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DIRECTIONAL WIDEBAND PRINTED MONOPOLE ANTENNA FOR USE
IN MICROWAVE BREAST CANCER IMAGING

SUMMARY

Breast cancer is the most common cancer in women. Detection of small breast
lesions by mammography screening facilitates the cancer treatment by noninvasive
techniques. Recently, new therapies than traditional surgery have beere@xplo
satisfy these demands. The physical basis for breast cancer detection with microwave
imaging is the difference in dielectric properties of normal and malignant breast
tissues. Microwave imaging involves illuminating the breast with an-wilaband

pulse from a number of antenna locations, then synthetically focusing reflections
from the breast. The detection of malignant tumors is achieved by the coherent
addition of returns from these strongly scattering objects.

Radarbased microwave imaging techniques have been proposed for early stage
breast cancer detection. Radl@sed microwave breast imaging approaches involve
illuminating the breast with an ultieideband pulse of microwaves and detecting
reflections. The eaflections are then processed to create images that indicate the
presence and location of tumors in the breast. A key component of these systems is
the antenna that is used to radiate and receive thewittedband pulses. So the
antenna design requiremsnfor use in near field near surface measurement
applications, such as radaased microwave breast cancer imaging are as follows:
radiation of ultrawideband signal to transmit short pulses, size of the antenna on the
order of a few centimeters to seigety illuminate and permit scanning, an optimum

half power neafield beam width( HPBW) to avoid smearing of the scatterers that
occurs if the field of view of each antenna is too broad, and finally a good impedance
matching across the entire band, Tmswges that most of the energy is transmitted.

In order to decrease the HPBW of an antenna we have to increase the directivity of
the antenna in a desired direction. Nevertheless, most of the wide band and UWB
antennas like planar monopoles, which are se,uhave almost Omibdirectional
radiation pattern.

Directivity can be achieved if the antenna is large in a desired direction, such as Horn
or Vivaldi antennas. Printed disc monopole antennas with-simped or parabolic
shaped ground plane are introddcas another type of directional antennas. In these
antennas it has been shown how parti al
performance, in maximizing the directivity and gain of the antenna. These kinds of
directional antennas are similar tbe UWB type OmnDirectional monopole
antennas, where it is shown the effect of ground plane on obtaining the desired
directional characteristics of the antenna.

This Thesis presents a new design of directional wide band monopole antenna with
parabolieshaped ground plane. Ground plane of the antenna consists of a
symmetrical parabolic curve, which its axis extended along the direction of the

Ssubstrateods di agonal . I n order to accon

XXi



parabola in the ground plane is exted throughoutthe direction of square
substrateb6s diagonal that maxi mi zes the cape
reflector. The directivity of the antenna is further improved by inserting parabolic

shaped slots at the corners of ground plare 3econd edge of the ground plane

which is created by inserting the slots, behaves as an additional reflector which cause

to increase in the gain and directivity.

Then, the presented planar antenna is composed of - smdiscopol e fed by a b5
microstrip ine printed on a FR4 substrate. Simulation and measurements show that
the proposed antenna has stable directional radiation pattern and higher gain
compared to the previous directional monopole antennas. Impedance bandwidth of
the antenna covers the fregog range of £ GHz. Measured HPBW is among the
degrees 522 in the same range of frequencies. In comparison with conventional
antennas with a similar structure, gain of the antenna is improved betwieand

3.1 dB among4-9 GHz.HPBW of the antenn& also between 5 and 15 degrees
through the bandwidttResults confirm the good characteristics for use in radar and
microwave Breast cancer imaging applicatiargere high resolution is requireldor
example, at 8.5 GHz, measured HPBW of the antennaciedsed from 38 degrees

to 23 degrees (mentioned in the result section), which confirms a 40 % decrease in
HPBW of the antenna (simulated HPBW is 26 = 33 % improvement). That is very
important in order to increase the resolution of a radar system.

As an additional attemptanothernovel compact directional monopole antenna in
microstrip technology islsopresentedDimensions of thigntenna are considerably
miniaturized in comparison with conventional directional antennas. The main effort
is to convert a Omntdirectional radiation pattern of a compact monopole antenna to
the desired directional radiation pattern, by using a novel ground plane, and a
parasitic element. The ground plane and parasitic element are accurately designed in
a way that make theudace currents of radiating elements to move toward the
desired direction, which increase the radiation density in the preferred direction and
also decrease the radiation intensity in the opposite sides. Simulations confirm a
good directional characternistof the antenna at the frequencies between 5 and 9
GHz. Gain of the antenna is increased over 5 dBi at the desired frequencies.
Reflection coefficientbandwidth of the antenna covers the frequencies amehg 5
GHz. Miniaturized size and an acceptaldigectional characteristic of the antenna
make it possible to use it in the microwave imaging systems and radar applications.
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MKKRODALMEAME KANSERK GY¥R!KUILANIMIMEGC K N
GENKKk BANTLI Y¥NL! MKKROKERKT ANTE

OZET

Meme kanser. k agbrélenlkansedti@idié.Mangografigkigcilk meme

| ezyonl arénén noninvanmkol agkakkéeelte Ban
gel eneksel cerrahiden daha yeni tedavil e
Meme kanseri tespiti igin Mikrodalggoruntileme teknolojisi giinimuizde ¢ok ilgi
-ekmi K. Mi kr odal ga gefi tegih itirg fizilkseh emelndrreal me me

vV e mal i gn me me dokul ar én di el ektrik ©ze
frekansl arénda nor mal Yeemh!| kger ime mana8 ¢
fark neden | e c-eeapsékepozviet ivfdmrelr@kn sayéseé -o0k
bu neden me me kanser. tespitinde bir
geli ktiril mesi I -1 n en ©°ne mbnomal tmenea sy on
dokusu araséndaki kontrast nor mal doku
araseéenda. Bakka bir avant aj ol ar ak, mi kr
doku ozellikleri bir G¢ boyutlu (@) haci msel haritasénda
Mikr odal ga meme Kkanser. ger¢nt ¢l eme nonion
mal i yet | i bir alternati ftir. Bahsedil en
g°re¢nt ¢l eme gel eneksel meme Kkanser. tar e
Ustesinden gelmekin bir potansiyele sahiptir.

Mi krodal ga gere¢nt ¢l eme, t @ébbi uygul ama
arakter mal ar a s a hnlep ve backscafter pootgmledidlektik y © nt e
czelli kl eri karketl ékl ar e ndlame teknekigrohin | an ar
i ki farkl é& y°ntem sayeéel er. Mi krodal ga to
yanséyan mi krodal ga ener j i nadzellkletiprofilnml er i
topl amakt eéer . Ancak, dijer t ar bdckscatter y er
y°ntemlerde ama- °I| -¢l en geri yanséyan s
daj etéeceéel ar én yverl erini -ékarmakt ér . No
arasénda, dielektrikdeanel liilkl S&ai-®l Mae mlg ik
Sonamanl arda meme kanser. tespiti I -1 n b
konfokal mikrodalga gorintileme ve ingilizce olarak confocal microwave imaging
(CMI) ol arak adlanderel ér. C Ml me me t ¢ m°
bir fiziksel anten dizissistemi ile gonderilen ultrg e ni k bant dar be il
ve yansi maktir. Sa-élan yerini belirl eme
sa-élan sinyalinin nispi var ek sg¢releri
edilir. Mikrodalga toneg r a f | Il e k a €EMI eybraermit éialektlikd € ] € n ¢
°czelli kl eri profilini t amamen yeni den Y
si kli klerin yerini tanemlamak i stiyor.

Késaca Radar tabanl e mi krodal ga me me g e
memeni  ultrage n i K bantl e mi krodal ga dar be i
yansémal aré tespit et mektir. Daha sonr a
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temePreéen yerioni tespit eden vekudd®uIneEmren g°

ré
sistemlerin 6nemli bir bolimi ultge n i K bant sinyal yay mak vV e
kull anél an antendir. Hem girik empedans uydu
i stenen bant geni kIl i7Ji ¢zer i nkdign, iyftant eni n b

performans gostermegerekir.

Antenin yuksek c¢oOzunurlukteelde etmek icin antenin direktivitesi en onemli

Ozellikk er i nden bi r iGgi-r .1 kK/A&mtingdiedaiHak YawvgréaBeam

Width ( HP B W) ke¢-¢k ayréenteéelaré tespit et mek i -
yandan, antenin féezéehsdebdzamonmak kairmawxeéekhyneé
e 1yi de mued el e k e fmerkmliuv-Jiun kompakt bir a
edi |l ir. Bu iczden bu t ¢r radar tabanl & miKkr
yé¢zey yake ndaki yakeén alll d mcha& m° li --dgm g welr
tasarém gereksinimleri akajédaki gibidir:

o< @

1T Késa dar bel alraag einli «t ek ti -yiary €l an si nyal

T Se-i ci aydenl at maka ves dmatriamatkr e -amt emibg¢yy
T Antenl erin g°r ¢k al anénén -d&] &gteénd &l aorl éma
araseéendaki ma n i °nl emek i -in optimur
geni K1l 1]

T Ve ni hay m bant boyunca 1ivyi bir emp
enerjininboyikk é s ménén il et él mesi ni ] ar.

Bir antenin HPBW ini azaltmak icin antenin direktivitesini bir istenen yonde
arttérmak «kartter. Dar bel i radar tekni kl eri
-ekKi tli farkl e antenl er ddrlamntké&rima @ruupléiar é nt
tipik 6rnekleri vivaldi, bowtie, sibl i ne bowt i e, ahtenlemicerr.e mi kr oke
Géenegmegzde Ul tr a Wi de band (UuwB) uygul amal a

antenlere artan talepler var &keé&m.eémy%nldg edantnan
i stenilen y°nde artérmak i-1in, daha net, Y a
etmek i -in kullanel er. Radar sistemlerinde
belirleyen temel parametrelerdené bdahair, di
dar bir exkén kullaneéelarak -°z¢lebilir Y°ne
bir mesafe °rtmek amacéyla HPBW ol dukca aza
ékénéewoBondyCi hazl ar énda, Wireless Body Area |
icin elekromanyetik radyasyonun etkilerini insan vicuduna azaltmak i¢in arzu edilir.

Bu hal de, kull anémda ol an geni k bantl e Pl anc:

Omni Directional radyasyon deseni var.

K gi uygul ama sajléeklée ve °nraelilginkl ccak wn éar d &
a-éklayarak mikrodal ga meme kanser.i tespit €
vardér. Horn ya Vivald gi bi antenl erde, ant
ol masé durumunda direktiV|teumIIerdee|q,|ned|Iebili
fiziksel ve radyasyon ©°zelliklerine g°re sé
sl ot ve monopol e) Kompakt genik bant y°nl ¢
direktivite elde etmek amaceéylvayaemitiende kavi
mal z e me kull aneéel er . Ancak b u gi bi yakl akém
antennverim azal masé gi bi csretim s¢grecinde bir
ol ur . Ancak bu gi bi yakl akéml ar kull anél ar a
azalmaé gi bi sorunl ar ve ¢retim s¢grecinde bi
tabanl me me KkKa&n GHrzi f tr e K @ ikdn@a mbatie anged € kK a n

e e K
veya349 . 6 GHz frekgeseéexndhlmpub@kan yakéen al and
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mikrodalga gorintéd me i -in sunul muktur . Gel enekse
y°nl ¢ antenler de sunul muk, ancak bir de
aralejeée wvar. Dijer tarafta vival di tip
radyasyonl aré -ember Xp&li ¢hhidtveya parabc
ground s ayfrmalké oantemen pnikdodalga gorintileme sisteminde

kull anél mak i -in sunul muktur. Bu -al eékm
anten kazanceée ve di malstéil viette&kd il reidn jpe rvfeo ro
gosteriyor. Monopolmi k r oawtentei gopuler ve fabrikasyon ve oOzellikleri ve

kicuk boyutu veni k r a keekrniotl oj i nin dijer avantajl ar

Bi zim -al ékmal ar I -in padabayf &l xkekbnaode
mi kr candreint g°z %n¢gne al enméexkt é

Bu Tez bu wuygulama i-in modifiye tasareé
-al ekabilen bir paraboli k «keklinde vyans
sunuyor . Bu - al skemada,angrecaumd isayfnen y°
etmek ¢zerinde etkisi g°sterdiji ve art el
Bu tezin amacé, °zellikle mikrodalga mem
yakén alanda °l-¢m uygul amal arénda |, k u
yape sé tasarl amakter Antenin Ground Sayf
boyunca uzatél méek simetrik bir parabol ik

parabol ¢n¢gn eksenini Ssubstratin -aprazér
sayf as awlkayuvage@a r ekl eyer ek Iy i IdiZlen icindé | mi Kt |
parabol ¢n eksenini, kare substrat di yag
sayfasénén yetenejine dojru ve simetrik
sayfasénda yuwktau rekll aeny eirkeikn coil kenar | ar Kk az
neden olup ek bir reflekt©°r gibi davranéi

Sunulan duzlemsel anten %) mi k rbestemeli ibipdiskmonopol dan ol u
Tercih edilen bant geni Kl ijJinde dedift eni n
k or uma k, = 4.4 dielektrik Babiti olan 56hm boyut | ar énda kar e
czerinde tasarl anmékt éar énDildle&nlIreéedkl avreée ,i

milimetre ve 35 mikrometral i r . Hem sim¢glasyonl areé ve
antenin Frekansa karkeé stabil bir € K éma
banBéeG#Hz frekans aral éeéjé kapseéyor-22 ¥1| -¢1
derece araséndadeér. ¥ nc e ki-9Ghw irofnekans| e r

ar alag %16 dedece direktivite ve 1-:3.1 dBi kazangi y i lledk tjiir it eyi t €
Ant en kazancé 8 GHz frekansénda GHxr dBi

ar adsaégn Phi = 13@areaseaeadBRhideFi ebger, Ve bu
Iy bir grap g kHPBWazdlngabedeni ile antenin ve neticeten
radar sisteminirgdzunurlikparametresa r t é y or . Or n etkHPBW 28r a k 8.

dereceden 23 #HéB®cdPe Y%ar gl Epeamesini gost .

