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ABSTRACT

In this thesis a loaded planar dipole antenndth two staircase rectangular arms and
backed by a doubllyer frequency selective surface (FSS)pi®posedfor ultra
wideband (UWB) radar and communication systeRws. bandwidth enhancemengah
staircase rectangular arm is loaded with an open complementary double concentric split
hexagnatring resonator (LETank) and a pair of chip resistors at the.ehdroadband
microstrip to parallebtriplinetransformer (or balun) is applied as the feeditigcture of

the proposedantenna to provide impedance matching as well as balamisdanced
transition. In addition, a doublayer FSS is designed and placed at the back of the planar
dipole, contributing to a significant gain enhancement witpha® reflectionfor the
entire operation bandwidth of the proposed antefiha. measurement results shtvat

the proposed antennitegrated with the doubleayer FS$S operates ovea frequency
bandwidth fom 0.65 to 3.8 GHz withreturn lossS11<-10 dB andexhibits highly
directive radiation patterpwith gains in the range of 62dBi..
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Chapter 1 INTRODUCTION

1.1 Ground-Penetrating Radar Applications and Challenges

Overthe past couple of decades, GrodHehetrating Radar (GPR) has become one of the
most common and promising nondestructive technigquése detecton of objectsburied
underground. GPR has been applied in various fields, sudrcagology[1], civil
engineering 2], military [3], topographic mappinf4], and the maintenance bfidges,
pipes, railwaysThe ntegration of fundamental principles of electromagnetic wawes

the GPR systems provides cressction images from the desired mediumbich can
then befurther studied This lowcost method is sensitive to electmonductivity,
magnetic permeabilityand electric permittivity of mediums. As a result, it is feasible to
distinguish between conductive (metal) and nonconductive (nonmetal) matendls

variety of applications could employ tHesaturein different aeas.

Two importantattributesof GPR systems are penetration depthich locates a buried
object in the sojland resolutionwhich defineghe shapes of thebject In general, these
attributes arelependent othefrequencyusedand characteristiosr propertiesof the soll
and theenvironment. Th frequency usedould rangefrom a couple of megahertz for
applications with requirements of high penetration depthseveralgigahertzesfor
applicationswhose priority ishigh image resolutia Attenuation of higher frequency
field signals insoil (orlossy meda) is very noticeableeomparedwith lower frequency
field signals Moreover, @ergy dissipation isrery highin lossy mediurma with high
conductivity (e.g., moist soi), sincethe penetration depthfahe transmitting signain
these mediumeeducessignificantly.

Most groundpenetrating radars work ithe time domainand use pulsesThe typical
resolution and penetration depth of this cla$gadar systemslepend onfrequency
pulses, and the transmitter/receiver antermarhe other class of GPR radars works in
frequency domain, which ihe stepedfrequency continuous wavePR[5]. Both time-

and frequencylomainclasses have the same fundamentalkimg principles in terms of



radiating and receiving electromagnetic wawesllustrated inFigurel-1. However, the

two classes have different ing@nd pos{processing algorithms.

y

|“/ Post Processing \‘
\ Units

.
e

‘ Input Pulse

\
NN
\

Receiver Antenna

Transmitter Antenna

Figure 1-1 Basic schematic diagram oftene-domainGPR system

The transmitter antennal X) in Figure 1-1 radiates a short electromagnetic pulse (for
instancea Gaussian pulse withduration of acouple of nanosecosgdinto the ground. A
portion of the transmitted pulse reflected on the subsurface oburied objectsandthe
restpasses through buried objects underneath the gnantildt scatters and fades away
in the soil. The receiver antennd&X ) collects reflected pulses partially and setfdsm

to postprocessing and imageocessing units to construct cresection images frorthe

objects

In a practical example, the scenario is much more complicated and challenging when a
buried object is in a lossy and nonhomogeneous umedvith different electric
permittivities and eletric conductivities Moreover,some objects absorb most dhe
transmitted pulse energgndthus detectinghemis almost impossible.



The transmitter and receiver antennasaoGPR radar systemlay critical roles inthe
functionality and overalperformance of the systenn order to detect buried objects, the
antenna should be capable of sending an electromagnetic pulse with an input pulse
duration range of nanoseconds to avoid as much as possible late time ringing effects and
echoed6]. As a resulttransmitter and receivemtennasn GPR applicationshouldbe
ultraawideband, high gain, highlirectivity, linear polarization, compact size, low late

time ringing effect, low profile, lessomplexityand low fabrication cost.

1.2 Motivation for Applying Ultra -Wideband Techniques to GPR

Radar Systems

Over the past two decadeslitra-wideband (UWB) technology has beercreasingly
employedfor military radar detections and communications. Considetiegiumerous
advantages of UWBwhich are explained in this chapter, ianreaseddlemand for UWB
wireless communication technology haemerged As a result, a frequency band of
267MHz to 2655 MHz can be used for UHF (Ultlegh Frequency) applications and a
frequency band of 2655MHz to 4990 MHz can be used for UHF/SHF (Sliger
Frequency) applications. In February 2002, 7.5 GHz (from 3.1GHz to 10.6 GHz) of the
entire bandwidth was allocated for unlicensed data communications, radars, and safety

applicationsby the United States Federal Communications Commotion (FGC)

BecausdJWB systems cover a large bandwidthey have received more attentionain
variety of wireless communication applicatiorSome importantfeaturesof UWB

systems are mentionéeare, due to the scope of the thesis

The first feature of the UWB systems for unlicensed wireless applications is that they are
of low power systems. The power is divided across an entire operatingticgband;
power density is very low and even under the noise floor limit. A rough comparison

between a narrowband signal and a UWB signal is shoviagure 1-2 [8]. Such a low



power density preventthe UWB signals from interfering the existing narrowband

systems.

b

Narrowband Signal

Transmitting Energy

Noise Floor Level

UWRB Signal

Frequency

Figure 1-2 UWB energydistribution

Secondlywith a UWB systemthere is a possibility to transnthe high data rate up to a
few Gbps for shortange communications up to 10 metf@k This isdue tothe ultra-
wide bandwidth that results in the possitilggh channel capacity as dictateg the

ShannorHartley theorem.

_ P .
C=W dog,(1 W) Equation1-1

where C is thecapacity of the channel/ is the channel bandwidthR is the received

power, and N; is the power spectral density of the ndis€].

In addition,UWB systems covea large bandwidth of fragency spectrusiandrelated
pulses are in the range of nanosecordsis, not onlyare UWB systems suitable for
numerousapplicationsin different frequency range but extremely high resolution

results could be obtaalin terms of image processithgcause of narrow pulse durations.



Finally, UWB systems have low fabrication costs and are fairly lightweight. Due to the
simple circuitry that may not require RF-upr downrrconversion, basic UWB systems

usually have less complexity and a low profile.

Taking all of this into consideration, the application of UWB techniques for GPR systems
may provide solutions for increasing detection accuracy and imaging resolution whereas

not sacrificing thgenetration depth

1.3 Objectivesof This research

The develoment of an UWB GPR radar system requires a competentwillieband
antenna. One of the most challenging aspects of designing awigdé&laand antenna for
radar systems is to cover a wide range of frequengleyeasmaintainng effective
radiationof electromagnetic waves. Specific dedite properties of the antenimeclude
linear gain, higlradiationefficiency, great returiossandhigh directivity. Dependingn
applicatiors of radar detection, dalitional desirable factoref the UWB antenna may

include compactnessightweight, lowprofile, less complaky, andfabricationcoss.

The prime goal of thigesearchs to design a planar dipole anterthat operates in the
ultraswideband frequency range and lrasompact size, stable radiation pattern, linearly
increasing gain, low fabrication cosand low profile Ideally, a wide range of
applications ould use this antennancludingground peneating radars and short range
communicatios. Since planar dipole antennas are naturally narrowband, techmieees
to be developetb expand the bandwidth of the antenna. The second goal efdHds

to design a propewnidebandfeeding segmentSincemostexistingantennas are fed via
SMA connetors a transformer is needed for the feeding part ofrtbreel antenna to
match the input impedance of the connector with the input terminal of the anfenna.
third goal of this workis to make the proposed planar utwadeband dipole antenna
highly directive andto enhance the overall gailn doing, a doublelayer frequency

selective surfaceeflectoris employed in this paper

5



In this researchhe proposed planar dipole antenna, wideband transfqima&m)and
doublelayer frequency selective suckarefirst simulatedand designed witComputer
Simulation Technology (CST) Microwave Studio (MWS) 20TBen they ardabricated
and measured in the RF/Microwave and Wireless Resdaabbratoryat Dalhousie

University, Halifax, Canada

1.4 Framework of the Thesis

This thesis igivided intosix chaptersChapter 2discusses the fundamental principles,
definitions andcomprehensive backgrouraf ultrawideband antenna parameters and
properties.As well, several commonly used UWB antennas in literatuee laiefly

describd and th& electromagnetic characterigiare reviewed.

