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ABSTRACT

High Gain Antenna Array Design for 5G & MIMO Antenna Systems usingMicrosrtip Ridge
Gap Waveguide

Abdelmoniem Tajdsir Mahmoud Hassan, Ph.D.
Concordia University, 2020

The demand for high data raendtheunavailability of lowfrequency bands have driven the need
to explore and develop millimetgrave (mmwave) frequency bands. Indeed, the development of
mmwave frequencies has led to smalladio frequency (RF) components and more compact
profiles, creating more design constraints and challenges. Millimetee technologies are the
bestsuited candidates that meet the requirements of 5G standards; specifimaligddor
communication, wich requires higher gain and more directive beams. Gap waveguide
technologies can be used to design fggn antenna arrays and multiple input multiple output
antenna systems (MIMO).

In this thesiswe ae mainly focusing on Mirostrip Ridge GapVaveguide (MRGW) to design the
antenna array systenfigr the 60 GHz bandTherefore, it is necessary to facilitate the design
procedures and propose new design techniques. Here, we propose new design techraques for
large antenna arragystem using MRGWThe work of this thesis can be divided into two parts
Firstly, developing an efficient modeling and design tool for the MRGW to facilitate the design
processRecentlythe use oMRGW has increased due to the need forgatfkaged antbw loss
structure for millimeterwave applications. The MRGW consists of a grounded textured surface,
which is representingnaartificial magnetic conductoAMC) surface The AMC surface itbaded

with a thin low dielectric constant substrate with mted striptoppedwith anotherair-filled or
dielectricfilled substraten which the wave propagates between the strip ancoth@ucting plate
covering such a substrate.

Currently, fullwave and optimization tools ansuallyused to design the MRGW stiture which
makeghe desigrslow and computationally expensiviéhus,an efficient modeling and design tool

for the MRGW is proposecEmpirical expressionare developed for different MRGW parameters

to providethe effective dielectric constartarateristic impedanceand the dispersion effect. The
expressions are verified with the fuliave solution. The results show the potential of the proposed

approach in modelingnd designinghe MRGW structureSecondly, an efficient procedure to



designa large finite planar array and its corporate feeding network is presented. The procedure is
verified by an 8x 8 and 16x16 array of magnetelectric (ME) dipoles fed by network of
MRGW. The procedure is based atesigning the corporate feeding netwdnk repacing the
elements portwith thecorrespondingffective input impedanaaf each elemerthat accounts for
themutual coupling between the antenna elements. In addition, tfielthcharacteristics of the
array parameters such as the directivity, gaimg radiation patterns are predicted using pattern
multiplication, includingthe mutual couplingffects The results are verified with the fulvave
numerical solution.

The procedure requires limited resources and speed up the desigiTbgciese othe MRGW
helps in having the feeding network lines to be titer tising the ridge gap technolagyhus,
allowing the distance between the radiating elements becomes smallardamavelengtho
avoidgrating lobesln addition, to avoid undesired beraisd verytight linesthat cause undesired
interaction between the linasniquepower dividersare designed-urthermore, a transition from
waveguide WRL5 to the MRGW is proposed to fekdo halves ofltie array antennpgerfect out

of phase at all frequeres and rotating each half to form a mirrored array that better radiation
pattern symmetry and low crepslarizaion. Then this procedure ismplemented talesigna
circularly polarized antenna array with excellent performamoefurther enhance thanenna,
gain, and reduce the number of elememtsuperstrate dectric lens with the proper parameters
is added Study of a 4 x 4 MIMO system is studied, where each antenna isarsyito achieve
the high gain requirements.

Finally, A low-profile, conpact, and higtefficiency monopulsarray antenna has been presented
The monopulse is built based ogbrid coupler that haa wideband respase for the reflection
and the transmission coefi@nts. Then the monopulse system is used to present a stipl
antenna system fahortrangein the near filed regiowireless communicationThe multiplexing
system work as a MIMO system that has foundependenthannels. The performance of the
systemis evaluated through the simulatiomhich showsthat itcan bea promising candidate for

thenext wireless communication sysns.
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1.1 Introduction

Current wireless and mobile communication systems use a frequency range between 800MHz and 3GHz,
including different telecommunication generation (2G/3G and 4G) and Wireless Local Area Networks
(WLAN) for indoor communications. Usg these frguency bands has less attenuation and can provide
long distance coverage. However, tlygcomingcommunication systems and (loféquiretremendous
data rates. limther wordsthe focus of future technology is on data capacity rather than ¢gevevhere
many users can utilize a large amount of capacity simultaneously and efficiently. Obkaghidgta rates
canbe realizedhrough the millimetewave band (mrwave) [1][2]. Wave propagation at mwave is
vulnerable to atmospheric absorption atidnuationit is useful for indoor application arghortrange
applications. However, using mmave for long distances can take place along with other technologies,
such as massivaultiple-input multipleoutput(MIMO) and beamforming [3]. MIMO and bedorming

play a vital rolein future communication systems. They provide channel orthogonality, whedsds
requiredto increase the channel capacity and isolate the channels in MIMO systemsam
Technologies are the candidates tiratexpected tde mostly used for the next communication systems.
Hence, the antenna with high gain and a more directive se@quired [3]. Somenlicensedrequency
bandssuch as the 6GHz band (564 GHz), the 781 GHz band, and above 100 GHz geod
candidates fothe fifth-generation (5G) antthe upcoming communication systermscontrast, designing
electric components in tmem-wavefrequency is challenging and more complicated since the dimensions
become very small. Electromagneti@aveguidingstructures thaare used to realize these components
play anessentialrole, especially in the miwave frequency range, and have a direct effect on the
component performance where low loss, small profile, less interfer@ndbigh efficiency are needed.
Therefore, significant attention has been focused on researches aroundvavwento validate new

technologies that can be used for designing future communication systems [3] [4].

1.2 Millimeter-Wave and waveguide problems

The mmwave frequency banthcludes frequencies from 30 300 GHz. Recently, the-Wand (57
64GHz) has received increased interest and attention because of the unlicenselugaalsilable
bandwidth, andthe ability to provide ahigh gain antenna with small physical dimensioisome

