the heavieston
the superstrate and placing these metamaterial unit cells so that these currents
can be absorbedby the metamaterial unit cells.

3) Demonstrating the validity of the proposed customizedhaped split ring
resonator for X 2 and X 4 array antennasThis is to confirm thathe proposed
structure can be extended to a massive antenna antenna (16, 32, 64, and 128
elements).

4) Compared to other works, this metasurface reduces coupling and improves
the gain over 566 GHz.Other recent works in the millimetewave frequency
bandslike [47],[34][48], [49], [50], [51], [52] only recordedmutual couplingreduction
without appreciable gain increase throughout the band. Also, work in [45], which
used metasurface, only realized 25 dB isolation improvement within a limited

bandwidth.
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Thestructure involvesthe following:

(1) A novel superstrate metamaterial unit cell with negative real permittivity
over 5264 GHz.

(2) The microstrip gap waveguideunit cell was developedto inhibit the flow
of electromagneticwave propagationin the bandwidth of Interest.

(3)A 1x 2 MEdipole simulated and measured with and without & 2 metasurface

unit cell, which is extendedto a 1x 4 antennawith 11x 2 metasurface.

3.1 Novel SuperstrateUnit Cell structure

The novel superstrate customizédshaped resonator is implemented as a metamaterial.
Metamaterialsare artificial materialsthat exhibit properties that are not natural.

Their constitutive parameters @nd ) are derived from their interactionwith

electric and magnetic fieldd=rom these properties, the refractive indeme )
andimpedance L.t ) can be extracted from thegarameters [53].The complex
effective waveimpedance Zexw and effective refractiveindex, net are expressedas

[54]:

S

A1+S1)’T S92

Zett == 3.1

! (1T Su)’T Sz? G4

Neff = Ik_lln = j S-]%effil - (32)
11 821(7eff—+1)

wherek isthe wavenumberin free space andd isthe thicknessf the metamaterial.
From these equations, the complex values of the permittivity and permeability can

be obtained using the relationship [55]:
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Nef £
= - 3.3
eff Zeft ( )

Meff = Neff Zeff (3.4)

Using the above concept, the new resonator unit cell is developed to produce
negativeand positivepermittivity and permeability respectivelyjn the bandof
interest(52-66 GHz) andthe characteristicare extractedusingCSTmicrowave
studio. Thepermittivity and permeabilityare determinedby the elementand
unit cell size, respectively. A careful design of the unit cell enables the tangential
components of the surface waves to be altered, and the permittivity can be modified
to cancel surface waves, thereby increasing the isolatidre novel resonator unit
cell and its extracted characteristics are shown in Fig Bhk unique resonator is
mounted on the top and bottom of the RogersRT5880 substratewith thickness
0.254 mm, permittivity 2.2, loss tangent 0.0009, and dimensions 2.5 x 25 mm
Fig. 3.1 (b) shows that the metamaterial exhibits negative real permittivity from
52-70 GHz.TheextractedSparameterscompleximpedanceandrefractiveindex
are shownin Fig. 3.2. The unit cell designis shown in Fig. 3.3, where it
is subjected toPECand PMCperiodic boundary conditions in th& and Z

directions, respectively, while th€direction has two wave ports.
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Figure3.1: Novel customized™ -shapedresonator Unit Cell (a) Unit cell design
and (b) Extractedproperties.
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Figure 3.2: Novel customized™ -shapedresonator Unit Cell(a) Sparameters,and
(b) refractive index and impedance.
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Magnetic (Ht=0)

X

Magnetic (Ht=0) V'\ "
Figure3.3: Unit Cellsetupto evaluatedispersioncharacteristics.

3.2 MRGWDesign

Microstrip ridge gap waveguide (MRGW) is used as a guiding structure for the
ME-dipole antenna at millimetewave frequencies to avoid spurious radiations and
surface waves from the feed networkhese waves can deteriorate the antenna
gain and radiation characteristicBIGW is implemented as Artificial Magnetic
ConductorgAMC)or Highimpedancesurfacesisingamushroomstructureknown
asprinted GW.AMCshelp to suppresssurfacewavesby preventingthe propagation

of electromagnetiovavesat a certainfrequency range, depending dheir arrangement,
structure, and geometryTo accurately depict the characteristics of higipedance
surfaces, [20] presented a dispersion diagram calculated from the effective surface
impedanceand finite-element models. Usingthis concept,the dispersiondiagram

of the mushroom EBG is presented, carefully designed to produce aafopithin

the intended bandwidth. Fig.3.4(a) showsthe EBGunit cell with by =1.05mm,
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air-gap filled withRT5880 substrate of thickneds = 0.13mm, top patch with
length bs = 0.819 mm,RT 6002 dielectric substrate with thickness = 0.508
mm, and via diametebs = 0.3 mm. The air gap is chosen as 0.13 mm, which is
lessthan a quarterwavelengtho limit the propagationof electromagnetiavaves

between the two parallel plates and prevent leakage.

b1

s —
f— Light Line _ ==~ \E\ "._
[b2 - e /]M M,
— - = fros Preai %\
bs g100__j .
g 1
g / BAND GAP |
5 / \
ba 2 50|/
“ / —Maode 1 ",I
/ - Mode 2 i
/ —-Maode 3 |
0
. i r X M r
b5 Wavevector
@ (b)

Figure3.4: (a) MGW unit cell (b) Dispersiondiagram.

The dispersion diagram is shown in Bgt (b). TheTEmodes left to the light
line are the leaky wave modes that can radiate within a specific finite bandwidth.
The forbidden bandgap is usually the gap between the TM mode and the point
wherethe TEmodecrosseghe light line. Accordingo Fig. 3.4 (b), thisforbidden
bandgap is between 498 GHzMode 1 represents the FEBode while mode 2
representsthe TM mode. Theesonanceof the antennais usuallycenteredalong
this bandgap.