Techniguesand approachellave been developed literatureto improve and optiae

the performance of the ultsideband antenna Therefore, Chapter 3covers the
methodology and techniquasedin this thesisChapter 4ntroduces the proposed dgs

with computed geometry parameters based on the technigueducedin Chapter 3
Theoretical and experimental simulation and measurement resuisoavain Chapter 5

to validatethe performance of the proposed system. Finalyapter 6concludes the
obtained results from the previous chapter and highlights important improvements of the
proposed design In addition, possibledirectionsto extend this projedor future work

are pointed out.



Chapter 2 BACKGROUND AND LITER ATURE REVIEW

2.1 Definition of Ultra -Wideband

According to the Federal Communications CommissigRCC) [11], ultrawideband

(UWB) is considered as any wireless commuridcet technologyhatoccupies 500MHz

or moreof absolute bandwidth or greater than 20%hefoperating center frequerfgy.

F+F

Fo= % Equation2-1

The gerating bandwidth of an antenna is limited byltve point F; and high point,

and the radiation emission outside the bartD#B lower thanthat inside Thefractional
bandwidthis defined in the equation below:

F-F
Fractional Bandwidth= 2 3% Equation2-2
I T h

In order to avoid communication interference scenald4/B applications havehe
restricted radiation powenask asdefined bythe FCC. The FCC mask for indoor and
outdoor applications is shown kigure 2-1, which showsmeasured emission level [dB]
versus frequecy [GHz][12].



UWB Emission Level [dBm]

Indo_ur Limit
Outdoor Limit

-75- i il

Frequency [GHz]
Figure 2-1 FCC mask for indoor and outdoor applications

In the FCC defined UWB for unlicensed applications, the maximum permitted power
spectral density (PSD) for bottdoor and outdoor UWB applicationsii4d1.3 dBm/MHz

for frequencies below 0.96 GHz and also from 3.1 to 10.6 GHz, respectively. The PSD
from 0.96 to 1.66 GHz is below/5 dBm/MHz for both indoor and outdoor applications.

In addition, From 1.66 to 3.1 GHad at the frequency higher than 10.6GHz, the PSD
should be below 51.3 dBm/MHz and 61.3 dBm/MHz for indoor and outdoor UWB
systems, respectively. By having such low power levels, the UWB systems are not
expected to interfere with the existing radio syste However, it should be noted for
licensed or other specifically defined UWB applications including the ground penetrating

applications, such low power requirement may not necessary all the times.



2.2 Maxwell6 Equations

In 1864, the fundamental theory déetromagnetic wavedvased on theelation between

electric and magnetic fiedgwasintroduced by J.C. Maxweliith a welkknown series of

equatons named as Maxweéalxdvse | & geconsist iofaFHmdr iaadmasy 6 s

I aw, Amper eds Wwand magteticufield lavilf] §1¢], whieh can be

employed to solve and compute electromagnetic problems, current distribution,
electromagnetic waves propagati@ent c . The differential f orms

areshownbelow:

b 3E %% Equation2-3
b3H 3 %-%— Equation2-4
D6 o Equation2-5
PO 5 Equation2-6

whereE is the electric field intensity vectoM(/ m), H represents the magtic field
intensity vector A/ m), B stands for the magnetic flux density vect(WQ/ Iﬁ), D
shows the current displacement vectGr/(mz), J isthe electric current density vector (

Alnt), and’, is the electric charge densitS( NT). Electric permittivity¥ (F /m),

magneticpermeabilityp (H/m)and ¢ o n d (¢S m) limki the ylux @ensityand

field intensity inthe abovesquations

D=eE Equation2-7
B=mH Equation2-8
J=sE Equation2-9

By assuming time dependene&" f or F ar alEgaayioh 83, ahdmagneticfield
law, Equation 25, a harmonic plane wave equation for a lossy and sdtegeemedium
can beobtainedas:

P’E(r,w) HCE(r, W & Equation2-10

kK=wy m Equation2-11



wherek is the wave numbethat defines the propagation directiomhe wave numbét
and permittivity eare the complexvalues in a lossy medium.The imaginary part ofk

defines theattenuation constanthile thereal part defines thghase constant

2.3 Fundamental Characteristics of UVB Antennas

In order to design a suitable uknadeband antenna for a specific applicafidanis
necessary tanderstand the fundamental characteristics and properties of UWB antennas.
Accordingly, the basic antenna parametersuch as impedance bandwidth, voltage
standing wave ratio, directivity, efficiency, gain, radiation pattern and-poayer

bandwidth areexplaired in this section.

2.3.1Impedance Bandwidth

The mpedance bandwidth of an antenna is the range of operating frequiee90%

or more ofthe input power at the input terminal of the antenna is radiated and 10% (or
less) of the incident pulse is lodue tounwantedreflections. The reason behind the
reflectiors (loss) is mismatching between the transmission line impedancethand
antennainput impedance. Therefe, when designing an antenpanatching should be
takeninto account with the aim ofhaving less reflectrity and radiaing of the most

energy via the antenna.

The wltagere f | e ct i o n carespondda tlee rerin tosss|, of the antenna and

characterizes the Voltage Standing Wave Ratio (VS\($B¢Figure 2-2). The voltage
refledion coefficient can beneasuredvith a Vector Network Analyzer (VNA) andlso
can berelated to the impedances of the transmissioa #nd antenna as described by
Equation 212

10
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r— . - — .
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Impedance
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uepadur]
A |

Current Flow

Figure 2-2 Equivalent circuit of antenna in terms of impedance

_Z-Z, |
=1 2 Equation2-12
Zl+ ZZ

where Z is the transmission line impedance andszthe antennaputimpedance. In an
ideal case, the transmissidine is matched with thentenna and hence G 0.
However,in reality, it is not the case. The worst case is wkerrl or G = %, in which
the transmission line sees the antenna impedance as an open cirglirtocircuit,
respectively.

In dB,
lgg=20 31 19(\9 D Equation2-13

Return Loss 20 3dog(|4 ) Equation2-14

The absolute value of voltage reflection coefficientdB can be definecs shown by

Equation 213, or, in a more common wawsreturn lossasshown byEquation 214.

2.3.2Voltage Standing Wave Ratio (VSWR)

In antenna designinghe voltage standing wave ratio (VSWR) corresponds to antenna
efficiency and performance. VSWR is expressed as the ratio of the maximum standing

wave amplitude over the minimn standing wave amplitude.
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In reality, transmission line impedance and antenna impedance do not perfectly match
and the value athe voltage reflection coefficient is not zero. Thereforeeffectedwave
flows backward from the load to the transmissim® and causes undesired standing
waves in the transmission linEherefore, VSWR is related to the reflectmrefficientas
determined by¥quation 215.

VSWR= i+—||i‘|| Equation2-15
Depending on the system and antenna specificatemm acceptable numerical valisge

typically from2.0 to 2.5(or les$ for the voltage standing wave ratio.

2.3.3Directivity

In a nonisotropic power source,iréctivity is defined as a ratio between the radiation
intensity overthat byan isotropic sourcés known In other wordsand according to
IEEE standarsl[15], fithe ratio of the radiation intensity in a giv direction from the
antenna to the radiation intensity avemsageer all directions. The average radiation
intensity is equal to the total power radiated by the antenna dividetbbylf the
direction is not specified, the direatioof maximum radiation intensity is implied.

Directivity D can be calculated frofquation 215.

