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ABSTRACT

INVESTIGATION OF TIGHTLY COUPLED ARRAYS FOR WIDEBAND
APPLICATIONS

Arda, Kaan
Master of SciengeElectrical ancElectronic Engineering
SupervisorProf. Dr.G¢ | bi n Dur al

October202Q 136 pages

This thesis aims to provide in depth research on tightly coupled dipole torbgs
usedin ultrawidebandaperturesapplications First, qperationprinciples of tightly
coupled dipole arrays afavestigated St arting from the Whee
aperture concept, some calculations on bandwidth and impedance concepts are
conduct ed. B. AotheMancegiseof caghdtivetelerentstiveen
adjacent dipoles, are introduced. Array unit cell is modeled using equivalent circuit
approach, bandwidth and input impedance calculations are conducted using
MATLAB environment. Unit cell designs using two different capacitive coupling
mechanisms ra given.Optimized final unit cell products that satisfy theoretical
bandwidth and pattern requirements are giv®mulations areconductedfor
determination ofnumber of resistive terminations irtightly coupled arrays.
Discussions on number of dummlgmments are giverberies of example finite array
analyses are conducted finite array design that is producible using PCB
technology is giverAntenna unit cell is modifieoh a finite array environmentlue

to thefact thatfinite PCB size thatestrictsmaximum number of elementén

ultrawideband aperture that satisfies the theoretical limits is designedhusiingte



aperture aredifferent array feeding mechanism are given to be used as proposed
ant enna 6 suskime af feed Yhachanisms are investigated, only a portion
amongst them are determined that they do perform Melhufacturing process of
finite array is givenalong with themeasurement resultSimilarity between

measurements and simulations are dised.

Keywords: Wideband Array Antennasintenna Miniaturization,Finite Arrays,

Tightly Coupled Dipole Arrays, Array Feeding
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SI KI ETKKLEKKMLK DKZKLERKN GENKKBANT UY(
KNCELENMESK

Arda, Kaan
Y¢ kdieahsEl ektri k ve El ektroni k M¢her
Tez Y%°neti Gigsibi nPDaoafral Dr .

Ekim 202Q 136 sayfa

Bu tez, wultra genik bant a-ékl é&k wuygul am
hakkeénda derinl emesine ar ark.t érYrap € lsaanj | a
ger-ekl eme s¢recinden sonr ani xitmgll lasyloar avl
seké etkilexkimli di pol dizilerin -al ékma
yézeyl a-éklejée konseptinden bacxlériayar ak,
czerine bazée hesapl amal ar yapél méxkteér . B
di pol |l er arasénda kapasitif el emanl ar én
h¢cresi exdejer devre yakl akémé kull anél
enpedans hesapl amal ar & MATLAB ort amé k ul
kapasitif bajlanté mekanizmasé kull anan
bant geni kK1l 17 ve model gereksinimlerini
h¢cre ¢rilgmilwetriir .ve3eékecar elzajsitaammd k¥ diomil lae
el eman sbgepiarenénin simglasyonl ar yapeél
sayéeseée ile i1il1gili tartékmal ar yapél mexkt é
PCB teknolojisi kull anél arak ¢retilebile
birim he¢scirneusm ,elneankan sayéséné késeéetl ayan

sonlu di zi ortaménda dejiktirilmixktir. T
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a-ékl ej e, bu sonl u a-ékl ek al ane kull aneéel

besl|l emesi olka r¢sazke rkeu Iflaarnkd [émad i z i besl eme mek
Cexki tli besl eme mekani zmal ar é arakter el mécx
performans g°sterdiji tespit edilmiktir. Sol
il e birlikte vearnimg¢gmiarstyiom.l a¥l -agmlsé&m dwaek i benz
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CHAPTER 1

INTRODUCTION

Electronic warfare applications require bandwidth ratios for a single antenna on the
orders of 3:1. Also recent developments such as UWB SAR requires UWB
operations that extend up to 1 GHz.daguire higher quality images at long ranges

and high altitudes, operating frequency of the SAR needs to be on the orders of 100
MHz 6 s . Ground penetrating radars i s anot
technology. To estimate characteristics of thig sm detect buried various objects,

to find humans trapped inside the soil after an earthquake or disaster; ground
penetrating radar technology is employed. A similar application, through wall
imaging is also another application that requinedJ&VB opeation. At the same

time, permissible space for those systems are aantsty shrinking. The required
antennas for those systems need to be low profile, the aperture depths should be on

the orders of &/ 10 at the | owest frequen

Modern aircaft systems are equipped with multiple antennas for multiple purposes
such as tracking, detection, surveillance and various electronic warfare applications.
Those functions mostly require UWB operation. For most of the modern aircraft
systems, stealth tesblogy is required. Therefore, the antennas to be installed on
those aircrafts should not increase the radar target signatures of the platform. For
those platforms, low profile antenna installments are desired. Furthermore, antenna
platforms that can confm to the shape of the platform are preferred. Conformal
installations of the antennde not increase the radar signature of the aircraft systems
and reduces the burden on the aerodynamic design of the aifdsafta ground

plane is a must for thosetannas to be installed to the aircrafts, because in an aircraft

the whole body behaves as a ground plane; one cannot get rid of its effects on the



antenna. Especially for the unmanned aerial vehicles, the permissible space
requirements are always reduciifyith the recent advances in RF technologies;

systems that perform multiple functions and small in size are obtainable. Small in

vol ume, mul tifunctional UAVOs are of great e
those platforms have to be small in size whsrantenna of small sizes generally

perform poorly, as the antenna theory suggests. Therefore, in a general manner,

antenna miniaturization is a must for most of the recent systems.

In the light of these recent developments and requirements, antennpgothdé
UWB operation and are of low profile are required. A ground plane is also a must

for these antennas.

Tightly coupled dipole arrays satisfy all those requirements. They are low profile,

the aperture depths ar e Geaguenchdoperatioher s of 0.
They provide widebandwidths; up to 4:1 bandwidtlatios are obtainable under

VSWR<2 condition. They also have ground plane below the aperture; as they are

applied on several platforms; the antenna performances would not charigetdue

presence of ground plane. Also, they radiate only one beam towards outer space due

to the presence of the ground plane. Tightly coupled dipole arrays have element
lengthdowerthane-/ 2 f or a Iltherefératheygalioer gratingdobe; freecan

at any scan angle for all frequencies.

The bandwidth expectation of an ordinary antenna arryybgnarrowband rather

than wideband. Most of the time, arrays are comprised of microstrip elements or

dipole elements. Microstrip elements themselves remgowband, hence when

placed in an array, the array itself is also narrowband. Dipole elements have

bandwidth ratios on the orders of 1G%2 0 %, unl ess theyore fed w
matching elementd$n addition the mutual coupling between the dipoleneéats in

a dipole array generally disrupts the array
possible to use the mutual coupling between elements for further improving the

bandwidth of the array. Traditional array design is basdtiexhesign of an isolat

element that has broadband operation itself and hope for its to do well in an array



environment. In short, mutual coupling is a principle that has been usually to be dealt
with, but it is a beneficial performance factor in tightly coupled arrays. Vightl
coupled dipole arrays employ mutual coupling for obtaining higher bandwidths
using dipole elements; where they are narrowbanded in an isolated fiastpace.

However, in the array, they provide much higher bandwidths.

This thesis aims to suggest somethodologies for designing a tightly coupled
dipole array. At the same time, some design requirements were set for the arrays

designed. Those requirements are as follows:

1 The array aperture sizhouldnot be increasd beyondthe availablePCB
size. The permissible PCB size is 388 mm by 556 mm.

1 The feeding of the array elemestsouldbed o ne by 5lhes@gndcoaxi a
associatedonnectors.

1 The active SParameters faall the excited ports of the arragBould be less
than-10 dBreferencd t o 50 q sy s tie2@dGHzifraquandye ent i
band

1 Aperture depth of the arrandtotal array deptishould be on the orders of
a/10 toaf20 at the lowest frequency of operatidotal array depth includes

the necessary balun and feestworks.

In Chapter 2, a brief literature survey about the topic is provided. Previously done

work on wideband arrays and their properties are given and deficiencies of the
previously developed wideband arrays are discussed and the motivation for
implemerting tightly coupled dipole arrays is given. A comparison is provided
between the previously designed arrays available in the literature and the antenna
presented in the thesi®peration principles of tightly coupled dipole arrays are

given. Starting fromt he Wheel er 6s current sheet aper
and useful impedance bandwidth are discussed. A MATLAB code that models the
tightly coupled dipole unit cell that has lumped capacitance in the dipole tips is
written. The code provides inpimpedance and bandwidth tfe unit cell a of

tightly coupled dipole rmiay. The code allows one to optimipesition of theground



plane, unit cell lengths, operational frequency band and the desired VSWR in the

desired frequency band.

In Chapter 3, theunit cell development phase of the tightly coupled dipole array
design is provided. Basics of unit cell approach within the simulation environment
is given. A unit cell that incorporates interdigital type capacitance elements between
the Eplanes of the gholes is optimized such that it gives activ@&ameterower
than-10 dB from 0.5 GHz to 2.0 GHz. A novel spiral shaped capacitive element is
introduced and its effect on the unit cell performance is studied. Finally, this novel
unit cell is alsaptimizedand it is observed that it gives active’8rameters lower
than-10 dB in the 0.5 2.0 GHz frequency band.

In Chapter 4, previously developed unit cell is tested on finite array environment.
Number of elements necessary for convergenampédance dhaviorof thefinite
antenna array elements to the infinite array unit cell analygiesdance behaviour
aresuggestedThe rumberedgeof elementghat need to beesistively terminatd

for proper operation angrovided. For applying different excitatisschemes to any

previously generated finite arsya small MATLAB script is written and used.

In Chapter 5, both unit cell designs that were operating properly i2.0.&6Hz
frequency band in the infinite array environment aested in finite array
environment. Due to finiteness of available PCB size; these apertures are reoptimized
such that they givel0 dB active SParameters for their respective excited elements.

It is observed that; spiral based capacitance unit cell provides further miniatarizatio

in comparison to the interdigital capacitance based finite array aperture.

In Chapter 6, several balanced antenna feed methods are applied to the tightly
coupled dipole arrasy Only acouple ofthem perform well for tightly coupled dipole
arrays due teéhe ground plane beneath the aperture. Two different feeding schemes
that do not have arfurtherextensions below the ground plane such that they retain
low profile propertyof the arrayand perform well in finite array environmenere
suggestedThese two feed mechanisms provide good quality patterns such that

patterns are not different than the patt@btined witHumped excitation



In Chapter 7, the realization process of the antenna designed is given. Necessary

measurements are providedeithragreementwith the simulations are discussed.






CHAPTER 2

BRIEF INTRODUCTION TO TIGHTLY COUPLED ARRAYS

2.1  Literature Survey

The wideband array designs are generally based on choosiideband and
narrowbeamelement i . e., the chosen el ementods r
towards to the outer space rather than adjacent elen¥dnssis the traditional

approach that has beenmmonly applied in the literaturdhe examples of this

approach are given id], [2], [3] and[4] and examples of those arrays are shown

in Figure2.1.

Most of the pevioudy publishedwideband phased array antennas such as-héh
[4], bodyof-revolution[1], bunnyear[2], tapered slot, or VivaldB] relied upon the
third dimension of the element (depth), to achieve large bandwidths. Adtathesu
do not allow for conformal installations. They are dtégh costand difficult to

fabricate.

In [1], array of BOR elements that provide 3:1 bandwidth, operating from 6 GHz to
18 GHz argpresented The el ement spaci ngreverasithe 1. 9 &
grating lobe free scan at any direction in the space. Therefore, in{th@ibal scan

angle is considered where the scan is grating lobe free.

In[2], array of el emendar o oarlpeameretds oifn ficb uchwn
setting,is discussedBunny ear term is used for flared dipolesthis paperit is

claimedthat it has much shorter elements compared to classic tapered slot antennas.

This paper also claims that the new kind of element has lower cutoff frequency
compared to theapered slot array#n this arrayb:1 bandwidths are provided using

those elements, however the aperture depths or lengths were not praisdeitlis

reported that, the array given in [2] requires a 3D mechamigalifacturing process



In [3], arrayof vivaldi elements igpresentedThe array operates from 1 GHz to 5
GHz. At the | owest design frequency, t he

depth is the total distance from the aperture to the furthest point of the array.

In [4], array of TEMHorn elementss presentedThe array operates in between 1

GHz and 5 GHz. VSWR<3 operation is satisfied in this frequency band. Array

el ement | engt hs ar e Theraforgtresrarraly blsomoessrio2 at 5
provide grating lobe free scan in thgace, at 5 GHz.

G

Those existing designs have large antenna dimension alang s ; I . e. antenn

broadside axis. Those arrays have aperture

where the o is t aflequancyatthetarrag. Hdncefioyghoste desi gn
arrays are three dimensional, they require some mechanical production steps unlike
printed antennas. Those arrays have array
some frequencies in their respective frequency bands, hence they have wevitabl

grating lobes at some directions and at those frequencies.