To further confirm the results of the dispersion diagram, thigelel distribution
of modes 13 is shown in Fig3.5. The bandgap is between modes2las the
vertically polarized Helds are more supported and concentrated in the parallel
plates in modes 1 and 2, compared to mode 3 where the fields are more scattered

(leaked) over the unit cell.
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Mode 3

Figure3.5: Efield characteristicof different modesof the mushroomunit cell.

3.3 ME-dipole Antenna Design

ME-dipole provides stable gain and radiation patterns over broadband and is easily
implemented at millimeteiwave frequency.technology is deployed in this work
where 1x 2 elements are placed very close to each oth&he top view of the
antennais shownin Fig. 3.6. The extendedview of the antennais shownin Fig.
3.7. The antenna is printed on Rogers 4003 substrate with a dielectric constant of
3.55, a thickness of 0.508 mm, and a loss tangent of 0.0DB&.coupling slot has
dimensions 2.5 0.2 mn?. The feed line is printed on Rogers 3003 with a dielectric
constantof 3 and a thicknessof 0.13 mm. The spaceris also Rogers3003 but with
a thickness of 0.17 mm.

It shouldbe noted that the edgeto-edgeseparationbetweenthe two antenna

elements is 0.3at 60 GHzAlso, the edge of the MGW feedline is tapered because

~

GKS pn K tAYS 6ARGK 2F (KS abD2 A& RATTS

medium, which is air on the inner part and dielectric spaceron the outer part,
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“

da

ds

Figure 3.6:Top View of the 22 MEdipole Antenna Structure Without
metasurface(d: = 1. 62d mm, d2 = 2.08 mm, dz = 2.09 mm, d4 = 8 mm,
ds =9.3 mm,p1 = 0.1 mm,p2=0.3 mm,pz =1 mm,ps=1 mm ,ps =0.15
mm).

as seen in Fig3.7. The limited distance between the twantenna elements
makesfeedingdirectly impossibleviaconnectors.Therefore, wehavedesigneda
microstrip line for the MGW extension by extending the feedline and using the
MGW technology on the extended lin&/e have also used the samdemensions
of unit cells on theextension, as shown in Fig§.8 (a). Theextracted sparameter
of the line is shownin Fig. 3.8 (b), showinggoodreflectionandverylow insertion
loss within 5870 GHz bandwidth.

The MGW extensionin Fig. 3.8 is then connectedwith the 1x 2 antennain
Fig. 3.7 and is shown in Fi@.9. Also, Fig.3.9 is simulated with the metasurface,
consistingof 2x 5 resonator unit cellsto reduce the coupling within 52-62 GHz,

as explainedin the previoussection. The metasurfaceis 1 mm (0.2<) above the

51



ME-Dipole

Rogers 4003

Coupling Slot
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Figure3.7: Extendedview of the 1x 2 ME-dipole antennawithout metasurface.

surfaceof the antenna. MS spaceris used as an airgap between the antennaand
the metasurfacefor mechanicalsupport, as shown in Fig. 3.9. RogersRT 5880,
with a thickness ofl. mm, is usedas aspacer andmechanicalsupport to create an

air gap between the antennaand the metasurface,as shownin Fig. 3.10.

o
Sll
Feedline
[To external connector) '~ -10
o
e
~
o
o
& 20+
Extended spacer
. -30
Extended feedline substrate Feedline (To antenna) 50 52 54 56 58 60 62 64 66 68 70
Extended EBG Freq.(GH2)
@) (b)

Figure3.8: MGW extension(a) Top View, and (b) Sparameters.

Fig.3.11 showsthe simulateds-parametersof the proposedantennawith and

without the metasurface(MS).It shouldbe noted that the 2x 5 unit cellsare added
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Rogers RT 5880

MS Spacer

Figure3.9: Extendedview of the 1x 2 MEdipole antennawith metasurface.

e ——

L) )

Figure3.10: Backview of the 1x 2 MEdipole antennawith metasurface.

on the top and bottom of the superstrate. The resonancefrequencyband (52-64

GHz)of the antennais not affected by adding the metasurface. However, the
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mutual couplingbetween the antennaelementshas been significantlyreduced by

a maximum of 53 dB within the bandwidth of interedthis coupling reduction is
attributed to the unique resonator unit cell, carefully designed to exhibit negative
permittivity in the bandwidth of interest. This way, the reflected waves from the

metasurfacecancelout somedirect couplingwavesbetweenthe antennaelements.

o
O
N—r
-
© \ ¢| =S5, Without Ms
Q597 " — =5, Without MS ||
d)—GO- “ = = S, With MS
l =« S, With MS
=707 ===5, With MS
80

50 52 54 56 58 60 62 64 66 68 70

Freq. (GHz)

Figure 3.11: parameters of the proposed 2 ME-dipole Antenna Structure by
displacing the unit cells on the top and bottom of the superstratechbyThick
black line= S1 when c= 0.5 mm, Thick blue lireS1 when c= 2 mm, Thick red
line = S1 when c=4 mm, Thickdark yellow line = S proposed,dotted black
line = $1 when c=0.5 mm, dotted blue line = $; when c=2 mm, dotted red
line = $1 when c=4 mm, dotted dark yellow line = $; proposed).

3.4 ParametricAnalysis

To further confirm the effectiveness of this simple design with wideband coupling
reduction, the 2x 5 unit cellson the & dzLJS NE&tdpNihdib&teré were moved by
a factor ofc on the yaxis, as shown in Fi.12. As seen from Fig3.13, the

matchingand mutual couplingare degradedas c increasesand the best result is
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obtainedwhen c is zero (proposed).

Figure3.12: Topsurfaceof the proposedlx 2 ME-dipole antennawith metasurface.

1S
g 40 [[—s (o05mm| -
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701 S, (e=2mm)
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-807 SZ‘ Prop.