E k bir o-lalréakma mi kr oklea k lirayeniekémpaki yonlii si nde
monopol ant en Bdeantemmowlumd katrwer .ol duk-a gel
antenler i1 e kgrigé mBetagr e hdej eknal@manc e i
fretkansl arda 5 d&BeAnka&dam agratnsrédlmma k-t sayé
GHz araseéendaki frekansl ar é kna igi syantu . K¢ -
k ar ak t emikrodatga jgdrgntileme sistemleri ve rada uygul amal ar
kullanmak i¢in uygundur

s
¢
(
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1. INTRODUCTION

Microwave imaging technology for breast cancer detection has attracted many
interests nowadays. The physical basis for breast cancer detection with microwave
imaging is the difference in dielectric properties of normal and malignant breast
tissues. The motivation for developing a microwave imaging technique for detecting
breast cancer is the lower numbers of missections and falsgositives which is

due to the ignificant difference in the dielectric properties of normal and malignant
breast at microwave frequencies. The estimated maligoardrmal breast tissue
contrast is between 2: 1 and 10: 1, depending on the density of the normal tissue. As
another advaage, microwave imaging techniques result in a tdieeensional (3

D) volumetric map of the relevant tissue properties. Also Microwave breast cancer
imaging is a noninvasive and indeed potentially low cost alternative. Because of all
mentioned reasons, mawvave breast imaging has the potential to overcome some of

the restrictions of conventional breast cancer screening systems [

There is an extended body of literature on medical applications of microwave
imaging. Two different methods of active microxgaimaging techniques make use

of contrasts in dielectric properties: topographic methods and backscatter methods. In
microwave tomography the purpose is to recovery of the dielgnjmerties profile

of an object from measurements of the microwave gngensmitted through the
object. But in the other side, as in the case of ground penetrating radar, backscatter
methods use the measured reflected signals to infer the locations of significant
microwave scatterers. Between normal breast tissue and nmallga@ns, Scattering

arises from significant contrasts in dielectric properties.

Recently another approach to breast cancer detection is proposed, which is called as
confocal microwave imaging (CMI). The procedure of detection of breast tumor in
CMI is comprises illuminating the breast with an ultideband pulse from a
number of physical antenna locations. In order to provide information that is used to
determine the scattered location, the relative arrival times and amplitudes of the
backscatteredignal are analyzed, using related algorithms. In comparison with



microwave tomography, instead of attempting to completely reconstruct the
dielectricproperties profile, the CMI approach seeks only to identify the location of

strong scatterers in the bregk, 2].

Briefly in Radarbased microwave breast imaging, the procedure of attempt is to
illuminating the breast with an ultieideband pulse of microwaves and
consequently detecting reflections. The reflected waves from the tissue are then
processed toreate images that identify and indicate the location of tumors in the
breast. An important section of these systems is the antenna that is used to radiate
and receive the ultravideband signal. Both in the terms of input impedance
matching and radiation parn over the desired bandwidth, the antenna must

demonstrate good performance, in order to use in these applications.

1.1 Statement of the Problem

Directivity of the antenna is the most important characteristic of the antenna in order
to achieve high resolution. The Half Power Beam Width (HPBW) of the antenna
must be small enough in order to detect smaller details. In the other side, a compact
antenm design is desirable in order to reduce the complexities of physical mounting

the antenna and also to achieve a degreembrmitywith the body B, 4].

So the antenna design requirements for use in near field near surface measurement
applications, suclas radabased microwave breast cancer imaging are as follows:
radiation of ultrawideband signal to transmit short pulses, size of the antenna on the
order of a few centimeters to selectively illuminate and permit scanning, an optimum
half power neafield beam width( HPBW) to avoid smearing of the scatterers that
occurs if the field of view of each antenna is too broad, and finally a good impedance
matching across the entire band, This ensures that most of the energy is transmitted.
In order to decreasthe HPBW of an antenna we have to increase the directivity of
the antenna in a desired direction. Various different types of antennas are being
considered by research groups involved in tisseresing applications using pulsed
radartechniquestypical examples of such antennas include the Vivaldi, bowtie, slot
line bowtie, horn, and microstrip antenn&$. [This Thesis also presents a printed
monopole antenna with the optimum directional characteristics for use in microwave

imaging.



1.2 Literature Review

Nowadays there are increasing demands for directional antennas, for the Ultra Wide
Band (UWB) applicatios. Directional antennas are used to optimize Half Power

Beam Width (HPBW), more clearly, to increase the radiation intensity in a desired
directonbyc onver ging radiation pattern. Ant en
of the main parameters determining the r
details can be resolved by using a narrower beam. As the other advantages of
directive antennas, it ilequired to minimize the HPBW in order to cover the long
distances §]. Directional beam of an antenna is also desirable for B@dyn

Devices in order to use in Wireless Body Area Network (WBAN), to reduce the
effects of human body to electromagneticiatidn [7]. Nevertheless, most of the

wide band and UWB antennas like planar monopoles, which are in use, have almost

OmniDirectional radiation patterr8[ 9, 10].

Application of interest is microwave breast cancer detection which exploits the
contrastsin dielectric properties between healthy and malignant tissue. There are
different types of directive antennas. Directivity can be achieved if the antenna is
large in a desired direction, such as Horn or Vivaldi anteritidsNlany efforts have

been presdred in order to design compact wideband directional antennas for
microwave breast imaging which can usually be classified as one of three types
(dipole, slot, or monopole) based on their physical features and radiation properties.
In other types, antennadludes cavity or shielding plane behind itself, or uses the
absorbing materials in order to obtain directivity. But using such approaches cause
either increment in the antenna size or decrease in the antenna efficiency as well as
complication in the prodition proces$7, 13. Some other directional antennas such

as conventional slot antennas are also presented but as a disadvantage they have a
limited operating frequency rangé, 13, while Vivaldi type antennas have a good
bandwidth and directional raation pattern[14]. Printed disc monopole antennas

with an L-shaped or parabolshaped ground plane also are presented as a
directional antennas [15,6]. Compact bowtie antenna operating at¢ &Hz for
radarbased breast cancer detection [17], Widebaondapole antenna fed by a-50

ohm coplanar waveguide working at 84 GHz for microwave nedield imaging

are also presentdl8].



As the special type of microstrgirectiveantennas, Printed disc monopole antennas

with an L-shaped or parabokshaped grund plane are introduced as a directional

antenna for use in microwave imaging sysfdm, 14. In these studies it has been

shown how parti al ground optimization infl v
optimizing the gain and directivity of the antenrihese kinds of directional

antennas are somewhat analogous to the UWB type -Dimestional monopole

antennas, where it is shown the effect of ground plane on obtaining the desired

directional characteristics of the antenna.

Given that monopole microstrigntennas are the most popular in MWA, and their
ease of fabrication, and properties and small size and other advantages of microstrip
technology, we selected the monopole type printed antenna with a pasdiaged
ground as a reflector for our studie$id Thesis presents a new modified design of
directional monopole antenna with a parabshaped ground plane as a reflector
that can operate over the necessary wide bandwidth for this application.

1.3 Objectives

Printed disc monopole antennas with ashiaped or parabokshaped ground plane

are introduced as a directional antenna for use in radar and microwave imaging

system. In these studies it has been shown how partial ground optimization

i nfluences the antennads pwy Ihthis sudynhe e |, i n max
effect of the ground plane on obtaining the desired directional characteristics of the

antenna is demonstrated and improved.

The aim of this thesis is to design a new modified antenna structure which is

convenient especially in these of near field near surface measurement applications,

such as microwave breast cancer imaging. The proposed antenna is a modification of

the previous type monopole antennas, which is more directive compared to previous

types. Ground plane of the antanconsists of a symmetrical parabolic curve, which

its axis extended along the direction of t
i mproved by extending parabolads axis of g
substrateds di agon agparabolet sladswb theeggoune plané. y , I nser
Extending the axis of parabola in the ground plane along the direction of square
substratebés diagonal maxi mi zes the capabild]

reflector. Also the second edge of the ground planelwisi created by inserting the



slots, behaves as an additional reflector which cause to increase in the gain and

directivity.

The presented planar antenna is composed of andsm o pol e f ed by
microstrip line. In order to maintain a tradf# betwee the gain in the favored
bandwidth and the size of the antenna, it is designed on square FR4 substrate with

di mension of 50mm, w h ex4el. Thiclenesses tofr thec cor
dielectric (d) and conductor | aythr s ar
simulations and measurements confirm that the proposed antenna has a stable
radiation pattern versus frequency. Impedance bandwidth of the antenna covers the
frequency range of-9 GHz. Improved directivity of 85 degrees and improved gain

of 1.1-3.1 dBi in the frequency range of-9GHz compared to conventional
monopole[16] are confirmedAlso in comparison with [I5improved gain of 1.5

dBi is obtained.

As an additional attempgnothernovel compact directional monopole antenna in
microstriptechnology isalsopresentedDimensions of thimntenna are considerably
miniaturized in comparison with conventional directional antennas. The ground
plane and parasitic element are accurately designed in a way that make the surface
currents of radiatio elements to move toward the desired direction, which increase
the radiation density in the preferred direction and also decrease the radiation
intensity in the opposite sides. Gain of the antenna is increased over 5 dBi at the
desired frequencies. dRedion coefficient bandwidth of the antenna covers the
frequencies among-% GHz. Miniaturized size and a good directional characteristic

of the antenna make it possible to use it in the microwave imaging systems and radar

applications.






2. FUNDAMENTAL PARAMETERS OF ANTENNAS

2.1Purpose

In order tostudythe performance of an anteniitais requiredto know about various
parameters of the antenna. Radiation pattern, gain, ditgctigflection coefficient

and other parameters of an antenna are necessary to be defined in order to have more
study in the field of any particular type of an antenna. Parameter definitions are given

in this chapter.

2.2 Radiation Pattern

An antenna radit i on pattern or antenna pattern
function or a graphical representation of the radiation properties of the antenna as a
function of s IPlaRadiatian@atterrddf anartemrsa s ddtermined in

the far field regionand it is also represented as a function of the directional
coordinates. Radiation properties include power flux density, radiation intensity,

field strength, directivity, phase or polarization. In the most cases radiation pattern is

two or three dimensimal spatial distribution of radiated energy as a function of the
observer 6s position besi de a surface 0
coordinates is shown in Figure 2.1. The power pattern is usually plotted on a
logarithmic scale or more commonly decibels (dB). This scale is usually desirable
because a logarithmic scale can accentuate in more details those parts of the pattern

that have very low values, which later we will refer to as minor lobes.

In order to have the full picture of radiatiortjgan of an antenna we have to measure
the Eplane and kplane patterns. The-glane contains the electric field -fteld)
vector and the direction of maximum radiation. Whereas the magnetic field or H
plane lies at a right angle to theplane and contamthe magnetic field (Hield)
vector and direction of maximum radiation. Radiation pattern distribution depends on

the application for which an antenna will be used. For example, in the case of radar



applications directional antennas are favored to utsm il order to cover the long
distances directional antennas can be (Bgd19].

Figure 2.1 : Coordinate system for antenna analysis

For an antenna, Field pattern in linear scale represents a plot of the magnitude of the

electric or magnetic field as a functioh the angular space. Power pattern in linear

scale represents a plot of the square of the magnitude of the electric or magnetic field

as afunction of the angular space. Finallgpwer pattern (in dB) represents the
magnitude of the electric or magnetield, in decibels, as a function of the angular

space.

The twodimensional normalized field pattern (linear scale), power pattern (plotted in
linear scale), and power pattern (dB scale) of @&lgéénent linear antenna array of
isotropic sources, withaspa ng of d = 0. 25a between

Figure 2.2.