applications such dsgh-quality video transmission, WiGig (Wireless Gigabit) [4, 5], and automotive
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radars and sensor systems [6] are popular nowadays using unlicenseavaifinequency bands (&Hz
and 30GHz bands). Moreover, Mwave systems argroposed to be used for ptio-point wireless
communication links as backhaul in base stations using LTE 4G cellular services-oehgity areas
[7]. In addition,mm-wave gigabit broadband (MGB) solution that provides giggatsecond links to
mobile smallcells and fixed bradband access points was proposed [3]. Nevertheless, designing for the
radio frequency (RF) front end at mmave frequencies creates technological and mechanical challenges.
Since the guidance structures for the wave prdpageare playing a crucial rolet anm-wave,
conventional metallic waveguides have been used to design with low loss and high performance.
However, at mrwave frequencies, the design for the feed network becomes more complicated and
difficult for manufactuing, especially the electrical stact between the metals [8] [9]. On the other hand,
planar microstrip technologies are used for implementing antenna array feed networks-\@aveam
because of many advantages such as a low cost, compact profile straagyefabricationand
manufactumg [10]. However, dielectric losses, radiation I@sjsurface waves are the most frequently
encountered obstacles in the design using Microstrip technologies [11]. These lossediteteftect
in reducing the radiain efficiency and gain. Substeaintegrated waveguide (SIW) is another guiding
structure, which was introduced in [12]. SIW resembles waveguide technoldgpsgever the
electromagnetic wavesme propagatinghrough the dielectric material with metal the top and bottom,
andthe sidewalls are realized by two rows afetalizedvia holes on the left and right side [13]. SIW
providessimilar advantagego the conventional metalliavaveguide. However, these guide structures
suffer from dielectric loss, wth could be unacceptable at nmiketerwaves; accuratevia holes
placemerg are required. Dielectric material with low loss tangent can be used to reduce the dielectric
losses, but dielectric materials with low losses might increase the cost. Thedimiththese guidance
structures an be overcome, especially at millimetesive frequency range through the gap waveguide
technology that has been introduced in-IB}. Gap waveguide (GWG) technologies have shown
exemplaryperformance in the miwavebandsand have proven to be a good adate and an alternative
for the conventional guiding technologies. Gap waveguide technologies provide some advantage
compared to other technol ogi es. GWG parts don
propagaing waves are quaJiEM waves, with means less dispersive compared to the waveguides that
are required to keep the signal integrity. Most of the field is confined along the ridge in the direction of
the propagation, which meaneradiation lossedue totheself-packagd nature of thewgding structure
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Therefore, the mutual coupling between the components has less effect, and more components can be

placed adjacently, which provisa compact and small size.

1.3 Problem statement and wamotivation

One ofthe main requirements for the nepneration of wireless communication devices is compactness
and low profile. In other words, more components should be placed close to each other. Therefore, the
technology that should be used to design such componestspnavide good isolation betweemese
different components (low interference) and must be easily manufactured and fabricated. Microstrip Ridge
Gap Waveguide (MRGW) is one of the promising versions of the ridge gap waveguide. However, one of
the main prolems to design using MRGW is thesaimce of closetbrm expressions to calculate or
synthesize the characteristic impedance and the effective dielectric constant. Therefore, the design of these
lines and componentsuch as power dividers, delay lines, &ybrids is based on optimizatidools. In

addition, MRGW can be used to design high gain antenna arrays. However, the design of such antenna
arrays can be challenging to meet the high performance required in terms of high gain and efficiency with
less omplexity, especially at mmave frequencies. The complexity is mainly caused by compensating

for the effect of mutual coupling. Particularly, in the phased array, the mutual coupling between the
radiating elements has a noticeable effect. The spacingebetihe array elements is less tiatf a
wavelength to avoid grating lobes. The surface and space waves are the main caiibloeomutual
coupling between the radiating elements. Therefore, an efficient design procedure for designing a large
finite array feeding network is requirethcluding the effect of mutual coupling by considering the
effective input impedance of each element of the array. The design of large arrays can be achieved with
less computational and processing time without the needhé fullwave analysis. In congaence,
designing a large antenna array efficiently, including the mutual coupling effect, can reduce the
complexity of the massive MIMO antenna system. Basically, in a massive MIMO, a huge number of
antennas (antenna ay; especially at mawvave frequen@s) act as a single element in order to achieve

the required gain

1.4 Objectives

Themainobjective is designingigh gain antenna arrays at rawave to be used in 5G applications and

MIMO systems at 60GHz. the design procedures for the high gain antenrta beezfficient and reliable
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when thefull-wave simulations have limited resources to process and simulateiéggaasystems. The
process to realize these objectives can be described as follows:

i MRGW is the electromagnetic waveguide that will be usedeisign the antenna array systems.
Consequently, an efficient modeling and design tool forMRRGW need to be proposed to
provideclosedform empirical expressions for the effective dielectricstant and characteristic
impedance.

U0 A new method will baised to predict the performanceaofargefinite array from a small array
including the effect of the mutual coupling between the elements. The method will provide us with
the radiation charactetiss of thelarge array as well as the effective impedanctive
impedance) of all the array elements at its port. Tlts, informationis used to design the
corporate feeding network as terminating loads without the need to introduce the radiating
elements in the computaticend therintroducing an efficiendesign procedure of tHargefinite
array feeding network. The procedure is applicable to any feeding network technology. The
procedure will be applied to design an 8x8 and 16x16 antenna ardaySwmdgleLayered
CorporateFeed besides an 8x8 circulagrized antenna array based on MRGW at 60GHz.

U Using the method in (2a high gain 4x4 MIMO antenna system will be designed for a 60 GHz
band usingURGW for theindoorapplication that can be usetthe physical layer (front end of
the radio frequency ([R) for 5G WIFI devices.

U In addition, design a high gain antenna array using super dielectric substrateratedi number
of radiating elements 2 x 2 and 4x4 array with gain equivalent to 4 d 8 an8 antenna array
gain. The antenna array will be dgsed using corporate feed based on MRGW technology for 60
GHz band applications with spacing between the elements exceeds one wavelength and suppresse
grating lobes.

U To designa 3dB hybrid couplethat can be used to design a comparator system. Theacatmpcontains
a radiation part ofin 8x8 antenna array arrovides four independent channels through pattern

orthogonality that can be usedal8lIMO antennasystem

1.5 ContributionandNovelty

In this work, the main contributions of this work can be sunmed as follows:
1) Analysis and synthesis formulas for the MRGW to facilitate the design process
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2) Provideempiricalexpressions for the effective dielectric constant and characterigigdance
for several possible configurations of the MRGW.

3) Demonstratthe validity of the proposed formulas for various cases of the MRGW.

4) Verify the methodof predicing the performance dd largefinite array from a small arrafor certain
bandwidth The method provides us with the radiation characteristics datge array as well as the
effective impedanceattiveimpedance) of all the array elementgtair ports. Then,this informationis
used to design the corporate fepdnetwork as terminating loadsstead of a conventional matching load,
which avoidsthe needo make the design in the presence of diating elements in the computation.
Facilitate using three differentf®rt MRGW that allow avoiding some bendgte feeding networkhat
deteriorate its performance.

5) A rectangular waveguide transition to tlRGW provides a differential phase power division from the
rectangular waveguide to the MRWG.

6) Finally, an efficient design procedure of thegefinite arrayfeeding network is introduced. The procedure
is applicable to any feeding network technology. Tnecedure is applietb a microstrip ridge gap
waveguide MRGW) to design an 8x8 and 16x16 antenna awitly linear polarization an@n8x8 circular
polarized antenna array

It is worth emphasizing that the procedure in [2] depends on the knowledgenaditiiied admittance matrix (it
could be the scattering parameters or the mutual impedance matrix) of the small array that can be obtained from a
full-wave soltion or measurements. Then, the effective input impedance of each element of the array is used to
separately design the feeding network by using the radiating elements as the loads terminating the feeding network.
Therefore, large array processing timeeduced because the radiators are excluded from the numerical solution to
reduce the numerical daim to the internal domaiaf the feeding netwotkTherefore, the optimization process
could be implemented on the feeding network only. Therapipeopriate design of the feeding network structure
can be obtained to minimize the radiation and surface lwases. From the active voltage terminal of the elements,
an array factor, including the mutual couplingn be computed to predict the radiatatterns as well as the array
gain. This analysis giwauseful estimations of the array performance undéeréint scenarios in which we can
design the proper feeding networks. Besidles,use ocommercial fulwave simulation tools, such as CSit
designing large array becomes more efficient and faster. Lastly, the concept is used to design 8x8 anctti6a16 an
arrays of ME-dipole with high gain and high efficiency based on MRGW. The antenna array design to cover the
bandwidth of 5v64 GHz with a feding network and radiating layers only and overcomes the problem of

introducing the cavity layer. Moreoveeds computation time and memory consumption are needed.
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2.1 Introduction

Materials with electric conductivitgre physically present in natugeetals) However materials with
magnetic conductivity do ngbhysically exist Therefore, researchers have artificially realized these
surfaces using periodic structures. These strestare frequency dependent and should be designed for

the specified frequency band.