D:Ui —P4’0 Equation2-16
0O 'rad

P, ={pu,da=vdpda=4rU,
Q Q Equation2-17

whereU is the radiatiorintensity {V/unit solid anglgin Equation 216, and P, is the

total radiatedpower intensity from an antenna Equation 217. Thus, the radiation
intensity of a desired antenmathe result ofthe directivity, gainand efficiency of the

antenna.
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2.3.4Efficiency

The vtal radiation efficiency of an antenna is defined as a multiplication of the reflection

efficiency and radiatio dficiency, as inEquation 218 The first factor is theadiation
efficiency hrad,, which takesthe conduction efficiency and dielectric efficiency into
accountand can be cal¢ated througho Equation 219. The second factor tdetermine
the total efficiency is theeflection efficiencyE, , which is related to the voltage

reflection coefficien of the antennaascomputedn Equation 220[15].

total /|7ad rQ Equation2-18
= .
N4 =528 Equation2-19
’ I:?nput
_ 2 _
href. =1- ‘q Equation2-20

where P, is the power radiat from the antenna arR;lput is the input power at the

antenna terminals point.

2.3.5Gain

Antenna gain ig0 measurghe performance of an antenmaconcentratingenergy in a
narrow diredlve angular regiorf16]. Accordingto the IEEE standard definitiofil7],

gainin an antenna can be defthasfithe ratio of the intensity, in a given direction, to the
radiation intensity that would be obtained if the power accepted by the antenna were
radiated isotropicallyy Antenna gain is directly related tioe efficiency and directivity of

the antenna anchn be writtermathematically akquation 221:

G=¢, D ilpu(g ] (dimensionless) Equation2-21

This equatiorsimply calculates theadiation intensity of the antennaey the total input
powerattheterminal of the antenn&quation 221 is dimensionlessandtheterm figaino
is generally referred tthe maximum gain at the direction thie maximumradiationof

the antenna.
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2.3.6Radiation Pattern

In studyingattributes andcharacteristis of an antenna, radiation pattertdescribehow

an antenna radiate in different directions which can be measungow®y flux density,
radiation intensity, fieldstrength, directivity, phase apalarization[17]. Thus radiation
patterrs can determine if an antenna is suitable datesired application. For instance,
antennas employed in Vi rotors are omnidirectional because locatiomrresfeiversin

the network towards the antenms unknown. Thus, the antenna should be capable of
radiating energyin all directions. On the other hand, for applications like radars and
ground penetrating radangherethe locationof an objectis generallyknown, the antenna
should behighly direciedto radiatetowards the objectsandachievea maximum radiation

range and penetration depth.

Based orthe IEEE standard definitiofil5], anantenna radiation pattern is explained as

a mathematal function or a graphical representation of the radiation properties of the
antenna as a function of space coordinates. In most cases, the radiation pattern is
determined in the fdfield region and is represented as a function of the directional
coordnates.

Dipole Antenna

Figure 2-3 3D radiation pattern of a rod dipole antenna
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A radiation pattern odnantenna can be illustrated in thr@ienensional plotsaccording

to the spherical coordinate systerm Figure 2-3, a simple dipole antenna is orientated
alongthe z-axis and centered at the interceptiorir@&x, y andz coordinats. A radiation
pattern caralso be shavn in a two-dimensional polar plobr a planein a variety of
working frequency bargbf antennasin Figure2-3, thex-z plane ina spherical system is
considered ashe E-cut planeas the electric fields generated by the dipole lie on the
plane The radiation pattern on this plane is shawirigure2-4(a). Thex-y plane inthe
spherical system is consideredtiagsH-cut planeas the magnetic fields generated by the
dipole lie on the planéhe radiation on this plane is showrFigure2-4(b) [19].

Farfield Realized Gain Abs (Phi=90) Farfield Realized Gain Abs (Theta=90)

30—

=" 210

180

Theta / Degree vs. dB Phi / Degree vs. dB

(a) (b)
Figure 2-4 2D-Polar plots of a rod dipole antenna (ajdat and (b) Hcut

As illustrated inFigure 2-4(a), the electric field (Ecut) has a maximum radiation power

on thex-z plane where g is changingand, =0°. As well, therearetwo nulls alongthe
z-axis, which representhe open ends of the dipole antenna. ¥heplane contains the

magnetic field (Hcut) of the dipole antennahereg =90° and/ is changing
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2.3.7Half-Power Beamwidth

According tothe IEEE standard definitigrhalf-power bandwidthis where,fin a plane
containing the direction of the maximum of a beam, the angle between the two directions
in which the radiation intensity is ofmalf vdue of the beam[15]. The two directions

are corresponding to 3 dB less than the main hegmower densityand separated from
each other an angular distance. Halfver beamwidth carbe obtained mathematically

with Equation 222.

Half - Power Beamwidtl=FM Equation2-22

D
wherek is aproportionality constant known as the beamwidth fadtas, the wavelength
of a desired frequengyand D is the aperture ithension of the antenngl6]. Figure
2-4(a) shows the angular beamwidth (79 degree) of a dipole with two blue lindsre,
the half-powerbeamwidthis directly related to the aperture of antenfiae half-power
beamwidthnot only decides how wide an antenna can radgtectively, but also
characterizetheantenna in terms of directivity.

2.4 Conventional UWB Antennas

In this section, a briefeview of classi@l and commonly used ultn@ideband antennas
for wireless communications, radars and grepadetrating radans presentedSeveral
popular UWB antennalsave been developed and reported in the open literahathey
arereviewed inthis section Of the secalledconventionalJWB antennas, the Monopole,
the Dipole, the Spiral, the Leggeriodic, the Vivaldi and the horn antennas @esented
Then,basedon the required specification®r our researcha good candidate is selected

as the starting point of ti@roposedantenna

2.4.1Monopole Antenna

A simple form of a monopole antenna is a straight wirénite lengththatis located
abovea ground plane. Irrigure 2-5, a straightwire monopole antenna with a finite

16



length andan openend arm is illustrated. In general, monopole antennas have linear
polarization andanomnidirectional radiation pattern the horizontal planddeally, for a
perfect monopoleconfiguration the wire is located above an infigly large ground
plane. The radiation pattern afmonopole antenna ifusabove the » groundplane

and onehalf of aspheredue to the ground plane.

Single ended _
antenna feed V2 z-axis
>
T

Figure 2-5 Straight wire monopole antenfia9|

In this examplethe monopole antenna is excited with a sinusoidal pulse. The current
flows along the wire through the feeding pojnwhere the current distribution is not
constantdue tothe characteristic of the input puls&€his oscillated current creates
electromagniéc field around the wire The antenna pattern factor F(g) is

mathematically calculateid Equation 223;

al

cosa%kl cosf/ g cosél I
C <

F(g) Equation2-23

sing
k= % Equation2-24
wherek is the wave number arldis the length of the wire. Thus, it is clear that the

physical length ofa monopole antenna and wavelengttvénaritical compacts on the
antenna pattern factor.

The introduced monopole antenisaa threedimensional structurevhich makes itess

than idealfor applications with size and weight restrictions. In order to make the
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monopole antenna structure plafi@o-dimensional) and low profileg planar monopole
antenna was introduced. Figure 2-6, a planar monopole antenna printed on a FR4
substrate witimicrostripfeeding is fabricated and shown.

Bottom View Top View

Figure 2-6 Fabricated planar monopole antenna

The physical length ad planar monopole antenims often normalizedby the wavelength
of the lowest operation frequenchhe rato is called electrical lengtifhe electric length
of the planar monopole antenndepends onthe electromagneticpropertiesof the

a nt e subsirdteS heantenna wavelength is calculatedBxyuation 227 [20].

o}

a 0
& 3 20
_e+l e 41 1 a. wo .
€y = +—& 604 —5 0 Equation2-25
2 2 :/H 12h & h= 8
C w =
_ cC .
Vv, = Equation2-26

Ceff
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/ Equation2-27

— Cc
f ’eeff
where € is the effective permittivitythat depends on the surrounding circumstances

andthe length, and width of the wir&, is the phase vetity, & and /N are the relative

permittivity and permeabilitpf the substraterespectively.

2.4.2Dipole Antenna

The basic form of a dipole antenna is two straight waenite length fed from the
center. InFigure2-7, two straight wire dipole antensiwith a finite length and penend
arms are illustrated. Typicallgipole antennas have linear@rization andarecapable of
coveing awider bandwidth of operation frequency.