'90 T T T T
50 52 54 56 58 60 62 64 66 68 70

Freq.(GHz)
Figure3.13: Sparametersof the proposed1x2 ME-dipole antenna structure by

displacingthe unit cellsby c

Next, the unit cells on the bottom of the superstrate are displaced by the same
factor ¢ while the top unit cells are undisturbed. As seen from Fig. 3.14 (a),
the | y (i S ybginbvidih and coupling are also degradedas c increases,and the

best result is observedat ¢ = 0 (Proposed). Also, the number of unit cells on
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both the top andbottom of the superstrateisincreasedrom 2-columnresonator

rings to 5column resonator rings, and thegarameters are extracted as seen from

Fig.3.14 (b).¢ KS | yiGSyylQa AYLISRFIyYyOS FTyYyR GKS YI
number of resonatorrings inthe columnincreases fron3 to 5. This is dudo

the coupling among the rings of the antennas, which had a coteftect on the
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Figure 3.14: parameters of the proposedck 2 MEdipole antenna structure (a)
displacing the unit cells on the bottom of the superstrate dofb) Increasing the
number of unit cells by.

To make senseof the parametric sweepresults, the surfacecurrent of the
referenceantennawithout metasurfaceandthe proposedlx 2 antennawith metasurface
are shownin Fig. 3.15. One port of the referenceantennais excited while the
other is terminated. From Fig. 3.15(a),the surfacecurrent is obviousand directly
affects the neighbouring elementlowever, when the 25 metasurface is attached,
the surface currents between the two antenna elements have obviously reduced, as
shown in Fig.3.15(b). The resonator unit cell has absorbed most of the surface

currents,asseenfrom the surfacecurrent concentrationaroundthe unit cell rings.
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Also, it can be seenfrom 3.15(b) that the resonator unit cells are placed above

the antennas where the surface currents are the heavié#tnce, moving these
rings away from these surface currents increases the mutual coupling between the
antennaelements. This explainsthe result of Fig.3.13.

dB(A/m)
20 iy

(@) (b)

Figure 3.15: Surface current of the proposed2 IMEdipole Antenna Structure:(a)
Without metasurface(b) With metasurface.

Figs. 3.16 (a) and 3.16 (b) comparethe simulated and measuredreflection
coefficient and mutual coupling, of the 1x 2 ME-dipole, respectively. A close
resemblancédetweenthe simulatedandmeasuredeflectioncoefficientsandcoupling
with and without the metasurfacecan be observed. The maximum measured
isolation enhancementis about 53 dB over the bandwidth.

The simulated and measured faeld radiation patterns of the antenna at 53,
60, and 64 GHzin the E and H-planes are shown in Fig. 3.17. Acrossthe
52-64 GHz,the proposedantenna exhibits stable radiation patterns in the & and
H-planes. Also, the measured and simulated results are close to each other except

for the differences due tdhe antenna mounting structures.
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Figure3.16: Simulatedand measuredSparametersof the 1x 2 ME-dipole Antenna
Structure (a) Reflection eefficient (Thick black line= Simulated & Without
MS, Thick red line= Simulated § With MS, dotted black line= Measured &
Without MS, dotted red line = MeasuredS: With MS, dotted dark yellow line

= Measured & With MS ) (b) Mutual coupling (Thick black lmé&imulated
S1 Without MS, Thick red line Simulated & With MS, dotted black line
Measured & Without MS, dotted red line= Measured & With MS).
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Figure 3.17:Simulated (black) and measured (red) radiation patterns of the
proposedl1x 2 ME-dipole Antennaat different frequencieswhen port 1 is excited.

3.5 Configuration

To further confirm the capability of this new unit cell, we have extended the
number of antenna elements to 4 in theptane and have also usedx 2 resonator
structures as the superstratelhe edgeo-edge difference of antenna elements is
still 1.6 mm (0.3% at 60 GHz),as shown in Figs. 3.18 and 3.19. Two extra

MGW extensionsare also simulated and used to extend the feedline. Fig. 3.20
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shows the simulated reflection coefficient of the antenna with and without the

MS. The antenna exhibits a good reflection coefficient between 52-66 GHz. Fig.

3.21 compares the coupling between the antenna elemeiitse simulated mutual
couplingbetweenthe elements iseducedby a maximum o#0 dB overthe intended
bandwidth. This indicates the efficacy of the proposed metasurfadee simulated
and measured reflection coefficient and mutual coupling of thetlarray are shown

in Fig. 3.22. Thereis a good agreementbetween the simulated and measured
Sparameters of the array with and without the metasurfacehe simulated and
measured mutual coupling between the antenna elements without metasurface is

also shownin Fig. 3.23, with very good agreement.

Figure3.19: Backview of the 1x 4 MEdipole antennawith metasurface.
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Figure3.20: Simulated reflection coefficient of the proposed 1x4 MEdipole
antenna with and without metasurface.

-10

-20

-80

=S, Without_MS
= =S, With_MS
S, Without MS
= = S, With_MS
== =18, Without_MS
S, With_MS

50 52 54 56 58 60

62 64 66 68 70

Freq.(GH2z)

Figure 3.21: Simulated mutual coupling between the 1x4 MEdipole antenna
elements with and without metasurface.

The simulated and measured radiation pattern of thre4lof the proposed

antennain E andH-planeis shownin Fig. 3.24. Theradiation pattern isrelatively

stable over the bandwidth, with very good agreement.
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Figure 3.22: Simulatedand Measured Sparametersof the proposed x 4
ME-dipole Antenna Structure(a) Reflection coefficients With and Without
metasurface (Thick black lire Simulated & Without MS, Thick blue line
SimulatedSis Without MS, Thickred line = SimulatedS 1 With MS, Thickwine
line = Simulated & With MS, dotted black linee Measured & Without MS,
dotted blue line = MeasuredsSWithout MS, dotted red line = Measured:3Vith
MS, dotted wine line = MeasuredisSNith MS) (b) mutual coupling between the
antennaelementswith metasurfacgThickblackline = Simulated$; With MS,
Thick blue line= Simulated & With MS, Thick red line Simulated & With
MS,dotted blackline = MeasuredS: With MS,dotted blueline = Measured:>
With MS, dotted red line= Measured & With MS).