On the other hand, tightly coupled dipole arrays are very low in aperture depths and
also ultrawideband in bandwidth. Without any dielectric slabs in front of the array
apertur e, TeCRKA@aencydandwidth with VSWR ratios lower than

s

2 ; at the same ti me, they have aperture derg

design frequencyg]. TCDAOGs al so have ground pl ane
radiate only one beam towardsttteout er space. TCDAOGs have
el ement periodicities |l ower than O0.58a at
directions, the arrays scan withoulyagrating lobes. The main beam can be oriented

towards any direction above the antenna. While providing those functions, tightly
coupled dipole arrays can be méactured using simple PCB production
technologiesthey do not requir8D manufacturing techiques. The production costs

of TCDAG6s are | ow, the production steps ar

t

a

e

be
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Figure2.1. Examples of Traditional Ultrawideband Arrays; (a) BOR array, (b)
A VivaldiyArray,((d TEM-Horn Array
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It is well understood that mutual coupling in an array can cause detrimental changes

in performance such as element impedance variations, polarization degradation, and
undesirable radiation patterns. In fact, mutual caogpis responsible for one of the

more challenging aspects of phased array design, that is retaining uniform scan
impedance. A fundamentally different design approach was proposed by[8unk
where mutual coupling is used to lower the operational frequency and increase
bandwidth. This approach is similar to designing wideband-aideg | e [9F SS 6 s
Likewise, mutual coupling was shown to lower the operational frequency of a spiral

array in[10].



B.A Munk, was the first person to use mutual coupling between array elements to

obtain greater bandwidth amgduce thedisruptive effect of the ground plane

inductance. By placing capacitive elements between ends of colinearly arranged

dipole elenents to control the mutual coupling and controlling some resonances, he

obtained a ultrawideband operation array that is inherently low profile and

conformal to the installations of several platforms. That array is simple to produce

using printed circuiboard technology and has a single beam that can be oriented

towards any direction in space, due to the grating lobe free scan. The unit cells of
TCDAGs are smaller than O0.58a at all design
Wheel erdéds ACuraentoBheprptt tAmdtenwafp]. fir st pub
Munk applied this current sheet antenna concept in front of a ground plane. His

addition was using capacitive coupling elements between dipoles, where he was able

to cancel out the imaginary impedance ténat comes from the ground plane below

the antenna. Actual mission of this capacitance was to control the resonance or the

imaginary parts of thereay unit cell input impedance.

I n [ 29], Greenbés function is daplegHeoped f or
formulations can be used for dipole arrays. It is observed in §&8hughisolated

dipoleis narrowbangin 1D array fashion the bandwidth obtained from the elements

of the array is increased. If the array is made 2D, the offered bandwiditthisr

increased.

In [28], a loop shaped transformer is suggested for obtaining balanced and high

impedance output to feed terminals of wideband, wide scan arrays. At the center

frequency of such arrays, the input impedance is generally high, on #re of @77

Y, intrinsic impedance. Il n order to avoid cc¢
scanning, loop shaped transformer is implemented in the feed network. Although the

offered frequency bandidth is low, 3 GHz to 5 GHz, the provided architecture

al owed an i mpedance transformation from 50

levels are reduced due to the proposed transformer network.

10



I n [ 23] and [24], a similar array to TCDH¥
introduced array allows modular constion of the array elements. Dual
polarization setting is applied in a carefully designed array unit cell element. Coaxial
entry is implemented just below the ground plane together with an accompanying
matching network on the backside of the GND pldndhe infinite array unit cell
approachb:1 bandwidth is offered under VSWR<2.1 criteriton; however, WAIM is
used above the radiating aperture which increases the total array depth further. In
general, the electrical distance between aperture to gréamelis equal to the length

of the superstrates above the aperture plane. Multilayer PCB assembly is used for
manufacturing of the array, which increases the production costs. In [23], only unit
cell approach is given; however, in [24], 1616 realizatiorof the PUMA array is
provided. The offered bandwidth is 3:1, from 7 GHz to 21 GHz. The measured finite
array VSWR increase beyond 2 towards to the low frequency end, the central
element has active VSWRBf 2.7 and edge elements exhibit active VSWIR3

around 8.75 GHz. The total array depth, including the feed and the superstrate, is
8.125 mmwhich corresponds to 0.3t the lowest operational frequency, 7 GHz.

It will be wise to note thagolderless, modular assembly of the arrgyravidedin

this paper.

In[25],whichisa r ecent paper about TCDAGs,; the I
VSWR<2 criterion, spanning the 0.8 GHz.38 GHz band. WAIM superstrate is

used above the aperture of the array. 100 realization of the developed array is

given, the last two rows in theane of the finite array were resistively terminated;

i.,e,only 6 10 center portion is excited. Broadside active VSWR increase beyond

2 both in finite array simulations and measurements. Total array depth including the

feed networks and the WAIM superstrate is 52.87 mm, corresponds t@0.141t t h e
lowest operational frequency, 0.8 GHz. The distance between ground and aperture

is 0.993a at the same frequency.

In [26], TCDA of 46:1 bandwidth is offered under VSWR<3 critarithis is the
| argest bandwidth offered for TCDAOGS acc:Ht

11



operational band is between 130 M&lrl6 GHz. By introducing a resistive FSS R

card within the superstrate, the offered bandwidth is significantly improvesl. T

introduced FSS Rard suppresses the periodic GND plane interference that occurs

at multiples of O0.58& across the band. The di
is 3.41a at 6 GHz, tinteefaremde@ccurss attsbveral gr ound p
frequencie across the band; the introduced FS8aRl cancels out all of them.

However, the efficienies aroundthe frequencies where ground plane interference

occursare degraded severely, dropping below 0.34 values. At the expense of 1.34

dB loss due to FSS-Bard, which results in reduced efficiency across the band; the

offered bandwidth is extreme. This provided array also uses superstrate FSS above

the aperture.

In [27], a novel el ectronic circuit approac
novelty comes frm the offered circuit model is able to investigate irregular shaped

dipole elements like bowtie dipoles. By employing this ECM approach instead of

brute force full wave optimizations, an array is optimized such that it operates

between 0.87 GHand10.14 GHz at broadside. The feed structure is also included

in the circuit approach. Resistive sheet and superstrate are used in this array. Only

the central el ementsd measured active VSWR |
frequency band.

22 Wh e el e r dénsSheetConcept

H. A. Wheeler first published a paper on this concept in 1®}8He was basically
reportingthat, an infinite length current sheet, J or M, radiates to the space with
infinite bandwidth. Note that, those currents sheets have 2 beams, one is towards
upper hemisphere and the other one is towards lower hemisphere. To direct beam
towards any directio, linear phase variation can be applied.

12



Basically, Wheeler was suggesting that

cl

and array spaci ngmaneaanddplanmd t@yethepwitt?a gromnd b ot h
pl ane which i s plaingaperturey had inpgutanhpedance oh163 r a d i

Y. E Xfar #ne ddge elements, this formulation wofks the central elements.
The formulation he used was based on infinite periodicity both along-giene

and the Hplane.

First, a hypothetical waveguidehose upper and lower walls are PEC boundary
condition and the right and left walls are PMC boundary condition is considered as
shown inFigure2.2. The waveguide islfed such that material properties are of the
vacuum. The red lines show the electric field distribution along this hypothetical
waveguide. The magnetic field distribution is orthogonal to those red lines, starting
from left PMC wall and ends at right PM&all. Perfectly TEM wave, which has a

zero cutoff frequency, propagates alongw direction inside this hypothetical
waveguide (or transmission |line). PEC

l ength Abo.

13
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Figure2.2. Hypothetical Waveguide, Tepottom PEC Boundary Condition,
Right-Left PMC Boundary Condition

The characteristic impedance of this waveguide is given in (1). Note that
characteristic impedance is not equal to the wave ilmeedd he wave propagating
inside this waveguide is perfectly TEM wave, the material filling is air hence the

airdéos intrinsic iIimpedance is the wave i mped

The following two configurations givein Figure2.3 use this hypothetical antenna.

These are examples of dipole antennas that are placed in this hypothetical
waveguide.Wheelerhypothetically considered tBe dipoles such that they exist

inside in this hypothetical waveguide. As |
i b 0 ,lower than_1¢, the only propagating mode is the fundamental TEM mode.

In Figure 2.3, the first configuration is a hypothetical waveguide fed by a coaxial

14



connector. The inner conductor of coaxial line goesintf thetop PEC, the outer
conductor touches to the bottom PEC. In this configuration, the small inner
conductor inside the waveguide behaves like a dipole of very short length, the length
i s equ al Figure2.3,ithe decond configuration is a dipole antenna whose

l ength is not short, but shorter than t hi

These two dipole antennas inside the waveguide excite the fundamental mode of this
waveguide, i.e., TEM mode. Fdipole antennas, the definition of effective length

is easier to visualize. For the first configuration, since the dipole length is small and
equal to Abo, the effective | ength of th
real physical lengthofth ant enna is denoted as Al 0. Fu
their effective length is equal to their actual length. For the second configuration, the
effectivelengtisd enot ed as fAho since the voltage
perfectly TEM fields inside this hypothetical waveguide are linearly proportional to

its effective length. The reason is due to the electric field distribution is uniform
along the W@Abo di mensi on. Hypothetically
hypothetical waveguide fro one direction can be thought of a two port system.
Assuming that waveguide and the dipole antenna as two ports of a coil transformer,

which is also a two port system, the voltage ratio between dipole port and the

waveguide port is apparently , hencethose two ports can be modeled as a

transformer having voltage step ratio-asOne end of the transformer is dipole port,

the other end of the transformer is the characteristic impedance of this hypothetical
waveguide extending towards infinity. Thimnsformer configuration is given in
Figure2.4.

15
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Figure2.3. Dipole Configurations usingypothetical Waveguide
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Figure2.4. Dipolei Waveguide transition as a Voltage Coil Transformer

The characteristic impedance of this waveguide is calculated-as -, givenin

(1). Therefore, using transformer impedance transformation, where the impedance

the hy

transforming ratio is the square of the voltage transform ratio, that is ftReo |,
dipole terminal impedance is given in (2). It is the characteristic impedance of this
from

waveguide seen

hypot heti cal
inside this hypothetical waveguide.

Note that in real worldthereexist no PMC boundaries. However, by properly
assembling dipoles in an array fashion, one can provide those boundaries. A dipole

array that extends to infinity both in E and H planes, radiates only one mode that is

17



nothing but a perfectly planewav. Al so note that, since di men
smaller than half wavelength; within the unit cell element, there are also only perfect

TEM waves withzero cutoff frequency. Considering the unit cell element of this

dipole, it can be said that, due ttze electromagnetic field distributions, all four

boundaries can be thought of PEC and PMC boundari€sgume 2.5, this kind of

array assembly is given.

———————————————————————————————————————————————————————————

———————————————————————————————————————————————————————————

——————————————————————————————————————————————————————————

Figure2.5. Infinitely Long Dipole Array

Along the H-planes, i.e., right and left sides of the urgll ®lement are PMC
boundary condition and the top and bottom sides are PEC boundary condition. The

dipole element within one unit cell has radiation resistance given in (2). In (3), it is

18



given in a simplified form. Intrinsic impedance;—, is 120 Ll written directly, rest

is simplified in (3).

Y T ° o
PG mu

A dipole array whi chedquatsa/p2er iaondd cditpyo |fiea O

l ength Aho, | ower than Abo. As two beams
t wo R6és that were given in (3), generate
one el ement 1is given i rareémMal enouphcstcethat hat s

only permitted mode of propagation is TEM.

Il nstead of dipole of eff ectaihalfeaveddpaolegt h of

A | = b =had eHfeative length to actual ratio of 2UUsing (4), rathtion resistance
of the unit cell element of this dipole is found to-beK, which is 76.4K. Remember

that, an isolated- / dibole has radiation resistance equal to 7¥18t its resonance.
Isolated dipole has reactance accompanying this resistaswever our dipole array

is completely resistive. This differena@an be explained in the following way:
isolated dipole has near fields that are responsible for the imaginary reactance;
however in an infinitely long array, there are no near fields heaceactance. The
reason for not having near fields is because this array is infinitely long and just above
the antenna radiator, there are only plane waves present. On the other hand, plane

waves are present only in the far field region of an isolajgaleli
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Wheeler also considered this hypothetical array, in front of a ground plane. Different
spacings of ground plane and the radiator plane was considered. The most notable
ones were theg/8 and<4. InFigure2.6, the infinitely long arrays with several ground

plane spacings can be seen.