2.2 Soft and Hard Surfaces

Soft and hard surfaces with anisotroproferties can be considered ragstamaterialghat satisfy the
condition of the Magnetic Conductor. The anisotropic properties provide high surface impedackce

cut off the wave witha specific direction of propagatianin which case, soft surfaces suggs the
electromagnetic waves from propaggt and hard surfaces allow teavesto propagate [19] [20].
Basically,the idea of soft and hard surfaces has been realized by corrugated structures where ground strips
or corrugations with aeightof quarterguided wavelength, as shown in Fig. 2.1.

Hard surface

Soft surface

A4

1/

Figure2.1 Soft and hard surfaces realized with corrugations

The main idea has been developed from the transmission line concept, such that tiresiidcomes

an open circuit at the surface of the corrugationaAssult,a high anisotropic surface impedance (high

in the transverse direction of the corrugation acting ast#icial magnetic conductand zero along the
corrugations)is generag¢d and stop all the waves from propagating withspacific frequency band.
Corrugated surfaces can be considered as a 1D bandgap configuration that can provide high impedance
(soft) in one direction (for wave propagation transverse to the corrugatirmnclow impedance (hard)

for wave propagation along the corrugation wallatidition, the bandgap can be in 2D configurations
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(periodic structures) to provide a higher degree of freedom for high surface impedance implementation
[21] [22]. In other word, 2D bandgap structures can manipulate the electromagnetic signals tolwait off t

waves from propagating isotopically withirspecificfrequency band

2.3The Gap Waveguid@heory

Consider two parallel plates, as shown in Fig. 2.2, PEC plate aborM@Beplate with spacingd)
between them. According to Maxwell equations for transvelesdric (TE), electric and magnetic fields

travelingin the +z direction satisfy the followingjeations [23]:

PEC
|
Yo z
I , (&n d
|
PMC
Figure2.2 Gap waveguides concept with ideal RBRIC parallelplates
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where"O(X, y, z) is the zZzomponent of the electric vector potential in thetaagular oordinatesystem

that must satisfy [23]:
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which can be expressed as:
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To simplify the analysis, we consider no variation in thdirection and the width in the-directionis
infinite, so that— =0. Then the solution f6O (X, y, z)can be obtained usirggparation of varldes as
[23]:

O AN QOQa Ry

I I I C®
wherel @ ¢ 1Q are the wave constants ingnd zdirections, espectively. fice the wave is bounded
in the ydiredion, thenthe solution fork(y) represents standing wave whij¢) travelling wave, thus,

O@N BATI0Ow 60ETW Q g\

By substituting (2.9) iff2.6) and (2.1) and apply the boundary conditions on the bottom (PMC) and top
(PEC) plateswe obtained:

O w 1 T P T

Ow Oua m P p
Thenthe solution can be written as:

oA 6 O0BETw Q P C

1 ¢t p ¢ TipihB ®o

cQ
whered is constantFrom (2.12Y must be greater than zero for pagation However, b cut off the
propagation the field must be attenuated (Evanescent waves are exponentially decaying thedds

implies thatf must be imaginary:

r 1 1 ° = —= m & ™

Q f P
The dstance between these two plates controls the propagated waves, such that if this distance is smalle
than aquarterwavelength, then all paraliplate modes are stoppedi@ropagation. Also, when PMC
is used, the bandgap acts as a high pass filter hvatiows the propagation until the cutoff frequency.
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However, when the PMC is realized asaatificial magnetic conductorAMC), the bandgap acts as a
bandstop filter, whils creates another cutoff at a lower frequency. This concept is used to realidgehe
gap waveguide (RGW). It should also be clear that the TE casgénsly dual fothe TM case. Therefore,

the condition of attenuation wgalid for the TM case as welThe ridge gap waveguide (RGW), in
summary, is based on an air gggndwiched between two parallel conducting plates where most of the
fields (The parallelplate TEM modesare confinedThe parallelplate TEM waves are the modes that
propagatavhen theparallel plates are both PEC® assure that most of the fields aomfined between

the parallel platessoft surfaces can cuiff the parallelplate modes from propagating in one direction
(anisotropic). However, it is necessary that all the waves brmugtrohibited from propagatiooff the
PEC/PEC parallel plates. Tolaeve that electromagnetic bandgap (EBG), surfaces are used to realize the
PMC condition artificially, which provida high impedance surfaf24] to stop parallel plate modes and
surfacewaves frontravelingwithin a frequency range in all directions (isapic characteristics) whemh

is less than a quarter wavelength as showfign2.3.

PEC

| G i

PMC EEC PMC

Figure23Gap waveguideb6s basic structure.

Hence, thédottom plate has a smooth continuous metal (ridge) surrounded by textured surfaces acting as
AMC; a flat metal plate covers all. The distance between these two parallelghlatéd be smaller than

a quarter wavelengthvhich createsa high impedance cdition [25] to stop and cubff the waves over

the textured surface and ordjfowsit between the two smooth top and bottom metals; forcing the field

to be guided along the reged direction only reduces the radiation loss. In addition, since the iwave
attenuated (cubff) along the other undesirelirection, themmaintaining good metal contacts is no longer
necessary.

Furthermore, the main advantages of this technologtharalleviation of dielectric losses, surface wave
suppression, and resolving the electrical contact between metals. The AMC implementation has been

realized using different approaches. It can be @mgnted using a metal pin (bed of nails) [26] or using
11



mushroom patches [27], in which case it is referred to as printed RGW (PRGWA [@&grentversion
of the ridge gap can be made based on the AMC, as indicakegl. iB.4 for example, in the ridggap

and groove gap waveguidesetalpinsare used withut the dielectric.

pi”?/\i Ridge

@

| ]

Top metallic
layer Groove
(b)
[ ]
Ridge —— ~—~Aa

Su bstrate/\ T

©

Ridge

Substrate

(d)

Figure2.4 Gap waveguides: (a) Ridge gap wavegu{tE Groove gap waveguidéc) Microstrip ridge gap waveguidand
(d) Printed ridge gap waveguide.