-3 4B )
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Figure 2.2: Two-dimensional normalized (a) field pattern ( linear scale), (b) power
pattern( linear scale), and (c) power pattern( in dB) of @&léthent
|l i near array with a spacing of d
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In Figure 2.2points where thepattern achieves its hghower, relative to the
maximum value of the patters, in a. field pattern at 0.707 value of its maximum, as
shown in Figure 2.2(a) b. power pattern (in a linear scale) at its 0.5 value of its
ma x i mum, as shown in Figure 2.2(0ks c.
maximum, as shown in Figure 2.2(&l three patternsonfirm the same angular

separation between the two hptfwer points

2.2.1 Radiation pattern bbes

A radiation lobe is a portion of the radiation pattern bounded by regions of relatively
weakradiation intensityVarious parts of a radiation pattern are referred to as lobes,
which is classified into major or main, minor, side, and back lolkegure 2.3
demonstrates a symmetrical three dimensional polar pattern with a number of
radiation lobes Some are of greater radiation intensity than others, but all are
classified as lobes. Figure 2liistrates a linear twalimensional paérn [one plane

of Figure 2.3 of the same Beam of the antenna

F

Figure 2.3: Radiation lobes and beamwidtblsan antenna pattern.

Hall=poower beamwidib HIPHW |
Firsk null beamawidili % BWh

Figure 2.4: Linear plot of power pattern and its associated lobes and beamwidths



A major lobe (also called main beam) is defined as the radiation lobe containing the

direction of maximum radiation. In Figure 2.3 the major Iadygoyntingi n t he d = 0
direction. A minor lobe is any lobe except a major lobe. In Figures 2.3(a) and (b) all

the lobes with the exception of the mapgme theminor lobes. A side lobe is a

radiation lobe in any direction other than the intended lobeack lbbe is a radiation

| obe whose axis makes an angle of approxi maf
an antenna. Minor lobes usually represent radiation in undesired directions, and they

should be minimized. Side lobes are normally the largest of therrtobes. The

level of minor lobes is usually expressed as a ratio of the power density in the lobe in

question to that of the major lobe. This ratio is often termed the side lobe ratio or side

|l obe | evel. Side | obe | ewadtdesirableinimddd dB or s

applications.

2.2.2 Isotropic,directional, and omni-directional patterns

Directivity is defined aghe ratio of radiatiorintensity in a given directioto the
radiation intensity averaged over all directions. At the next seatiensill present a
complete concept of directivity. Figu25 demonstrate a typicdirectionalHorn

antenna.

An isotropicantenna has aeqgual radiation in all directionsAlthough it is ideal and

not physically realizable, it is often taken as a refegefior expressing the directive
properties of actual antennas. A directional antenna is one having the property of
radiating or receiving electromagnetic waves more effectively in some directions
than in others. This term is usually applied to an antermwse@maximum directivity

is significantly greater than that of a halave dipole.

Figure 2.5: L Principal E and Hplane patterns for a pyramidal horn antenna.
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2.3Radiation Power Density

The quantity used to describe the power associated with an electromagnetic wave is

the instantaneouBoyntingvector defined as:
W = #3 (2.1)

W = InstantaneouBoyntingvector (WIm2)
= Instantaneouslectricfield intensity ~ (V/m)

H = Instantaneoumagnetiefield intensity (A/m)

Note letters with the pointsare used tademonstrate thénstantaneous fields and
quantities, whilenormal lettersare used to represent their complex counterparts.
Since thePoynting vector is a power dengit the total power crossing a closed
surface can be obtained by integrating the normal component Bbirgingvector

over the entire surface. In equation form:

l#:i?V\ﬁS:i:](\ﬁ])da 2.2)

= instantaneous total power (W)
n = Unit vector normal to the surface
da= Infinitesimal area of the closed surface (m2)

For the applications of timerarying fields, it is desirable to find the average power

density which isachievedby integrating the instantaneoBsyntingvector over one

period and dividing by the periodoFtime-harmonic variations of the formjvg, the

complex fields E and Hare defined,which are related to their instantaneous

counterparts E and H by:

#(x, v, zt) = R4E(x, y, x)e"] (23)
H(x, v, z:t) = ReH (x, y, )" (24)

11



Using the definitions of (3) and (24) and the identity:
RdEe™|=12|Ee™ +E's ™|

(2-1) can bewritten as:

W= ¥= RG[E3 H™ +2R€{E3 He? "

(2.5)

The first term of () is not a function of time, and the time variations of the second
are twice the given frequency. The time aver®ggntingvector (average power
density) can be written as:

W,,(x, v, 2) = Mi(x, v, )], = M (W/m?) (2.6)

The Y factor appears i2-5) and (26) because the E and H fields represent peak
values, and it should be omitted for RMS values. A close observation6)frniay
raise a question. Based on the definition e6)2the average power radiated by an

antennas defined as
Pao = Pav = fiV3-ds= f O, N)dla =1/ 2f RYE? H').ds -

The observations are usually made on a large sphere of constant radius extending
into the far field. In practice, absolute power patterns are usually not desired.
However, the performance of the antenna is measured in terms géith€to be
discussed in a subsequent section) and in terms of relative power patterns. Three
dimensional patterns cannot be measured, but they can be constructed with a number

of two-dimensional cuts.

Anisotropic radiator is an ideal source that radia¢ggially in all directions.
Although it does not exist in practice, it provides a convenient isotropic reference
with which to compare other antennas. Because of its symmetric radiation, its
Poynting vector will not be a function of the spherical coordimateg | es d and
addition, it will have only a radial component. Thus the total power radiated by it is

given by:

12



20 p

Pea = VIS = 7} 2 Wo(r)].[a 1 singdgdr] = 4or W, 2.8)

And the power density by:

aP. 6
W — W — rad
b =&V 37884?9 (2.9)

2.4 Radiation Intensity

The radiation intensity is a fdield parameteris defined as thpower radiated from
an antenna per unit solid angle a desired directiorand it can be obtained by
multiplying the radiation density by the square of the distance. In mathematical form

it is expressed as:

U=rW,, (2.10)

where

U =radiation intensity (Whit solid angle)

Wi a4 = radiationdensity (N/mz)

The radiation intensity is also related to theZane electric field of an antenna, by:

U@.N =" EC.a.0[ ° 2 1Er.a.N +[E ¢.a.01°

1 ) X (2.10a)

B @) +[E @) ]
where:

E ( r ¢) = fdrzone electridield intensity of the antenna
e jkr
E(r5)= B(q.)

Eq, E. = Farzone electridield components of the antenna
d = intrinsic impedance of the medium

13



Thus the power pattern is also a measure of the radiation intensity. The total power is
obtained by integrating the radiation intensity, as given b%0)2 over theentire

solid angle of 4°. Thus:
20 p _
Faa = AYAV= i fY singded? (2.11)
W 0 O
where:
dy= el ement of solid angle = sind dd di
For anisotropic source U wil!|l be independent

for Wiag. Thus (211) can be written as:
I:)rad :ﬁugﬂw:uoﬁdw: 4MJO (212)
w W

Or the radiation intensity @fn isotropic source as:

Up=—2= (2.13)

2.5 Beamwidth

The beamwidth of a pattern is defined as the angular separation between two
identical points on opposite side of the pattern maximum. In an antenna pattern,

of the most widely used beamwidths le tHalfPower Beamwidth (HPBW/)This is
demonstrated in Figure 2.2d{PBW is defined aghe angle between the two
directions in which the radiation intensity is ema&f value of the beamAnother
important beamwidth is the angular separation betweenrgientills of the pattern,

and it is referred to as the FuNull Beamwidth (FNBW). Both the HPBW and
FNBW are demonstratedrfthe pattern in Figure 2.6 he beamwidth of an antenna

is a very important figure of merit and often is used as a-wédmetween it and the

side lobe level; that is, as the beamwidth decreases, the side lobe increases and vice
versa. In addition the beamwidth of theantenna isalso used todescribe the
resolution capabilities of the antenna to distinguish between two adjackatirg
sources or radar targeRResolution capability of an antenna to distinguish between
two sources is equal to half the firatll beamwidth (FNBW/2)por the half power

14



beamwidth(HPBW). That is, two sources separated by angular distances equal or
greater than FNBW 2 & HPBW of an antenn
resolved. If the separation is smaller, then the antenna will tend to smooth the

angularseparationdistance.

HIEW = 2865

£ FHRW -

Figure 2.6 : Three (left) and two (right) dimensionabyer patterns
(inlinearscale)o f U ( ) d)A &d¥s.

2.6 Directivity

In a given direction from the antenmiirectivity is defined as the ratiof the

radiation intensity to the radiation intensity averaged over all directions. The average
radiation intensity is equal to the tota
More simply, the directivity of a nonisotropic source is equal to thm raf its

radiation intensity in a given direction over that of an isotropic so[#0¢ In
mathematical form, using {23), it can be written as:

D= i = 4w
UO Prad (214)

If the direction is not specified, it implies the direction of maximum radiation

intensity (maxmum directivity) expressed as:

max Uo a P (2.14a)

D = directivity (dimensionless)

Do = maximum directivity (dimensionless)
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U = radiation intensity (W/unit solid angle)

Umax= maximum radiation intensity (W/unit solid angle)

Up = radiation intensity of isotropic source (W/unit solid angle)
Praq = total radiated power (W)

From (2-14) or (214a)for anisotropic sourcthe directivity is unity since U, bkx

and U are all equal to each other. Fibre case whicltantennashave orthogonal
polarization components, the partial directivity of an antenna for a given polarization
in a given directions definedas that part of the radiation intensity corresponding to
a given polarization divided by the total radiation intensity averagest ait
directions.Then in a given direction the total directivity is the sum of the partial
directivities for any two orthogonal polarizatiori$ie total maximum directivity P

for the orthogonal d and G components of an

D, =D, + D, (2.15)
While the partial directivities [pand Oy are expressed as:

40U,

D =

7 (Raa)s +(Paa)s (2.15a)

_ 4,

' (Raa)s + (Rag)r (2.15b)
Where:
U= radiation intensity in a given direction
U= radiation intensity in a given direction
(Pags= radi ated power in all directions contai
(Pagde= radi ated power in all directions contai

The directivity of an isotropic source is unity since its power is radiated equally well
in all directions. For &lother sources, the maximum directivity will always be

greater than unity, and it is a relative figure of merih equation form, this is
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indicated in (214a). The directivity can be smaller than unity; in fact it can be equal
to zero. The values of dictivity will be equal to or greater than zero and equal to or
|l ess than the maximum directivity (0 O D

A more general expression for the directivity can be developed to include sources
with radiation patterns that may be functions of both sphecicalor di nat e ang
and 0. So it may now be proper, since th
simple examples, to formulate the more general expressions. Let the radiation

intensity of an antenna be of the form:

_ 1 2 2 2
U=BF(g.7)° o g8 @r)] +[E @) ] (2.16)

where B is a constant, andqEand E ar e t he a-2ortie ecleairigiélds far

components.

The maximum value of (26) is given by:

U, = BF (. 7)o = BF i (@.7) (2.16a)
The total radiated power is found using:

2p p

P.« = Uiy, F)dW= B, fj fF (9.f) singdqdf (2.17)

We now write the general expression for the directivity and maxirduactivity

using(2-14) and (214a), respectively, as:

D(G.f) = 495 F(g.7)
fi iF (9.7)singdgdf (2.18)

Dy =405 F(G,7)
fi i (¢.7)singdgdf (2.19)
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Equation (219) can also be written as:

— 4p a
Do = & P -
en ﬁ:(q,f)squqdf/F (c,',f)maxu (2.20)

€o o U

? 5

wh e r ,gis thee beam solid angle, and it is given by:

2, 2,
1 o p P

W, = F(q’f)max p!)?i:(q,f)squqdf rﬁ: (g,F)singdgdf (2.21)

F(g.7)

F.(q.7) :m (2.22)

The beam saasdefided asring sokd amgle through which all the power of
the antenna would flow if i1its radipgati on i nt e
Dividing Raymer eld, nldo)r mali zes the radiation i

makes its maximum vaé unity.

2.7 Directional Patterns

It is properto derive simpler expressionsstead of using the exact expression ef (2
20) even if they are approximatEor antennas with one narrow major lobe and very
negligible minor lobes, the beam solid anglepgpraximately equal to the product of
the halfpower beamwidths in two perpendicular planes showsigare 2.7(a). For a
rotationally symmetric pattern, the haldbwer beamwidths in any two perpendicular
planes are the same, as illustrated in Figuféop.

With this approximation, (23) can be approximated by:

D :4_p0 4p
° W, erer (2'23)
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Figure 2.7 : Beam solid angles for nonsymmetrical (a) and symmetrical (b) radiation
patterns.