(a) (b)

Figure2.6. Infinitely Long Array; (a) with</8 distance GND plane, (b) wit#4
distance GND plane

In </8 ground plane distance, using (3) and combining several impedance terms; the
real part of input impedance of a unit cell element is approximately ffat issame

with the isolated dipole. Also, the input impedance of unit cell of the array has some
reactance accompanyingetinesistance. However, in this case, the interactions
between elements in the array is low. In a real finite array, the edge elements do n
mismatch severely due to the small interaction as if it will be insthespacing.
Mismatch term means the following: for an element of a finite arr@ydéviation

from the impedance behavior of a central element of this array. However, in terms

20



of bandwidth and low VSWR, that spacing is narrowband. Irctheyround plane
distance, using (3) and combining several impedance terms, the input impedance is
completely real, free of reactance. However, the radiation resistancels Aigher

but also videst possible bandwidth is achieved. But, in this case, in the real finite
array, edge elements would experience high levels of mismatch in impedance
compared to the central elements; since antenna elements are highly coupled to each
other. Except severalements at the edges, most of the excited region of the array
obey those input impedance calculations. Additionally, it will be wise to note that;
those input impedance calculations are dairibe resonance frequency of the array
elements. Wheelem his paperdid not calculate any frequency except the center
frequency but mentioned some comments about the other frequencies that array is
not resonant. On the other hand, Munk considered wideband operation rather than
single frequency. Wheeler also addkat, for wider bandwidths, closely packing up

the dipole elements would be better. As the elements grouped closely, their radiation
resistance increaseln addition an array without ground plane, provided that its
dimensions are so small that no grgtlobes are present, is the one with no reactive
input impedance. However, when a ground plane is added beneath the antenna, the
antenna has a new reactance in addition to the resistance in the input impedance
expression. In addition to the reactance, eadldjround plane also differs the
resistance of the array as well.[lf], array unit cell input resistance and reactance
curves are given for a half wave dipole above a quarter wavelength distanced ground
plane. In those curves, even for the boresighzero reactance is present.

Bunk® contribution to this problem was to addba loading element between the

tips of collinear spaced dipole arrays. Specifically, that load impedance was the
capacitance physically implemented in various forms. He s$ntely studied
bandpass radomes, hybrid radomes especially in wideband operations. He obtained
many formulations, even though most of his studies are for scattering analyses of
radomes, but they include finite sized arrays as well. Most analytical foromgat
about arrays considered in this thesis are valid for unit cell element of the array.

Infinite periodicity on both dimensions are assumed. However[8]n the
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formulations and discussions are given for those arrays having finite dimensions

along itsplanes.

2.3 Operation Principles of Tightly Coupled Dipole Arrays

First, a tightly coupled dipole array is a dipole array that consists of dipole elements
that are connected along th&hplanes via capacitive loads and has a ground plane
beneath the arrayarture plane. Equivalent circuit approach will be used for the unit

cell element of the array.

2Ra0 2R 40

€o €o

)
\ 1

Array Zy

() (b)

Figure2.7. (a) Dipole Array in Free Space, (b) Equivalent Infinite Transmission

Line

A dipole array, that is placed in the free space is consideregyure2.7, (a), picture
depicting this dipole array can be seen. For the unit cell element inrthys és
terminals can be thought as if the anagandwiched between two dielectrics of air

materi al . The arrayods unitd c¥l |1@Del ement

h a

where A00 subscripts denote t haedectriche array
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C 0 n s t, them its indpedance would i®@ 'Y '@ . This impedance can be
considered as in the form Bfgure2.7, (b). Two semi infinite transmission lines of

2Y , extend towards two ends. An infinitely long transmission line sees impedance
equals to its characteristic impedancé& 2/2Y resuls in'Y , then a series

reactancep addedAntenna input impedance is obtainedias 'Y D .

When building a broadband array, the ideal aperture should be really a continuous

current as Wheeldb] suggested.

Generally, it is stated thaadiation impedance of a short dipole is comprised of low
resistance and an accompanying high reactahegeefore,to build a broadband

array; usage of short dipoles are crisscrossed. The best approximation to such a
current sheet is given Figure2.8. It is a periodically fed closely spaced wires. This

approach would allow a current distribution of sinusoidal type, however with a DC
componentaccompanying this distribution. However, in the case of isolated short

dipoles, the current vanishes to zero at the dipole ends. As short wires are associated

with inductive elements by their nature, between the adjacent dipoles; series
capacitances are@eld.The added capacitances are par:
tip capacitances; equivalent capacitance is the summation of those two capacitances.

l't i s beneficial to note that, dipolesd t
as it will be &plained more clearly, it is not very important that how much of the
capacitance comes from tips and added capacitance. The netleesuéd by is

important.The inductance associated with the dipole arms is denoted by
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Figure2.8. Practical Implementation of Current Sheet and its Equivalent

In Figure?2.9, (a), a o/ 2 di mquivadent aincuit B giveh. apout and |
array resonates aroung fn Figure2.9, (b), it is scaled down by a ratio. For the

array; its longitudinal length, periodicity aloly and H pl anes, thicknes
associated tip capacitances are scaled by that ratio. Essentially, for the array

everything remains constant, but the resonance frequency scales up by the ratio of

down scaling. IN8], this scaling amounts are giverr #&/3 scaling ratio. In this

thesis, this scaling effect will be given for our design objectives, for a more realistic

situation; where ir{8], it is solely given for explaining the scaling concept. Input

impedance of the unit cell of the infinitely pedic array of dipoles without ground

plane is given by (5). Note that (5) is valid only for arrays of periodicities smaller

than 0.59; because only those arrays do not have any grating lobes independent of

the scan angle. The more general version ofwih resistance and reactance part

of the® , can be found if9].
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In (5), ® is the intrinsic impedance of the medium that array is placed, which is
120° q.0, O are the periodicities along the x and z dimensions respectivety;

the cosine angle of the beam directed with respect to the boresigltt &840, .

are the orthogonal and parallel pattern components under receiving and transmitting
conditions, respectivelyd ) 0, are nothing but a different definition of the
effective length, which is generally used for wire type of antennas. For further
reference o M M, and their definitions, consu®]. (5) is very similar to (4),

where (4) was one of the quits of the Wheel& old papef6].

Finally, in[9], it is stated that; when an array is scaled, everything remains in (5)
same but th® , 'O are decreased by the scaling amount. This scaling results in an
increase of terminal impedance, hencerenbandwidth is obtained for smaller
element array spacings. For closely spaced arrays, that resistance can easily go high

up until several hundred ohms.

In the application presented in this thesie TCDA array is desired to be in the
frequency banaf 0.5 GHz to 2.0 GHwvhile the center frequency,fis set to1.25

G H z 125cHds 240 mm; hence a half wave closely spaced dipole array and its
periodicity is 120 mm. The dipoles are closgacedhence dipole lengths are also

<2. In the desired frequency band, in order not to have a grating lobe independent
of the scan angle, thmit cell dimensions of the array should be smaller than 75 mm,
that is nothing but the half wavelength of 8@ GHz. The half wave dipole array
should be scaled down to 75 mm from 120 mm, in both two dimensioRgure

2.9, (b); trescaled array and its equivalent cirarégiven. When the array is scaled,

instead of § resonance frequency, which is nothing Tut ——, now it starts

to resonate at— "Q As the array is scaled, the inductances associated with the wire

25



lengths are scaled te— 0 , the tip capacitances associated with the thicknesses of

the dipoles are scaled down te— 0 . That scaling operation results in a resonance

frequency that ip&'Q However, by increasing the tip capacitances, it is possible

for new scaled array to resonate at the same ifiddlf the total tip capacitance
somehow mad® — 0, when multiplied with the nev — 0 ; the

resultant resonance frequency would stilly@¥en though the array dimensions are
scaled. If somehow by loading extra capacitive elements to the dipole tips, it has
been possible to resonate the scaled array at the same frequency as the half wave
dipole.

Furthermore, as the array is scaled; in (5), everything remains the same but not the
periodicities. The arrd® terminal impedance would be squared by the scaling
amounts. Applying (5) to this half wave dipole array, for boresight operation, the

termiral resistance would be the same resistance calculated via (3); happens to be
— L), that is 152.&. This terminal resistance is valid for 120 mm lengths of dipole

array. As the array is scaled down by 1.6; this resistance increases t&3&hi2h

isp® p vALL In Figure2.10, the equivalent circuit for an array with a ground
plane backing is given. Iigure2.10, two dots indicate dipole terminals. The dashed
termination to the right corresponds to the ground plane. Two impedances labeled
as,® and® , correspond to the impedances seten looking towards right and

left, respectively.
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Figure29. (a) @&/ 2 Resonant Dipole Array and

Array Equivalent Circuit, (c) The Scalédray Equivalent Circuit with Tip

Capacitance Increased

The antenn@ input impedance in the air without ground plar®is 'Y @ ;

the resistive part is distributed as two parallel connections of infinitely long
transmission lines, as expleath before. This time, right transmission line is
terminated with a short circuit. The length between the antenna terminals and the
ground plane is denoted @ €.  should not bevery low, because as it gets
shorter, antenna gets shorted,unpmpedance would become very hard to match;
due to the fact that actual currents of the aperture cancel out with the image currents

generated by the infinite ground plane. Horizontal line type of currents above a
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horizontal ground does not radiate antsgorted by the image of itself.df €
increase much, beyond 8.t any frequency; then the ante@néelds that are
originating from itself and the ones that are reflected from the ground plane would
add up out of phase resulting in a beancedation. In the light of these facts, the
ground plane distance should be chosen in between those two constraints.

Zy Z{
JX a0 i
ZRA[: O ZRAD E
L 4 7 GND  —
Zy

Figure2.10. Equivalent Circuit of the TCDA with a Ground Plane

@ , is an impedance curve of transmissison line terminated with a short circuit and
of @ length. In (6),0 is given as an expression, whey® is 391.1K. For
ground plane spacing, at the lowest design frequencydpfears to be a good

choice.In the highest design frequency, for a 1:4 BW, that length corresponds to
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0.4< Taking thead  to be 60 mm would be an appropriate choice for the desired

frequency band of this thesis.
. e~ A L85
w pPQ ¢Y OAF aq (0]

The center frequency would be the one that makemfinity, that is open circuit.
Whenthed  becomes/4,& becomes open circuit. & is 60 mm, the center
frequency corresponds to 1.25 GHz frequency of a band e2.0.%5Hz. 1:4
bandwdth ratio occurs in this band. Figure2.11, the plot ofc is given on the
Smith Chart, whoseeference impedanggec’Y , thatis 391.1K. @ is inductive at

lower frequencies and it is capacitive at higher frequencies.

Then, according to the equivalent circuit given in Figur&ids parallel connected
with & ; the obtained impedance is giverFigure2.121. Note thaty is anopen
endedtransmission line of’Y . The resultant impedance curve is giverrigure
211

Finally, '@ is added to the parallel combinationdf andé . @ is capacitive at
lower frequencies and inductive at higher frequend@s.can be thought as if it
consistsof inductance b, representing the dipole arms and in series with a
capacitance §; representing the total tip capacitance. Discussionconas given

previously,anequivalent circuit for representini® is given.in Figure2.12,

For obtaining anten@final input impedanc@ is added in series with thie /¢ .

Final input impedance of the array is obtained. Heg@nd G are picked such that

at the lovest and the highest design frequency, the final antenna impedance has no
reactive parts. Two equations exist for the two unknowsnantd G. Lo and Gwere

found to bep & & "Gndp& Y ¥ ‘Crespectively. Plot ofd vs frequency is given
Figure2.13.
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Figure2.12. Equivalent Circuit Representirigh
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Figure2.13. Plot of ® vs Frequencyin 0.1 GHz to 4.0 GHErequency Band

The discussion and calculations @ areidealized. In a more realistic scenario,

one is able to tune oo by changing the capacitance between adjacent didajes;

can be controlled by the width of the dipole wires, since perioghcitie fixed ithe

calculations. Actually, the tip capacitance between the dipoles in the calcutaons

solely for the tuning properties of tf@ , such that a current sheet is implemented

at the array apertureThe resonancerequency of the@ resonator is 1 GHz,

di fferent from the antennads center freg
Figure2.13, it is observed thafh obtairs its zero value at 1 GHZhis difference

results in a higher VSWR around the center frequency of the desired frequency band.

Final input impedance of the array unit cell is calculated and it is givEigure
2.14. For clarity, it is given in a Smith Chart that megerencempedance same with
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t he

ot her Smith Chartdds given bledurer e

2.14, the final impedance curve is clustered for the desired frequency band of this

thesis, if one can cluster this impedance around the right impedance, then one can

obtain a wideband array.

+jo.K

Zin = 0.4864|, -180.0 [deg]
Freq = 2 GHz

VSWR = 2.8944
Z=0.345-j0.000

nn

+j1
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Freq = 1.25 GHz

VSWR = 1.153
Z=1.000 +j0.142

u{ f.