However, the propagating mode in the ridge gap isahastransverseslectromagnetic mode (quasi
TEM) becausepart of the field (fringing) experience #fdrent propagation environment. On the other
handthe propagating mode in the groove gap is thg fitéde, which resembles the conventional metallic
waveguide. Different mawWave devices using groove gap waveguides have been reported, such as
antennas [@ 35], filters [3642], and diplexers [436] with good performancénotherversion of the

ridge gap isan inverted microstrip gap waveguide [A%hich is close to the inverted microstrip lines
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However themainfield propagates in the air gap betwekea tidge and the upper metal plate. It is worth
mentioning that within the stopband of the AMC, the parahodes and surface waves are-affit
Furthermore, RGW and PRGW haatso beerused to desigia different kind of components in mm

wave as reportedn [14] [48-49]. RGW and PRGWhavea problem of making arbitrary circuits, with
bends and discontinuigedisturb the bed of nails and mushroom periodicity, wieghires adjusting the

nails or the mushroom positionBo avoid such a problentheridgelineis elevatedup away from the luke

of nails or mushroom surfaces without the need to connect thesunifgee to the ground and spacing
between themwith a thin low dielectric constant substrates. such, the periodicity of the bed of nails or
mushrooms is not disturbed. In addition, #ie gap can be filled with dielectric materials, which is
advisablea be of low dielectric constant to keep the wideband characteristics of the guiding structure. In
this case, a microstrip circuit with all the needed discontinuities can be printegronraled substrate

and then flipped to face the periodic texture. Saskructure is referred to as thgertedmicrostrip line,

as the signal is propagating in the dielectric substrate of the microstrip line. The inverted microstrip
structure is considedas a packageanicrostrip line [50], which was treated in severablications [51

55]. These are very complicated structures to be analyzed and designed. However, they have receivec
significant interest because of merging the advantages of the metllkguides, in terms of low losses,

with the advantages of microsttigchnologies; in terms of compact size and ease of fabrication. Hence,

it can be a preferred candidate for feeding network design at thigeguency range
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3.1 Introduction

MRGW can be considered as a parallel plate waveguide filled with air or dielectric with a thickness (d)
and relative permitti vi taposs(ble mirlspybstrate. The annemdorductors t r
surface of the microstrip line is the fage d the ridge. The microstrip line (ridge) is elevated above the
AMC surface by a dielectric spacer that has rel
the MRGW is presented in Fig. 3.1, which can be seen as an inverted miciosteplosed with an

AMC. The electric field is mostly within the air gap. However, some of the fringing field direas the
substrate. Therefore, the propagating mode is not a pure transverse electromagnetic mode (TEM) but
quasiTEM. In addition, the wbstrae material underneath the ridge is nonmagnetic with unity relative
magnetic permeability (i.e., p =1). An attractive advantage of MRGW configurations with an air gap is
that the effective dielectric constant is much smaller than the spacer dieteasant. Therefore, the loss
tangent is substantially reduced, and the component dimensions can be increased, which gives more

flexibility in the design at mrwave frequencies.

Metallic layer
| | | |

Electric

Ridge field Tt e
Substrate ﬁ# 4
EBG Mushroomi

Figure3.1 Microstrip Ridge Gap Waveguide (MRGW) structure with Electromagnetic Band Gap (EBG) mushwvitbm
arrows indicate the field lines of the quagM mode.

3.2Impedance Design Formulas

The characteristic impedance equationhaf quasiTEM mode [56], propagating along tMRGW, can

be express as:
~ p ¢ TQ
- W

oP
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whereWer is the effective width of the line, anderis the effective dielectric constant of the guiding
medium.Inspired by the microstrip line analysis expressions, it should be stated that the above expression
assumes that the physical parameters are known WegahdU.er. BothWes andU.e arerepresented in
empirical expressions that contain the nadgilbfunctions of the physical parameters. Using a nonlinear
curve fitting routine to a microstrifike, Wett can be expressed as such:

W ®w Q C . ®w Q

o a5 P ™oyl logmys P o}
The effective dielectric constabtes can be computed by treating the MRGW geometrical configuration
as a parallel plate capacitor. Analyzing the effective dielectric constant using this method is similar to the
method that &s been used by Wheeler the standard microstrip [57].
However, here we considered the effect of the closed structure with AMC. In order to find an accurate
empirical expression to estimdies we define a functiofr (d, W)andG (d, W, t)to compesate for the

capacitance efict between the top metal, ridggxdmushroom such that:

- R c' oy ——— c' O Fd o®

o
Using a nodinear curve fitting routine to a microstrlike Wer can be expressed as:
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3.3Width Design Formulas

An expression for width design can be obtained empirically in terms of rational functions of the physical
parameters and the dielectricnstant of the material via ndmear curve fitting.Consequently, the

MRGW width can be obtained for a giveén viz:

1 - =1
w o8pT S
0 — 0 TBIQC!l lop Yyp pH o T8 Qlplo P& ¢ w o
T lfp - -
® o @ R R . .
Q — 0 TWWwC!l M op o YPYp Muilo pEYOo o)
T If- -
W o8t ¢, N . 1 oan
Q — 0 P®TTI Io8 T pBOo o p& U IO p& YT o8
p QM
0 o 1

The analysis and synthesis equations are found to be accuratewaidmaumerror of 6% from thexact
theoretical data over the range @ v- p&ghm& - phandm® — ¢. The MRGW
ridge thickness can affect the characteristic impedance and the effective dielectric constant since both are

being functions of thtfRGW width. Accordingto [58], thick microstripm@t v —  T& is used for the

transmission lines that can bged for quasDC operations. Howevethethin line @t p — 18t US

used for the microwave devices, whéggs the thickness of the substrate in the conventional microstrip
line. Similarly, MRGW can be used to design the transmission lingd@asiDC and microwave devices.
Therefore, thelosedform expressions for the widtha§ ), considering the effect ohé thicknesstg),
can be obtained empirically as such:

6 o @

i 758
o q aq-F R

In [59], it has been noticed théi value decreases as the strip thickness increases. Therefore, the effect

o p

of thefinite thickness of théIRGW line may be tbught of as an increase in width. Equation (3.11) is

similar to the one used for the conventional microstrip in [60]. However, @iffeoefficients are used in
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(3.11) since the estimation af in MRWG is different from the conventional microstripd. When the
line thickness is considered, théterm in (3.2), (3.4), (3.5and (3.6) needs to be replaceduby, which

can be obtaied from (3.11)A flow chat thatillustrates the curve fitting process is shown in Fig 3.2.

3.4 Port Definition and Dat Extraction

The definition of the waveguide port used for MRWG is similar to the definition in [61], with port width
dimensions of at least ommit cell period p from both sides of tNMRGW line in the transverse direction
Hence most of the fields (cdmed and frhging) are considered. Also, the port length is designed to cover
the gap region substrate and half of the mushroom pin heighj {(n the longitudinal direction, as shown

in Fig. 3.2. The propagation constgnand & can be obtained directly from ¢hwaveguide port

information using fublwave analysis a specifidrequency. The relation betwepmand  can be found

in [62] for quasiTEM. Then the empirical expressions are developed by usmg §tting.

start

'

Collect data for Z.W. €& and f from Full-wave solution

il

! !

analysis

Set Equation (3.2) for Set Equation (3.7) (3.8 Set Equation (3.4)
calculating Z, and (3.9) for (3.5) and (3.6) for
? calculating W calculating €,/
Yes ?
Yes

Yes

l o No I No

End End End

Figure3.2 Flow chart for the curve fitting.
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W+2p

Figure3.3 Port definition for MRGW.