The beam sahasibeen appraximated qy:

W, =Q,Q, (2.23a)

where:
U1= half-power beamwidth in one plane (rad)
U,= half-power beamwidth in a plane at a right angle to the other (rad)

If the beamwidths are known in degrees28 can be written as:

_4p(180/p)* , 41253
Q3 Qaq Q1 Qaq (2.24)

DO

where:
Ui~ half-power beamwidth in one plane (degke
U,q= half-power beamwidth in a plane at a right angle to the other (degrees)

For patterns with significant minor lobes, the values of maximum directivity
obtained using (23) or (224), which neglect any minor lobes, will usually be too
high.

Many times it is desirable to express the directivity in decibels (dB) instead of
dimensionless quantities. The expressions for converting the dimensionless quantities

of directivity and maximum directivity to decibels (dB) are:

D(dB) =10log, { D(dimensionlesy (2.25a)
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D,(dB) =10log, /[ D, (dimensionlesy (2.25b)

It has alsobeen proposed that the maximum directivity of an antenna can also be
obtained approximately by using the formula:

1_181 18
D, 28D, D, 8 (2.26)
where:
D. o 1 16In 2
1 é 1 er/z g Q 2
6—— F‘Flanu Ir (2263)
é2ln2 0 g
D. o 1 o 16In2
2 é 1 Qyr /2 [} 2
r§| qjqu 2r (226b)
@2I 0

Uira n dy are the halpower beamwidthsf the E and Hplanes, respectively. The
formula of (226) will be referred to as the arithmetic mean of the maximum
directivity. Using (226a) and (26b) we can write (26) as:

1 1 anr Q2r er Q2r

_ =+ =
D0 2In 2% 168" 322 (2.27)
o 32In2
o m (2.27a)
, 72815
" QL+ (2.270)
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Wherg Uig a n dyg até the half power beam widths in degrees. Equatiea) (& to
be contrasted with (23) while (227b) should be compared with-g2).

2.8 Antenna Efficiency

Using Figure 2.8The total antenna efficiency & used to take into account losses at
the inpu terminals and within the structure of the antenna. Such lossebediye,
referring to Figure 2®), to:

1. Reflections because of the mismatch between the transmission line and the

antenna

2. 1R losses (conduction and dielectric)

-

- r 2

\

a

1
\ \""-..‘i‘ :
[
\
I~7 = - Antenna ——1
Input Output
terminals terminals
{gain reference) (directivity reference)
(a) (b)

Figure 2.8 : (a) Reference terminals arfd) losses of an antenna.

In general, the overall efficiency can be written as:

& = 6&& (2.28)
Where
e = total efficiency (dimensionless)
& = reflection (mismatch) efficiency(ic- |q2) (dimensionless)

€. = conduction efficiency (thensionless)
ey = dielectric efficiency (dimensionless)
@ = wvoltage reflection coefficient at t

[G=(z, - 2,/Z, +Z,)] Where Z, = antenna input impedance
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Z, = characteristic impedance of the transmission line]

. . _1+[g
VSWR = voltage standing wavatio =

1-19
Usually & and @ are very difficult to compute, but they can be determined

experimentally.Even by measurements they cannot be separated, and it is usually

more convenient to write {28) as:

& =66, =6,l- ) (2.29)

Where g4 = e.ey = antenna radiation effiency, which is used to relate the gain and

directivity.

2.9Gain

Gain of the antenna is a measure that takes into account the efficiency of the antenna
as well as its directional capabilities. Gain of an antenna is defined as the ratio of the

intensity, in a given direction, to the radiation intensity that would be redtaf the

power accepted by the antenna were radiated isotropically. The radiation intensity

corresponding to the isotropically radiated power is equal to the power accepted

(inpt ) by the ant:enna divided by 4°

radiation int ensity

total input(accepte ower:
pu( pegp (Dimensionless) (2.30)

Gain=4

Also relativegain of an antenni defined as the ratio of the power gain in a given

direction to the power gain of a reference antenna in its referenced direction. Thus

40U (g.7)

Gain= : :
P_(losslesssotropic soource

(Dimensionless) (2.30a)

When the direction is not stated, the power gain is stelten in the direction of
maximum radiationConsidering thé&igure 2.8a), that the total radiated power P

is related to the total input power{Foy:
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Pag = €4Fh (2.31)

where g4 is the antenna radiation efficiency (dimensionless) which is defirfedebe

Using (230) reduces (30a) to:

e 2
Glg.f)=e.ep N (2.32)
e u

which is related to the directivity of {P6) and (221) by:

Glg.f)=e.D(q.f) (2.33)

In a similar manner, the maximum value of the gain is related to the maximum
directivity of (2-14a) and (20) by:

Gy =G, e = €4D(G,F ) e = €40, (2.33a)
and Consequently:

G,(dB) = 10Ioglo[ecd D, (dim ensionles)} (2.34)

2.10Reflection Coefficient

The Reflection coefficient S11 indicates how well an antenna is matched to the input
transmission line. It is a parameter that determines how well signal transition from
the input transmission lin® the free space is performed by the antenna. An antenna
is said to be sufficiently matched if 10% or less of the incident signal is lost during
this transition process. The frequency range over which the antenna reflection
coefficient 91 is -10dB or les is said to be the impedance bandwidth of the antenna.
Over this bandwidth it can be operated with minimum power reflection and

maximum radiation.
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3. MICROSTRIP ANTENNAS

3.1 Introduction

Firstly, the concept of thdlicrostrip antennas proposed Byschamp# 1953.But,

practical antennas were developed by Munson and Howell in the X3f)sidering

the advantages of MSARd& demand for smaller and Iguvofile microstripantennas

was increased with increasing requirements for personal and mobile
communications The simplest formof microstrip antennaonsists of a radiating

patch on one side of a dielectric substrate and a ground plane on the other side. The
top and side views of a rectangular MSA (RMSA) amvshin Figure 3.1. However,

other shapes, such as the square, circular, triangular, semicircular, sectoral, and
annular ring shapes shown in Figure 3.2, are also [e?P]. Radiation from the

MSA can occur from the fringing fields between the periplodrthe patch and the
ground plane. The length L of the rectangular patch for the fundamengglnfiode
excitation is slightly smaller than & [ Z

medium, which in terms of free p a c e w a yisegiven rasj/{\/h—r wdrere U is

the effective dielectric constant of a microstrip line of width W.

view

T
Top _'li..i ®

Side

vigw £ | Ih
H

Ground plane Coaxial feed

Figure 3.1: MSA configuration.
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O

Square Circular Triangular
Semicircular Annular ring Square ring

Figure 3.2: Different shapes of microstrip patches.

3.2 Advantages

Microstrip antennashave several advantages compared to the conventional

microwave antennas.The important and remarkable advantages of microstrip

antennasire listed as follows:

1
1

=

= == =A =2

They are lightweight and have a small volume andpo@file configuration.
They can be made conformal to the host surface.

Their ease of mass production using priateduit technology leadsto a low

fabrication cost.

They are easier to integrate with other MICs on the same substrate.
They allow both linear polarization and CP.

They can be made compact for use in personall;obmmunication.

They allow for dualand triplefrequency operations.

3.3 Disadvantages

Also microwave antennas haseme disadvantages as compared to conventional

microwaveantennas. They are the following:

1
1
)l

Narrow BW
Lower gain

Low powerhandlingcapability
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MSAs have narrow BW, which is the major limiting factor for the widespread
application of these antennas. Increasing the BW of MSAs has been the major thrust

of research in this field.

3.4 Applications of MSAs

The advantages of MSAs make themitable for numerous applications. The
telemetry and communications antennas on missiles need to be thin and conformal
and are often MSAs. Radar altimeters use small arrays of microstrip radfdsars.
satellite communication and telephone are the otlpglications for microstrip
antennasMicrostrip arrays have been used for satellite imaging systems. Patch
antennas have been used on communication links between ships or buoys and
satellites. Smart weapon systems use MSAs because of their thin prajies,Rhe

global system for mobile communication (GSM), and the global positioning system

(GPS) are major users of MSAs.

3.5 Feeding Techniques

The MSA can be excited directly either by a coaxial probe or by a microstrip line. It
can also be excited imaictly using electromagnetic coupling or aperture coupling
and a coplanar waveguide feed, in which case there is no direct metallic contact
between the feed line and the patch. Feeding technique influences the input
impedanceonsequentlys an important esign parameter. The coaxial or probe feed
arrangement is shown in Figure 3.1. The main advantage of this feed is that it can be
placed at any desired location inside the patch to match with its input impedance.
The disadvantages are that the hole hasetalriled in the substrate and that the
connector protrudes outside the bottom ground plane, so that it is not completely
planar. A patch excited by microstrip line feed is shown in Figure 3.3(a). This feed
arrangement has the advantage that it can becktoh the same substrate, so the
total structure remains planar. The drawback is the radiation from the feed line,
which leads to an increase in the crpstar level.

The indirect feed, discussed below, solves these problems. An electromagnetically
coupked RMSA is shown in Figure 3.3(b). The advantages of this feed configuration

include the elimination of spurious feaedtwork radiation; the choice between two
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different dielectric media, one for the patch and the other for the feed line to optimize
the irdividual performances; and an increase in the BW due to the increase in the
overall substrate thickness of the MSA. Another method for indirectly exciting a
patch employs aperture couplinip the apertureoupled MSA configuration, the

field is coupled fom the microstrip line feed to the radiating patch through an
electrically small aperture or slot cut in the ground plane, as shown in Figure 3.3(c).
The coupling aperture is usually centered under the patch, leading to lower cross
polarization due to symetry of the configuration. The shape, size, and location of
the aperture decide the amount of coupling from the feed line to the patch. The slot

aperture can be either resonant or nonresq@4r25]

e W ) hy
b7 T
A— | — L Radiating patch
. 'y
w (772 17 +— Ground plane
1 _L with aperture
W,
AL, w " N Th.

Feed-ling

(a)

Radiating patch

/g/ — Radiating patch

-~ Slot
Ground plane / CPW line
(b)

(d)

Feed-line

Figure 3.3: Rectangular MSAed by (a) microstrip line, (b)electromagnetic

coupling, (c) aperture coupling, and (d) coplanar waveguide (CPW).
The resonant slot provides another resonance in addition to the patch resonance
thereby increasing the BW at the expense of an increase in back radiation. This
feeding method gives increased BWie coplanar waveguide feed, shown in Figure
3.3(d), has also been used to excite the MSA. In this method, the coplanar waveguide
is etched on the ground plane of the MSA. The line is excited by a coaxial feed and is
terminated by a slot, whose length is chosen to be between 0.25 and 0.29 of the slot
wavelength. The main disadvantage of this method is the high radiation from the

rather longer slot, leading to the poor froémtback ratio.
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3.6 Methods of Analysis

The analysis methods for MSAs divided into two groups. In the first group, the
methods are based on equivalent magnetic current distribution around the patch

edges (similar to slot antennas). There are three popular analytical techniques:
1 The transmissin line model
1 The cavity model
1 The MNM

In the second group, the methods are based on the electric current distribution on the
patch conductor and the ground plane (similar to dipole antennas, used in
conjunction with fubwave simulation/numerical analysimethods). Some of the
numerical methods for analyzing MSAs are listed as follows:

The method of moments (MoM)

The finiteelement method (FEM)

= =2 =

Thespectral domain technique (SDT)
1 The finite-difference time domain (FDTD) method

In this sectiorsome methodsf analysis are explained.

3.61 MoM

In the MoM, the surface currents are used to model the microstrip patch, and volume
polarization currents in the dielectric slab are used to model the fields in the
dielectric slab. An integral equation is formulated the unknown currents on the
microstrip patches and the feed lines and their images in the ground plane. The
integral equations are transformed into algebraic equations that can be easily solved

using a computer.

3.62FEM

The FEM, unlike the MoM, is stable for volumetric configurations. In this method,
the region of interest is divided into any number of finite surfaces or volume
elements depending upon the planar or volumetric structures to be analyzed. These

discretized units, generally referred te fnite elements, can be any wdéfined
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geometrical shapes such as triangular elements for planar configurations and

tetrahedral and prismatic elements for thdegeensional configurations, which are

suitable even for curved geometry. It involvd®e integration of certain basic

functions over the entire conducting patch, which is divided into a number of

subsections. The problem of solving wave equations with inhomogeneous boundary

conditions is tackled by decomposing it into two boundary value problemeswith

Lapl aceds equation with an inhomogeneous bou

an inhomogeneous wave equation with a homogeneous boundary condition.

3.63SDT

In the SDT, a twalimensional Fourier transform along the two orthogonal directions
of the patch in the plane of substrate is employed. Boundary conditions are applied in
Fourier transform plane. The current distribution on the conducting patch is
expanded in terms of chosen basis functions, and the resulting matrix equation is
solved toevaluate the electric current distribution on the conducting patch and the
equivalent magnetic current distribution on the surrounding substrate surface. The

various parameters of the antennas are then evaluated.