Zin = |0.4864|, -180.0 [deg]
Freq = 0.5 GHz
VSWR = 2.8944
Z=0.345-j0.000

0.2

4

0.5

_J1

m— 7N

Figure2.14. Final Input Impedance of the Array Unit Cell, on Smith Char®.1

GHz to 4.0 GHz Frequency Bangd1.1m Reference Impedance

By examiningFigure2.14, it i s observed that

200

Y

final resultant impedance curve cluster. Furthermore, the input impedance of the

array unit cell obtained is somewhat idealizeglandCo are picked such that they

completely cancel out the imaginary pag¥. will vary with frequency as well.
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¢'Y s aresistance that will also change due to the addition of ground plane as well

as® , reactance part of the . Addition of a graind plane alters both of these

quantities and makes them frequency depend@@ntd is not only associated with

the wire inductances and tip capacitance; however, the calculations assumed that
theydére not effected mpractich/® gatslefféctedbp n of ¢

the addition of the ground plane.
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Figure2.15. (a) Input Impedance of the Array Unit Cell, Real and Imaginary Parts,
(b)Input ReturnLose f t he Array, 20QinX¥1GHMetb40 enc e,
GHz Frequency Band

In Figure2.15, the real and imaginary parts of input impedance of the array unit cell

and inputreturn lossof the array unit celin dB scalewi t h respect to t
reference impedance is given. Referring-tgure 2.15; at the center frequency of

the array, i.e. at 1.25 GHz, antenna unit cell input impedance haermneactance;
resulting in that regiondbs VSWR to incre
corresponds taninput return loss of 9.54 dB. Theoretically, a TCDA can operate

on a 4:1 frequency band with VSWR<2, as indicate@]nlt is beneficial to mark

the fact that;@ resonates at 1 GHz, as providedFigure 2.13. The curve for

antenna unit cell input impedance giverFigure2.15, providng 4.56:1 frequency
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bandwidth, under VSWR2 criterion. The highest return loss of 9.26 dB occurs at
1.11 GHz. Furthermore, the antenna unit cell input impedance in dB scale attains
zero value at two locations: first one is towards 0.1 GHz frequency; at such low
frequencies imp#ance curve gets affected severely from the presence of ground
plane. Dipole currents get shorted with their images, horizontal currents above a
horizontal infinite ground plane does not radiate. The second one is at 2.5 GHz, this
is the frequency wherestance between antenna aperture and infinite ground plane

i s e x adhat condiseh B equivalent to aperture to infinite ground plane

distance being zero.
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Frequency, GHz Frequency, GHz

(a) (b)

Figure2.16. (a) Final Input Impedance of the Array Unit Cél,andCo are
compensated, Real and Imaginary Parts, (b) Final Input Impedance of the Array
Unit Cell,LoandCoar e compensated, 20iM01GHRef erence,
4.0 GHz Frequency Band

Furthermore, by scaling tHe and G by 0.8; such thaf@® 6 sesonance frequency
is shifted to 1.25 GHz rather than 1 GHz; VSWR<2 is obtained in the entire desired
frequency. Scaling.o by 0.8 physically corresponds to increasing the dipole arm

widths. Scaling Co by 0.8 physically corresponds to reducing the digfots
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capacitancesin Figure 2.16, the resultant new impedance curves and their dB
equivalents are given. Note that, at the center frequency, 1.25 GHz; this tirhe inpu
impedance of the array unit cell, has no reactance, it is composed of pure resistance
at 1.25 GHz. The resultant impedance curve gives 4.26:1 frequency bandwidth under
VSWR<2 criterion in the desired frequency band. The input return loss attains its
highest value of 9.8 dB at 1.25 GHz. Note that, at the expense of reducing the
maximum VSWR inside the band; the bandwidth offered is reduced. Actually, the
author suggests thap and G must be determined by applying formal optimization
techniques for the cqmired return loss and bandwidth. In this thesis, as stated
previously, lg and G were initially calculated sthat, the antenna unit cell input

impedance has no reactance terms at 0.5 GHz and 2.0 GHz, as dHigur@2.15.
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CHAPTER 3

UNIT CELL ANALYSIS OF TCDA

In this chapter results of the simulatiomsiich are carried outin the HFSS
environmentre presentedidemonstrat¢he concept. First, a previously published
paper on TCDA is taken and it is implemented by scaling its frequencies to the design
frequencies. At the same time, dual linear orthogonal polarization ignmepited

while the original papehassingle linear polarization. Then, new spiral shaped
capacitance elements are used for the unit cell of TCDA. Finally, two TCDA unit

cells using those structures are optimized for design frequencies.

3.1 Implementation of aTCDA Antenna for Dual Linear Orthogonal

Polarization

Initially, in order to prove the conceplie authothought that it would be appropriate

to take an existing TCDA antenna with given dimensions and simulayeuising
HFSS. There are several existipgpers that incorporate TCDA conc€pd]i [13].

There is a given TCDA antenna unit cell with dimensiarj& 3]. Although proposed
antennaof [13]is for 8.01 12.5 GHz, it isstill consideredo be a good place to start.
First, the antenna is drawn Witall the dimensions scaled down to the desired
frequency band of 0152.0 GHz. Appropriately, all the dimensions giverjli] are
multiplied. Furthermore, any dielectric layers between the radiator and the ground
planewere not considered; only the tamna radiator and the ground plamere
present. Since the go& to obtain a TCDA antenna of dual linear polatian
operating in 0.82.0 GHz, another dipole arm and associated coupling capacitor are
drawn. InFigure3.1, the top view of the antenna unit cell is given. Unit cell was 69

mm 69 mm and distance between antenna and the ground plane was 48 mm.
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The red portions irFigure 3.1 indicate the dual linear feeds, the yellow portions
indicatetheamtn na met al |l i zation. Port i mpedance i s

the studies if not stated otherwise.
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Figure3.1. Dual Orthogonal Linearly Polarized TCDA

In Figure 3.2, one set of mastalave boundaries is given as a reference
configuration. The master boundary, its corresponding slave boundary and their
exdtation vectors are given. Boresight excitation is simulated; i.e. ho progressive
phase shift is given between master and slave boundaries. The results for the

proposed HFSS analysis are giverfrigure3.3. Both polarzations are excited.
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Figure3.2. Dual Orthogonal Linearly Polarized TCDA, Master and Slave
Boundaries for HFSS Infinite Array Unit Cell Analysis
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Figure3.3. Active Sparameters and Gains for 0.5 GHz and 2.0 GHz
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From this analysis, we conclude that the TCDA concept presented here works
properly. A TCDA antenna unit cell can have good impedance matcbiray
specified 1 mpedance t havithoui ey dipkeatriesroal |y 188

superstrates.

The provided gaifor the unit cells is the pattern of one element in an infinite array.
It does not contain the input return lo3% obtain total array gaj that gainis
multiplied with the isotropic array factor.

3.2 A TCDA Unit Cell Element Utilizing Interdigital Type Capacitances

In order to optimize faster, the antenna is simulated as a single polarized antenna,
having only one set of dipole arms alandirection Therefore, there is only one set

of Sparameter vs frequency data. The motivation behind this method lies in the
following fact: the other polarization is orthogonal to the current onetrenduthor
expecs minimal coupling between two modes, theory zero coupling (Hb dB),

using Rumseyods [Mactance definition

In Figure3.4, the unit cell structure of the TCDA using interdigital capacitors and its

input return loss performance is given. It clearly gives VSWR<2 in the band-of 0.5

2.0 GHz frequency and the unitlaslaround 65 mm in length. Also note that, in the

uni t c e l-patametearesulis,\ate2.5 SHz, activpdBameter attain a 0 dB

value, means that all the incident poweasreturned to the source. This is due to the

fact that at that frequency,ahnfinite ground plane below the antenna aperture and
aperture have distance of a/ 2. The short c
revolved an exact full tour at that frequency, active input resistance of the unit cell

becomes zero.
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Figure3.4. (a) Top View of the Interdigital Capacitance Unit Cell, (b) Active S

Parameter of the Interdigital Capacitance Unit Cell

In Figure 3.5, the patterns for this tightly coupled dipole array unit cell are given.

The unit cell patterns are good, they show no sign of grating lobes as expected, due

to the fact that dimensions of toeit cell arelower thana~/ 2 f or al | frequ
the052. 0 GHz frequency Bdegraet cutpattesiohave exace t h at
nulls towards endfire direction. The reason is due to the existence of infinite ground

plane. The actual currents orettipole terminals and their images created by the

infinite ground plane completely cancels out each other along those directions.
Therefore, true nulls oY% aursiaillisHplgnet hos e
of the antenna.
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Figure3.5. (a) For the optimized antenna unit celk 0° cut Gains of 0.82.0 GHz,
(b) For the optimized antenna unit calk: 9¢ cut Gains of 0.82.0 GHz

3.3 Implementation of Coupling Capacitors of Spiral Like Shape

Existing capacitance shapes of TCDA antennas are generally patented by several
patents that are usually linked to each other. One is a US Patent gi\eh. im

[14], under it is claim¢he authospecifically stated that fingered capacitive coupling
structure is under pate@trights. In[15], multi-layer implementation of the
capacitance element is claimed though. Some papers using different shapes have
been published, one[3]. In order to not to use the shape given in existing literature

a new kind of spiral based capacitance structure proptsadis the original
contribution of this thesis workhis new capacitance shape that allow capacitive

coupling between adjacent elements of TCDA antenna, can bendégare3.6.
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Figure3.6. New Spiral shaped Capacitive coupling scheme for TCDA

In order to justify that the aforementioned structure can be tlee@duthomeeded

some optimizatiorwork to be doneTo lower the anten@ lowest frequency of
operation, capacitance between them shall be increased. Spiral arms were made a
little thicker and their widths were increasedt the dipole ends. After several
electromagnetic simulation attempts, the author could have been able to achieve
input active SParameteralmost below10 dB for all 0.52.0 GHz bandwidth, and
element Gains are unifornBy uniformity the author means that the following:
element pattern has no sign of any sidelobes, at highest frequency there is no gain
dropout and for all frequencies, the gain patterns are similgrgime3.7, active S
parameter in dB scale and gains in dB scale for hcth®®, 9P cuts can be seen.

Note that,« = (° cuts, i.e. along thel-plane of the dipole; patterns have nulls at +/

9P elevation angles. The reason of this effect is due to the original antenna currents
and their images generated by the infinite ground plane cancel out each other. A
perfect null occurs along those directions due to the cancellation with the image
currents However, atE-plane; such an effect does not occur. There are not any

pattern nulls along those directions. Also note that, the activeofS this
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nonoptimized unit cell attains ierodB value at 2.3 GHz as it can be seen in the
Figure3.7. The distance between aperture and infinite ground plane for this unit cell

was 65 mm. At 2.3 GHz, t hat di stance corres

Active S11 Unit Cell Gains
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e (0.5 GHz, Phi=90 Degree Cut
|| s 1.0 GHz, Phi=50 Degree Cut
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== 2.0 GHz, Phi=90 Degree Cul
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Figure3.7. Active SParameter and Gains of TCDA of Spiral Shaped Capacitor, for
«=0%,90° Cuts

3.4  Optimization of Spiral Shaped Capacitance Structure and Dipole

Array Element

It is stated that if8] thatTCDA of having one dielectric layer achieve 4:1 bandwidth
under VSWR<2 criterion. VSWR=2 corresponds to reflection coefficier9.64
dB, in dB scale. In this thesis, 0.2.0 GHz frequency band is set for design goals,
including impedance matching amhin pattern quality as well a0 dB input
active S for all ports or if any corporate network input. As a dielectric layer,
RO3003 substrate (o815 0 QEpDicia & is picked, which is available to

the author in the facility where h&working for. Beneath the dielectric substrate, a
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foam material of having  p8t xs put all the way down the GND plane beneath

the dielectric card. The distance between the GND plane and the antenna should not
exceed! /2 in all frequencies. Then, tHeniting frequency is 2.0 GHZ

p v dr &Ntherefore, ground plane spacing shall not exceed 75 mm, which is half
wavelength at 2.0 GHz. This limit lies in the following fact: antenna metallization
above the dielectric card radiates basically 2 lseame is towardsdtdirection, i.e.
towards air. The other beam is towardidirection; i.e. towards GND plane. When

the GND plane spacing 182 in any frequency, the 2 main beams cancel each other
resulting in a gainless antenna. Because in theityiaif half wave spacing, even
though the two beams do not cancel each other exactly; it is wise to stay away from
thel/2 resonance. However, one cannot pick extremely small ground plane spacing
beneath the antenna. The reason behind the latter lidutiso the following fact:

If the antenna radiator is too close to the GND plane, GND plane creates an image
of the currents under the GND plane, cancelling out the actual antenna currents;
namely shorting the antenna. For the latter limit for the GNDisgathe limiting
frequency is 0.5 GHz.1 4 @ &, GND plane spacing in terms of
wavelengths is smallest for the 0.5 GHz. In the light of these limitation, 60 mm for

the GND plane spacing is picked, which islOri the lowest design frequency.