3.5 Equations Verification

To verify the proposed formuladifferent cases have been studied basgd oand . First, the case
when is air, theMRGW structure in [38] is used. The unit cells are designed to provide a stopband
between 2010 GHz loaded with = 3. The unit cell with =3 is used in case A. On the other hand, a
unit cell for stopband 580 GHz witf = 3 is also used with theitkness = 0.13 mm and air gap = 0.18
mm. The mushroom is designed with radius = 0.7 mm, via diameter = 0.33 mm, period = 0.85 mm and
loadedwithT = 3 in case B. Moreover, a unit cell for stopbaneRDOGHz withf = 3 is also used with

the thickness ©.508 mm, and the air gap = 0.508 mm. The mushroom is designed with radius = 1.3 mm,
via diameter = 0.3 mm, period =3 mm and load&ti] = 3 in case C. The same dimensions that used

in case C are used for case D; however, witlr 6.15 is used. Thep, is calculated using (3.4) and
compared with the fullvave analysis of the different cases (A, B, C, D) at émer frequencies 30 GHz,

60 GHz and 14 GHz, respectively. The variationfof with —is shown in Fig 3% It may be observed

that the empirical expressions are in good agreement with thedu#t analysis results within a maximum
error d less than 5%, as shown in Fi¢p.3In addition, it may be noticetiatthe value of  gets close

to one when té width of theMRGW line increases because most of the electric field becomes more
confined within the air gap. From the differeases,it can be observed that the approximation of using

T =lis no longer valid, especially when the valug ofis high.
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Since the empirical formulas are generalized to accommodat@hfilled with dielectric martial, several
MRGW unit cells are used for verifidion. When <7 . A unit cell is designed to provide a stbard

between 818 GHz. A substrate dielectric material is used Wit 3 and thickness = 08B mm. The gap
thickness = 0.508 mm is filled with substrate dielectric martial thgt has2.2 and = 1.96 for case E

and case F, respectively. The EBG mushroom has the same dimensions as case C to provide the require

stoptand. Moreover, asther unit cell for the case whien <f  are designed to provide stopband between
20



8-18 GHz withf = 6.15 and thicknesses = 0.508 mm. The gap thickness of 0.508 mm is filled with
substrate dielectric material that has a pamwity 7 =2.2and = 3for case G and case H, respectively.

The variation of over the line width at 14 GHz is shown in Fig.3From the results, it may be
observed that the valuejof gets close to the substrate dielectric permititifilling the gap as the width

of MRGW line increases. As expected, most of the electric field becomes more confined within the layer
between the top metal and the ridge. The values obtained from the empirical expressions are in good
agreement with the fuwave analysis results in a maximum error of 3%, as shown iB.Fid he error

has been calculated as an absolute percentage error for the values obtained frorwéve farlalysis.
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Figure3.6 Effective dielectric constant when the gap is filled with< 1 : (a) case E, (b) case F, (c) case G and (d) case H.
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On the other hand, the case when> is verified through different MRGW unit cells. A unit cell is
designed to provide stopband betweelB8GHz witH  =6.15and] = 3 each with thicknesses = 0.508

mm in case X. Another unit cell is designed to provide stopband betw&@rG8iz withi =10.2, and

T =3 and both substrates have thicknesses = 0.508 mm in case Y. The EBG mushroom is designed with
the same dimensions as case C. Then, the variation obver the line width at 14 GHz is shown in Fig

3.8. From the results, it mayelobserved that the valug/of increases as the line width increases, which

is similarto the behavioof the microstrip. The values obtained from the empirical expressions agree with
the fullkwave analysis results within a maximum error of 2% hasve in Fig 39. The design expressions

for the width are also verified by knowin. Using the previousinit cell structuresthe estimation of
MRGW width is calculated using (3.7), (3.8), and (3.9). Fig® 33.12 show the characteristic impedance
calculated from the fullvave analysis and the empirical expressions. Agreement between the empirical
expresm®n and the fulwave results can be observed within a maxinauror ofless than 8%, as shown

in Fig 3.13- 3.15. In addition, as expected, the largee MRGW width, the lower the characteristic
impedance. Besides, in the case of filling the gap withedigt martial, it can be observed that the

dimensions (width of the line) are getting smaller for spedificompared with the case aif-filled.
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It can be observed that the thickness of the dielectricrnadth the ridge with has anegligibleeffect

on calculatingd since most of the fields are concentrated at the gap between the top metal plate and the
ridge. For example, in case C and cBséhe thickness of the substrate dielectric undath the ridge is

0.508 mm with differerit But the width forc =50 is approximately 2 mm for both. It is essential to
mention that case C, case &\dcase Y were used for data fitting. However,evtbasesre used for

testing. Finally, for he casewith7 =7 , the same dimensions in Case C are used in the unit cell.
However, both the gap and the dielectric martial underneath the ridgé have =3 in case Z. As
expected, confined fringg fields within the gap expenee the same material such that is almost

3, as shown in Fig 36L
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The effect o MRGW line thickness is verified in Fig. 371where the empirical expression (3.11) is ysed

and compared with the fallave analysis, it can be noticed that tthange of the width versus MRGW
thickness isvery small The width of MRGW in Case A is sel:
However, the thickness variation changes the impedand¢e % Y . On t h eMR&WHvidth, han
Case B, is selectedto gite4 Y wi t h zBy indudinghhe effiechdé thesthickness, up-8 Y

of variation can be observed.
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Figure3.10 MRGW characteristic impedance with an air gap: (a) Case A, (b) Case B, (c) Gask(@) Case D.
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Figure3.11 MRGW characteristic impedance with a gap fifled <7 ): (a) Case E, (b) Case F, (c) Case G and (d) Case H.

Moreover, a comparison between the present work aedqusly published work, using MRGW, is
conductedy compaing the values obtained frothe preseninodel with tlose usedn the other works.

In [63], the line width for =50, quarter wavelength transformer length and width were 0.9 mm, 2.5 mm,
and 16 mm, respectivelyHowever,the values obtained from our model are 1.06 mm, 2.22 mm, and 1.8
mm, respectively. The difference between values nbthby the proposed model and those in [63] is due
to the correction used in [63] to account for the disooiities using optimization. It is worth mentioning

that our model values were close to the optimized values, wingeins thathe optimizer stastfrom a
good guess and reduce the processing time. In addition, in [61] whe&¢he line width foio =50 was

0.78 mm, where the value of our model is 0.71 mm. The AMC layer can be implemented using metal pins
instead of EBG mushrooms. In [§4fe line width forc®d =50 was 1.11 mm, and the value of our model

is 1.06mm. In [14], where MRGW technology is used with metal pins to desfign4 planar duamode

horn array, the line width fo® =50 was 7.362 mm and from our model is 6.812 mm; whemahé

power divider line width foKd =50 changed to 8.8 mrithe quarter wavelength transformer length and

width for © =70 were 6.6 mm and 4.39 mm, respectivelpweverthe values obtained from our model
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are 6.1 mm and 3.5 mm, respectively, at 10H2GAnother line ford =100 is used with width 2.4 mm,

andthe value of our model is 1.6 mm, where the effect of the continuity is not included.
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Figure3.12 MRGW characteristic impedance with a gap filled wiith >7 : (a) Case X and (b) Case Y.
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4.1 Introduction