The surface current and-ield distribution of the X 4 antenna by exciting one
port and terminating the other ports with matching loads are shown in Fig. 3.25
Comparing Fig 3.25 (a) and (b), the surface currents on the antenna substrate have
been mitigated by the addition of the 11x 2 metasurfaceunit cells as evidenced
by the concentration of surface current®\lso, the EField distribution on the
surface of the antenna, as shown in Figs 3.26 (a) compared to (b), shows a great
reduction of the fields on the adjacent antennas, hence confirming the efficacy of
the proposed unit cells.

The simulated and measured peak gain and efficiency of the antenna are shown

in Figs. 3.27(a)and (b), respectively. The overall gain of the antennaincreasedby

62



NoR
© o

W
°

S, Without MS (Simu.)
=S, Without MS (Simu.)
=S ,, Without MS (Simu.)
' S, Without MS (Meas.)

S, Without MS (Meas.)

= = = S, Without MS (Meas.)

S-par. (dB)
g

o)
°

-70 1
50 52 54 56 58 60 62 64 66 68 70

Freq.(GH2z)

Figure 3.23: Simulated and measured mutual coupling betweerxtdeMEdipole
antenna elements without metasurface.

almost 2 dB over the working bandwidth when the metasurface was added, making
the metasurfaceactasalens. Also,the gainisrelativelystableoverthe entire
bandwidthcomparedto the referenceantennawithout metasurfaceThetotal
efficiency of the proposed antenna has increased by more than 1% over the entire
bandwidthdueto the couplingreduction. ThesimulatedEnvelopeCorrelation
Coefficient (ECC) of the antenna with and without the metasurface, based on
far-field parametersis shownin Fig. 3.28. The proposedantennaexhibitslessthan

-40 dB ECver the intended bandwidth, indicatinggood radiation properties.

The fabricated prototype for the 1x 2 and 1x 4 array is shown in Fig. 3.29
using a hightechnology PCB machine due to the miniaturized nature of the array.
The fabricated prototype layersof the proposedantennasare shownin Fig. 3.30.

To measure the fafield pattern, we engineered 3D plastic screws and holders for
support due to the miniaturized nature of the array. The fabricated prototypes
of the 1x 2 and X 4 array with a 3D plastic holder and screws are shown in Figs.

3.31(a)and 3.31(b) respectively. The radiation pattern measurementsetup in an
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Figure 3.24: Simulated (black) and measured (red) radiation patterns of the
proposedl1x 4 MEdipole antennaat different frequencieswhen port 1 is excited.

anechoicchamberis shownin Fig.3.32.
Table 3.1 comparesthe presentwork with the latest state-of-the-art and the

methods used in decoupling. This work has the highest bandwidth (23.7%),
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(b)

Figure3.25: Surfacecurrent distribution of the proposedk¥ 4 ME-dipole Antenna
Structure at 60 GHz (a) Without metasurface (b) With metasurfér&lement 1
(E.1)excited(ii) Element2 (E.2)excited (iii) Element3 (E.3)excited(iv) Element
4 (E.4) excited.

Figure 3.26: Electric Field distribution of the proposed MEdipole Antenna
Structure at 60 GHZa) Without metasurface (b) With metasurfadg. Element

1 (E.1) excited (ii) Element 2 (E.2) excited (iii) Element 3 (E.3) excited (iv )
Element 4 (E.4) excited.
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Figure3.27: (a) Peakgain, and (b) Total efficiencyof the proposedl x2 ME-dipole
antenna.
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Figure3.28: SimulatedECQof the proposedl X ME-dipole antenna Structure
with and without metasurface.

highest maximumisolation improvement (53 dB), and highest peak gain (8.5 dB),

comparedto the latest existing literature.
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(d) (e) (f)

Figure 3.29:Fabricated prototype of the antenna (a)x 2 Array without MS
(TopView) (b) X2 Array with MS (Toliew) (c) ¥ 2 Array with(out) MS
Bottom View (d) 1x 4 Array without MS (TopView) (e) 1x 4 Array with MS
(TopView) (f) 1x 4 Array with (out) MS (TopView).
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Figure3.30: (a) Fabricatedprototype layersof the proposed:(a) 1x2 and (b) 1 ¥4
ME-dipole Antenna Structure.

@ (b)

Figure 3.31Fabricated prototype with the 3D plastic holder of the propos@d:
1x 2 and (b) ¥ 4 MEdipole Antenna Structure.
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Figure3.32: Farfield measurementsetup.

Table3.1: Comparisorwith recentwork

Year/Ref.  Antenna Edgeto-edge Bandwidth PeakGain Coupling

Type separation (<o) (%) (%) Reduction
2021[56] DRA 0.017 23.6 7.44 26
2022[57] Monopole 0.16 22.2 4 10
2020[45] printed patch 0.019 2.3 6.8 25
2020[48] printed patch 0.44 8.3 11 34
2022[58] DRA 0.5 20 8.2 25
2022[59] printed patch 0.5 16.9 5 20
2022[60] Dipole 0.54 13.2 6 20
Proposed  MEdipole 0.32 23.7 8.5 53
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3.6 Conclusion

This chapter presents a simple metasurface decoupling structure to isolate a tightly
spaced ¥ 2 and X 4 MEdipole millimeter wave antenna array with 23.7% bandwidth
in the H-plane. A maximumisolation enhancementof 53 dB and 40 dB, respectively,
is observed when ax62 and 1k 2 arrangement of the metasurface is placed at 0.2