3.64 FDTD method

The FDTD method is webuited for MSAs, as it can conveniently model numerous
structural inhomogenities encountered in these configurations. It can also predict the
response of the MSA over the wide BW with a single simulation. In this technique,
spatial as well as time grid fahe electric and magnetic fields are generated over
which the solution is required. The spatial discretizations along three Cartesian
coordinates are taken to be same. The E cell edges are aligned with the boundary of
the configuration and Helds are assmed to be located at the center of each E cell.
Each cell contains information about material characteristics. The cells containing
the sources are excited with a suitable excitation function, which propagates along
the structure. The discretized time ia#ions of the fields are determined at desired
locations. Using a line integral of the electric field, the voltage across the two
locations can be obtained. The current is computed by a loop integral of the magnetic
field surrounding the conductor, whetiee Fourier transform yields a frequency

response.
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3.7 Review of Various Broadband Techniques for MSAs

Narrow BWis the most serious limitation of threicrostrip antennasfhe BW could
be defined in terms of its VSWR or input impedance variation with &ecy or in
terms of radiation parameters. Therefotlee various definitions of the BW are

described.

3.7.1 Definition of BW

The BW of the MSA is inversely proportional to its quality factor Q and is given by:

_VSWR 1
QJWSWR (31)

whereVSWR is defined in terms of the input

BW

vswr= 119 (3.2)

1-1g
The UG i s a measur e o-pointroktte larndeana.dt s definedin a | a
terms of input impedance,20f the antenna and the characteristic impedanoef Z

the feed line as given below:

n

_Zin- Zo
Zin +ZO

(3.3)

The BW is usually specified as frequency range over which VSWR is less than 2
(which corresponds to eeflection coefficientof 9.5 dB or 11% reflected power).
Sometimes for stringent applications, the VSWR requirement is specified to be less
than 1.5 (which corresponds toreflection coefficientof 14 dB or 4% reflected
power). Conversion of BW from one VSWR level to anott@n be accomplished

by:

BW _VSWR-1, VSWR
BW, VSWR VSWR-1

(3.4)

Where, BW and BW, correspond to VSWRand VSWR, respectively. The
variation of percentage BW for VSWR < 2
normali zed substrate thickmdx2sandhDj a&ed f or
given in Figure 3.4(a). Also, the variation of percentage BW with frequency for three
commonly wused uw=a232is givernifi Figdre Z4fbjl. The BW of a
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singlepatch antenna increases with an increase

deaease in th& of the substrate.

100

80F
60
40F
20F

BW (%)

A

0
0

0.04 008

Substrate thickness h/AA

frequency for three values of h and &, = 2.32: (;

Figure 3.4: (a) Variation of percentage BW and efficiency of a square MSA versus

(

(a)

) e

0 2 4

Frequency (GHz)
(b)

)er=2.2,(---)& =10 and (b) variation of percentage BW with

0.079 cm.

h/ a0

6 8

Y0.318, (---)0.159. (—-—)

in the substrate thickness and a

for the coaxial feed and the excitation of surface waves, which reduces the efficiency

h of the antenna as can be seen from Figure 3.4(&he expressions for

approximately calculating the percentage BW of the RMSA in terms of patch

dimensions and substrgiarameters is given by:

where

where, W and L are the width and length of the RMSA. With an increase in W, BW

Al

h
loX.

%BW =

h
loX.

A =200 for 0.045¢

A =180 for

/q
h

lo%,

A =180 for

increases. However, Wh oul d

modes. Another simplified relatn for quick calculation of BWbor VSWR = 2 of the

MSA operating at frequency f in gigahertz, with h expressed in centimeters, is given

by:

w
L

h

T

¢ 0.045

¢ 0.075

2 .0.075

be
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BW @50hf? (3.9)

The BWcanal so be defined in terms of the ai
defined as the frequency range over which radiation parameters such as the gain,
half-power beamwidth (HPBW), and side lobe levels are within the specified
minimum and maximum limits. Ais definition is more complete as it also takes care

of the input impedance mismatch, which also contributes to change in the gain.

The expression for approximately calculating the directivity D of the RMSA is given

by:
D @.2W +6.6+10log(L6/ X ) dB (3.10)

3.7.2 Modified apepatches

The regular MSA configurations, such as rectangular and circular patches have been
modified to rectangular ring and circular ring, respectively, to enhance the BW. The
larger BW is because of a reduction in the quality factor Q of the patch rasonato
which is due to less energy stored beneath the patch and higher radiation. When a U
shaped slot is cut inside the rectangular patch, it gives a BW of approximately 40%
for VSWR <2. Similar results are obtained when &sldt is cut inside a circular or a

triangular MSA.

3.7.3 Planarmulti resonator configurations

The planar staggétuned coupled multiple resonators yield wide BW in the same
way as in the case of multistage tuned circuits. Several configurations are available
yielding BW of 5 25% . Variougarasitic patches like narrow strips, shorted quarter
wavelength rectangular patches, and rectangular resonator patches have been gap

coupled to the centrdéd rectangular patch.

Three combinations of gagoupled rectangular patches are shown in Fi§use To
reduce the criticality of the gap coupling, direct coupling as depicted in Figure 3.6
has been used to obtain broad BW. Both gap and direct (hybrid) coupling have been
used with circular MSAs (CMSAs) and equilateral triangular MSAs (ETMSAS) to
yield broad BW.
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(a) (b) (c)

Figure 3.5: Various gapcoupled multi resonatd®MSA configurations: (a) three
RMSAs gap- coupled along radiating edges, (b) three RMSAs gap
coupled along nonradiating edges, and (c) fivegaypled RMSAs.

These planar multiesonatorconfigurations yield broad BW but have the following

disadvantages:
1 The large size, which makes them unsuitable as an array element;
1 The variation in the radiation pattern over the impedance BW.

A modification of the multi resonator patcideto avoid the bovementioned
problems entails using five or six narrow strips that are gap coupled along the
width. This yielded wide BW with a relatively small variation in pattern over the
BW.

3.7.4 Multilayer configurations

In the multilayer configuration, two or merpatches on different layers of the
dielectric substrate are stacked on each other. Based on the coupling mechanism,
these configurations are categorized as electromagnetically coupled or aperture
coupled MSAs.

(a) (b) (c)

Figure 3.6: Various directcoupled multi resonators: (a) three RMSAs direct
coupled along radiating edges, (b) three RMSAs dreapled
along nonradiating edgeand (c) five directoupled RMSAs.
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3.7.4.1 Electromagnetically oupled MSAs

In the electromagnetically coupled MSA, one or more patches at the different
dielectric layers are electromagnetically coupled to the feed line located at the
bottom dielectridayer as shown in Figure 3.3(b). Alternatively, one of the patches is

fed by a coaxial probe and the other patch is electromagnetically coupled. Either the
bottom or top patch is fed with a coaxial probe as shown in Figure 3.7. The patches
can be fabricatéon different substrates, and accordingly the patch dimensions are to
be optimized so that the resonance frequencies of the patches are close to each other
to yield broad BW. These two layers may be separated by eithgamior foam

yielding BW of 15 30%.

Erl ‘

Figure 3.7: An electromagnetically coupled MSA, in which the bottom patch is
fed(left) And the top patch is fédght).

3.7.4.2 Aperturecoupled MSAs

In the apertureoupled MSA, the field is coupled from the microstrip feed line
placed on the ber side of the ground plane to the radiating patch through an
electrically small aperture/slot in the ground plane, as shown in Figure 3.3(c). Two
different dielectric substrates could be chosen, one for the patch and the other for the
feed line to optinde the individual performances. The coupling to the patch from the
feed line can be maximized by choosing the optimum shape of the aperture. Two
patches of rectangular or circular shapes, which are stacked on each other in different
dielectric layers, yiel around 30% BW. A BW of nearly 70% has been obtained by
stacking patches with resonant apertuiidse multilayer broadband MSAs, unlike
singlelayer multi resonator configurations, show a very small degradation in
radiation pattern over the complete VSVBRV. The drawback of these structures is

the increased height, which is not desirable for conformal applications and increased
back radiation for apertieoupled MSAs.
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3.7.5 Stacked mlti resonator MSAs

The planar and stacked multi resonator technigues@mbined to further increase

the BW and gain. A probfed single rectangular or circular patch located on the
bottom layer has been used to excite multiple rectangular or circular patches on the
top layer, respectively. Besides increasing the BW, thesgurations also provide

an increase in gain.

3.7.6 Impedancematching networks for broadband MSAs

The impedancenatching networks are used to increase the BW of the MSA. Some
examples that provide about 10% BW are the rectangular MSA with a coplanar
microstrip impedancenatching network and an electromagnetically coupled MSA

with singlestub matching as shown in Figure 3.8.

3.7.7 Logperiodic MSA configurations

The concept of logeriodic antenna has been applied to MSA to obtain a -multi

octave BW. In tis configuration, the patch dimensions are increased logarithmically

and the subseqguent patches are fed at 180e¢e ¢
patch. The main disadvantage of this configuration is that the radiation pattern varies

significantlyover the impedance BW.

Figure 3.8: Rectangular MSA with a coplanar microstrip impedamadching
network (left) and singlstub matcheelectromagnetically coupled
MSA(right).

3.7.8 Ferrite substratebased woadband MSAs

The multi resonant behavior of a patch on a ferrite substrate yields a broad BW of
about three octaves by changing the magnetic field. Also, the dimensions of the patch
are reduced because of the high dielectric constant of the ferrite substrae.efow
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the efficiency of these antennas is poor because of lossy substrate and requires
external magnetic fields, which makes it bulkhe methods for increasing the BW

of MSA are continuously getting upgraded. The search for an ideal broadband MSA
is still continuing. Perhaps a combination of various approaches would lead to an

optimum broadband configuration.

3.8 Compact MSAs

Many techniques have been reported to reduce the size of microstrip antennas at a
fixed operating frequency. In general, microstaptennas are halfavelength
structures and are operated at the fundamental resonant mederTMM1o, with a
resonant frequency given by (valid for a rectangular microstrip antenna with a thin

microwave substrate):

c

f @——
2L\/7r (3.11)
“ 54.4 mm »
IEll"l.'i.‘d
m,?Ti
N T
4.HL \
(2) (b)

microwave substrate (&:=3.0.h=1.524mm)  ceramic substrate (¢,=28.2. h=4.75 mm)

Figure 3.9: Circularly polarized cornetruncated square microstrip antennas for
GPS application at 1575 MHz

Where, c is the speed of light, L is the patch length of the rectangular microstrip
antenna, and is the relative permittivity of the grounded microwave substramFr

(3.1), it is found that the radiating patch of the microstrip antenna has a resonant

length approximately proportional ](/o\/z—r, and the use of a microwave substrate
with a larger permittivity thus can result in a smaller physical antenna lehgth a
fixed gperating frequencyrigure 3.9 shows a comparison of the required dimensions
for two circularly polarized corndruncated square microstrip antennas with

different substrates for global positioning system (GPS) application. The first design
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usesamicromae substrate wit.r3.0andthicknessd=p5%4 mi tti vit
mm; the second design usesahge r mi t t i vity or c=e2828mi c subst
and h = 4.75 mm. The relatively larger substrate thickness for the second design is

needed to obtain the required circular polarization (CP) bandwidth for GPS

application. From the patch areas of the two designs, it can be seen that the second

desgn has a patch size about 10% of that of the first design. This reduction in
antenna size can be expected from (1.1), f
resonant frequeng¢y28@fsexpdrted tadbe snlygbout @826 h U

times that of thel e s i g n = 3 far b fixéH patch size. This result suggests that

an antenna size reduction as large as about 90% can be obtained if the design with

= 28.2 is used i ns30dam d fixedfoperatingfrequensyeThevi t h U

use of an edgshorted patch for size reduction is also well known [see the geometry

in Figure 3.10(a)], and makes a microstrip antenna act as a quarter wavelength
structure and thus <can reduce the antennabo
operating frequency. Whea shorting plate (also called a partial shorting wall)

[Figure 3.10(b)] or a shorting pin [Figure 3.10(c)] is used instead of a shorting wall,

the antennaédés fundament al resonant frequency
reduction can be obtaineah this case, the diameter of a shoripig-loaded circular

microstrip patch or the linear dimension of a shorpingloaded rectangular

microstrip patch can be as small as-timed of that of the corresponding microstrip

patch without a shorting pin #te same operating frequency. This suggests that an

antenna size reduction of about 89% can be obtgBed4]

Figure 3.10: Geometries of a rectangular patch antenna with (a) a shoraithg(b)
a shorting plate gpartial shorting wall, and (c) a shorting pin.
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Moreover, by applying the shortisgn loading technique to an equilatetahngular
microstripantenna, the size reduction can be made even greater, reaching as large as
94%. This is largely because an equilaténahgular microstrip antenna operates at

its fundamental resonant mode, whose -maltage point is at twashirds of the
distance fronthe triangle tip to the bottom side of the triangle; when a shorting pin is
loaded at the triangle tip, a larger shifting of the woltage point compared to the
cases of shorted rectangular and circular microstrip antennas occurs, leading to a

greatly bwered antenna fundamental resonant frequency.