Phasedntenna arrays have received increased attention recently because of their applications in satellite,
military, and vehicular communications for highirgg65]. Most of the design procedures for phased
arrays start with atudyof the radiation characteristics of the single element and then design for the large
antenna array structure. However, the environmeatsaigle isolatedlement is different frm that of an

array environment where the couplingtadirect effect on the resonance frequency, bandwidth, and the
radiated power of each element {68]. Besides, the pattern multiplication for amennaarray in [68],

which can be used to estimate taefield parameters, is valid when the mutual dmgpcan be ignored.
Practically, in theohasedarray, the mutual coupling between the radiating elements has a noticeable effect.
The spacing between the array elements is less than half a wavelemgtidtgrating lobes

Thesurface wave is the main contributorthe mutual coupling between the radiating elements. On the
other hand, the estimation of the antenna array performance can be improved by including the effects of
mutual coupling and consideg the effectiveinput impedance in designing the feeding network. The
effective (active)nput impedance can be defined asdhgveinput impedance of the radiating element

in the array environment, which includes the mutual coupling effect. Genarptlynizationtools ofa
full-wave solver can be used to desigha@e antenna array. However, using optimization is a time
consummating and requires huge computing resoundash iscostly, especially for thlargeantenna

arrays. There are many difémtreportedtechniquesn the literature [65] for designindargeantenna

arrays using different numerical techniques. Some of these techniques are for specific array types and
elements.

Recently,accuratemodeling and analysis to design a large mméearrayis reported [76] However, the
procedures are complicated in a way that the mutual coupling needs to be calculated through Fourier
integral. Besides, the effect of the mutual coupling is not related to each element port impedance to help
in the aesign of the feeding netwika Moreover, the estimation for the radiation patterns requires a
minimum of 9 elements pattern to be extracted to consider the effect of the edges and corners, which add
more complexityln [66], a more general and efficient beique was introduced t@uosider the effect of

the mutual coupling regardless of the element type. Furthermore, the presented method can predict array
performance for the entire scan range by studying the far field characteristics of the single elament in
infinite array numerially, then predict the far field parameters of ldrgearray. Since the edge elements

of the array have differentenvironmenthanthe other antenna elements, it is expected that the edge

30



elements perform differently. Simulatis using the infinite aay environment cannot describe the edge
effects. Therefore, the edge element effect is considered. Following the procedure in [66], by considering
a small array fulwave solution, or measurements to get its Scattering matixa{®x) or admittance
matrix (Y-matrix) as an Noort network, where N is the number of elemebtsng this matrix of a small
array, a similar matrix ofa largerarray with a similar array lattice can be obtained. The larger matrix is
obtained byneglectinghe mutual coupling of ements further away than those of the small array. From
the S or Y-matrix of the desirethrgearray, the effective input admittance or input impedance can be
obtained.

Moreover, phased antenna arrays with high gain are reluespecially fomillimeterwave (nm-
Wave applications. Design such antenna arrays can be challenging to meet high performance in terms of
high gain and efficiency with less complexity. Lots of research is performed to design a high gain antenna
array [77-80]. The feedingnetwork of the array differs based on the guiding structure used. The Microstrip
line technologyis known to be highly lossy at mmwave frequencies antassignificantdielectricand
radiation losseshowever SIW suffers fromdielectriclosses since mosif the electric féld propagates
through thedielectric substrate Therefore, therecently developed ridge gap waveguide (RGW)
technology has been used because it ispmalkage and can be designed to have an air propagating
medium, andhe line width ofthe characteristic impedancenarrower than the conventional microstrip
lines However, it was found that this technology requires a significant distance between the guiding lines
that prevented having a direct feeding to the arrapehts with a distace less than a guiding wavelength.
To reduce the distance between the radiating elentart®RGW feeding network is used to feed an array
of 2x2 subarrays made on a substrate integrated waveguide cavitj8[18In terns of lossesbetween
the MRGW and SIWa quantitatre study in [63] has been conducteahd it showed thagmaller losses
in MRGW than SIW if designed witthe same dielectric material.
This has complicated the antenna array by adding an extraAaysuch, optimiziéon takes a long time.
In addition, as the subarragecomehe elements of the feeding network, it has a higher directivity than
the subarray elements, bubecomes vulnerable to the grating lobe in the large broadside drrayder
to overcome this blem,the microstrip ridge gap waveguide (MRGW) is usedhich made it possible
to reduce the distance between the feeding network lines and makedhealisetween the directly fed
radiating elements less than thavelength[64]. However, it was possie to design a 4« 4 array
achieving the required bandwidth. When the same topology is used to design an 8x8 array, the bandwidth

is reducedandit was difficult to optimize the feeding network to achieve a similar bandwidth. After
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careful investigationwe found that the main reason for failing to achieve the required bandwidth is the
strong coupling between the terminating stubs with the guiding stescio several positions of the

network. Therefore, we have modified the feeding network topologydid auch coupling.

4.2 Design Large Finite Array theory

Considering alNxN antenna array witidentical elements in X¥lane, as shown in fig 4. According

to [66], the effective input impedance can be calculated as

y v B 0 w o
) T
B 0
0 Y 8

where'Y the input impedance of the isolated elenient, pfori=j and zero foi  (elenjentin a row
i and columrj),  the applied voltageral & is the port mutual admittance betweenithand;™" radiating
elemens.

Mutual Coupling

Figure4.1 Antennaarray ofNxN in XY -plane and equivalent circuit of one element.

Then, the effective input impedance of each element of the array is used to designnbenftachrk by

using the radiating elements as the loads terminating the feeding network. Therefore, large array
processing time is reduced because the radiatoresxaheded from the numerical solution to reduce the
numerical domain to the internal probledomain. Therefore, the optimization process could be
implemented on the feeding network only. Then the appropriate design of the feeding network structure

can be btained to minimize the radiation and surface wave losses. From the active voltage te@fminal
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the elements, an array factor, including the mutual coupling, can be computed to predict the radiation
patterns as well as the array gain. This analysis carugefel estimations of the array performance under
different scenarios in which we can dgsithe proper feeding networks. Besidég,use of commercial
full-wave simulation tools, such as CST, in designing large array becomes more efficiastend

4.3 Mutual Admittance MatriXConstruction for a Large Array

The calculation for the effective pat impedance in (4.1) requires the mutual admittance for the large
array. However, such calculation can be ticoasuming; therefore, in [66], a new methogbtedict this
matrix from the small matrix and construct a large array using the small arrapation as shown in

fig. 4.2 where the internal, edge and corner elements have the same environments as the large array.
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Figure4.2 Constructiorof 8x8 and 16x16 array from 4x4 array.

The mutual admittance matrix of 4 x 4 small array can be mapped into the large matrix for 8x8, 16x16, or
even larger arrays, as shown in Fig. 48ich mapping resersea mutual coupling environment of
elements with similar relative positions. Thus, a large matrix retains the properties of a small matrix. Also,
the mutual coupling is ignored between elements when the distances are greater thamebrée
spacing baveen the adjunct elements.
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Figure4.3 Mutual admittance matrix arrangement (a) 4x4elemet array and (b) constructed for the 8x8element array.