< at 60 GHz above thex2 and X 4 antenna, respectivelyThe simulated and
measured $arameters, gain, radiation pattern, and efficiency of the two arrays
with and without the metasurface are compared to confirm the applicability of the

proposed structure.
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Chapter4

DualPolarized Metallic

ME-dipole Antenna Array

4.1 Introduction

A highly efficient design of a novel wideband dualpolarized high-gain antenna
array of metallic magnetoelectric dipoles (MEipoles) is presentedThe dualpolarized
metallic MEdipole is an efficient radiator without a dielectric substrate or vias
on the radiating region, eliminating the dielectric losses and the surface waves.
Unlike other metallic Mlipole antennas, the present design has no metallic
open cavities,makingit a more suitable array element. The MEdipole is fed

by a crossed slot coupled to a microstrip ridge gap waveguide (MRGW).
design achieves a matching bandwidth covering thd&@d (2540 GHz or 46%)
for both polarizations. The array design procedure is based on constructing
the mutual admittance matrix at the array element ports that help extract the
St S Y Sffettiedactive) input impedancein the array environment. Then,

a dualpolarized corporate feeding network basedon frequencydependent load
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terminations (effective impedance termination) is designed on a single |&yer.

8x 8 and 1& 16 novel duabpolarized arrays are designed and analyzed using the
pattern multiplicationconceptthat accountdor the mutualcoupling.Thefar-field
characteristics of the array, such as radiation pattern, gain, and efficiency, are
extracted.For an arraynultiple of 4x 4, the feeding network layout introduces a
largergapbetweenthe 4x 4 arrayslargerthan the distancebetweenneighboring
elements.Thus parasiticelementsare added,increasinghe 8x 8 arrayto a10x 10
array,improvingthe arrayaperturedistribution,andincreasinghe gain. A10x 10

array is fabricated and measuredhe array bandwidth is similar to the element
bandwidth. A 31 dBi peak gain is achieved with 91% efficiency and polarization
isolation of 45 dB. A »616 active elements array has led to a 2 array of the

10x 10subarraysAfterinsertingthe extraparasiticelementsthe arraybecomesa

23x 23 array, achieving the same bandwidth and 38 dBi peak gain with 86% total
efficiency and isolation better than 40 dB.

Themain contributionsof this work, asclaimedare:

1. Designan efficient air-filled dualpolarized ME-dipole without surrounding
it with an open cavity wall that increasesthe element size, reducing complexity
yet achieving46.2%bandwidth with high efficiency.

2. Extended singHinear polarized (&P) array in [61] to dudlP (BLP)
with the frequencyvarying effect.

3. Design a cooperative feeding networklLIP planar array on a singkeyer
surfaceof arrayslargerthan 2x 2 or 4x 4, avoidingline crossover$62]. Thefeeding
ySGUg2N] Aa RSaA3IySR G2 | OOdz2N» G4Sfté& | yR
mutual couplingeffect andfrequencydependent characteristid63].

4. When the array is larger than 4x 4, the feeding network on a single layer
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introduces gaps between thex44 arrays larger than between the elemenius,

the large array aperture power distributions become discontinued, causing a gain
and efficiency reductionFor the first time, parasitic elements are inserted within
the gap between the active 4x 4 subarraysthat are excited parasiticallyby the
surrounding elements and reradiate constructively, improving the aperture distribution
and restoring the gain and efficiency. The parasiticelementswith and without
slots, or in other words, with open or shorted terminations, are comparedto

confirm the effect of the slots.

4.2 Microstrip Ridge Gap (MRGW) Waveguide

A square crossectional unit cell is designed aBown in Fig4.1. The unit cell
consistof acylindricalviaof diameter0.3mm anda squarepatchwith dimension
0.8mmx 0.8mm,loadedwith RogerdRT6002dielectricsubstrateof permittivity
2.94, losgangent 0.0012, and height @508 mm.On top of thedielectric substrate

iIs anotherRT5880 substrate of permittivity 2.2, loss tangent 0.0009, and height
of 0.254 mm, where the printed microstrip lines are etchéch air gap of 0.271
mm separateghe dielectriclayerandthe conductingplate. Usingthe Eigenmode
solverin CSTthe unit cellparametersare optimizedto locatethe electromagnetic
bandgap (EBGhetween 20-45 GHz,asshownin the dispersiondiagramin Fig.

4.2. Ungrounded microstrip lines are printed on the top of the second substrate,

where the feeding network is etched.
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Figure4.1: EBGunit cell (hi= 0.254 mm, h= 0.508 mm, W= 0.8 mm , Wcel=
1.05 mm)
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Figure4.2: Dispersiondiagramof the EBGUnit cell.

4.3 Dualpolarized SingleElement

The airfilled MEdipole comprises four aluminum pins that make up the electric
dipole. The crossed gaps between the pins make up the magnetic dipoles for
both polarizations, as shown in Fig.4.3. Simple straight andstoaibed feedlines

are usedto couplewith the crossslot in an orthogonal mannerto excite the
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vertical and horizontal polarization, respectivelyhe forkdivider excites the
slotssymmetricallyto improvethe isolationbetweenthe two polarizations. Open
circuitstubsterminatethe feedlinesto improvematching,andthe subsarebentto

reduce direct coupling between the lines of the two polarizationse seHpackaged

&0 NH2OG dzNB & dzLILINB &daSa GKS FSSRAy3I fAySaQ NI
the EBGDetailedfeaturesof the pin, couplingslot, andfeedlineare shownin Fig.

4.4. The overall dimensionof the antennais 17.8 mm?. The relative positions of

the feedlinesconcerningthe slots are shownin Fig. 4.5.

ME-Dipole

W

Coupling slot

Rogers RT 6002

Figure4.3: 3D Structureof the dualpolarizedME-dipole antenna.