Meandering the excited patch surface cur |
also an effective method for achieving a lowered fundamental resonant frequency for

the microstrip antenna. For the caseectangular radiating patch, the meandering

can be achieved by inserting sever al nar
can be seen in Figure 3.11(a) that the e
meandered, leading to a greatgngthened current path for a fixed patch linear
dimension. This behavior results in a greatly lowered antenna fundamental resonant
frequency, and thus a large antenna size reduction at a fixed operating frequency can

be obtained. Figure 3.11(b) shows dandesign, cutting a pair of triangular notches

|
il

at the patchds nonradiating edges to | en:

—  —
— 4

111
S '_p...---'""

il il

1""*—-.
b
|

- —
—

H
‘
\\

(@) (b)

Figure 3.11: Surface current distributionfor meanderedectangularmicrostrip
patches with (a) meandering slits and (b) a pair of triangular notches
cut at t hdiatmgpedgesr6s nonr a
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The resulting geometry is referred to as a W@patch. Compared to a rectangular
patch with the same linear dimension, a Hevpatch will have a lower resonant
frequency, and thus a size reduction can be obtained fotibawicrostripantennas

at a given operating frequency.

The technique for lengthening the excited patch surface current path mentioned
above is based on a coplanar or sidgieer microstrip structure. Surface current
lengthening for a fixed patch projection area caro dle obtained by using an
inverted Ushaped patch [Figure 3.12(a)], a folded patch [Figure 3.12(b)], or a
doublefolded patch [Figure 3.12(c)]. With these microstrip patches, the resonant
frequency can be greatly lowered compared to a regular sagie microstrip

antenna with the same projection area.

Note that the resonant frequency is greatly lowered due to the bending of the patch
surface current paths along the antennads r e
lateral current components arengeated, in contrast to the case of the meandering

technique shown in Figure 3.11. Probably for this reason, it has been observed that

compact microstrip antennas using the bending technique described here have good

crosspolarization levels for frequen@evithin the operating bandwidth.

By embedding suitable slots in the radiating patch, compact operation of microstrip
antennas can be obtained. Figure 3.13 shows some slotted patches suitable for the
design of compact microstrip antennas. In Figure 3)13(@ embedded slot is a
cross slot, whose two orthogonal arms can be of unequal or equal lengths. This kind
of slotted patch causes meandering of the patch surface current path in two
orthogonal directions and is suitable for achieving compact circufaolgrized
radiation or compact dudfilequency operation with orthogonal polarizations.
Similarly, designs with a pair of bent slots [Figure 3.13(b)], a group of four bent slots

[ Fi gur e 3. 1-8pacédcinsdried slitsqrigure 213(td)], a perfedagquare
patch or a squaneng patch with a cross strip [Figure 3.13(e)], a circular slot [Figure
3.13 ()], a square slot [Figure 3.13(g)], an offset circular slot [Figure 3.13(h)], and a
perforated tigtruncated triangular patch [Figure 3.13 (i)] balveen successfully
applied to achieve compact circularly polarized or compact -fieqlency

microstrip antennas.
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l}{:m edge _L‘\

air-substrate
thickness

(a)

ground plane

ground plane

double-folded edge

(€)

Figure 3.12: Compact microstrigntennas with (a) an inverteddhaped patch, (b)
a folded patch, and (c) a doulftdded patch for achieving lengthening
of the excited patch surface current path at a fixed patch projection

area.
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(a)

(h) (c)
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Figure 3.13: Some reported slotted fohes suitable for the design of compact

microstrip antennas.
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planer inverted L patch

————— microstrip feed line

substrate

ground plane

Figure 3.14: Geometry of a microstrifine-fed planar inverted. patch antenna for
compact operation.

The microstripline-fed planar inverted. (PIL) patch antenna is a good candidate for

compact operation. The antenna geometry is shown in Figure 3.14 When the antenna

height i s

|l ess

t hspatce waveléngth of (he- Gentar speratihge

free

frequency), a PIL gah antenna can be used for broadside radiation with a resonant

|l ength of

about

0. 2580 ;

t hat

-wavslengtht h e

structure, and has the same broadside radiation characteristics as conventional half

wavelength microstrip anteas. This suggests that at a fixed operating frequency,

the PIL patch antenna can have much reduced physical dimensions (by about 50%)

compared to the conventional microstrip antenna.

Figure 3.15 shows another interesting compact design for a microseimaniThe

antennaos

ground

pl ane i

S

meander ed

by

edges. It has been experimentally observed that similar meandering effects to those

with the design with a meandering patch shown in Figure 3.11(a) can be obtained

[25].

Moreover,

probably

because

t he

can effectively reduce the quality factor of the microstrip structure, the obtained

impedance bandwidth for a compact design with a meandered ground plane can be

greater tha that of the corresponding conventional microstrip antenna.

el

|
meandering slit

rudiating patch
“in front

L via hole

substrate
"
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!
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9 /
radiating patch
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X
v/

ground

Figure 3.15: Geometry of a probfed compact microstrip antenna with a
meandered ground plane.
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Figure 3.16: Geometry of a probded compact microstrip antenna with a slotted
ground
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4. BROADBAND PLANAR MONOPOLE ANTENNAS

4.1 Introduction

An increase in the thicknes$the dielectricand a decrease the dielectric constant

of the substratencreasethe BW of the MSA For a thick substrate with a low
dielectric constant, a BW of 5% to 10% is obtained. Further increase in the substrate
thicknessdecrease the efficiency of theantenna Also, a long coaal probe is
required to feed the patdi the antennauspended in air at a large height as shown

in Figure 4.1(a). The large h increasies impedance bandwidth of the anterflais

large inductive input impedance can be taken care of by feeding the veiica
shorter probe of length p as shown in Figure 4.1(b). In this case, the patch is fed
along the periphery and an additional perpendicular ground plane is required. If h is
very large, the bottom ground plane would have a negligible effect and tembe
removed. This configuration becomes similar to that of a planar monopole antenna,
as shown in Figure 4.1(c). The planar disc monopole antennas yield a very large
impedance BW, which can be explained in the following two 2§27}

Metallic patch

Ground plana

N\
i e 2

lal

—p fe— =0 je—

Metallic patch
Matallic paich /

e ————

p R

Ground plane

el
[} i

Figure 4.1: (a) MSA suspended in air, (b) modified MSA with side feed, and (c)
planar monopole antenna.
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1. A monopole antenna generally consists of a thin vertical wire mounted over the
ground plane, whose BW increases with an increase in its diameter. A planar
moropole antenna can be equated to a cylindrical monopole antenna with a large

effective diameter.

2. The planar monopole antenna can be viewed as a MSA on a very thick substrate
with 4 = 1, so a large BW is expected. In the radiating metallic patch, vdrigher

order modes will get excited. The shape and size of these planar antennas can be
optimized to bring several modes within the VSWR = 2 circle in the Smith chart,

leading to very largégmpedance BW.

4.2 Planar Rectangular and Square Monopole Antenrsa

A planar rectangular monopole antenna can be thought of as a variation of the
RMSA, in which the horizontal ground plane is considered to be located at infinity.

The following discussions bring out this analogy.

4.2.1 RMSAsuspended inair with orthogonal ground plane

The side and the front views of a rectangular radiating patch with L =W = 12 cm
made of a copper plate of thickness 0.1 cm with two orthogonal ground planes are
shown in Figure 4.2(a, b). The patch is fed with ag50 SMA conprebet or
length p through a fixed ground plane and the orthogonal ground plane is moveable.
For the moveable ground plane spacing h = 3 cm from the radiating patch and the
probe length p = 0.4 cm, the measured input impedance and VSWR plots are shown
in Figure 4.2(c, d). Multiple loops occur due to the excitation of various higher order
modes of RMSAThe value of p is increased to 1 cm to shift the impedance plot in
the clockwise directiobhecausehe impedance plot shows less inductive shift due to
the sméer value of the feed probe length Phe results areould be seen iffable

4.1. The measured BW for VSWAR is from 858 MHz to 988 MHz.

The formula for RMSA is used to calculate the resonance frequency of this antenna.
Since the dielectric medium fail the cases under consideration is air, the effective
dielectric constanty is equal to 1. The theoretical resonance frequency for the

fundamental mode can be calculated using:

fO :C/2Le (41)
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Where:
L. = effective resonant length;

¢ = velocity of light infree space.

For two orthogonal ground planes, £ L + DL+ p, because the extension of length
DL due to the fringing fields is applicable only for one side, and on the other side, it
is restricted to p due to the orthogonal ground plane. For a large ofitlle patch

(W/h >10) with(y = 1, DL is approximately equal to h.

T Muavable ground plane
M N

Radiating

an—-ﬂ‘/ ‘\\ e W]

1750
Frequency (MHz)

(c) (d)

Figure 4.2: (a) Side and (b) front views of modified RMSvith orthogonal ground
planesMeasured (c) input impedance and (d) VSWR plots.

Table 4.1 :Resonance Frequency aRdrcentage BW of RMSA with L =W =12
cm for Different Values of [ Calculated using 4.2,Calculated using

4.8
Theoretical h(cm) f.(MHz) fy(MHz) % BW
Frequency
(MH2z)
937 3 858 988 14.1
789 6 752 934 17.7
4844873 18 515 1081 70.3
0°48% b 501 1154  81.2
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The theoretical resonance frequency, calculated using (4.1) for p = 1.0 cm, is 937
MHz, which is close to the measured center frequency of 923 MEansequently

for different values of h with p = 1.0 cm, the measured lower and upper frequencies (
fL and f;) corresponding to VSWR = 2 asbownin Table 4.1. With an increase in h
from 3 cm to infinity ), band widthof the antenna increases from 14.1% to 81.2%.
By increase in hlower resonance frequency decreases because of the incr&hse in
due to the large fringing fields. For smaller values of h, there is a reasonable
agreement between the theoretical frequency obtained #dhgnd the measured
center frequecy. As h increases, the theoretical frequency is close to the measured
lower frequency corresponding to VSWR = 2. For two different values of h [18 cm
(large) andb (bottom ground plane removed)], the measured input impedance and
VSWR plots are shown iniure4.3. As h increases from 18 cmothe measured
lower frequency decreases from 515 MHz to 501 MHz. For these two values of h,
Figure 4.3 Measured (a) input impedance and (b) VSWR plots of RMSA for two
values of h:

8
$6
U
L
2
—t L Lk L
300 1650 3000
Frequency (MHz)
(b)

Figure 4.3: Measured (a) ingumpedance and (b) VSWR plots of RMSA for two
valuesof h: (---)18cmand o6 ) D.

4.2.2 Calculation of thelower frequency of theplanar monopoleantennas

The lower frequency corresponding to VSWR $02 a monopole antennean be
calculated byequating its area to that of an equivalent cylindrical monopole antenna

of same height L and equivalent radius r, as described below:

2oL =WL (4.2)
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which gives:

r=W/2p (4.3)

The input impedance of la/4 monopole antenna is half of that of the | /2 dipole
antenna. Thus, the input impedance of an infinitesimally thin monopole antenna is
36.5 + ] 21. 25 qwhenwhbingsidhtly ismallen lendtlu of tthe v e .

monopole as given by:

The eal input impedance achievedWhere

F=(L/r)/@+L/r)=L/L+r (4.5)

From (4.4) and (4.5), the wavelength | is obtained as:

Therefore, the lower frequencyig given by:
f, =c// =(302 0.24)/(L+r)=7.2/(L+r) GHz 4.7)

Equation (4.7) does not account for the effect of the probe length p, which increases
the total legth of the antenna and consequently redubesfrequencyso, this

equation could be written as

f,=72/(L+r+p) GHz (4.8)

where, L, r, and p are in centimeters.

The theoretical frequency of 483 MHz for FB=(monopole antenna) obtained using
(4.8) is close to the measured &f 501 MHz. For h =18 cm, the theoretical
frequencies obtained using the MSA and monopole concepts are very close to each
other. Thus, an interesting transition in antenna characterigtitls respect to

resonance frequency) is observed, as the ground plane spacing h is increased.
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4.2.3 Effect ofvarious parameters ofplanar rectangular monopoleantennas

Thelarge impedance bandwidtt these antennas depends mainly on the width W of
the plate, the diameter d of the feeding probe, and the length of the probe p. The
SMA connector is generally used above 1 GHz for feeding the antenna, and hence, d
Is kept fixed at 0.12 cm. When the height L of the monopole antenna increases (or
decreases)the lower edge frequency decreases (or increases), which is quite
obvious. Initially, the effect of p is described by keeping L = W = 4.5 cm. The input

impedance and VSWR plots for two values of p are shown in Figure 4.4(a, b).