4.4 Effective Inputimpedance€alculation forAntennaArray

4.4.1 Basic element design

The design starts with the design b&tAMC layer that is realized by pedic structure. The periodic
structure unit cell is a metal pin loaded with a thinner dielectric substrate topped with an air gap between
its upper surface and an upper conducting plate. The dimensions of pin arata®iéiers are selected

and adjustedo have an electromagnetic bandgap (EBG) with a central frequency aro@Gidiz6BMC

layer design for the MRGW with a pin of 0.51x0.51x1rB6% and a period of 1..Inm For the upper

layer that accommodates the microstime and feeds network, RO3003(loss tangent=0.001$ used

with a thickness of 0.181m The air gap between the upper substrate and the top metal layer is selected
at 0.165mmto provide an EBG beteen 46 and 8%Hz The singlecell dispersion diagrans omitted

for brevity. The pesence of a microstrip line as a guiding ridge in the center of the EBG structure creates
the dispersion diagram given in Fig. 4sthowing the structure modes. In thisuiig, the dotted line is the

ridge mode indicating itpresence within the bandgap of the periodic struclithie presencef the thin
dielectricsubstrate on the bed thfe nail does not havaneffect on the mode propagati@uchassurface

waves within the EBGfrequency band
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Figure4.4 Dispersion diagram of MRGW.

The magneteelectric (ME) dipole antenna excited by a narrow slot is considered as the radiating element
usingRO4003C(loss tangent=0.0027) withthicknessof 0.508mm. A similar design can biund in
[64] in theKa-bandand in [82] excited with a slot in a substrate integrated waveguide (SIW). One of the
mainadvantages of the ME is providing a stable gainraddtion pattern across the operating bandwidth
[83]. The MEdipole is designed tawork at 60 GHdandand the radiating element in [82] with SIW as a
guiding structure. Here, ttdRGW is used, as shown in Fig. 4.5. The MIpole antenna has 10 dB
matchng bandwidth over 19.6% bandwidth (566F.1 GHz), as shown in Fig. 4.6. The inpupedance
of the MEdipole antenna is shown in Fig. 4with againof 8.8 dBi at 60 GHz.

(ME) dipole

Rogersi00C antenna
(0.508mm) i

Coupling slot
2.5 mmx0.2 mm)

Top Metallic

MRGW
Line

Air Gap
(0.165mm)

RO3003
0.13mm

Figure4.5Fig. Structure of PRGW MHipole antenna.
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Figure4.6 Simulated reflection coefficient of the Mdipole antenna.
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Figure4.7 Input impedance of Migipole antenna.

A 4x4-element array oME-dipoles with aseparatiordistance of 4.5 mm between the elements in both

x- and y-direction is analyzed using the fultave simulator of Microwave Studio (CST). Then the
obtained mutal admittance matrix is used to construct and estimate the mutual admittance matrix of an
8x8 and 16x16element array according to [6&]inally, theeffectiveimpedance for the 64lement array

is calculated at different frequencies. Moreover,-fdlve simulation is used to obtain theffective
impedance for the 64 and 256 elements as actual values and compared with the estimated values calculate
by the method ij66]. The element arrangement is shown in Fig. Bi&fly, the procedure for this

efficient method to design large antenna arrays can be summarized as follows:
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1) Select the radiating element and distribute it in a small 4x4 array with the same arcayofattie
largearray;

2) Compute or measure the mutual admittance matrm@trix) or the Smatrix of the small array;

3) Predict the Ymatrix or Smatrix of thelargearray following the procedure in [66];

4) Design the feeding network based onéffectiveimpedance loads thatcludethe mutual coupling
effect. Here, only the effective impedanc#gshe elementare used as terminating loads to the

feeding network.
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98] 62185 54[38]46/38 38 58130 [5R]22 83143816
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Figure4.8 64 Elements arrangement to calculate effective input impedances

4.4.2 8x8 elemerdfor arraydesign

For an 8x8 antennarray,effective input impedances are estimated. It can be pointed out that the edge
elements havdifferent characteristics from the centelements, as can be noticed from Fig. 4.9, 4.10,
and 4.11 at frequencies 57 GHz, 60 GHz, and 64 GHz, respectivaihdnwordsthe edge elements
experience a different environment compared with the central elenreatddition, it may be observed

that the estimated values aregonod agreement with the fulvave analysis result$iowever a small
difference might exisbecause the relative position of the ridgeline with respect to the EBG mushroom

cells is not alway the same. Conventionally, theemta array is designed based on fixed input impedance
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that is usually the input impedance of an isolated element at the central frequency. Such a design usually
ignores the effect of the feeding network discontinuity al as the mutual coupling effech dhe input

impedance of the elements in the array environment.
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Figure4.9 Effectiveimpedancef 8x8-element array using the 4>element array at 57 GHz
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Figure4.11 Effectiveimpedance of 8x&lement array using the delement array at 64 GHz.
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Here, the feeding network dhe 8x8 array is constructed such that each element has its effective
impedancewhich is represented by a different line width terminated by the effective impedance of the
element, where the coupling effect is considered. Then a transformer with different mddéngth is
used to match the actual impedances, which have real agthanapars, as shown in Fig. 4.12. The
initial design parameters are calculated using [84]. Then, the overall corporate distribution network is

optimized to compensate for the digtiauities in the feeding layer.

(2) (b)

Figure4.12 (a) Feed network structure of the 8s@ment array, (b) 8xBlement array full structure with the Mitpole
elements.

It is worth mentioning that using thisqeedure reduces the processing time a lot to optimizetleetron
coefficient by replacing the radiating elemewtth theireffective impedanaeat ther ports. In Fig. 4.13,
thereflectioncoefficient is shown where four cases are introdubkrethe first case, the feeding network

is designed at 60 GHz witkriminating loads of . In thesecond case, the feeding network is optimized
when a complex effective input impedance terminatek pad at 60 GHz. In the third case, the feeding
network of the second caseterminated by the actual radiating antenna elements (MEejipal the
fourth case, the feeding network is optimized for the whole frequency band when terminated by the
frequerty dependen using HFSSThe frequency dependent loads have been optimized using HFSS,
where the lumped porgseloaded with sp/znp or ynp fils which include the effective input (impedance/
admittance or the S parameters) as frequency depefideneffective impedance termination provides
comparablgerformance to the actual structure, which agrees very well at 60 GHz, atthéigeding
network is designed and optimiz&dhe caralso notice that there is no much difference between the third

case and the fourth case.
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Figure4.13 Reflection coefficient of 8 x 8 Midipole antenna arrays.

The bandwidth obtained from the conventional method is smaller than that based@mnctdp oksmall
to large, which leads to achieving a bandwidth closdrdésingle element bandwidth. In addition, a better
matching level using the actual elementsaalize the whole structure and obtain thefigd results. As
mentioned in [20], the total radiation patterns and gain can be estimated by using the dorat@tro
multiplication, considering the effective input impedance in the active voltagentrofithe elements as
such

8 8 o—-h %)

whereO andO ar e t h«eomgonents df the element radiation patterns, respecti@elgndO

are the corresponding total arnadiation patterndO— is the array factor that can be expressed as
O w Q 18
and
W 0 W d
where ” ,+ s the cylindrical coordinates of thé &lement. Then the directiviti, and the gainG of

the array with respect to an isotropic radiator at a distanae be expressed as:

g 0 b 0 —h
O — T = H

)
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where— is the intrinsidmpedance of free spade,is the total radiated powaed, is the total input power

that contributes to the radiation from the array and is the total radiation efficiency, which includes

the reflection losses of tmadiating elemestdue to mismatch, dielectric and Ohmic losses, surface waves
losses, and the losses due to connector and transition. It is important to highlight thatcalculated

after designing the feeding network. Moreover, the technoldégiesign the feding network plays a
significant role in calculating the total radiation efficiency. Hence, our method can estimate the gain
without considering the feeding network losses. However, the realized gain (including the mismatch and
feeding netwrk losses) castill be calculated after designing the feeding network using (4.7), (4.8), and
(4.9). Since- can be obtained from the fullave simulation, it should be mentioned that for the pattern
multiplication, three cases are consideredtli@r MEdipole element pattern: Case A uses the radiation
pattern of the isolated element; Case B, the eddxbdadiation pattern of an intermediate element of the
small 4x4 array; Case C, the embedded radiation pattern of an element in an infinitecakiagsment.