A Az
Differential
antenna feed _ theta (0)
— |, z-axis y

X

Figure 2-7 Straightwire dipole antenng 19

The two arms othe dipole antenna are identical atttk feed is located athe center.
Therefore, the phase distribution on each conductive arm of the dipole is coasthnt
the open end is seen as an open tifoom the feeding terminal. In an idealumation,the
current reaches zero at the open end of the dadiation from each segment of the
antenna arms has different phase dgldye tothe physical length of the arn{0Q]. The
same pinciples as planar monopole antennas can be applied to tiawavelength of

theplanar dipole. The antenna pattern fadkqly) can be calculated frofquation 223.
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Figure2-8 illustrates ssimulatedplanar dipole antenna on a singided substrate. In this
design the antenna is fed from theenter of the substratas shownin Figure 2-8(a).
Planar dipole antennas typically have a pair of symmetricad. arm

Antenna Patch

Feeding

Figure 2-8 Planar dipole antenna

2.4.3Spiral Antenna

The giral antenna i sub category of ultraideband antennas with relatively higher
input impedance compat#o dipole and monopole antennas. Spiral antennas are divided
into two categoriestwo-dimensional (planar spiral antenna)and threedimensional
(helical spiral antera®. In general, these types of antennas haweide operating
bandwidth witha circular polarized radiation. For a planar spiral antetimajnner and
outer circumference of each legtbk spiral antenna determines the radiation progert

of the antena. Furthermore, the electric size of each leg should be long enough to

providea circumference with a length equal to two wavelengths or.more
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Figure 2-9 Fabricated planarequiangularspiral antenna

Figure2-9 shows a planar spiral antennaamFR4 substratelt has a low profile design,
compact sizeand ultrawidebandcharacteristicsHowever, @spite havinggomesuitable
characteristics for our applicatiors avell aslow pulse distortiorfor transmission and
reeiver, spiral antennas atdtimately not goodcandidates for radar applications. The
main drawback istheir circular polarization characteristigvhenthe current flowsalong
the spiral legs, the highevperatingfrequences are radiatedfirst due tohavingshorter
wavelengtls, after whichthe lower operating frequency range is radiated dusating
longerwavelengthg21]. This lapse createdispersios in theradiated pulsethus making

spiral antennas unsuitable for our purposes

2.4.4Log-Periodic Antenna

A proper design of log-periodic antennd22] provides an ultravideband operating
band with uniform radiation behavior. Modbg-periodic antennas have linear
polarization and bidirectional radiation patterhs.order to design a UWB legeriodic
antennat h e a nteeth showdie calculated logarithmicallp have uniform current
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distribution andresonancdrequenciescorresponthg to each half wavelengtbf the
teeth. This type of antennart be printed on a substrate to have a planar strutbure

profile, andlightweight dructurewith a compact size

Copper Top View Bottom View
Dipole Dipole
R4 Substrate
Feeding
)

Feeding Lines FR4 Substrate

(a (b)

Figure 2-10 (a) Planar Log-periodicantennawith curved teetland (b) planarLog
periodic withstraightteeth[ 23]

Circularly curved teeth and dipole array of planatogperiodic antenna$24] are
depictedin Figure 2-10(a) and b), respectively. As can be seehe antenna teeth are
printed on a substrateith increasing distance and lendtbtweereach adjacenbtth to
createa uniformresonance frequency. The lowest resonance frequenthye antenna
will correspond to the longest physical length of teethd the highest resonance

frequency will occur due to the shortest physical length of teeth.

Even thoughthe bgperiodic antenna hasomeadvantagesas mentioned aboyand is
also linearly polaized (unlike spiral antenns), log-periodic antenr&do not cover a

broad frequency ranges spiral antenisado[6].

2.4.5Vivaldi Antenna

The Vivaldi antenna is a planalot antenna. It coulthave the forms othe coplanar
Vivaldi antenna[25], the antipodal Vivaldi antenng26] and the balanced antipodal

Vivaldi antenng27]. For all threeVivaldi antennasthar exponential tapered slot lines

22



create flare angles to covemnade bandwidth of frequengyandthe flat edgeplay amain
role in creatingradiation [28]. However, he antenna patch fdahe coplanar Vivaldi
antenna is located on one side of the substrdteh makes it difficult to feed and match
the input impedance of the antenna witlh 0 Y S MA ¢ agshowrdnt Fagure
2-11(a).

In response to this issudet antipodal Vivaldi antenna with two patchesboth sides of
the substrate in opposite directsomas introduced. This antenna is fed via microstrip to
the double striptransmissiorine, with the aimof compromisng the coplanar Vivaldi
feeding issugasshownin Figure 2-11(b). In designinga balanced antipodal Vivalda
second substrate is added on top fatipodal Vivaldithat sandwiclesthe top patch
between the two dielectric substratése same patch as the bottom patchrinted on
top of the new sulisate,as depictedn Figure 2-11(c). This techrmqueis employed to

suppressindesirablerosspolarized radiatioin radar and communication applications.

Copper
174
Substrate
Substrate =
Feed \Substra‘re 1
Substrate 2
(a) ( b) (c )

Figure 2-11 Three designs of the Vivaldi antenrz#)
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Despite the fact that Vivaldi antennas have high directiatgtable radiation pattern
acceptable groupetay, andalmost flat gainthey still suffer froma high rate ofcross
polarization and feeding issugvhich adverselyreflects on the performance of the
antennas and operating bandwidth.

2.4.6Horn Antenna

The torn antenna is onef the most common antennased in telecommunication
engineering and subsurface probitg.these antennas,uttiple crosssections and ridge
desigrs are flared to a wide openingchievng linearly polarized broadband properties,

very large gain and directive radiation patterns. Furthermore, horn antennas are capable
of transmitting very narrow pulses dueitobroadband characteristiwhich makea them

a potentialcandidate for radars argfoundpenetrating radars. IRigure2-12, a double

ridge horn antenna withn operatioml frequency of 700 MHz to 18 GHand a gain

range of 1.4 to 15 dBi is shovim Figure2-12.

Figure 2-12 A Doubleridge horn antenna
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Although horn antennas have suitable properties for most radar applicttieyndave
high fabrication cost andrebulky; sotheyare not commonly used in commercial radar
applications. The second drawbagk horn antennass the high rate of crossalking
betweenthem and theground, which increases the intensity tfe late time ringing
effect.

After havingreviewed the electromagnetic characteristics and propertiehetJWB
antennadriefly describecabovein search ot suitable candidate for grodipenetrating
radar and short range communication applicatimesgonsider planar dipol@ntennaas

a good starting point for our design
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Chapter 3 METHODOLOGY AND TECHNIQUES FOR UWB
ANTENNA PERFORMANCE ENHANCEMENT

The methods and approashreportedin the literaturefor designing ultravideband
planar antenrgare discussed and presentedhis chapter These methods havmeen
applied in order to enhance the performance of the planar anteftsaoptimal point.

First, the stepped notch technique implemented to increase the bandwidth of a
narrowband planar dipole antenn&econdly, inductance and capacitance loading
approach is employetb create additional resonance frequency in order to obtain a
greater return los$or the antennaThen a doublelayer Frequency Selective Surface
(FSS) reflector is integrated with the antenna structureinorease antenngain and
directivity toward a desired targeor object Finally, a balun structure is presented for
the feed of the planar dipole antenna totahahe terminal connection with thieput

impedance of the antennehese techniques are elaborated in the following sections.

3.1Stepped Notchesin Planar Dipole Antenna for Bandwidth

Enhancement

Among all UWB antennas, planar structyrasd specificalf planar dipole antennas
haveattractedconsiderable attention due to their low profile, broad bandwidth, flat gain,
directive characteristic, simple structure, light wejgahd low fabrication cost for
wireless communication systems. In this thesidanardipole antenna iselected for its
potentials to enhance the performance compate other planar antennas briefly
reviewed in Chapter 2such as planamonopole, Waldi, spiral and logperiodic
antennas A planar monopole antenna has a relatively low gain and an asymmetric
radiationpattern. Theplanardipole antenna with broadbamapabilityhas been studied

in detail inthe literature and theadvantags of this type of antennare well known.
Nevertheless, aimple printed dipole antenna without any modifications has a narrow

frequency bandlIn addition, keepng the electrical size of the antenrsmnall and
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electromagnetic properties of the antensac as efficiency, gain, directivity, and

radiation patterhunchangear even improved is also very challenging

One techniquefor expandhg antenna bandwidths to use electrical or mechanical
switching In this approach, active comporer(e.g.,PIN diodes, GaSa FETand RF
microelectromechanicdB0] system} are integrated with the design of the antenna. The
results for active componentare promisingfor enhang bandwidth but it has
drawbacks for radar applicatianShe late time ringing effecincreases significantly

which leads to a poor image processing for the-postessing units.