After GND plane spacing is fixed, to achieve desired design, some optimizations on
unit cell of the TCDA have been made and the new type of spiral shaped capacitance
element. For a grating lobe free array at any scan frequency, the antenna urst cell ha
to be smaller thalv2 [7]. If that criteria met, antenna array will not have any grating
lobe within— 1t fw Tt scan angle. Note thatHarger thanw 1, corresponds to

the space below the GND plane, whehe authorexpecs to have no field
propagating towards that direction. So, optimization should consider the fact that

antenna unit cell to not to exceed 75 mm, where pudA.

I n the | imitations stated above, dipole
capacitance were used in this optimization. Spiral capacitance was tuned by changing

3 parameters, namely they are width between spiral arms, lengths of arms and widths
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of arms. Furthermore, dipole is constructed as a bowtie element in order to obtain

addtional bandwidth contribution. Thickness of the bowtie type dipole is varied to

get 10 dB return loss bandwidth. fiigure 3.8, infinite array active $arameters

resuls can be seen together with the antenna shape obtained after the optimization.

In addition, one should note that unit cell analysis is such fast that it allowed author
to optimize easily using a personal use laptop, the whole frequency band was

possible tabe solved within 1 minute. Note that 60 mm ground plane to aperture

distance, results in zero dB active; 8 air would be present between those two

planes. Now, there is a foam material -of p8t x electricallyincreasingthat

distance. Therefore, itead of observin@ dB exactly at 2.5 GHz; it is observed

between 2.25 GHz and 2.3 GHz.

— Active S11

ZO=20Q ohm

4

dB

-20

Figure3.8. Active SPar amet er
referenced Smith Chart, in 0:52.0 GHz frequency band and S11, dB of the

optimized antenna, in 0.254.0 GHz frequency band
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The shape of the optimized antenna is showignre3.9. The infinite groungblane

is also visible ifFigure3.9.

Figure3.9. (a) The optimized antenna unit cell, Top View, (b) ®p&mized

antenna unit cell together with the infinite GND plane

The patterns of the unit cell analysis are giveRigure3.10, for botht’ andw 7t

Cuts, as a funatn of the azimuth angle- As expected, the patterns are uniform

and there are no signs ofPcuphaveperfeg | obes
nulls along— T w mtdirections again here, due to the eatise of infinite

ground plane below the aperture
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Figure3.10. (a) For the optimized antenna unit celk 0° cut Gairs of 0.52.0
GHz, (b) For the optimized antenna unit cel; 9¢° cut Gairs of 0.52.0 GHz

48



CHAPTER 4

FINITE ARRAY STUDIES

Using the experience gainedtireunit cell analysis, the next work is the analysis of
finite antenna arrays. The problematic conditions emerged when analyzing finite size
arrays, especiallgt the low frequency end of the desired frequency band. Therefore,
the simulations provided in this chapter are focusing to the lower frequency end of

the desired frequency band of this thesis.

First, a single polarized tightly coupled dipole antenna array oft elements is

designed andonstructedas shown irFigure4.1.

‘116_ 15' 14J+II 13#
ap-ap-apr <
1 e | Il ‘
Eapadr-adpr-d
i |
v
(@)

(b)

Figure4.1. (a) 4x4 Prototype Tightly Coupled Dipole Array, Top View, (b) 4x4
Prototype Tightly Coupled Dipole Array, 3D View

49



In the prototype array, 4 rows of tightly coupled dipole elements exist, where each

row has 4 elements. In order to reduce the simulation complexity, foam and dielectric

card is made up from a box whose widths and lengths aret£ell length. The

dipole arms and lumped element feed are duplicated along x and y directions so that

the arayist T resultingin 16 lumped ports. Figure4.1, (a); the port numberings

are shownn Figure4.1, (a). One element is 68.6 mm in both width and length, hence

the array spacing in both directions is tak
in 0.5 GHz and @6<in 2 GHz. The finite array makes approximately 5 and 2. 0 @&
in lowest and highest design frequencies, respectively. As the TCDA concept
miniaturizes the distance between GND plane and the antenna radiators, the aperture

is not taken too large as well. Additionally, as the initial aim were to check the proof

of conceptthe array constructed is not so large so that the results can be seen in a

quick way.

In Figure4.2, one can see the activep8rameters of individual elements, in (a) they

are on the Smith Chart, in (b) they are shown in dB scale. For the refererzazivibe
S-Parametersf the unit cellelement that was considered previously is also given.
Even though the design frequency band of the antennaZ&®GHz, inFigure4.2

the reflection coefficients argiven for 0.252.0 GHz, since the lowest design
frequency is important in UWB antennas. Frequenigigser thar2.0 GHz are not
provided in this chapter since the problematic part of the band is around lower
frequencies. Solving for frequencies below thedst design frequency is a method

that is applied for the rest of the analyses as well. For checking behavioral similarity
between the unit cell analysis and the finite array analyzes, the data is given as such.

One would expect that the peripheral ebmts in the finite array would be
mismatched. By using mismatch word, it is said that an element on thededgets

have similar impedance behavior in comparison to the central elements over the
frequency band considered. By using impedance mismatch,canicludedthat

active impedances in complex plane diverge from @Q0vhich was the input

impedance of the unit cells considered. As peripheral elements are on the edges,
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they do not exhibit the infinite array behavior. Furthermore, in tightly coupbeded

array, those el
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mismatched. IrFigure4.2, this effect can be seen. HoweverFigure4.2, there is

something more important. Even the most central 4 elements, that are ports 6, 7, 10,

11; haveactive SParameters a r

from

t he uni

t adtive S| e |

Parametersin Figure4.2, for the representation of central elements; namely, ports

6, 7, 10, 11; the data is given only for the port 6. Since the ports 6, 7, 10, 11 are

reciprocal inthe array environment; such an action is viable. Even those central

elements havactive SParameterkigher tharr10 dB almost all of the band. [h2],

this issue was addressed as well, when such an array is fully excited without any

terminations atthe edges, it is reported that even though the central elements

mismatch significantly. I12], along with resistive termination, open and short

circuit terminations of the edge elements are considered. The latter ones are better

from the antenna effiency point, however the former one is best for lowest active

VSWR and henceforth widest bandwidth. As a solution, it was suggested that two

rows of elements on each side inyan ¥ finite array, are terminated witiesistive

|l oads so that 0

n i t hr

y

across the whole band is obtained.
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m— Port 6
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Figure4.2. Active SParamaters of Individual Elemen20Om Reference, Linear

anddB scalejn 0.257 2.0 GHz Frequency Band
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To solve that issue, all the peripheral elements are excited with zero energy, based
on the definition of $arameters. When a port is excited with zero energy; it is
terminated with the systemd . As a side notethis concept is checked in HFSS
environment and has been verified in the simulation environment as well. Therefore,
for any element that is being terminated with a resistor, it is appropriate that
resistance value equal to the syst@mthat is 200w, can be placed to its port. In
Figure4.3; active SParameters of the port 6; i.e. central elen@e{sresentation,

while the elements around the edges of the finite array are terminated with matched
loads, are given. For comparison, active&@ameters of those ports under fully array

excitation and the active-Barameters of the unit cell analysesiactuded.

Z0 =200 ohm
5 I
20=200 ohm e Port 6, Fully Excited
+1 = Port 6, Fully Excited Port 6, 1 row Terminated
. wmm Port 6, 1 row Terminated i i L
2 Unit Cell Analysis | 0 F\ Lni el Anelysts
+j0. +i5 51— \
3 \
30 \\
0.0 g & N
o 10 X
i i x A \
h ' b \\/ |
- -20 L |
-1 025 0.5 0.75 1 1.25 1.5 1.75 2

Frequency, GHz

Figure4.3. Active SParametersf Port 6,200m Referencein 0.257 2.0 GHz

Frequency Band

As it can be seen Rigure4.3, after terminating the outer elements with the resistive
200 q | o a-pasametessoot the centralSelements are improved. Almost the
whole band have active-@@rameterdower than-10 dB; however, in the low
frequency end, espetliabelow 0.75 GHz, a significant impedance mismaloles

still exist. At the lowest design frequency, the central ports have acpaeateter

values worse thas2.5dB.
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4.1  Determination of Number of Excited Elements In Finite Arrays Using
Stick Arrays

To investigate impedance mismatch issue at low frequencies; arrays that have more
than 4 elements have been constructed and analyzed. The aim is to find out how
many elements are required for a finite array to mimic the unit cell impedance
behavior.Fi r st | vy, Astick arrayso have been
Astick arrayo d&.finiFigured.4, anexampbe mfestck array ofrh

5 elements can be seen.

Figure4.4. An example Stick Array of 1 5

In a stick array, array behaves like infinite along the normal of the master and slave
boundaries, however finite along the arraying direction. Master and slave boundaries
are applied along #lane. InFigure4.4, master and slave boundaries are given. By
increasing number of elements in the stick array, infinite array impedance properties
were obtained. Several simulations of stick arrays have been conducted. The first
one isp v stick array. InFigure4.5, active Sparameter of the center element of

thestickp varray and the infinite-pasametage uni t
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given on the same charts. Note that, all the elements in the sticknaaragxcited,

none of the elements were resistively terminated.

== Central Element, Fully Excited 5 Z0=200 ohm
=== Central Element, 1 Row Terminated
Infinite Array, Unit Cell Analysis

—— Central Elremenl‘ FI:I\Iy Excited
= Central Element, 1 Row Terminated

20=200 ohm Infinite Array, Unit Cell Analysis
+1

20! ! 1 1 | 1
0.25 0.5 0.75 1 125 15 1.75 2

Frequency, GHz

Figure4.5. Active SParameter of Central Element Under Full Array Excitation
Along with Infinite Array, Unit Cell Analysis200m Referencein 0.251 2.0 GHz

Frequency Band

As indicated inFigure45, t he cent r al-pararheeenuadertcinpletea ct i ve S
excitation of all elements of stick array is similar to the infinite array unit cell

analysis. However, the impedance curve of the central stick elemastbeen

enlarged forsome amount. Especially at the low frequency end of the frequency

band, the real part of the active I mpedance
very low, almost short circuit. Here one thing to remind that design is in between

0.52.0 GHz, in ordeto understand the behavior of the array, especially at the low

frequency end, the impedance curves are given from 0.25 GHz.

With the similar intentions, the number of elements in the stick array is increased
further. In[17], the necessary finite antenna lengths are givefildh arrays of
el ement | engt hs as |l ow as 0.1 are I nvest

approximately O0.1a at the | owest design fr
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frequency, suchanarrayshonldave si zebat | eass Sbated
0. 5a el ement n arldadembnanmdelisaoften suggested, hdvever
for arrays having bandwidth ratios such as 5:1 or more, 25 times more elements are
needed. In the paper, it isagtd that central elements impedance response in
comparison to the infinite array unit cell analysis, depends on frequency. In the
higher end of the band may behave well according to the unit cell analysis, however
the lower frequency part degrades moreesely. Therefore, in the investigations

that follow, the lower frequency of the band is given more importance. Stick arrays
of 7 elements, 9 elements up until 17 elements are analyzed while all the elements in
the arrays are excited. IRigure 4.6, active SParameters of those stick arrays

together with the infinite array unit cell analysis are given both in Smith Chart and

in dB scale.
17 Stck Array, Central Element, Fully Excited | Z0=200 ohm
mm—— 1x9 Stick Array, Central Element, Fully Excited
Z0=200 ohm 1x11 Stick Array Central Element, Fully Excited
+j1 w113 Stick Array, Central Element, Fully Excited
. - - | 1x15 Stick Aray, Central Element, Fully Excited | ()

+j0.5 +j2 1x17 Stick Array, Central Element, Fully Excited =
| |nfinite Array Unit Cell Analysis \

+0.

ie rEy U el anaes: oy N [
-10 ‘\'* — 2
L =X ,/

>.+i30 = N \ \/
_j | |

s 1x7 Stick Array, Central Element, Fully Excited

i =30 [ s 1x9 Stick Array, Central Element, Fully Excited

-5 1x11 Stick Array, Central Element, Fully Excited

e 113 Stick Array, Central Element, Fully Excited

-4 || = 1x15 Stck Ay, Central Element, Fully Excited
1x17 Stick Array, Central Element, Fully Excited

s Infinite Array, Unit Cell Analysis

i1 6 \
0.25 0.5 0.75 1 1.25 15 1.75 2
Frequency, GHz

0.0

§0.2

Figure4.6. Active SParameters of Central Elements of Stick Arrays Under Full
Array Excitation, Along with Infinite Array Unit Cell Analysi200m Reference,
in 0.257 2.0 GHz Frequency Band

As itis seen inFigure4.6, as the number of elements increase in the stick array, the
active Sparameter approaches to the infinite array unit cell analysis. The aetive S

parameter of the central element bees lower thanl10 dB only after the number
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of elements in the stick array reaches 15. In113 stick array, it is almost in all band
below-10 dB except the 2 GHz frequency point. In 15 stick array, the central

element has the activefgrameter lowethan-10 dB in whole band as if it is in the
infinite array unit cell analysis. As expected, in 17 stick array, the central element

has the same property as well.

e Infinite Array Unit Cell Analysis 0 ZO‘=200 ohm

m— 1x15 Stick Array, Port 7, Fully Excited - .
ZO:ZOQI ohm 1x15 Stick Aray, Port 8, Fully Excited \ == Infinitn Aray Uinlt Cell Analysle, Fully Extltad
i

mmm— 1x15 Stick Array, Port 9, Fully Excited s 115 Stick Array, Port 7, Fully Excited

. . s {x17 Stick Array, Port 8, Fully Excited 1x15 Stick Array, Port 8, Fully Excited

+j0.5 +2 117 Stick Array, Port 9, Fully Excited | _ = 115 Stick Array, Port 9, Fully Excited
M {x17 Stick Aray, Port 10, Fully Excited

= 1x17 Stick Array, Port 8, Fully Excited
1x17 Stick Array, Port 9, Fully Excited
w17 Stick Array, Port 10, Fully Excited

+0.