The normalized radiation patterns are shown in Figs. 4.14, 4.15, and 4.16 at 57, 60, and, 64 GH
respectively. The 8x8lement array normalized radiation patterns considering the above cases are given
in Figs. 4.17, 4.18, and 4.19 for-aneand Figs. 4.20, 4.21, and 4.22 foiptane. A good agreement
between the estimated radiation pattern uiiegeffective impedance method and the-Wdlve analysis

can be observed. Besides, the first sidelobe levels in b@hdEHplane are around.2.8dB.
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The simulated array gain for Cases A, B, and C, compared to theawdl analysis using CS(fime-

domain) are indicated in Table I. It can be seen thatlal cases provide de values for the gain.
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However, Case C shows better agreement when the element is considered in an infinite array and can be

used to estimate the array far field parameters.

Tablel. 8x8Element Array Gain

Frequency (GHz) Case A CaseB CaseC Full-Wave

57 25.86  25.80 25.85 25.60
60 26.01 26.08 26.03 25.98
64 26.32 26.29 26.35 26.27

The radiation efficiency over the operating frequency is better than 72%. The total radiation efficiencies
and the simulatedain over theoperating frequency without including the total losses are illustrated in
Fig. 4.23.
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Figure4.23 Full-wave simulated gain compared to those calculated based on different cases (A, B, and C) and total radiation
efficiencies of the 8x8 element array antenna.

4.4.3 16x16 antenna array design
A 16 x 16 antenna array is sulstantialnumerical structure consideg the feeding networkithin a
periodic mushroom structure. t$,a full-wave solutionis not always possibler verification because of
the limited computational resources. The 16x16 array characteristics arequté&dised on ax4 array
and 8x8 array and comparing the effective input impedances from these two predictions. A good
agreement can be observaddthe coupling effect appeatkearlyonthe edge elements, as shown in Fig.

4.24, 4.25, and 4.26 at fregncies 57, 60and64 GHz, respectivelyf-or al6 x 16 feedingnetwork,a
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central feed WRL5 is used to excite the radiating elements. Hence, the simulation and computation can

be reduced by taking advantage of the symmetry.
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Figure4.24 Effectiveimpedance of 16xt&lement array using the 4>element and 8x@lement array at 57 GHz.
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Figure4.25 Effectiveimpedance of 16xt&lement array using the 4»elemei and 8x8element array at 60 GHz.
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Figure4.26 Effectiveimpedance of 16xX&lement array using the 4>¢dement and 8x&lement array at 64 GHz.
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4.4.4 Transition from WR15 to MRGW

A WR-15 on the bottonplane @ the structure is used to excite the Mpoles. Hence, transferring the
power from the Tkh dominant mode of the W5 to the quasTEM MRGW is required. In [85], a
transition from printed ridge gap waveguide (PRGW) to-1\NRis designed using awty back short,
which requires a thick top metal layer. However, in our design, WelR§&W, where the ridge is elevated
from the AMC layer with alielectricmaterial that has permittivityh. Therefore, a matching stub line is
made in the EBG layer (st Then another vihole is made through the substr8igo connect MRGW
with the matching stub line, as shown in Fig. 4.27. Théwia positions with the width and length of the
stubare optimized to achieve a matched bandwidth ©¥865Hz. The simlated Sparameters are shown
in Fig. 4.28. It should be stated that the two output ports ha86°ghase difference, as indicated by the
field lines in Fig. 4.27(a). Hence, the structaf¢éhe feeding network must be symmetric alongtais.

(b)
Figure4.27 MRGW to WR 15 transition: (apide view, (b)3D geometry (top metallic layer is hidden).
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Figure4.28 Reflection coefficient of the transition from WES to MRGW

4.4.5 16x16-element array optimization

The processing time to optimize the feeding network for a 16x16 array is reldtixgggompared to an
8x8array, especially irie presence of the EBG texture. As all the mutual coupling effects are considered,
and the effectie impedances of all elements are known. Therefore, to reduce the number of optimization
parameters, the feeding network is partitiomtd small partseach part feeds a 2x2 subarray. The feeding
network of each 2x2 subarray is designed and optimized, Tie feeding network is reduced to a feeding
network of 8x8 subarrays, each terminated by the input impedance of the corresponding 2x2 subarray.
This aray is partitioned into a set of subarrays of 4x4 elements. Now, a feeding network of 2x2 subarray
each of 4x4 elements should be optimized for the final port. As such, the optimization is always performed
on a 2x2 feeding network. At each step, the mutaapling effect with respect to the relative positions

of the subarrays are considered as the poesehall elements of the 16x16 array is included. Térel6

array is constructed from the@subarrays of 2x2 subarrays as a first level. Each of @&re3deeding
networks is designed to get the effective impedances at the port of esaineguteedingretwork through

a separate optimization. In the second level, the 8x8 subarray is reduced to 4x4 subarrays feeding network
Each of the 4x4ubarragis a 2x2 subarray.
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Figure4.29 Sub-array optimization for 16x16 array.

Perform the design of a 2x2 feeding network thgrminated by the 2x2 subarray effective impedances.
Notice that the length of the feeding network arms is double the lenigthe previous level. Finally,

level three enslup being a 2x2 array of 8x8 subarrays. Its feeding network arms are twicadtiedé

the previous level. This procedure has broken the probierseveral optimizations of a 2x2 feeding
network that has amall number of parameters to optimize each time. Symmetry can also be enforced to
reduce the number of 2x2 problems. Withoghmetry, the number of 2x2 feeding networks is (8x8 +

4x4 + 2x2 =84). It should also be stated that because the array inpis therrectangular waveguide,

the feeding network of the 8x8 subarray is a design of a power divider that its input is doughled
waveguide aperture. Another difference in this design because of the use of the waveguide input port and
its differentialoutput power divider. Therefore, the two sides of the aarayput of phase. In order to
correct for this, one side is rotat28(° to compensate for the phatet makesthe twohalvesin phase.

Fig. 4.29 shows a sketch of just a quarter of the 16xddirig network. By using this technique, we are
reducing the number of optimization parameters for the feeding netwogkiater of the geometric
configuration of the 16 x16 array antenna is shown in Fig. 4.30. Different power dividers are deployed to
thefeeding network to reduce the interaction between the stubs exciting the slots and the nearest line to

its end. Fig. 4.35hows the simulated reflection coefficient of the different power dividers
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