Another approaciior enhaning antenna bandwidth is to employ parasitic patdl3ds
and integrate them with radiating elementaofantenna. This technique uses parasitic
elements around the antenna patch and increasepéhatingbandwidth of the antenna
significantly. The working priciple for increasing the bandwidth & mutual coupling
between the radiating element of the antenna and parasitic ptitah&sver the Q value

of the antennaAdditionally, in this mutual couplingthe current distribution on the
ant enna 6 s amipaladdantwothr a proger design and geometry size of parasitic
elementsadditionalresonane will be created32]. The main disadvantages of parasitic
patchestechniques are incread size of theantenna structurevhich is not ideal for
applications with size restrictisn This techniquealso adds more compkity to the

configuration of the antenna.

One of the most commonly used techniquefr achievng maximum impedance
bandwidth is to apply riohesat proper locatiosof the radiatingarm of the antennaln

this approachelectromagnetic coupling between the radiating element and the ground
changes the surface current flawd lower Q valueThus by properly implementinghe
notches the inputimpedanceof the antenna can be matched in order to cover more
bandwidth

27



Planar Dipole Antenna

Design 1 Design 2 Design 3

=

Feeding Copper

(SMA) Patch Substrate

Figure 3-1 Threedesigns othe panar dipole antenna

Figure 1 shows the three designs of the planar dipole antenf&gure 3-1, design 1

shows a planar rectangular dipole antenna printed on a dielectric (in this exaR#)le
substratewh er e it i s f ed f r o oonnedioeln Figere3il,aesignvi a a
2 has the same geonietsize and layout as the first desidwt a pair of notobs has

been etched out from eachntercornerofthed i pol e 6 s , thethind desigh mas | | vy
anidentical geometry as ¢hprevious two designs, bilte lower part of each arm toward

the center of the dipole is shaped in a staircase manner, with step increments chosen for

bandwidth enhancement aside reductionThese steps are absentesigrs 1 and 2.
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Figure 3-2 Return loss for three designs

Figure 3-2 illustrates the simulated return loss for the three desfignsanclearly be
seenthe fird design (blackine) has one resonafrequencyat 0.9 GHzcorresponihg to

the total electric size of the dipoldt is basicallya narrowband dipole antenna. The
second desigiblue line),with notcheson the antenna patcheshowsbetter impedance
matching The additional resonant frequen&t 2.3 GHz makes the return loss greater.
However design3 (red line)with its staircaseshapehas the best impedance bandwidth
below-10 dB reference line among #eethrealesigns. Additional resonance is created at

2.8 GHz due to an extra pair of notches.

3.2Inductive and Capacitive Loading for Return Loss Improvement
(LC-Loaded)

In recent wars, lhere has beena growing demand for wireless sensors, local area
networks (WLAN), mobile communication systems (GSM), Bluetooth, wireM&g-(),

wireless localarea networks (WLAN) and a wide variety of radar communication
applications.In responseto this demandan antenna capable of covering different

standard operating bandwidtko integrate all systems into one compact devitdew
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maintainng its electromagnetic propertias very much desiredHowever, interference
from one standardperating bandwidth to another one isnajor issuepreventing the
realization of this goalTo address this issue, ddmnd[33] and multiband antenn§34]

with highly isolation between standard bandwidths have been introdtizadng a
multiband antennavhile maintaining compact size, low fabrication cost and the same
performance as the original ukvadeband antenna adeven more challenges an
compicationsfor antenna designer§apacitiveand inductive loading technique ase
suitable approach to achiag extra resonant frequencies and multiband antenna

characteristics.

3.2.1Capacitive and Inductive Loading Techniques

Depending on the antenrsdructure different approaches have been introducedha
literatureto load antennad-or instanceone of themostcommon techniques for planar
monopole antenrsais employing multiple strips to create several current paths on the
strips. The arrent dstribution on each strip corresponds to its own resonant frequency.
Thus, by optimizing thaize andocationof the stripson the dielectric, desired resaona
frequenciesareobtaired The downsides of this technique &énat it is difficultto adjust

the operating frequency to the desired bandwidthd it significantly increase the

overall size otheantenna due tthelarge ground sizg35).

One of the commonly used approacireduatbandplanar dipole antennas to integrate

two different dipole feeslithrough a single input terminfB6]. In another techniqueto

create an extra resondréqueng,aUsloti s et ched ams[3/]hHeweder, p ol e 0 ¢
in thesetwo approachesthe ratio of operating bands is greater than[88). In order to

decrease this ratiaghe geometc size ofthe U-shapé slots must be increased to adjust

the resonant frequenaf the slots. Hence, the slot will not fit ithe dipole arms to

achievean appropriateatio between working frequencies.

Another techniquehat has beemecentlydeveloped igo simply load the antenna with
resonant elements to create multiband planar antennasv&@ne to use compgmentary

spl it ring resonators (SRRs) on the anten
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antenna structuréwo or more concentric rings (whiaould be triangularrectangular,
circular, etc) with different radiuseareetched on a substrateasdepictedin Figure 3-3
[39]. Short circuit connectionare createthetween the slots to connect the center patch to
the metallic sheet surrounding the whole ring structlitee current distributiorthen

carries out high magnetic coupling acrtssslots createtbetween the rings.

S~ Short Circuit
Connection

Figure 3-3 Edge coupled SRéhecell unit[39]

The split rings generatenegative permittivity and permeabilitand create strong
distributed inductive and capacitive pathshich then create additioral resonant
frequency.Moreover, an SSR structurean be modeled as a parallel inductor and
capacitor equivalent circuit. When SRR is expoded an electromagnetic field
perpendicular tahe SRR structure orientatide.g.,an EM wave isalonga z axis) with
angular frequencyf w , an electromotive force is created around the structure, if the
total size of the SSR isignificantly smaller than the wavelength dfie radiating
frequency. The induckcurrent across the slot edgis/elopsa capacitancgathandit is
independent of the angular polar coordingg6]. Hence, thecurrens that flow across

both rings areidentical. Theentire SRR structure can be approximated as an LC in series

with aresonahfrequency of W, [40]:
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2 :
w, = Equation3-1
0 \/pravrl— C

total™ pul

wheref,, averageadiusof SRR, L is the tothinductance of the ringsnd Cpul is the

capacitance per unit lengthigure3-3 [39] shows an edge couple split ring structure.

3.3Frequency Selective Surfac@S§ for Gain Enhancement

A typical frequencyselective surface (FSS)is a wo-dimensioml planar structuravith
periodic metallic patchegrintedon thetop of a dielectric substrate. FSS can be divided
into two general categories of band pass filters and stop band, filidrseachcategory
branching out further to narrowband and wideband sabtegory filters The periodic
metallic patchesprovide the filteing functions; their geometry sizes, shaps and
distance betweentwo adjacentperiodic patcheson a dielectric determine pass or
rejection band charactetics as well as thelesired operating frequency randgrief

literature reviews for pass baadd stop ban&SSare presentebelow.

3.3.1Band-Pass andBand-Stop FSS

When anormal incident plane wave radiatesatoFSS sheeit createsa currentflow on
metallic patcles which are located on a dielectric medium (for the sake of theory
discretion aoneunit cell ofanFSS sheet is explained).the polarization othe electric
field of the incident waves perpendicular to the patch, a capacitive componal be
constructedwhen the electric field is paralléd the patchan inductive component will
be constructed41]. Therefore,a oneunit cell of FSSwhich has both the parallel and
perpendicular patchesan be equivalent to an LC circuit @ series. The lumgd
inductance and capacitance values can be calculated[#2jnand [43]. Therefore, the

LC circuit creates resonance frequency &; which is calculated frorEquation 32.

Equation3-2

f:#
OZP«/E

The examples belowllustratebandpass and bandstop filtering FSS
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Figure 3-4 A unit cell bandpass filter (left) andS,; and §, of the unit cell (right)

Figure 3-4 shows aunit cell of a bandpass filtermade ofa circularslot ring The
conductive patch isopperwith an electrical conductivityof 5.88 10 S/m on an FR4
substrate witil.6 mm thicknesanddielectric permittivityof 4.3 The substrate is 45 mm
by 45 mm and the inner radius of the slot ring is 18 mm wilot width of 3 mmThe
unit cell is located between port one and two. The parts radiating normal incident
waves and strike the metallic patch perpendicularly. Bimaulated transmission
coefycient and refl ect areshowcio Eidure B-& it ean t
clearly be seen that thisSSS works as band pasSlter with a frequency range fror.7

to 2 GHz.
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Figure 3-5 Oneunit cellstoppass filter (left) andS; and S, of the unit cel(right)

Figure 3-5 demonstrates a baystiop filter exposedto the perpendicular incident wave
radiation. This unit cell has the sarspecificationsand geometry size as tipeevious
filter; but because it has metallic ringinstead ofa slot ring it works as a stop band
filter, as shown ifFigure3-5. From the plot ifFigure 3-5, the rejection band dhe stop
band filter isfrom 1.6 GHz to 2.35Hz.