The antenna is designed to operate in tKeband with a 10 dB matching
bandwidth of 2540 GHz (46.2%) for both vertical and horizontal polarizations,
as shown in Figd.6 (a).The isolation between the two polarizations, as shown

in Fig. 4.6 (b), is lessthan 40 dB throughout the band, courtesyof the carefully
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implementedbendsof the two lines.

fz: Ifs |fa

Part?.«.]_.

@ (b)

|

Figure4.4: DualpolarizedME-dipole antennaparameters: (aJopview (f, = 2
mm,f> =0.5mm, fz =5mm, f4 =6 mm, fs =9 mm) (b) Dualpolarizedfeedline
(a=9mm,a2=3.05mm,az =1.9mm,as =1.28mm, as =1.02mm, as =1.22
mm,az =4 mm)

—:2::1

Figure4.5: Dual polarizedfeedline showingthe relative position of the feedline
with respect to the slot.
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Figure4.6: Sparametersof the dualpolarizedME-dipole antenna: (a) S1 and
S2 (b) Qi
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Figure4.7: DualpolarizedME-dipole antenna:(a) Gainand (b) Effectiveinput
impedance (R& Xn).

Thedualll2 f  NAT SR FyGaSyylrQa 3IFLAYy Aa aKz2oy
that both polarizations have almost the same ga#iso, the gain is relatively
stable, with about 12 dBi average throughout the baridhis is an important

feature of the ME-dipole antenna. Theextractedreal andimaginaryparts of the
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input impedancefor both polarizationghroughoutthe bandare shownin Fig.4.7
(b).

E and Hplane radiation patterns of théualpolarized MEdipole are shown
in Fig.4.8 for 3 casesCase 1 is an isolated antenna eleme@ase 2 is an
intermediate embedded element of thex#4 array, while case 3 is an embedded
element in an infinite array environment.he radiation patterns in all cases are
identical. The crosgolarizations for all cases are less th&d® dB and are not
plotted. The symmetry of the radiation patterns is evident from the identical E
and Hplane radiation patterns, a key feature of the MEpole. The antenna is

simulated with the help of a CST commerciahftdve electromagnetic solver.

(c) (d)

Figure4.8: Radiationpatterns of the duatpolarizedME-dipole antennaat 30 GHz:
(a) Eplane V-pol. (b) H-plane V-pol. (c) Eplane H-pol. (d) H-plane H-pol.
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4.4 8x 8 and 16< 16 Dualpolarized Metallic MEdipole
Array

Thearraydesignprocedureisbasedon constructingthe mutualadmittancematrix

G GKS I NNYeé& StSYSyid LERNIa G§KIFId KStfL SEG
impedance in the array environmenthen, a duapolarized corporate feeding
network based on frequenegiependent load terminations (effective impedance
termination)isdesignedn asinglelayer.An8x 8 and16x 16 noveldualpolarized
arrays are designed and analyzed using the pattern multiplication concept that
accounts for the mutual couplind.he farfield characteristics of the array, such
asradiationpattern, gain,and efficiency,are extracted. Thelayout of the feeding
networkintroducedagaplargerthanthe requireddistancebetweenthe elements
betweenthe 4% 4 subarray.Thus parasiticelementsareadded,increasinghe 8x 8

array to a 1& 10 array,improving the array aperture distribution and increasing
the overall gain.The 1& 10 dualpolarized array is fabricated and measured to
verify the procedure.Thearraybandwidthis the sameasthe elementbandwidth,
anda31dBipeakgainisachievedwith 91%sefficiencyandpolarizationisolationof
45dB.Also,the procedureis usedto designa 23x 23 array,includingthe parasitic
elements achieving the same bandwidth and 38 dBi peak gain with 86% total

efficiency and isolation better than 40 dB.

4.5 8x 8 Array

The starting point of the 88 duatpolarized array design is thex4l duatpolarized
array with an 8.3 mm centerto-center distance (correspondingto 0.83 <, where

<is the free spacewavelengthat 30 GHz).Usingthe conceptin [61], the mutual
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admittance matrix of the ¥4 element is used to extrapolate that of thex8 and

16x 16 array.From the mutual admittance matrix, the frequendgpendent input
impedanceof the 8x 8 and 16x 16 elementscan be estimated. The port positions

of the MEdipole elements where the effective input impedance is calculated are
shown in Fig4.9.

Using the 4 4 array, the mutual admittance matrices ok 8 are constructed.
Thecouplingbeyondthe fourth elementistiny andisignored(forcedto zero).
Thus, all the mutual coupling beyond the fourth element is forced to zero for
both polarizations.To have the duakpolarizedfeeding network on a single layer,
the layoutof the 4% 4 arrayfeedingnetworkis growingbeyondthe actualarray
projection area of the elementsThus, it is impossible to have the feeding network
of anenormousarraywith the distancebetweenthe edgeelementsof the neighbour
4x 4 subarrayasthe distancebetweentwo neighbourelements.Thusthe 4% 4
subarraysnustbe displacedrom eachother enoughto avoidoverlappingheir
feeding networks.These spaces are factored into the mutual admittance matrix
design. From the mutual admittance matrix, the effective input impedanceZ

of each element for both polarizationscan be estimated using [61]:

N
i=1 Rw.nAjwv.nViv.n (4.1)
,—'11 Viw,y i 8 Ajw,h)

whereRw, 1 isthe vertical(v) andhorizontal(h) polarizedinternalresistance

Z(v,h) =

of each sourcei 1, 2, 3,...N)Yv, is thev- and h- polarized source independent
voltagesu jj isthe Diracfunction(i.e.,1 jj = 1wheni =j andzeroif otherwise).
Aijv,h isthe v- andh- polarizedmappedmutual admittancematrix of the 8x 8

elements fromthe4n St SYSydaz FyR AGQa RSTAYSR
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Ajwvny = YiwnRen + 151" (4.2)

where Yijw,n isvertical(v) andhorizontal(h) polarizedmutual admittance

betweenPortsi andj of the arrayelement.