VSWR
[ S £~ wu,

1 1 bl ol 1
1.0 18 2.0 2.5 3.0
Frequency (GHz)
(a) (b)
p[(——)0.05cmand(---)0.2cm]

10 15 2.0 2.5 3.0
Frequency (GHz)

(d)
L=4.5 cmandp= 0.2 cmtor two values of W [( - - - ) 4.5 em and (——) 3.5 cm]

Figure 4.4 . (a) Input impedance and (b) VSWR plotsRi antenna for different
values of p, L and W

As, p is increased from 0.05 cm to 0.2 cm, the input impedance plot shifts up in the
clockwise directionWhen pincreass, the probe inductance increases and therefore
the input impedance becomes more inductive. A broad BW of 1,335 MHz (68%) is
achieved for p = 0.2 cnm comparison withthe BW of 668 MHz (40%) for p = 0.05

cm.
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The input impedance and VSWR plaisofor the two differentvalues of W (4.5 cm

and 3.5 cmwith L = 4.5 cm and p = 0.2 cm are shown in Figure 4.4(c, d). With a
decrease in W, the size of the loop in the impedance plot increases and the plot shifts
toward the right in the Smith chart. As W decreases from 4.5 cm to 3.5 cm, the BW
increases from,B835 MHz to 1,715 MHz due to an increase in loop size.

4.2.5 Various planar RMs with gjual areas

The effects of various parameters on the BW of the monopole ardearsaudied

the dimensions L and W of RM are chosen such that their surface areas §recequa
that a comparison of performances of these planar monopole antennas may be made.
The SM is fed in the middle of the one side by a SMA connector as shown in Figure
45(a), whereas RM is fed in two different veay The size of the ground plane is
choseé to be 30 cm * 30 cm with p = 0.1 cim this measuement3he RMs with

feeds in the middle of the smaller and larger dimensions are coined RMAs and
RMBs, respectively. The dimensions and VSWR BW of these configurations are
listed in Table 4.2. The theoredl lower frequency,ffor VSWR = 2 obtained using

(4.8), is also tabulated. The percentage error is calculated using:

%error = %3 100 (4.9)

m

The theoretical frequencies predicted by (9.8) are with#6% of the measured
values. The f of RMB is higher than that of 6RMA, because the height of the
RMB is smaller than that of the RMn (4.9)f, is the lower measured frequency.

[e—w —>
[e— L —» T

W ——]

L !

i

i : :

— ™ ——F ——
(a) (b) (c)

Figure 4.5: (a) Square monopole antenna. RMennas with feed in the middle of
(b) smaller W and (c) larger W.
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Table 4.2 :Comparison of square, rectangular, triangular, and hexagonal
monopole atennas

Measured 4
Range for Measured Percentage
Configuration L*W VSWR<2 f (GHz) BW Error in
(cm*cm) (GHz2) Ratio  Frequency
SM 4.5°4.5 1.27t02.81 1.354 1.2.2 +6.6
RMA 4.6*4.2 1.38t02.75 1.341 1:2.0 -2.8
RMB 4.2*4.6 1.40t02.02 1.431 1:1.4 +2.2
TMB 5.9%6.8 1.07to1.112 1.101 1:1.04 +2.9
HMA 4.8*5.6 1.37t02.68 1.282 1:1.9 -6.5
HMB 5.6*4.8 1.20t03.92 1.147 1:3.2 -4.4

The measured VSWR plots of SM, RMA, and RMB are given in FigweThe
VSWR values fluctuate from as high as 8 to as low as 1.0%ifréquency range of
1i 13 GHz. Optimizing he dimensions of the patches and length of the probe
optimizethe frequency and bandwidth of the antenna

1 3 5 7 9 M 13
Frequency (GHz)

Figure 4.6 : Measured VSWR plots for three monopole anten@ag: § SM, (- - -)
RMA, and B( é ) RM
4.3 Planar Circular Monopole Antennas

A planar circular monopole (CM) antenima another type of monopole antennas
which yields very broadand width A CM of radius a is shown in Figure74.The

radius a igaken equal to 2.5 cm, so that its surface area is approximately equal to
that of the other monopole antennas given in Tdl#e As in the earlier cases, the
size of the ground plane is kept same as 30 cm * 30 cm. For the CM, the values L
and r of the egjvalent cylindrical monopole antenna are given by:

L=2a (4.10
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r=a/4 (4.12)

VSWR

1 3 5 7 9 11 13
Frequency (GHz)

Figure 4.7 : Measured VSWR plots of twieed configurations of hexagonal
monopole antennasd (6 ) HMA and (- - - ) HMB.

VSWR
N O

1 3 5 7 § 1N 13
Frequency (GHz)

(@) (b)

Figure 4.8: Measured (a) input impedance and (b) VSWR plots of CM antenna.
For p = 0.1 cm, the measured input impedance and VSWR plots are shown in Figure
4.8. The BW for VSWR <2 is from 1.17 GHz to 12 GHz, which corresponds t
BW ratio of 1:10.2. The BW of the CM is larger than all the monopole antennas
described earlier. This could be interpreted in terms of various higher order modes of
the circular patch. Unlike the various modes of rectangular resonator, modes of the
circular resonator (characterized by the roots of the derivative of the Bessel function)
are closely spaced. The BW associated with the various modes is very large because
the disc is in the air; accordingly, the change in the input impedance from one mode

to another mode is very small. This can also be noted from the impedance plot shown
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in Figure 48 (a), which has multiple loops corresponding to the various modes.
Since these loops are within the VSWR = 2 circle, a large BW is obtained.
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5. DIRECTIONAL MICROSTRIP ANTENNAS

5.1 Introduction

Directional antennas can focus electromagnetic energy in one direction and enhance
coverage range for a given power level. They also minimizeéhaanel interference

and reducenoise level in a contention based access scheme, thereby reducing the
collision probability. Further, they provide longer range and/or more stable links due
to increased signal strength and reduced multipath components. Increased spatial
reuse and longeranges translate into higher network capacity (more simultaneous
transmissions and fewer hops), and longer ranges also provide richer connectivity.
On the receiving side, directional antennas enable a node to selectively receive
signals only from a certainlesired direction 48,29]. Figure 5.1 illustrates the
increased spatial reuse capability provided with the use of directional antennas when
nodes C and D, and X and Y want to simultaneously communicate. If -Omni
directional antennas are in use as in Figbri(a), only one pair of nodes can
communicate as nodes D and X are within the radio range of each other. Although
we are confining our discussion here to nodes C, D, X and Y, note that all the nodes
within the radio range of these nodes (nodes A, B, ERQrate also affected when
employing Omnidirectional antennas. In the case of Figure 5.1(a), if we assume that
nodes C and D initiated their communication first, all neighbors of C and D,
including node X, will stay silent for the duration of their trarssion. However,

when directional antennas are in place, both the node pabdsa@d XY can
simultaneously carry out their communication as depicted in Figure 5.1(b).
Consequently, the capacity of the network can be considerably increased and the
overall interference decreased, as transmissions are now directed towards the
intended receiver, thus allowing multiple transmissions in the same neighborhood
(which is not possible with Omudirectional antennas) to occur in parallel using the
same channellable5.1 briefly compares omiirectional and directional antennas

under five selexplaining criteria.
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{a) “Omni-directional Communication (b) —Directional Communication

Figure 5.1: Communication usingmni-directionalantennas andirectional
antennas.

Table 5.1 :Comparison obmni anddirectionalantennas

Characteristics Omni Directional
Spatial reuse Low High
Network connectivity Low High
Interference High Low
Coverage range for
the same amount of Low High

transmitting power

Cost and complexity Low High

Directivity can be achieved if the antenna is large in a desired direction, such as Horn
or Vivaldi antennas. In other types, antenna includes cavity or shielding plane behind
itself, or uses the absorbing materials in order to obtain directivity. Ontliee o
hand, such approaches cause either increment in the antenna size or decrease in the
antenna efficiency as well as complication in the production process. Compact
bowtie antenna operating at42 GHz for radaibased breast cancer detection,
Wideband moapole antenna fed by a &hm coplanar waveguide working at 3.4

9.6 GHz for microwave nedreld imaging are also presented. Some other directional
antennas such as conventional slot antennas have limited operating frequency range,
while Vivaldi type antenas have a good bandwidth and directional radiation pattern.
Wide band printed monopole antenna with a paratsblaped or tshaped ground

plane as a reflector is also presented as a directive antenna in order to use in the
application of radarbased imaigpg system. Application of interest is microwave

imaging, which requires an optimized size and wide band impedance bandwidth, also

56



a directive radiation pattern. In the follow we will study some directive antenna

structures.

5.2Wideband Directional Slot Antenna

The geometry of the proposed slot antemmaemonstratedn Figure 5.2. This
antennaconsistsof 8t andard RT/duroid 5880 (U0Ur =2.
andalsoa quartetwavelength slot on the edge of the ground plane and fed by an L
shape microstrip line. The overall size of the antenna is fixedgaolnd and W
ground, the length and width of the slot arslat and Wslot respectively. toffset

is the distane from the 100 ohms feed line to the edge of the ground plane-and L
stub is the length of the shorting stiilhe impedance of the feed line delivered to the

slot is 100 ohms which is different from the 50 ohms input impeda:3¢e

_-1004)

5042

IH'llil_]l-.'l..l'lll

Figure 5.2. Geometry of the slot antenna (lefip view (right)bottom view

According to parametric study an optimized structure was designed and fabricated.
All the major parameters are given in tabl2. 5.

Table 5.2 :Designparametersf theslot.

Antenna Parameters Column
C
Length of ground ( kound) 41mm
Width of ground(Wround 18mm
Length of slot ( Loy 17mm
Width length of slot (Vo) 7mm
Offset distance (dgset) 8mm
Length of stub ( Lwp) 2mm
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Measured and simulataeflection coefficiers of the antennaare given figures.3.
Reflection coefficienfrequency bands from 4.5GHz to 8.5GHz with S11 less than
10dB.The antenna is printed on the substrate and also the simulation did not take the
SMA connector into accounso thesimulated resultsre some different with the

measurements

EIRRTE

LR
Figure 5.3: The simulated and measured reflection coefficient of the slot antenna
Then, a reflector is placed behind the slot at a distance of 10mm to keep the overall
size of the antenna compact. Considering the diffraction at the edge of reflector the
size of it is chosen to be 60mmx60mm which is comparable with the wavelength at

5GHz Comparison between theeflection coefficientof the antenna with and
without reflector is represented in figure 5.4. Almost the same impedance bandwidth
is obtained with a large reflector at 10mm away behind the slot when no reflector is
added.

S0 (dBy

[=—=rerarnn renector
| | == Wil refecior
Y% 5 & T 8 8 w0 a2
Fregaecyi GHE)
Figure 5.4: The measuretkflection coefficienof the slot with and without

reflector
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The effect of the reflector on the radiation patterns is investigated and the results are
shown in figures 5.5a and 5.5Bs expected the reflector makes the antenna
radiating towards one direction through the frequency range. Small differences
between the measured and simulated results are observed. This may due to the finite

size of reflector was used in the measurement which is different from the simulation.

+BF +HBOF

Figure 5.5: The simulated (solid line) and measured (dash linplaBe radiation
pattern (dB) of the slot with reflector (a) f = 6GHz, (b) f = 8GHz

5.3 Directional Planar UWB Antenna With an L-shapedGround Plane

The antennas were designed to be fabricated on a low cost FR4 substrate. The
thickness of the dielectric and the conductor layers lare 6 mm and 35
respectively. Tie relative permittivity of the dielectric in the whole analyamis4.5.

In Figure 5.6 geometryof the printeddirectional antenna with an-¢haped ground

planeis shown[15].

L-shaped ground plane

l  FR4 substrane 2

|

» ¥

g

Figure 5.6 : Schematic view of the printed disc monopole wittshaped ground

plane. On the left (right) a side (front) view of the desigaetgnnas
shown.

2l E. ‘

Tz TDi-;L and microstrip
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The sibstrate is a square dielectric FR4 board with dimensions 5 cm x 5 cm. On one
side of the board we have a-6&m microstrip feeding line (width 3 mm), and a disc
with radius r centered in the middle of the board. On the other side of the substrate
we havean L-shaped ground plane. The part of the conductor plane with the long
side parallel to axis (width W1) forms the microstrip line, whereas the conductor
strip with the long side parallel togxis (width W2) acts as a reflector, and this is
the key elerant which is introduced to improve directionality. The final goal of the
work is to get a planar antenna with loeflection coefficient near constant group
delay and radiation patterns, and increased directivity in the band between 6 and 8
GHz. Massive nmerical simulation using the CST Microwave Studio package were
performed, which utilizes the finite integration technique for electromagnetic
computation, in order to find a good tradeoff between these requirements. The radius
of the disc and the width dfie two strips that compose the ground plane were varied
and the optimum sets of geometric parameters: r = 9.1 mm, W1 = 1.49 cm, and W2 =
1.39 cm are obtained. Two prototypes with the same optimum geometric parameters
have been fabricated. In kige 5.6 a photograph of the two antennas are shown. On
the left it is possible to see the side of the board with tsedped ground plane,
whereas on the right we have the other side with the disc and the microstrip line. The
fabricated prototypes have been fulgharacterized through measurements in
anechoic chamber. Simulations predict adB)bandwidth extending from 5.76 to
over 10 GHz, with a good uniformity of the response in the band of interest between
6 and 8 GHz.