The bandstop filtering FSSis selectedto be usedn this thesis as a reflectdor the
proposed antenna for gain enhancement. Thereflogenext section explairngperation

principlesof the FSS as a reflector

3.3.2Principles of FSS as a reflector

Typically, periodic structures infrequency selective surfacé-SS) designs have

narrowband characteristics. In order to extend the operating bandwidth of FSS structures

to cover the desired UWB bandwidth, a second layer of frequency selective surface is

designed to stack with the first layer. The design, geometsy @nd electromagnetic

properties of layer one, layer two and stacked layers are described in deftion
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Figure 3-6 Doublelayer FSS for gain enhancement

In principle, FSS reflects electromagnetic waves in a different manner than a simple

copper sheet where reflects back the entire frequency ramgeder to understanBSS

behavior a doublelayer FSSis placel in front of a planar dipole antenras shown in

Figure3-6. Layer1 with a reflection phase ¢f, ., is placed with a distance affrom
the antennalayer2 with a reflection phase ¢f ., is placed with a distance i

behind the first layerf . at thereference planen thetop of layer1 can be founds

f FSS— (/f_ayet, |_fay92) Equation3-3

With the presence of FSShet antenna back radiation is reflected backwandhtdsthe
antenna by doubllyer FSS and wiladdto the front radiated waves of the anteniha.

they are in phase, both waves will combownstructivelyand the gain of the antenna

will increase; otherwise they wilubtractfrom each other, reduce the gain and then

become bandstoffhe combined phaseaw be written as:
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f fotal — [ss + AZ: Equation3-4
fo=22P" q Equation3-5

wheref ,, is the roundrip freespace propagation phase delay between the antenna and

the reference plane FSE7] which is controlled by the spacingbetween the antenna

and the doubldayer FSS. In order to have-phase reflection in front of the antenna and
also phas coherence for all frequencighe totalreflection phase/ ., at thereference
plane totalshould be zero omtegral multiple of2p for the all operating frequency
bandwidth.As can be seen iEquation 35, the phase delaf/,, has a direct relation to

the frequency and increases wifly hence the optimum reflection phase from both FSS

layers will be obtairedwhen/ 55 decreases with the same ratio as the frequeSestion

4.3 will show the simulated reflection phase and measured transmission coefficient of the
proposed double layer FSS.

3.4 Microstrip to Parallel Strip Transformer for Broadband

Impedance Matching

An effective atenna feedingtrategyis a crucial factoiin artennaefficiency, radiation
pattern and operating bandwidth. There should be good impedance matching between
the input impedance of the antenna #relfeedingcable(for instancea coax cable witla

SMA connector,) as thisprevents unwanted current reflectiom the feeding port and
transformsan unbalanced curremto a balancedone at the antenndeedingline. A
common approdcto satisfyng thesepointsis using atransformer (Blun) to match the
antenna input impedanc® cable impedanceAnother approach is ta@onvert an

unbalanced current to balanced current distributiime result ishaving a matched
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transmission linethat could lead to anantenna with an ultravideband operating
bandwidth

For radar applicationsa variety of wideband balunstructuresare introduced irthe
literature such asa wideband planalog-periodic balun44], a wideband planaMarch
balun [45], a wideband coplanar wave guidé6], a wideband microstrip to coplanar

stripling[47], andawidebandmicrostrip toparallel strip baluj48].

The bandwidth ofa log-periodic balun is related to the numharresonator sections
Thus, in order to design this type of balun to cover a wide operating bhaadye
structure is needtl, whichis not suitable for most radar applications. The March balun
covess a wide frequency range but suffers from a high.ld$® wideband microstrip to
coplanar wave guide is a potential candidateitincludes most ofhe desied properties

for our application However this it is not suitablefor our design due totheal un 6 s
structure Likewise, although he microstrip to coplanar strip linghows very good
matching with the input terminals of the antenna and behavewiagldand transformer

it is also unsuitable for our purposes becatsgperiences high transition loss.

A widebandmicrostrip lines to parallel 8p lines balun is employed iour desigrdue to
its wide frequency banénd negligible loss,structuresimplicity, low fabrication cost,
small sizeand lowprofile compard with other balun design3.ypically, a microstrip to

parallel strip balun is employed to feed balanced antennas such as planar dipole antennas.
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O Boundary Geometry Conditons

Figure 3-7 Microstrip to parallel strip tapered balup49]

Figure 3-7 shows a microstrip to parallel strip tapered balis.can be seen, the top
transition line has a linear taper shape from the microstrip terminal to the parallel strip
terminal. On the otheside of the substrate (in this exam®4), the ground transition

line is tapered gradually from a finite ground plane at the microstrip terminal to the
parallel strip terminal with the same width as the top layer at this terminal. The
electromagnetic npperties of the transition between the two terminals are characterized
by a taper techniqueconversionapplied on the bottom layerintroduced in[49].
Therefore, the reflected power through thalun depends on the impedance at any

physical point along the balun structure.
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Chapter 4 THE PROPOSED ANTENNA AND DESIGN

In thiswork, open complementary doubdencentric splihexagonating resonators and
chip resistors arstegratednto a compact planar pole antennand form the proposed
antennafor ground penetrating radar applicatiotis.has broadbandcharacteristics of
classical dipole antengasuch as symmetric radiation patterns and comdistaliation
efficient. Itis fed with a broadband microgt to parallel strip lines transformer (Balun)
to achieveultraswideband impedance matchingdabalanced surface current distribution
Furthermore, a doublayer frequency selective surface (FSS) reflectaddedfor gain
improvement and kphase refletion, achievinga gain comparable tthat of horn

antennas

4.1 The ProposedAntenna

The geometric design of the proposed antenna is shoviigure 4-1, where Figure
4-1(a) shows the fabricated thrdemensional view of the overatlesignand Figure
4-1(b) illustrates one arm of the planar dipole with the staircase technique, respectively.

The detailed dimensions of the proposed antenna are tabuldtalléni.
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Figure 4-1 Fabricated proposed planar dipole antenna (a) @wmetric viewof the

Substrate
FR4

L3

Balun

L2
411

Copper Patch

.. b

V&r;zj=t

W3

(b)

simulated antenna structu(b)

Tablel Antenna dimensions

L 160 mm W 80 mm
L1 5 mm w1l 18.6 mm
L2 5 mm w2 7 mm
L3 68 mm W3 11.5mm

As shown inFigure4-1(b), the lower portion of each arm of the proposed planar dipole is
shaped in a staircase manner, with step increments chosen to be quarter wavelengths of
different frequenies for bandwidth ehancement and size reduction. The simulated and

measured reflection coefficient, gain, directivity, radiation pattern and-pbalér

bandwidth of the planar dipole goeesentecnd studied in the next chapter.

40




4.2 The Double Hexagonal Ring

In order to enhance bandwidth and obtain a greater return loss for the proposed antenna
(especially atlow frequencyendof the operating bandwidth between 1 to 2 GHpen
complementary doubleoncentric splithexagonating resonators (L&dank) are
enployed on each arm of the antenna. The geometric layout of thdaypdigonaling

resonators is depicted gure4-2.

Chip Resistors

Figure 4-2 Zoom view of theloublehexagonal rig layou
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1

Antenna
Upper Patch

Figure 4-3 Equivalent circuit model of the proposed antenna loaded witiT &k

As illustrated byFigure 4-2, when the splihexagonal ring is inserted into each arm of
the printed dipole, it divides the antenna arm into two separate regions, leading to two
current paths: an inductive patihere surface current flows along the thin strips of the
hexagonal ring (FS), and a capacitive patiwhere displacement current flows across the
slots of the ring (RG). Thus the equivalent circuit of the splitexagonal ring can be
modeled as a seriesnnected parallel LC resonat@figure 4-3) [50]. The resonance

frequency of the ring resonator is determimeBquation 41 as,

f, -1 Equationd-1

20+/LC

As the impedance of the ring resonator at its resonance frequency is very high, the current
flows from the feeding point will see an open cir@tithe ring resonatoHowever if the

ring resonator I's |l ocated at approxi matel

frequencyfr , an additonal resonance can be realized.