-10

NF—

-20

0.0

2
dB

-25
0.25 0.5 0.75 1 1.25 1.5 1.75 2
Frequency, GHz

Figure4.7. Active SParameters ofhree Central Elements of Stick Arrays Under
Full Array Excitation, Along with Infinite Array Unit Cell Analysi200m
Referencein 0.257 2.0 GHz Frequency Band

Even though 15 elements may seem to be enough for the finite array to represent the
infinite array unit cell analysis, that is not the case exactly. The reason for such an
array configuration is as follows: not just only the central element but remaining
elements are also fed. Therefore, an evaluation just by considering the central
elements would be an erroneous appro@ute may @ake under consideration the 2
elements that are adjacent to the most central elemeatl In5 stick array, the
central elemet hasactive SParameterdelow-10 dB for the whole band but the
adjacent 2 elements to thatvieanot. The adjacent elements are slightly mismatched

in terms of active arameters, arountl.5 dB at 2 GHz. However, 1l 17 stick

array, the two adjant elements also have thaustive SParameterbelow-10 dB
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in the whole frequency band. Figure4.7, active SParameters of the most central
three elements, undarlfFarray excitation along with infinite array unit cell analysis

is given.

In finite antenna arrays, usually some central region of the array is excited while the
rest is terminated with resistive loads, due to reason that peripheral elements usually
get mismatched, i.e. their active impedance behaviour degrades compared to the
central elements. The determination of excited and nonexcited area can be
represented in stick array concept as well. To determine the number of resistively
terminated elements,el. elements that are parasitically excited, the following
strategy is followed: after how many elements are resistively terminated, the worst
active Sparameter among the remaining fed elements is whatl7L stick arrays

have been considered for suchiavestigation. InFigure4.8, active Sparameters

of stick arrays under different excitation schemes are provided. For reference, only
the active Sparameters of elemés that are on one end of the array and the central
element are given. First, stick array is under full excitation i.e.; all the excitation
coefficients are 1W. Then, one outermost row on each side are terminated with
resistive loads, then the two outershoows terminated with resistive loads until a
substantial active-parameter is obtained. When the stick array is excited fully, i.e.;

no rows terminated with resistive loads, the central elements do well, their
performance is similar to the infinite ayrunit cell analysis. However, the outermost
element has active-garameter aboub.93 dB at 0.5 GHz, which is acceptable but

far from the infinite array unit cell analysis. It is known that elements that are on the
ends of the array have active impedamehavior degraded due to primarily two
reasons. First, as they are on the edges, they exhibit less mutual coupling since they
do not have any adjacent element on their one side. In addition, in finite active arrays;
surface waves do exist even at the fosguencies. Those surface waves are not the
surface waves that show up when the frequency goes up but they rather show
themselves below the resonance frequency, approximateBO%0 below the
resonance and i f the i nt ethecenenfequencys paci n

Element of consideration here satisfies those properti¢8] betailed discussions
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about those surface waves are given[8ln it is stated that those surface waves
should not to be confused with the surface waves that are existent on the stratified

mediums, when the frequency is high enough. Detailed discussions are d&n in

Active S-Parameters, Fully Excited Array A:étive S-Parameters, 1 Rows on Each Side Terminated with Matched Load

-10 -
20 ! I I I ] !
o

-30

-40 : : - ! { -40

-50 -50
0.25 05 0.75 1 1.25 15 1.75 2 0.25 05 0.75 1 1.25 15 1.75 2

Frequency, GHz Frequency, GHz

ASUVG S-Parameters, 2 Rows on Each Side Terminated with Matched Load AsuV@ S-Parameters, 3 Rows on Each Side Terminated with Matched Load

0.25 05 0.75 1 1.25 15 1.75 2 0.25 05 0.75 1 1.25 15 1.75 2
Frequency, GHz Frequency, GHz

Figure4.8. Active SParameters of Elements of Stick Arrays Under Different
Excitation SchemesiB Scalejn 0.257 2.0 GHz Frequency Band

To solve out this mismatch problem, one row on each side of the stick array is
terminated with the matched ladd this case, it is observed that worst element has
-8 dB active SParametersat the 0.5 GHz frequency; which is a substantial

improvement compared to the infinite array case.

Next, two rows on each side are terminated with the matched load and the worst
element had attaine®.50 dB at the 0.5 GHz frequency. Then 3 rows on each side
are terminated with the resistive loads and the worst element has b&6theB

at the 0.5 GHZrequency. Almost all elements ha8l5 dB active SParameters in

the whole band, whereas the previous one had worse in band behavior. There still

has been an improvement, but the improvement is not much substantial. From those
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observations, it can be #&d that two rows resistive termination is enough for
determination of number of excited elements for finite tightly coupled dipole arrays,
however if the array is too large, three rows resistive termination could be good if
superior performance is of imest.

4.2  Determination of Number of Excited Elementdn Finite Arrays Using

Double Periodic Arrays

For determining number of excited elements in a finite array, similar analyses are
repeated for double periodic arrays. The array is finite periodic in boghtions.
Initially, 4 4 array has been constructed and the results were given at the beginning
of this chapter. For investigation purposes, arrays 0657 7,9 9and 11 11
elements are considered at first. In order to determine number ofné¢ethat are
terminated resistively, those arrays are investigated. All the arrays are investigated
under full excitation and some of the rows from two sides are terminated with
resistive loads. Iifrigure4.9, the active SParameters of the central elements of the

finite arrays under investigation are given.

7 7,9 9and11 11 arrays are terminated with resistive loads up to two rows on
each side, however 55 arrayis terminated with resistive load only in one row from
each side. The reason behind this choice is that, in & &rray; if two rows from

each side are terminated with resistive loads, it means that only the central element
is excited with norzero powe where all the remaining elements are excited with
zero power. Furthermore, that kind of excitation is by definition against to the infinite
array unit cell analysis. In the infinite array unit cell analysis, a unit element and port
corresponding to thatiement is surrounded by master and slave boundaries. Hence,
port in the unit cell element thinks as if along itplane direction and Hlane
direction there are adjacent ports to itself. However, in thés&rray, two rows in
each side are terminatedth resistive loads; that kind of excitation is by definition
against to the infinite array unit cell analysis. In addition, it should be noted that, for

different kinds of excitation schemes in different sized arrays, a MATLAB script is
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written such thaain excitation file that depicts the complex powers as inputs to the
HFSS. It is very possible that one can make mistakes while providing different

excitation schemes to the HFSS, especially if the number of elements in the array

grows larger. At the santame, this written code enabled easiness.

dB

dB

In5 5
is the worst, it has activeBarameter of0.7 dB at 0.5 GHz. When 1 row from each
side are terminated with resistive load, an improvement occurs, it bee@miBs
When the element number is increased to 7, things got better. In thé @rray,
when the array is fully excited, central element{3a8B active SParameter. When

it is terminated with resistive loads from each side, it becomes slightly better.

However when ta array is two rows from each side resistively terminated, the active

-40
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Figure4.9. Active SParameters of Central Element of Double Periodic
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Arrays Under Different Excitation Scheme® Scalejn 0.257 2.0 GHz
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array, in

ter

ms  oFRararoeters tfullyeekcited taseme nt s 0

S-Parameter become3.8 dB, which is a better improvement.
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Inthe7 7and9 9 arrays, i n t er mactive$Paranerscent r a
the situation changes a little bit. §liras it can be seen from the overviewigiure

4.9, the central active-Barameters under different excitation schemes are similar.
Furthermore, the arrays attairethbestactive SParametewalue for their central

element when the array is fully excited. 7 array, have5 dB active SParameter

at 5 GHz, when fully excited. But the 1111 array get$8 dB active SParameter,

when it is fully excited. 11 11 array can be commented that it is almost under

VSWR criteria value lower than 2, where VSWR ratio of 2 can be accepted to be a

good match. The 11 11 array has its worst active-Farameter at 0.5 GHz

frequency, which is slightly worse than infinite artayit cell analysis.

Figure4.10. Double Periodic Array of 15 15 Elements, 3D View

For further investigation of the subject
size is further increased. Ddelperiodic array of 15 15 elements is constructed

and analyzed. IRigure4.10, 3D view of the constructed 1515 array is given. The
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array has aperture size 108 1091 mm, while the distance between the GND
plane and the radiating aperture is 60 mm. From the stick array analyses, it is known
that tightly coupled dipole arrays converge to the infinite array unit cell analysis after
number of elements exceedsalue like 15 or 17. That result has been validated in
the case of double periodic arrays as welFigure4.11, active Sparameter of the
central element in the 1515 array is given. In terms of activep@rameter, it can

be stated again that 15 elements are enough for convergence to the unit cell analysis.

— Fully Excited
w1 row Terminated
Z0=200 ohm 2 row Terminated
j1

4

Z0=200 ohm
I

s Fully Excited
s 1 row Terminated

[

m— 3 row Terminated
| e infinite Array Unit Cell Analysis 2 row Terminated
e 3 roW Terminated

s [nfinite Array Uniit Cell Analysis

=25

-30 .
025 05 075 1 1.25 15 1.75 2
Frequency, GHz

Figure4.11. Active Sparameter of Central Element Under Different Excitation
Schemes, Along with Infinite Array Unit Cell AnalysB)0m Referencein 0.251
2.0 GHz Frequency Band

To be sure about the convergence to the infinite array unit cell analysis, Bathdea
imaginary parts are given Figure4.11, (a), on the Smith Chart. Both the real parts

and the imaginary parts of the activp&ameters are converged.

In 15 15 array, one row, two rows and three rows from each side of the array are
resistively terminated. When three rows are resistively terminated, the central
element active $arameter diverged from the unit cell analysis. Among the fully
excitation, one iad two rows resistively terminations; 2 rows resistively termination

provides the best results. When the arrays are terminated with resistive loads from
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the two ends, the active@rameter of the central element remaavger than-10

dB in the whole fregency band as if it is in the infinite array unit cell analysis. As it

can be seeninthi@égure41ll, on the Smith Chart, 1in tern
and imaginay parts, that kind of termination schema provides the nearest results to

the infinite array analysis.

Furthermore, forthis1515 arr ay, rather than centr al
active Sparameters shall be investigated additionally. In aefiarray, the non

central elements are also fatley have additions to the corporate feed network
VSWR. For the corporate feed networkos V¢
located towards to the edges shall be considered. In1Barray, when tharray is

fully excited, none of the rows are terminated with resistive loads, it is expected that

the element whose active-parameter is the poorest, would be around the
peripherals, especially at the corners of the array. To be more rigorous, the
invesigation here is continued with elements of rows rather than single elements and

their corresponding ports. Figure4.12, for this 15 15 array, port numberings of

the first quadrant along with the central two rows that are on the boundaries of the

first quadrant are given. Investigation of the first quadrant is equivalent to the
investigation of the whole array since th
in between each other. For example, an element thatalement adjacent to the

central element along thetane of the array and it is adjacent to the central

element along the 4dlane. Then for another element whose distances to the central
elemenitare-ny and . Those two elements must have the same actper&neters.

Note that for any port, there are three more reciprocal of that port in the finite array.