Return Loss [dB]

4 G 8 10
Frequency [GHz]

Figure 5.7 : Measured (solid lineand simulated (dastiotted line)reflection
coefficientcurves in the full UWB window.
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The radiation patterns of the proposed antenna have been calculated through CST
Microwave Studio simulations and the radiative properties of the fabricated

prototypes hve been fully characterized in anechoic chamber.

90

180

270

Figure 5.8: Radiation pattern of the disanonopole with L- shaped grounglane
(solid line) and of the conventional disc monopole (ddastted line) in
thex - y plane at6 GHz. Black circles representmeasurements on a
prototype in anechoic chambeegsults are reported in linear scale.

=1

180

270

Figure 5.9 : Radiation pattern of the disc monopole with-Llshaped ground plane
(solid line) and of the conventional disc monopole (daastted line) in
thex - yplane at 7 GHzBlack circles represent measurements on a
prototype in anechoic chambeesults are reported in linear scale.

61



5.4 Directional MonopoleAntenna With a Parabolic-Shaped Ground Plane

The UWB antenna presented here is designed for fabrication on FR4 substrate with
6 mm &eodhetridsSas the me t a |

=4 . 4,

t hickness

and bottom metl layer$16].

W

of

Prabolic Reflector

Patch

Figure 5.10: Dark top and transparent groupthne and side views of the proposed
directional planar UWB antennas in microstrip technology (a), coplanar

|
i

T

1.

antenna in various technologies are demonstratdégure 5.10 including the top

(e}

technology (b), and microstrip with coaxial feed (c).

The top layer in Figre 5.10a consists of a centered circular patch element witly 50
microstrip feed. The parameters D, w and h are the diameter of the patch, and the
width and length of the feed line, respectively. The transparently shown metallization
on the bottom of the substeais recognized as a parabolic reflector of which the

patch is located in the focal point based on:

where x and y are the displacements in the Cartesian coordinate system, and f is the
focal length, which is assumed to be one half of the patch diametere bijOb and

Figure 5.10c illustrate the respective antenna structures in coplanar waveguide

1
Y- Yo __(X' Xo)2

CAf
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technology as welhs with a coaxial feed. The parameters irufed.10b is the gap
between the ground reflector and the patch foq 50put matching. The parameter d

in Figure5.9c is the diameter of the via hole through the substrate, which is equal to
the inner diameteof the coaxial feed line at the bottom of the substrate. The design
of the UWB antennas is centered at 8 GHz with more than 120 percent bandwidth.
The fundamental design goals are a low reflection coefficient, enhanced radiation
pattern in the desiredirdction as well as good group delay performance. The
diameter of the disc is calculated as D=6 for 8GHz center frequencizigure

5.11 shows the input reflection coefficient of the directional microstrip antenna as
obtained from CST Microwave Studiocdinsoft HFSS. The width of the input line

is w=3mm for a characteristic i mpadfdance
between all desired properties, the width and the length of the substrate were varied
and finally identified as W=50mm and L=46mifrhe predictedeflection coefficient

Is better than 9.5dB between 3.1GHz and 12.6GHz.

[' ] CST-Time Domain
-----HFsSs

Raturn Loss=93 5cdB

S114B

=40 ;l|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII'|IIIIII'III|I'IIIIIIII|IIIIIIIII'|'IIIIIIIII|IIIIIIIII|IIIII

a 4 ] ] 7 2 a 10 11 12 13
f-GH=

Figure 5.11 : Reflection coefficient of the antenna

The radiation patterns have been computed with both simulation packages at various
frequencies. The largedifferences between the two results are observed at 11 GHz,
and these patterns are shown inurgg5.12 as an example and representative of

largest variation of radiation patterns obtained for the antenna to follow.
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G CST- Time Domain

Radiemura Patern ------ HFsS

Figure 5.12: Radiation pattern of thantenna at the freauency of 11 GHz

Figure 5.13 shows that the direction of the beam moves between 348 and 285
degrees between 3GHz and 12.6GHz. In addition, thepbater beamwidth of the

main lobe varies between 75 and 25 degrees.

f=3GH
Radiation Pattern —

=TGHz

Figure 5.13: Radiaton pattern of the antenna at the differrent frequencies
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The maximum gain versus frequency is shown irufé®.14 and is around 8 dB at
mid-band frequency..

14

- - - - HFSS

12 ( CST-Time Domain]

Far Field Gain-dB

3 4 5 6 7 8 9 0 N 12 13
f-GHz

Figure 5.14 : Simulatedgain of the antenna
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6. DIRECTIONAL WIDE BAND PRINTED MONOPOLE ANTENNA FOR
USE IN MICROWAVE BREAST CANCER IMAGING

6.1 Introduction

Currently there are increasing demands for directional and high gain antennas,
especially forthe Ultra Wide Band (UWB) applications. Radars and microwave
breast cancer imaging systems are the main examples where the directive antenna
systems are requiredpplication of interest is microwave breast cancer detection
which exploits the contrasts olielectric properties between healthy and malignant
tissue. Directional antennas are used to optimize Half Power Beam Width (HPBW),
more clearly, to increase the radiation intensity in a favored direction by converging
radiation pattern. In radars, antebna HPBW i s one of t he
determining the radarodés resolution; fine
beam. Many efforts have been addressed to design compact wideband antennas for
microwave breast imaging. These antennas can usmltyassified as one of three
types (dipole, slot, or monopole) based on their physical features and radiative
properties.A key component of RaddBased Microwavebreast cancerimaging
systems is the antenna that is used to radiate and receive theidétbeand pulses

[30]. So the antenna design requirements are as follows:
1 Radiate an ultravideband signal to transmit short pulses.

1 Size on the order of it few centimeters to selectively illuminate and permit

scanning.

1 An Optimum half power nedreld beam width to avoid smearing of the

scatterers that occurs if the field of view of each antenna is too broad.

1 Good impedance matching across the entire band width. This ensures that

most of the energy is transmitted.

The directional monopole antenmavith a parabolieshaped or tshapé ground
plane, (chapter 5), have good directional characteristics, bandwidth and also a

proper size, in order to use in microwave imaging system. In this chapter, a new
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modified directionalmonopole antenna with a parabetdicaped ground plane is

presentedAt the following anothemovel compact directional monopole antenna in

microstrip technology isalso presented. Miniaturized size amah acceptable

directional characteristic of thisntenna make it possible to use it in the microwave

imaging systems and radar applications.

6.2 Directional MonopoleAntennaWith a Parabolic-Shaped Ground Plane

6.2.1 Design and characteristics of the antenna

The purpose of this design is to propose aartenna which has ¢himpedance
bandwidth between 4 an@GHz, with a highly directional radiation pattern
throughout the desired bandwidth, for use in near field near surface imaging

applications. Geometry of the proposed antenna is illustrated umefddL, including

the top and bottom metal layers. In order to maintain a-édeetween the gain in

the favored bandwidth and the size of the antenna, it is designed on square FR4

Ssubstrate
the di
layer in Figure6 . 1

of

with di mension of=480Ththnessesher e di el
electric (d) and conductor | ayers a
consists of a circular patch el eme

Parabolic-shaped ground plane

Mmm ——————

P;ih:h

50 mm

—1+—FR4 substrate

+— Patch

=1

Figure 6.1: Top and side views of the antenna

The Parameters r, w and tedhe radius of the patch, and the width and length of the

feed line, respectively. In the other side of the substrate there is a pasdiaged
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ground planeThe oilcolored part of Figre6.1 on the bottom of the substrate acts as
a parabolic reflectorA prominent feature of this antenna is the carefully designed
ground plane that improves the directivity. Main edge of the reflector, which is

shown by (1) in Figre 61, is inserted based on equati6rij:

2

Y- % :% (6.1)
Where, % and y are measured with regard to the coordinate system which is shown
in Figure 6.1 The factor 1/(4f appearing in equatio6.l) is defined as the
concavity factor of the curve, wherg i the length between the focal point and
vertex point of the parabolhich is known as the focal length. Parabolic curve
which is based on Equatio®.{ ) is rotated 45e in order
parabola merely in the direction of the
the parabola is consideredtothee ar est pl ace of the substr
making optimum tradeff between theeflection coefficientand directivity through
the bandwidth of © GHz, the optimal values of and y are determined as 40.4mm
and 9.3mm, respectively. Radiussrchosen as 9mm according to obtain the desired
reflection coefficientbandwidth. Center point of circular patch is inserted in 33.6
mm and 15.5mm respectively in x and y directions. Width of the microstrip feed is
selected 3mm to obtain 50 Ohm impedanwhile the center of w is inserted at
34.6mm in the x direction. Consequently, length of the feed line h is chosen 6.9mm.
Focal length of fis recognized as 5.4mm, to obtain the optimum concavity for curve
(1) according to the location of the circulaatgh, that is to say, locating patch

exactly on the focus of the curve (1).

Furthermore, in order to improve the reflection of radiation pattern from the ground
plane, two parabolic slots are inserted at the corners of the ground plane. These slots
are famed by subtragtg the area between the curves (2) and (3) from the ground

plane.
= (X x,)?
Y- Y= 4t (6.2)
Ly = (X %)?
Y YT, (6.3)

All the parameters in equatiorn8.Z) and 6.3) are defined as the same as in equation

(6.1). Both vertex points of the curves (2) and (3) are inserted at the same point. Both
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parabolic curves, based on equatighg)(and63) , are rotated 45e¢ to |
of the parabolas in the directiogandfpf the sub
must be chosen longer thag} flue to the reduced concavity of curves (2) and (3)

compared to the curve (1). Therefore, the optimum quantities gfaxd y 3 are

determined as 42.4mm and 7.3mm, respectively. In order to obtain the optimum

corcavity for curve (3) to improve the directivity, focal length gfsf recognized as

8mm. Also focal length of,fis determined as 6.4mm, to optimize the dimensions of

the slots.

A prototype with the mentioned optimum parameters has been fabricatedute Fig
6.2 the photo of the antenna is shown. On the left, the side of the antenna with the
parabolieshaped ground plane is observable, while on the right we have the other

side with the circular patch and the microstrip line.

[

Figure 6.2 : A photograph ofabricated antenna.
6.2.2 Parametric study of the antenna

Ground plane of the antenna consists of a symmetrical parabolic curve, which its axis
extended along the direction of the substra:
fields is shown in Fjure 6.3 , which demonstrates that the ground plane, expressed

by equation §.1), reflects the radiation through its surface, symmetrically. This

extended reflector around the circular patch has the advantage of optimum

converging of the radiation pattefBffects of this design on the gain and directivity
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are shown in Figre 6. 7. Compared to the antenna presentedL@j [gain of the
antenna is remarkabhaised, among 12dB between 4 an8GHz.
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Figure 6.3 : Electrical field distribution around tlgground plane at 6 GHz.

The ground plane acts as a reflector with its own original design. The second edge of

the ground plane which is created by inserting the slots, behaves as an additional
reflector which cause to increase in the gain and directivhg. dffect of inserting

parabolic slots on the surface fields of the ground plane is demonstratediia Fig

6.4. Other reflection occurs at the second parabolic edge which is in return raises the
reflectance of the ground plane. Along with, optimizing tloésscauses the reflector

to improve the directivity. Besides, inserting the circular patch on the focal point of
the reflector, another cruci al design co

through different parts of the ground plane.

Figure 6.4 : Electrical field distribution around the ground plane at freq. of 8.5
GHz, =7 mm (left) and 6.4 mm, optimum (right).
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Amount of the reflected radiation 1is
width to the wavelength. Focal lehgf, i s wused to opti mize
directly, and £ is not used due to the fact thatdnd § are already optimized
according the concavities of curve (1) and (3), where the ground plane reflections
occur both from. Figre 6.4 shows the distsution of the surface fields at the
frequency of 8.5GHz for two values of=Fmm, and f=6.4mm (optimum), for

constant values off

Surface Currents on the ground plane of the antenna for both the antenna with

optimum slotqf, = 6.4 ) and without slots@ shown in figre6.5 and figire 6.6.
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Figure 6.5 : Distribution of surface currents around the ground plane at the freq. of 8
GHz, f2=7 mm (with slots).

Figure 6.6 : Distribution of surface currents around the ground plane at the freq. of 8
GHz, (without slots).
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