The dove design principle is adopted to create an additional resonance close to the first
resonance of the planar dipole, and in turn provide a greater return loss latvthe
frequencyend of the operational band. The ring resonators are designed to resbnate a
770 MHz (20 MHz above the first resonance of the antenna) and are placed at appropriate
locations near the end of the dipole armé#4 from the feeding point at 770 MHZ)he
measured and simulateeturn loss of the antenna withdawithoutrings are presented in

the next chapterThe approach51] that relates the geometric dimensions of the -split
hexagonal ring to its equivalent LC values is adopted in thik W design the ring

resonators.
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To further improve the impedance matching at low freqiesraf the printed dipole and
also prevent unwanted reflection from the open end of the anfameh causes late
time ringing effec}, a pair of chip resistor€l00 W each) are applied to each arm of the
antenna and are placed in parallel with the $@iagonal ring resonatgsee Figure
4-2). The overall electrical size of the proposed planar dipole is only/0:38.16/ (80

x 160mnt), where/ is the wavelength corresponding to the lower limit of aperation

band

4.3The Double-Layer FSS

To enhance the gaiand radiation directivityof the proposedplanar dipole antenna, a
doublelayer Frequency Selective Surface (FSS)ddedasareflectorfor the antennaA

unit cell of the FSSdyerl is illustrated inFigure 4-4 (left), which has a resonant
frequency of 1.75 GHasshown inFigure4-6. Oneunit cell of FSS laye® is illustrated

in Figure4-4 (right) and exhibi$ a considerably lower resonant frequency at 0.75 &Hz
shownin Figure 4-6; it hasthe same overall size of the unit cell of the first FSS layer.
This, in turn, alleviates the neefibr a larger FSS panel for the leend frequency of the
antenna

_ 30 mm . 30 mm
|

Figure 4-4 FSSlayerldimersions (eft) and FSSayer2 dimersions (right)

30 mm
ww g6y

ww €°6C
30 mm
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A

Figure 4-5 Doublelayer FSS

The two layer FSSs are placed 8 mm apart and fornddlblelayer FSSwhich is
illustratedFigure4-5.
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Figure 4-6 Transmission coefficients &iSSlayer1 (black) and FSS lay€? (blue)
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Figure 46 shows the transmission coefficients of the two FSS layers, respedtinglse

4-7 shows thesimulatedreflection phase and transmission coédit (S21) of the
proposed doublayer FSS. As shown, the ddaler FSS operates over a bandwidth of
132% from 0.64 GHz to 3.1 GHwith a S21 of less tha#10 dB it provideseffective in

phase reflection of the electromagnetic radiation from the ptiipale andthus coherent
reflected waves at the front plane of the antgi@2h In most designs reported so far,
minimum spacing of 1/4 wavelength is recommended between the antenna and its
reflector sheetfor good radiation directivity, gain, and interference isolat[&3].
However, with the proposed doukeyer FSS, the FSS reflector is located only 1/8 of the
wavelength (60 mm) from theéipole antennaresulting ina substantiaheight reduction

of the design.

s Simulated Transmission Magnitude

mmmnn Simulated Reflection Phase

- 50

=

[-Bap] — aseyq uondayay

Transmission Magnitude S;; — [dB]

'
h
=]

50 | | \ I L - 200

Frequency - [GHz|

Figure 4-7 Simulated reflection phase (black) and simulated transmission coefficient of
thedoublelayer FSS(blue)

To validatethe simulation results, the proposed doudbiger FSSwvas placed betweena
transmitterantennaand a receiver antenna in the anechoic chandoet then measured

Onthe transmitter sidea logperiodic antennavas employed, whilen the receiver side
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a double ridge horn antenmas usedThe transmitter and receiver antennas were glace
faceto-face with one meter separation between the two antennls. size of the
fabricated doubldayer FSSs 270 mm by 210 mm Due tolimited size of the FSS sheet
electromagnetic wavesanpropagag around the FSS reflectokbsorber walls wre then
added whichextended from four sides of the douldger FSS teeliminatethe problem
Figure4-8 shows the transmitter antenna pointed at the proposed daybleFS$with

theabsorber wadl around it.

Transmitter
Antenna i~ Double
Layer FSS
Absorber
Wall

Figure 4-8 Doublelayer FSS in anechoic chamber surroeddyabsorber walls

The transmitter is connected to a vector signal generator (Agilent E4438C) and the
receiver antenna is connected to a spectrum analyzer (Agilent E4B@A)pieces of

the equipmenare caableof coveing the desird bandwidth for this exp@ment (from

500 MHz to 3 GHz).
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In orderto measure the transmission magnitude (S21) of the proposed -teydil&S$
first, the received power at the receiver antenna without the ddaypde FSS was
measured at a desired frequentlien the received power at the geiver antenna with
the doubldayer FSS was measured at the same frequency diatratio of the two
measured results the transmission magnitude one frequencyThis process ishen

swept forthe entire desired frequency range.

s Measured Transmission Magnitude

mmmmn Simulated Transmission Magnitude

-10-

15+ &

-20

-25-
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=35

Transmission Magnitude S,; — [dB]

50 I | \ L
0

0.5 1 1.5 2.5 3
Frequency - [GHz]

Figure 4-9 Simulation and measurement transmission ntagei (S21) results

Figure 4-9 showsboththe measured and simulated transmissioefficient(S21) of the
proposed doublayer FSS. The first resonagcorresponds tahat of layer2 and the
second tahat oflayer1, and togetherthey cover the entire desired bandwidth. There is
an acceptablelisagreement between thienulatedand measurkresultswhich aredue to

fabrication errormeasurement errors and ideal setting of the simulations.
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4.4The Balun

To obtaina widebandmpedance matching betwea® 0 Y coax cabl e and
of the planar dipole antenna, and also to yield a balanced current distribution on the
surface of the antenna, a tapered shape B&fjnvas adopted as shown kigure4-10

The tapered patches on the balun halieear transition from the microstrip line to the

paralletplate lineto reduce possible reflectians

Top View Back-to-back Configuration

Top View
Feeding Line
=
£
w,
p—
Ground Bottom View
L“ SMA Connectoe

15 mm

(a) (b)

Figure 4-10 Geometric view of thpresentedalun (a) and backio-back configuration of
the fabricated balun (b)

The balun is fabricatedn a 15 mm by 16.6 mm doubfded FR4 substrate with a
thickness of 1.6 mm. A rectangular opening of 15 mm bynminé was cut off in the

center of t he ant enn aioserted fiomm the: fromt side. f o r t he

The proposed UWB antenna operates frequencyrangeof 0.63GHz to 3.9 GHZThe
balun should cover at least the same range of frequency. The aatlimsertion loses
of the proposed balun design wdlbackto-back configuratior{seeFigure4-10(b)) were
investigated Figure 4-11 shows the measured S11 and S21 of the balanfrequency

range of 0 to 8 GHz. The measurement results indicate that the proposed balun exhibits a
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greater than 14 dB return loss for the entperational bandwidth of the dipole antenna,

with an insertion lossef less thardB.
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Figure 4-11 Measured return loss (S4klue) and insertion loss (S2blacK) of the
proposed balun
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Chapter 5 SIMULATIONS AND MEASUREMENTS

5.1 Simulation Tools

In this thesis, Gmputer Simulation Technology (CST) Microwave Studio (MWS) 2013
with educational licensevas employed to obtain akimulatiors the proposed antenna,
the balun, and theFSS layes [55]. CST MWS ismature commerciaélectromagnetic
CAD software and isespecially suitable forlarge electromagneticstructures. The
transient solver provides fast and accurate resfltS-parametersgain, directivity,

efficiency, input impedanceetc.