For our example, the reciprocal of our elements are locatgdy), (nx,-ny) and ¢

Ny, Ny) adjacent to the central element, respectively. This concept has been verified
for sever al el ements in the 15x15 array.

rows along with the central rows are adequate.
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Figure4.12. First Quadrant of Double Periodic Array of 1515 Elements, 3D

View

Under full array excitation, the first row of the array is considered. The active S
Parameters of the ports 1:8 givenFigure4.13. The strategy is again the worst
active SParameters of the array is what. The worst actifafmeter performance
observed element is the port 3, it has activRagameter around8.5 dB at the 0.5
GHz frequency. Also note that, Port 8 has almost beldWwdB active SParameter

for most of the desired band. Its activ®8&ameter rises above0 dB around 0.5
GHz frequency. Port 8 is theenterelement of this row, hence it is the best

performing element among this row.
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Figure4.13. Active SParameters of the First Row, Ports 1iB,Scalejn 0.251
2.0 GHz Frequency Band

Next, one row from all sides are terminated with resistive loads. Note that this time,

there are 7 active-Barameters instead of 8 d it was in the fully excited case. As

one row is resistively terminated, Port 16 is terminated in this row too. In this case,

t he wor st per f o-pamingteggotpbettertcd@mpared to the previouS

case. The active-Barameters of the porty:23 are given ifrigure4.14. Note that,

the worst performing element hag.5 dB active $arameter at the 0.5 GHz
frequency. Fur t her -pevametrs in B scalepgot rclbserdin act i v
fully excited case, they were more scattered around a value; however, in this
excitation scheme they are less scattered around a value that is b&w8eand-

10 dB.

Then, two rows from all sides are terminated with tesdoads. In this case, in the
worst performing row, all the ports have activ®&ameterower than-5 dB. The

active SParameters are contracted further. The worst performing element had
attained its worst value at 0.5 GHz frequency, #6islB. For most of the band, all

the ports have active Barameters around dB, which is a significant improveme

In Figure 4.15, the worst performing rows activearameters can be seen. Note
that, in this case there are six ports displayed, since two rows are terminated

resigively in this row.
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Figure4.14. Active SParameters of the Second Row, Ports 1 tB3Scalejn
0.257 2.0 GHz Frequency Band
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Figure4.15. Active SPaameters of the Third Row, Ports 33:88 Scalejn 0.25
T 2.0 GHz Frequency Band

Then, three rows from all sides of the 185 array are resistively terminated. For
the worst performing row, the results did not improve this time. The worst

performing element had attaineti39 dB active SParameter at 0.5 GHz frequency.
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In Figure4.16, the active SParameters of the worst performing row are given. Note
that in this case there are five ports including the central element of this row.
Therefore, it is best to terminate two rows resistively fedhsides in a finite array.
Region with real excited elements should start 2 rows after from the most adjacent
elements. Those elements that are on the edges shall be terminated with resistive

|l oads, i.e. 200 Y. Resi s hbetwsenarinsoRifiofe Y v al

elements.

Z0=200 ohm

i— Port 49
=== Port 50
‘ Port 51
‘— Port 52|
| == Port 53

-30

-35 : x ; i -
0.25 05 0.75 1 1.25 15 175 2

Frequency, GHz
Figure4.16. Active SParameters of the Fourth Row, Ports 49di8 Scalejn 0.25
T 2.0 GHz Frequency Band

Furthermore, the remaining rows of the 135 array under réaxcitation while

two rows from all sides resistively terminated, are investigatdeigure4.15, Ports

from 38:53 are given to represent the worst performing row in this excitation scheme.

In Figure4.17, the rows active ® ar amet er s 6, staetentralg wi t h

row that starts with port 108 are given.
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Figure4.17. Active SParameters of the Fourth Row, Ports 48: HEBScalejn
0.257 2.0 GHz Frequency Band

By examiningFigure4.17, it is observed that as the row
central row, the active-Barameters get better. They also clamp up around some

value as well. In this excitation scheme, almost all ports in the rows have active S

Parameters around.0 dB, onlythe worst performing row that is at the edge of

excited regi on h aParametess areuhdedB.eThetbesbactwec t i ve S
S-Parameter is obtained for the most central row and the one below that row, having

approximately-10 dB active SParameterfor all elements in them.

4.3  Comparison of Memory Consumption Amounts of the Finite Arrays

Considered

Before concluding this chapter, there are some marks about the simulations given in
here shall be considered. Infinite array, unit cell analysis is th&t kource
consuming simulation for the TCDAOS. It I s
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after obtaining some values such as distance to the GND plane from the radiator

aperture and element length hence periodicity along 2 directions etc. For matching

the antenna to the specified band and tuning the capacitance in between elements, it

is accurate enough. However, for finite arrays, some elements get their impedance

behavior worsened, especially the peripheral ones. Therefore some kind of resistive

termimations should be applied as in the other UWB arrays. Stick array, as explained

previously, is capable of determining such region terminations. However, one should

be aware of the fact that stick arrays are infinitely periodic along hianes,
hence tBy are not as accurate as 135 Array. 15 15 array is the most source

consumi ng;

however

it

S

t he most

accur

is designed in the desired frequency band and using stick arrays, the number of

excited and nonex@t elements are determined, for a one time, the array should be

simulated under double periodic array to check everything is valid with the

predictions. In the following Table 1, the source usage amounts of three different

simulations are given. Note théab 15 did not converge at 2 GHz because the

available RAM was only 360 GB. To solve this problem, the same simulation setup

was solved with GHz and frequency sweep is done using that solution and its mesh.

Table4.1 Source Usage Amounts of 3 Kinds of Setups

Number of Used

Tetrahedras

Memory Used

Infinite Array Unit

Cell Analysis

11,518

482 MB

69

1 15 Stick
Array

198,611

7.53 GB

15 15 Double

Periodic array
(1 GHz Solution)

4,829,090

267 GB
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CHAPTER 5

DESIGN OF A FINITE ARRAY

In this chapter TCDA studies are extended to the design of a finite Boragnstruct

a finite sized antennarather than working with the spiral coupled elements,
interdigital type of capacitances were used. The main reason behind this choice was
the number of agents to tune out the antenna is less in interdigital structure compared
to the spiral structure. Lgths of fingers and their widths are the main tuning

parameters.

The unit cell of the TCDA higie 5 enmalbdtho we d
dimensions, actually that is the case both in this work and the other existing works
in the literature, that as the limit for norgrating lobe operation. The maximum
available PCB size is 388 mm 556 mm. Therefore, maximum available element

that we can use is 4, since our unit @&le is maximun¥5 mm. Based on those

facts, an array of 4 4 elements islesigred As the number of elements are low to
observe the infinite array unit cell behavior, this antenoalslbe modified in finite

array environment.

In Figure5.1, the unit cell structure of the TCDA using interdigital capacitors and its
input return loss performance is given. It clearly gives VSWR<2 in the band-of 0.5
2.0 GHz frequency and the unitlaslaround 65 mm in length. Also note that, in the
uni t c e l-patametearesulis,\ate2.5 SHz, activpaBameter attain a 0 dB

value, means that all the incident powevédeeturned to the source. This is due to

the fact that at ik frequency, lhe infinite ground plane below the antenna aperture
and aperture have distance of &/ 2. The
revolved an exact full tour at that frequency, active input resistance of the unit cell

becomes zero.
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Figure5.1. (a) Top View of the InterDigital Capacitance Unit Cell, (b) Active S

Parameter of the InterDigital Capacitance Unit Cell

5.1 Finite4 4 Array

Using thisunit cell, an array of 4 4 elements areonstructed. Only the 4 ports that
reside in the center of this 44 array are excited, the rest is terminated with resistive
loads.The frequency response results of this 4 structure are giveim Figure5.2,

only one port of the central excited ports?®o
Note that, at 2.5 GHz frequency, the activpa®ameter of the central element is
close to 0 dB but not exactly zero. ThEglue to the fact that, as the antenna aperture

is finite and the ground plane is of the same size as well. Therefore, the finite ground
plane is not ainfinite ground plane as it was in the Chapter 2 and Chapter 3. In
Chapter 2, the unit cell was modelesing MATLAB, assuming an infinite ground
plane below the antenna aperture. In Chapter 3, all of the provided results were also
for the unit cell of the antenna, hence they also included an infinite ground plane. All

of the active S$arameters provided ithose two chapters have a 0 dB value at
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exactly 2.5 GHz; however around that frequency all the finite antennas approach to

zero but never attain that value. The reason is due to the finiteness of the ground

plane.
Z, =200 ohm
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Figure5.2. (a) Finite 4 4 Array Using Unit Cell, (b) Active arameter of the
Finite 4 4 Array Using Unit Cell

As it can be seen ifrigure 5.2, using only four elements is not sufficient for
achieving unit cell active impedance performance; especially for the low frequency
end of the antenna. At 0.5 GHz, the antenna has actiRar&@eter of-2 dB.
Therefore, some post processing operations shall be made in the findkeaday.

This structure will be a baseline design for the optimizations done. For reference the
Gainvs frequency plots of both-glane and Fplane are given ifigure5.3.n = (°
corresponds to the-dlane andh = 9(° corresponds to the-plane inFigure5.3.

The provided gains do not include loss due to the input reflection coefficient.
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Moreover, in ChapteB, a unit cell of TCDA using spiral shaped capacitance
elements were designed and opsed for VSWR<2 operation in the band @9

GHz. Prior to the determination of number of resistively terminated elements for a
typical TCDA array, using this unit cell a finite antenna of 4 elementsvas
constructed and the results were analyzed. HerEigure 5.2, a very similar
performance is obtained, the mid band and high end of the band are good, matching
with the unit cell behavior. However, the low frequencg parformance is far from

the unit cell predictions, input return loss is ab@utiB in both finite arrays of two
different unit cell structures. To ensure that reason of the present mismatch between
those finite 4 4 arrays and the unit cell are not dag¢he spiral shaped capacitance
element, the studies continued with the interdigital type capacitance element instead
of spiral shaped capacitance element. Interdigital shaped capacitance element is one
of the most popularly used capacitance shape msedT CD A6 s , however

iS not.

Gain, dB

Gain, dB

| 1 1 s 0.5 GHz, Phi=90 Plane ‘
e 0.5 GHz, Phi=0 Plane s (0,75 GHz, Phi=00 Plane |

30 || |==——075GHz Phiz0Plane| |1} | | : | | 1.00 GHz, Phi=90 Plane|

1.00 GHz, Phi=0 Plane | | 125 GHz, Phi=90 Plane |
e 1,25 GHz, Phi=0 Plane | e 1,50 GHz, Phi=90 Plane |
s 1,50 GHz, Phi=0 Plane 1.75 GHz, Phi=90 Plane |
1.75 GHz, Phi=0 Plane s 2,00 GHz, Phi=90 Plane |
w—— 2.00 GHz, Phi=0 Plane
-40 I T I I

-50 -50
-180 -150 -120 -90 -80 -30 0 30 60 90 120 150 180 -180 -150 -120 -90 -60 -30 0 30 60 90 120 150 180
Theta, Degree Theta, Degree

Figure5.3. E-plane and Hplane,Gainvs Frequency Plots of 4 4 Antenna Using
Unit Cell
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Figure5.4. (a) Finite 4 4 Array, After Finite Array Optimizations, (b) Active-S

Parameter of the Finite 44 Array, After Finite Array Optimizations

To improve matching at low frequencies, the first idea was to increase the length of

the unit cell such that the finite array structure becomes longer. Initial unit cell was
between 60 mm and 70 mm. By increasing the finger lengths of the interdigital
capaitors and increasing dipole lengths, the unit cell length was made around 75

mm. The limiting factor is around 90 mm since the size of the PCB available is 388

mm 556 mm. At the limit, for boresight operation, neglecting array scanning at

other anglesthe antenna unit celengthis still lower thanl &= at al | frequ

hence antenna still has grating lobe free operation.

Some parametric studies are conducted; hence antenna is made into the shape given

in Figure5.4. Active SPar ameter of the antennads cent
Figure5.4. The thicknesssof the dipole arraareincreased, coupling capacitors are

enlarged; whereas feed length and width are miniaturized. The antenna unit cell
became 74.12 mm, which still has grating lobe free operation. The 0.5 GHz active

S-Parameter is reduced down-&76 dB, while the reaining band is fullylower
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than-8 dB. For most of the band, the antenna still has active VSWR<2, t8ah4s

dB, except the low frequency end.
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Figure5.5. (a) Finite4 4 Array, After Finite Array Optimizations, (b) Active-S

Parameter of the Fini#®¢ 4 Array, After Finite Array Optimizations

Dipole arm thicknesses were further increased while the unit cell length still

remaining around 75 mm to ensure grating livbe operation at any frequency and

scan angle. By doing so, 0.5 GHz activ®@&ameter has been able to reduce down

below to the-8 dB, that becameB.36 dB. However, the cost was the rest of the

bandods -ParametenvperforBrance worsened, compardbegrevious case.