Figure4.9: Blackdots show the element port position.

It should be noted that the mutual admittance matrix is not dependent on
the excitation sourcesused to control the side lobe layer and scanning.Hence,
S Oy RSGOGSNNYAYS GKS SFFSOO 2F FlLAtAyYy3
resistance valueUsing the above concepthe effective input impedance of the
8x 8 dualpolarized element at 32 GHz is shown in Fig. 4.11. These results
indicate that the edge elements exhibit different impedances compared to the
middle elements, which is attributed to the different environments in which the
edge elements are exposedlhe impedance using fullave analysis (Actual)
compared to the impedance obtained using the present method [61] exhibits very
Ot2asS aAYAfINARGE gAUK 1 02dzi H K I @SNI IS

and accuracy.Thismethod helpsto understandhow the effectiveinput impedance
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Figure4.10: Effective input impedance calculation arrangementof the 8 8
duakpolarized MEdipole array.
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Figure4.11: Effectiveinputimpedanceof the 8x 8 duatpolarizedME-dipolearray
using 4x 4 array at 32 GHz(a) Real(b) Imaginary.
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of each element in the array varies with frequency-@bGHz).Thus, the feeding
network can be accurately constructed by considering the mutual coupling between
the elements.

The constructed feed network of the 8x 8 dualpolarized array is shown in
Fig. 4.12, while the 3D structure of the 8x 8 dualpolarized antenna is shown
in Fig. 4.13. The power dividers and transformers are carefully constructed to
match each impedanceto its port and to ensure that the two polarizationsare
out of phase.Hence, every element exhibits different input impedances based on
the values obtained from the frequenaependent real and imaginary impedance
values of Fig4.11. The reflection coefficient of the power divider/splitter of the

feed network is shown in Fid..14.

Jﬁ 7 H[?:
il

_....

ALTA W

___—Port2
Figure4.12: Feednetwork designof the 8x 8 dualpolarizedME-dipole array.

:IJ
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Figure4.13: 3D structure of the 8X8 ME-dipole Antenna.
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Figure4.14: Sparametersof the power divider/splitter of the feed network.
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Figure4.15: Simulated and measured port reflection coefficients of the 8x8
duatpolarized ME-dipole array (a) V-pol. (b) H-pol.



Theconventionaimethodof designinghe inputimpedanceof anantennawith

I £ NBS o0lYyYRGARGK Aa (G2 0O02yaidNyzOd GKS FSSR

central frequency.However, this method usually ignores the discontinuities of
the feed network and the effect of mutual coupling on the input impedance of
the elementswithin the array. Thus,when loadedwith the array elements,its
performanceandmatchingresponsechangeasthe elementshavefrequencydependent
complexinput impedancesand are also affected by mutual coupling. Therefore,
redesignandoptimizationarerequired,whichincreasesimulationtime andwaste
computerresources. A full-wave option to achievethe above objectivesmay or

YIFe y20 0SS LlaarotSzT RSLISYRAyYy3a 2y GKS

To confirm that this method solves the above problem, the constructed-plolalrized
feed network in Fig.4.12 simulatesthe array. The simulated and measuredresult
by comparing this method ) and the fulwave is shown in Figd.15. The
antenna exhibits an impedance bandwidti@ dB) of 2540 GHz. The vertically
polarizedresultslookedalmostexactlylike the horizontallypolarizedresults. This
Is attributed to the Magnetic and electric effect of the Mipole from both
polarizations.

Thesimulatedand measuredport isolationbetweenthe Verticaland horizontal
polarizations are better than 45 dB within the matching bandwidth as shown in
Fig.4.16.

Pattern multiplication is employed to evaluate thefagld parameters (gain,
radiation pattern, and efficiency) for both polarizations, but unlike the traditional

method, the mutual coupling effect is considerethe radiation pattern is established

by:
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Figure4.16: Simulatedand measuredport isolation ($1) between vertical and
horizontal polarization of the 8 8 duatpolarized MEdipole Array.

tw.h . E .
== TY AR 3 (4.3)
TEVh = E wh

where Ev" and EVP are the total radiated fields for the vertical (v) and
horizontal(h) polarizations E n and E «,n are the vertical (v) and horizontal
(h) radiationpatternsof the elementwithin the array. AF(, )isthe arrayfactor
for the vertical ¥) and horizontallf) polarizations and is given as:
N

AFC )= Vai(v’h)eiko'i(v,h)é Ay ( D20ah) (4.4)
i=1

where “i(v,h) and i(v,h) are the vertical (v) and horizontal (h) polarized
cylindricalcoordinatesof the ith element, Vaiy 1 is the vertical (v) and horizontal

(h) polarizedterminal effective voltagesof the ith elementand can be defined as:
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N

Vavh = Ajv.nViv.h (4.5)
j=1

To enable a phased array in both polarizations, the phase of the excitation
sources can be used to control the bearfitierefore, the phase shift to obtain a

particular main beam direction can be described as:

Twn =T jko'i(v,h)a A y { @2 &a(v,h)) (4.6)

where ivand inarethe vertical(v) andhorizontal(h) polarizedexcitationphase
voltages of the ith element.

From the above results, the directiviy(vn, vn), gain G wh, wn), total
input power Potvn) and total radiated power Bwn) can be extracted for
vertical (v) and horizontal (h) polarizationswith respectto an isotropic source

r, and can be expressed as:

t(v.h) o« ‘
G _g | BNV D] BUNC 3| 2 4.7)
(v,h), (v,h 2R
t(v.h) (¢ ‘
D, _g | BT D] BUNC 3| 2 (4.8)
(Vvh)1 (Vrh) 2Prl
Pr(v,h) =" radPtot (4-9)
Potwv.y =25 i | 2 (4.10)
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N
= YV (4.11)
=1

where ' is the intrinsic impedance in free space (12 'ad is the total
efficiency, including mismatch, ohmic and dielectric loss&his efficiency is
expected to be high because pure aluminum alone, without dielectric material like
the electric dipole, is used instead of the conventionaldielectric material around
the pin. Thefeed network is essentialin determiningthe total radiation efficiency.