5.2 Fabricating and Measuring Equipment

5.2.1Milling Machine for Fabrication

All componentof the proposedompact and higigain UWB antenngpresented irthis
thesis including dipole antenna, FSS lay&r FSS layer2 and balun are planar
structures They are all fabricatedn singlelayer FR4 substratesxcept forthe balun
which need to be fabricated on a doublayer FR4 After being finalized,from the
simulatiors, the designlayous of the structureswere drawn in AutoCADand then
converted to Gerber file® be readable for milling machineghe milling machineof
MITS Electronics FR21T in the Hectrical and Computer EngineeringDepartment at
Dalhousie University is capable of fabricating Printed Circuit Boards (PCBheof
antennas The maximumworking areaof the milling machinas 350 mm by 250 mm
which is suitablefor building larger designs such as the proposed FSSdaysr and
two. Figure 5-1 showsthe milling machineMITS Electronics FR21T. It is able to cut
and drillcopper off a substrate withminimum pattern width ©0.1 mm andaresolution

4 micro millimeters.
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Figure 5-1 MITS Electronics FR21T milling machine

5.2.2 Anechoic Chamber

Antenna measurements are perfornredn anechoic chamber systeising a NSI 700s

30 NearField scannerThe scanneris a spherical scanner, meapima probe takes
measurements all around the test antenna at an almost constant distance. This scanning
process is ideal for antennas that are small, lightweight, and dragenidirectional
radiation pattern. Theompletesystem is composed of an anechdiambermechanical
antenna/probe mountselevant controller units, a frequency analyzer/generator, and a

computerinstalled withthe control software.

Scanning takes place within the anechoic chamber. The chamber provides an ideal
environment for anteranmeasurement by minimizing radiation interference. The metal
exterior of the chamber acts as a faraday gagentingoutside radiation sourcésom
electromagnetically illuminatingthe chamberand interfering with measurements.
Pyramidshaped foamknown as absorberss installed on all theinside walls of the

anechoic chamber tabsorb electromagnetic waves impinging on them and to emulate
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open spaceFigure 5-2 shows an inside view of the anechoic chamdigratedat the

Microwave and Wireless Research lattbalhousieUniversity.

e I R

Figure 5-2 Anechoic chamber

Inside the anechoic chambers algomechanical sinds that hold and move the antenna

and probe used for testing. The phi and theta motors rotate the antenna so that the probe
can face the antenna at any unit angle around it. This allows the probe to collect data all
around the antenna without having tiually move around the antenrBy rotating the
antenna in one place using the two motors, the relative equivalent of having the probe

move all around the antenna candobieved

5.2.3Vector Network Analyzer

The electromagnetic waveare transmitted andeceived through the antenna and probe

by the vector network analyzer (Agilent 8722E8hich covershe 50 MHz to 40 GHz
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frequencyrange asshown inFigure5-3. The scanner rotators are controlledtbgrange

controller box (second box from the bottom).

Figure 5-3 Vector network analyzer Agilent 8ZES

The bottom box is the data acquisition bdke whole system is hooked up to a &t

contains the necessary software (NSI 2000) to operatsydteminside the anechoic
chamber.

5.3 Results

In this section, allof the simulation and measunent resuts of the proposed planar

dipole antenna with/without double hexagonal rings and chip resistors and-thydsle
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FSS are presentedihe electromagnetic properties of the proposed design are discussed
in terms of return loss, radiation pattern (electric and magnetic field);pbaker

beamwidthand gain.

5.3.1Antenna

The proposed planar dipole antenvithout LC-tank (hexagonal rings) drchip resistors
is shown inFigure 5-4. The antenna is fed from the front with the proposed wideband

balun via an SMA connector.

Planar Dipole Antenna

SMA Connector

Substrate

Figure 5-4 Proposed planar dipole antenna

To investigate the advantagesimiplementing the staircase technique for pineposed
planardipole antennaa parametric study for the parameter {§@eFigure4-1) is shown

in Figure5-5. As can be seen, by changing the value & We reflection coefficient of

54



the antenna will changespecially for higherfrequencyrange. W2 changeshe input

matching of the antenrand tus thebandwidth enhancemefdr the presented antenna.

—\\2 = 14 MM
e— W2 = 7 mm

Reflection Coefficient S;; — [dB]

-60 - - . -
0.5 1 L5 2 25 3 3.5 4

Frequency - [GHz]

Figure 5-5 Reflection coefficient ohe proposed antenrfar differentW2

5.3.2Antenna with the copper sheet

Typically, in radar applicationsthe transmitter and receiver antenfiase theground.
Thus,to isolatethe antenna, prevent electromagnetic interference and in¢cheagagn of
the antenngaa reflector sheet is plagén front of the antennaparallel to the groundrhis
will focus more radiationto the back where theobjectis located The proposed planar

dipole antenna with eectangulacopper reflector is depicted Figure5-6.
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Planar Dipole Antenna

Figure 5-6 Proposed planar dipole antenrmacked witha copper sheet

The rectangular reflector sheatith anoverall size of 210 mm by 270 miis placedata
distance ofh from the antennaCopper shestare usually setat a distancenearto a
quarter ofthe wavelength (/4) of thea n t e towestéogeration frequencyhe value
of h is swept from/ /8 to / /4 in order to obtain the optimum lowest valferh. The

simulation resultef thereflection coefficienfor parameteh are shown ifFigure5-7.
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Figure 5-7 Reflection coefficient of the proposed antewiith copper shedbr
parameterh

As shown,a return lossof higher than 10 dBs obtainedfor the entire desirable
operational bandwidth of the antenmih h=120 mmr, which corresponds td /4 atthe
lowest operating frequency 630MHz ) of the antennaWith h=120mn, a good
agreement between the simulation return loss of the antennth@adtenna withthe

rectangular copper shdstobservedas shown irFigure5-8.

jemmmn 51,1 Antenna
jemmmm S1,1 Antenna + Copper Sheet

-20 -

-30

-40

1 U WO | N S S

Reflection Coefficient S;; — [dB]

-60 ;
0.5 1 L5 2 2.5 3 3.5 4

Frequency - [GHz]|

Figure 5-8 Reflection coefficient of the proposed antenna wiitth withoutcopper shete
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The antenna patterns for electric and magnetic fields with and withoutotbeer
reflector were simulated over the operating band. The antenna patt€isGHz, 1.3

GHz, 1.9 GHz and 3 GHfzequenciesare plotted respectivelyin Figure5-9 to Figure
5-12.
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Figure 5-9 Simulated radiation patterna (a) E-cut plane andb) H-cut plane of the
proposed antennaith and withoutopper sheteat 0.7 GHz
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Figure 5-10 Simulated radiation patterna (a) E-cut plane andb) H-cut planeof the
proposed antenna with and withadpper sheeat 1.3 GHz
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Figure 5-11 Simulated radiation patterria (a) E-cutplane andb) H-cut plane of the
proposed antenna with and withagpper sheeat 1.9 GHz
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Figure 5-12 Simulated radiation patterns (a) E-plane andb) H-cut plane of the
proposed antenna with and withagpper sheeat 1.9 GHz
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The antenna radiation patterns haveelatively low side lobgwith no tilting up to
around 1.9 GHzThe copper sheet refliscradiationback and increase thegain of the
antenna. The gain of the proposed antenna with and without the reflector sheet is plotted
in Figure 5-13. The maximum gain improvement of 6dBis achieved at 1.7 GHz.
However, this gain enhancement is nohsistenfor the entireoperating bandwidth due

to the wavelength changes with frequencies

mmmimmm \easured Gain of the Antenna
memems Measured Gain of the Antenna with Copper Sheet
12 T T T T

10 -

Gain — |[dB]
=

2

-4 | 1 1
0.6 0.8 1 1.2 1.4 1.6 1.8 2

Frequency - |GHz]|

Figure 5-13 Simulatedyain of the antenna with and without copper sheet

5.3.3Antenna with double-layer FSS

As can be clearly seen frofigure5-10 andFigure5-13, therectangulaicopper sheet is
not a suitable reflectdior the proposed planar dipole in terms of both radiation pattern
and gain Moreover,a 120 mmdistance between the antenna and reflector is too large to
render the antenndow-profileG In order to decrease this distareed have irphase

reflection with radiationpresent onlyon one side of the antenméth enhancedadiation
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directivity and ga, a doubldayer frequencyselective surface isthen employed to
replace the coppeeflectorasshown inFigure5-14.

Figure 5-14 Proposed planar dipole antenna backed witlublelayer FSS

The doubldayer FSS consistof two separate layers with spacing of 8 mm between
them. Each layer has seven by nine ggritsof 30 mm by 30 mneach;with the overall
size of 210 mm by 270 mifthe scattering parameters of layleand layer2 are studied
in subsectiord.3). h is swept from50 mmto 80 mm inorder to obtainits optimum

lowest value The simulatedeturn losgesultsfor h are shown irFigure5-15.

62


































