Now not much of the band is arousiD dB. Even though that is the case, when the

antenna input

i mpedance

was mat ched

better wideband performance is obtainable. 0.5 GHz activar&meter became
7.56 dB, but that operation brought much of the band telthdB levels. Remember

that, the finite 4 4 arraythatconsiss of original unit cells, that was the baseline

finite array, had

Parameter watower than-10 dB except the frequencies lower than 0.75 GHz.
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However, that baseline had its 0.5 GHz actiegBameer of being2 dB; while this
newly achieved one ha¥.56 dB. InFigure 5.5, the antenna and its active S
Parameter performandse given. Eventually, dipole terminanpedancebecomes

1 5 0, which is crucial due to the feed network that will be considered in the next
chapter. Rather than designing the feed network that ends witly 2080Y is
better. The transforming ratio for the commonYs@ystem will eventually & 1:3

instead of 1:4 ratio.
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Figure5.6. (a) Finite4 4 Array, After Finite Array Optimizations, (b) Active-S

Parameter of the Finite 44 Array, After Finite Array Optimizations

Then, dipole arm thickness is reduced to 12 mm, while dipole arms and fingers of
the interdigital capacitors are increased furthiEnerefore length of the finite
antenna is increased, the antenna is further miniaturized. The widths of the fingers
of the interdigital capacitors are decreased since larger the area of the capacitance
would be the cause of unwanted resonances in tinee&&Parameters. lifrigure

5.6, the antenna and its activeParameter performance are given. This time, the
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whole bandhas active SParametey lower than-8 dB and the antenna input

i mpedance is backed to 200 Y as wel . Howev
bel ow &/ 2, It 1s 92 mm. However, It is stil
grating lobe free operation at boresight for all frequencies.

5.2  Evolution to the Finite 4 6 Array

The physical structure of the antenna arrandslified Instead of using 4 4 finite

array, it was decided to add a row of dummy elements to the both edges on the E
plane of the antenn&hereforethe antenna becomes a 4 array of most central 4
ports are excited. Instead of one row terminated with matched loads, 2 rows are
terminated with matched loads; along thgl&ne. The highest coupling between
array elements are along thenpEanes. In the Hplane, there ardill four elements,

only two of them are excited, rest is resistively terminated. Note that the available
PCB size is 388 mm 556 mm, therefore having a non square array as explained is

possible, provided that unit cell sizes are on the orders of 60 ndto mmo s .

In the previous 4 4 array, the couplings and the dipole widths etc. were increased
in order to reduce active-Barameter of the antenna. In the new physical structure
of 4 6 array; to see the effect of physics change; the couplings arededijole
widths are decreased. The unit cell was around 91.2 mRiglme5.7, top view of
this 4 6 array and its active-Barameter performance are given. As it can be seen
in Figureb5.7, the hope for achieving VSWR<2 in the band of®.6 GHz is clear.

Then, theantenna is optimized for this new geometry. Dipole widths are increased
as well as coupling elements between dipole elements. Dipole arm thickness again
became 12 mm. The final optimized antenna unit cell became 66.1 mm, which is
suitable for grating lobfee operation at any frequency and any scan andgtéglme

5.8, the results of this optimizaiton process is given. Obtaining active VSWR<2 in
the 0.52.0 GHz frequecay band required less effort compared to the optimizations
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doneinthe 4 4 array case. The inital unit cell element in the@array had already
-10 dB active SParameter in the 0.5 GHz and it h&ddB in the whole frequency
band. As it can be seenlhiigure5.8, the array has active-Barameter lower than
10 dB in full band.

Zu =200 ohm

0
E} x ] <. E * 1 m— Central Element
FEnEYe S e e et . (,/\J /\

Excited 4 Ports

dB

-25
02505075 1 1.25151.75 2 22525275 3 32535375 4
"0 imm Frequency, GHz

Figure5.7. (a) Finite 4 6 Array, (b) Active SParameter of the Finite 46 Array
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In the previous design, the antenna had feed section of 1 mm by 1 mm squares,
modeling for the lumped ports that excite those four elements. However, in a real
life scenario; thateed lengths can be idealistic. For the placing of resistors to the
nonexcited, resistively terminated, i.e. parasitically excited peripheral elements as
well as realistic feeds using center portion of the antenna; the feed length shall be
increased. Thefore, the length of the feed section is made 2 mm, while the width
of the feed section remains the same, 1 mm. However, the effect of changing the feed
section was on the activeRarameters. They were distrupted by a small amount. To
compensate that affeon, the lendts of the dipole arms are increased, resulting in

a unit cell element of 75.1 mm. The antenna shape and the resadteat S
Parameterare given irFigure5.9. The antenna still satisfies the requirements of the

grating lobe free operation.
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Figure5.9. (a) Finite 4 6 Array, After Feed Section Change, (b) Active S
Parameters of the Finite 46 Array, After Feed Section Change

For most of the finite arragpplications interdigital capacitances ammployed
After moving towards the 4 6 array, spiral capacitanceing unit cell elements
were considered. First, there was a unit cell element that satiflie8 inputactive

S-Parametersn the 0.52.0 GHz frequency band. In the previous chapter, that
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el ement 6s per f or ma Mdieite drrayhvay givenHereuitnisl e r
reproduced irFigure5.10 along with the view of the finite 4 6 array. InFigure

5.10, the same unit cell performance in 4 array is also given.
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Figure5.10. (a) Finite 4 6 Array, Spiral Capacitandeélement, (b) Active S

Parameters of the Finite 44 and 4 6 Array

Similar to the interdigital element, when inside finite 4 array that unit cell has

4.2 dB active SParameter at 0.5 GHz. It h&sdB active SParametersvhen in an

4 4 array Some changes were also made in spiral capacitive element & 4
array. InFigure5.11, the antenna shape and the resultanitve SParametersre

given. The cpacitances that were obtained using spiral like shaped elements, in this
final design; those capacitances are within the dipole arms. They are taken inside the
dipole arms for further antenna miniaturization, as it can be séegure5.11. The

length of the unit cell is 62 mm in this case, therefore allows to be grating lobe free
operation at all frequencies and at all angles. The unit cell is smaller compared to the
interdigital el ement 0s-10uB active admekterfoll hi s
0.5-2.0 GHz frequency as well, as indicatedrigure5.11.
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CHAPTER 6

TCDA FEED METHODS

Tightly coupled dipole arraysrefed with lumped ports in the HFSS environment in

the previous chapters. Lumped ports are the implementations of infinitely long
transmission lines connected to the terminals, therefore lumped ports provide
perfectly balanced outputs. One end of the lumped has 180phase difference

from the other end of the port. However, in reality, the antenna terminals must be fed
from realistic feeds that provide balanced outputs in the end. Most RF systems work
with 50 Y impedance sy sheamesna expeoted topbe we r
comi ng f r acoaxiahfeed; Benceé a transmission from thekcoaxial
system, unbalanced, to a ZBMalanced system is requitdelirthermore, since the
antenna input impedance 20 0 arYimpedance transformation of 1:4a#f be
performed while a balanced to unbalanced connection is secured. Tapered baluns are
devices that perform the mentioned operation. They perform unbalanced to balanced
transformation, at the same time they change the impedance level gradually. The
balun structure should be performing those operations in the frequency band of 0.5
GHz to 2.0 GHz, the anten®@alesired frequency band of operation.

6.1 Tapered Baluns

As a first step, a microstrip line to parallel strip line transformer is implemented on
a didectric card that is available. As one end of the balun, parallel strip line end,
needed to b& 0 0, th& thickness and the dieléc constant of the material needed
to be determined arefully. The minimum allowed conductor trace width for the
dielectriccards in the production facility were around 0.175 mm, hence for designs

to be implemented, 0.2 mm of minimum trace width is chosen. Based on those facts,
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the dielectric card chosen was RO4003 substrate having 3.55 relative dielectric

constant. The thickres of the dielectric card is chosen as 0.813 mm.

For the implementation of tapered balun, where design guidelines giy&8] iare

taken. Four section Chebyshev impedance transformer of passband #pplé5

is implemented on a tapered balun structiifee physical view of this structure is
given in Figure 6.1. For the balun structure, the ground is implemented as an
exponentially growing ground that starts with a large width and ends with a width
that is equal to the width of the parallel stripeliending. Exponential growth
constant is a controllable variable. The other conductor, that resides on the other end
of the dielectric card is a trace that consists of four sections whoose widths are
controlled at equally spaced distances along the balagether with the parallel

strip line end and the microstrip end, the controlled impedance points make up a total

number of 6.

Figure6.1. Physical view of the Tapered Balun

The balun structure starts with a microstrip line ofgb@haracteristic impedance,

ends with a parallel strip line of 2@0impedance. In between those two, the width
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of the top conductor is controlled such that the impedance at the control points
satisfies the Chebyshev transformer impedances. By this implementation, the top
conductor becomes a linearly tapered trace whetteadottom conductor is an
exponentially tapered trace.

For the evaluation of the balun structure in the HFSS environment, 3 wave ports are
assigned to the structure. First wave port is on the microstrip end of the balun, the
other 2 are on the paralleligtline end of the structure, the unbalance between two
output ports can be observed by such assignment. Port 1 is labeled as input port, it is
amicrostriplineof5@. Ports 2 and 3 are assigned
output ports of the bah structure A short segment of PEC sheet is placed in
between parallel stripline outputs of the balun structur€idore6.2, the assigned

two outer ports, port 2 @3, are given. Each p&tintegration line is from the center

to the conductor, being opposite to each other as giveigune6.2. At the parallel

strip line end othe balun structure, E field is perfectly divided between two ports.
Placing such a short PEC sheet does not affect the actual field distribution of the
parallel strip line fields, at the end of the balun structure. The actual E fields of the
parallel stip line end of the balun are orthogonal to that PEC €hpksne, provided

that a perfect 18phase difference is obtained between the voltages present at each
parallel strip line. In Figure 5.2, the E field distribution of parallel strip line end of
the balun are given for both of the cases. First case does not include such a PEC
sheet, whereas second case includes that PEC sheet. As the field distributions are
given in Figure 6.2 for both two cases, they are very similar. Calculated port
impedances are equal to each other, being equal one half of the output port
impedance of the balun structure. The calculated port impedances ajeeh20,

one half of the 20@ . Therefore by observing magnitude and phase differences
between & and S, one can observe the unbalance between two ports. The main
aim of the balun is to provide a perfectly balanced outputs; each ssip ha

accompanying voltages of 18phase difference and equal in amplitude.
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Figure6.2. Port 2 and 3 Assignments and Their Integration Lines oR&hnallel
strip lineEnd

For the microstrip ground plane wigt7.5 mm is chosen. That ground plane is
tapered until to the parallel strip line end which has 0.24 mm trace width. The
thickness of the dielectric carsl chosen such that the parallel strip line end trace
widths are not very thin for providing 20@ port impedance at the outpirCB
production permitted specifications must be satisfied, therefore one cannot take
arbitrary trace width for the parallel strip lines. The length of each section should be
around</4 in the dielectric medium at the centeeduency. The dielectric card
material has 3.55 dielectric constant; each section would be approxirddtatythe
center frequency, results in each seckmgth isaround 30 mm in length. Along the

balun, 6 impedances are controlled which results in egial length sections.
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Controlled impedance locations include the input and output ports. Total balun

length makes 150 mm.

In Figure6.3, the calculated port impedarsc&sParameters for those 3 balun ports,
the magnitude and phase differences between ports 2 and 3, i.e. the output ports, are
given. In an idealized situation, the magnitude differences between the balun ports
should be zero dB and the phase differend¢eden them should be 18®As it can

be seen irFigure 6.3, the magnitude difference is nonzero and phase difference
fluctuates around 180The magnitudedvariations & large, as compared to the
phase variations; hence they gather more attention. The maximum magnitude
variation between output ports are 1.2 dB, where each port should ideally r8ceive
dB relative power. However, when the phase curve is investigatedphhse
variation from the ideal situation is just 12.%his is not as crucial as the magnitude
variation; if the Sparameters are viewed as a complex excitations on complex plane,
the effect of 1.2IB magnitude difference would be more important, aspared to

the 12.8 phase difference from the ideal 280
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Figure6.3. S-Parameters Results fthre Tapered Balun
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The balun structure is 150 mm long. However, the distance between the ground plane
and the antenna radiator plane is 60 mm, shorter than the half of the balun length. To
miniaturize the balun structure, the dielectric card is replaced with a card of RO6006
substrate material of 6.15 relative dielectric constant; the widths for the 6 control
locations are recalculated. The thickness of the substrate made 1.27 mm to be able
obtain 200K at the parallel strip line end. The new b&ug&Parameters results are
given inFigure 6.4. In Figure 6.4, the results are given for various balun lengths,
simple scaling the balun length does the job for the miniaturization of the balun, no
extra calculations for the trace widths in the impedaoogrol locations are needed.

Only Si1 values and magnitude differences betwegragd 31 are given for clarity.

Figure6.4. S-Parameters Results for Tapered Balun of RO6006 Subtrate for

Various Lengths

As it can be seen iRigure6.4, the balun cannot be simply scaled to 60 mm, which
is ground plane spacing of the antenna, due to the fact thattliedgdades and
becomes worse thath0 dB for both 60 and 80 ntin the dsired frequency band.

In terms of port unbalances in dB the best results are obtained for 150 mm balun
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