It should also be noted that gain is calculatedby ignoring the lossesdue to the

feed network. However, the realized gain can be calculated after the feed network
design using equations €{9) using the values 0fiaq calculated from the fulivave
analysis.

Figure 4.17 shows the normalized radiation pattern fer, Zull-wave simulation,
and both E and {glanes measurements at 25, 28, 32, and 40 GHizcases show
similarpatternsin both E andH-planesare similar,courtesyof the ME-dipole.

The crosspolarizationsare neglectedbecausethey are all lessthan 40 dB in both
E andH-planesfor both polarizationsoverthe whole bandwidth.

A critical observationin the 8x 8 feedline designin Figs.4.12is the large space
between the lines and the antennas because of the power dividers and stubs for
both polarizations.Thismakesthe antennabiggerwith empty spacesTocompact
the antenna,we haveaddedparasiticelements,asshownin Fig.4.18,to coverthe
empty spaceslit should be noted that the array is analyzed with shortuited
parasitic elements (no slots), parasitic elements with opened slots (open circuit
termination),andwithout parasiticelementsto confirmthe effect of the parasitic
elementson thel NN.Jpeé&ddndance.Thesimulatedand measuredjain for both

verticaland horizontal polarizationfrom 25-40 GHzby comparinghe arraywith
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Figure 4.17: Simulated and measured normalized radiation patterns of the
dualpolarized 10x 10 ME-dipole array: The 1st and 2nd columns are for V-pol,
and the 3rd and 4th columns are forgél. The columns from left to right alternate
between the Eplane and the H-plane. (a), (b), (c ), and (d) 25 GHz,(e), (f), (),
and (h) 28 GHz (i), (j), (k), and (l) 32 GHz,and (m), (n), (0), and (p) 40 GHz.

parasitic elements and slots (w/par.+sl.) and without parasitic elements (w/o
par.) is shown in Figs. 4.19(a) and 4.19(b) , respectively. The gain is similar,
with an averageof 1.5 dBi difference between the array with parasitic elements
and slots and the array onlyThis shows that the parasitic elements and slots

improved the overall gain of the antenna by a maximum of 1.5 dBi throughout
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Figure4.18: 10x 10 D-LPME-dipole array after addingthe parasiticelements.

the band. Also, the vertical and horizontal simulated gain have almost the same

variations as shown in Figé.19(a) and 4.19(b).

34 T T T T T T T 34
w— 7. ter. ( w/par.+sl.) w— 7. ter. ( w/par.+sl.)
334 o E 33 o
= + ' Full Wave (w/par.+sl.) ==+ Full Wave (w/par.+sl.)
Z, ter. (w/o par.) — z, ter. (w/o par.)
= 321 F m 327
0 = = = Full Wave (w/o par.) = = = Full Wave (w/o par.)
5 == * Meas. E = = Meas.
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Figure4.19: Simulatedand measuredgainof the 8x 8 activeelementarray and
the 10x 10 array.(a) \¢pol. (b) Hpol.
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Figure4.20: Gaincomparisorof the active10x 10array: (a) V-pol. and(b) H-pol.

The gain comparison for both polarizations by comparing the array with parasitic
elementsand slots (w/par.+sl.) and parasiticelementsonly (w/par.) is depicted
in Figs. 4.20(a)and 4.20(b), respectively,for both polarizations. Thereis a 1 dB
average difference between the array with parasitic elements and slots (w/par.+sl.)
and parasiticelementsonly (w/par.). The parasiticelementsare denselyplaced
around the main radiating elements,as shown in Fig.4.18. The distancebetween
each parasiticelement is smaller than between the main radiating elements, as
shownin Fig. 4.18. Incorporatingthe denselyplaced parasiticelementswith the
slots increasesthe gain comparedto those without the slots. Thisgain increaseis
observedfrom the low side lobe layer and narrower beamwidth of the array with
parasiticelementsand slots comparedto the parasiticelementswithout slots. In
the boresight,the denselyplaced parasiticelementsand slots create diffracted
fields with equal phasesthat add constructivelyto the array radiated power,
increasing the overall gailhese diffracted fields act as secondary electromagnetic
radiation sourcesand eradicatethe need for an actual feed network. In addition,

the fields make the entire radiation more pencitshaped. Thisgainincreaseis
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also attributed to the fact that the slots act as open circuits port termination to
the antenna, making its readiation inphase with the remaining elements tife
array. However, parasitic elements without slots make theirragliation out of
phase with the rest of the array elements, thus further reducing the array gain.
This makes the parasitic element with slots preferable in fabricatibshould
benotedthatthel y i S yeffdcti@ricoefficientandradiationpatternwith these
parasiticelementsare unaffected. Hencethey are not shown. Howeverthe total
efficiency improved by 1% throughout the band.

The simulated and measuredtotal efficiency of the 8x 8 dualpolarizedarray
iIs shown in Figs. 4.21 (a) and 4.21 (b), respectively. The efficiency is better
than 90%for all casesandall polarizationghroughoutthe impedancebandwidth.
The efficiency variation is 0.01 (1%) throughout the band for both polarizations
because of how close the efficiencies are for all cases.

Thefabricated8x 8 array with parasiticelements(alsocalledthe 10x 10 array)
is shown in Fig 4.22The antenna is fed via the conventional end launch SMA
connector for bothpolarizations. 3D printing technology is employed for the

ME-dipole, while PCB technology is used for the AMC and feed network layer.
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