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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 been explored to
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 ultra-wideband
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.

Radar-based microwave imaging techniques have been proposed for early stage
breast cancer detection. Radar-based microwave breast imaging approaches involve
illuminating the breast with an ultra-wideband pulse of microwaves and detecting
reflections. The reflections 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 the ultra-wideband pulses. So the
antenna design requirements for use in near field near surface measurement
applications, such as radar-based microwave breast cancer imaging are as follows:
radiation of ultra-wideband 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 near-field 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 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 in use, have almost Omni-Directional
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 an L-shaped or parabolic-
shaped ground plane are introduced as another type of directional antennas. In these
antennas it has been shown how partial ground optimization influences the antenna’s
performance, in maximizing the directivity and gain of the antenna. These kinds of
directional antennas are similar to the UWB type Omni-Directional 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
parabolic-shaped ground plane. Ground plane of the antenna consists of a
symmetrical parabolic curve, which its axis extended along the direction of the
substrate’s diagonal. In order to accomplish high gain and directivity, axis of

xx1



parabola in the ground plane is extended throughout the direction of square
substrate’s diagonal that maximizes the capability of symmetrical ground plane as a
reflector. The directivity of the antenna is further improved by inserting parabolic-
shaped slots at the corners of ground plane. 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 directivity.

Then, the presented planar antenna is composed of a disc-monopole fed by a 50Q
microstrip line 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 frequency range of 4-9 GHz. Measured HPBW is among the
degrees 54-22 in the same range of frequencies. In comparison with conventional
antennas with a similar structure, gain of the antenna is improved between 1.1 and
3.1 dBi among 4-9 GHz. HPBW of the antenna is also between 5 and 15 degrees
through the bandwidth .Results confirm the good characteristics for use in radar and
microwave Breast cancer imaging applications where high resolution is required. For
example, at 8.5 GHz, measured HPBW of the antenna is decreased 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 attempt, another novel compact directional monopole antenna in
microstrip technology is also presented. Dimensions of this antenna are considerably
miniaturized in comparison with conventional directional antennas. The main effort
1s to convert an Omni-directional 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 the surface 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 characteristic of the antenna at the frequencies between 5 and 9
GHz. Gain of the antenna is increased over 5 dBi at the desired frequencies.
Reflection coefficient bandwidth of the antenna covers the frequencies among 5-9
GHz. Miniaturized size and an acceptable directional characteristic of the antenna
make it possible to use it in the microwave imaging systems and radar applications.
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MiKRODALGA MEME KANSERI GORUNTULEME KULLANIMI ICIN
GENIS BANTLI YONLU MiKROSERIT ANTEN

OZET

Meme kanseri kadinlarda en yaygin goriilen kanser tiirlidiir. Mamografi kii¢ciik meme
lezyonlarinin noninvaziv tekniklerle kanser tedavisini kolaylastirir. Son zamanlarda,
geleneksel cerrahiden daha yeni tedaviler bu talepleri karsilamak i¢in aragtirilmistir.
Meme kanseri tespiti i¢cin Mikrodalga goriintiileme teknolojisi gliniimiizde ¢ok ilgi
cekmis. Mikrodalga goriintiileme ile meme kanseri tespiti i¢in fiziksel temel, normal
ve malign meme dokularin dielektrik O6zellikleri arasindaki farktir. Mikrodalga
frekanslarinda normal ve malign memenin dielektrik 6zelliklerin arasinda 6nemli
fark neden ile cevapsiz-tespitler ve yanlig-pozitiflerin sayisi ¢ok diisiik sayilardir ve
bu neden meme kanseri tespitinde bir mikrodalga goriintiileme tekniginin
gelistirilmesi i¢in en onemi motivasyon sayilir. Tahmini malign-to-normal meme
dokusu arasindaki kontrast normal doku yogunluguna bagli olarak 2: 1 ve 10: 1
arasinda. Bagka bir avantaj olarak, mikrodalga goriintiileme teknigi sonucunda ilgili
doku ozellikleri bir iic boyutlu (3-D) hacimsel haritasinda gosteriliyor. Ayrica
Mikrodalga meme kanseri goriintiileme noninvaziv ve hatta potansiyel olarak diisiik
maliyetli bir alternatiftir. Bahsedilen tiim nedenlerden dolayi, mikrodalga meme
gorlintiilleme geleneksel meme kanseri tarama sistemleri kisitlamalarin bazilariin
istesinden gelmek icin bir potansiyele sahiptir.

Mikrodalga goriintiileme, tibbi uygulamalara iliskin literatiirde c¢ok genis
aragtirmalara sahiptir. Topografik yontemleri ve backscatter yontemleri dielektrik
ozellikleri karsithiklarindan faydalanarak aktif mikrodalga goriintiileme tekniklerinin
iki farkli yontem sayilir. Mikrodalga tomografi yonteminde amag cismin tarafindan
yansiyan mikrodalga enerjinin 6l¢iimleri ile bir cismin dielektrik-6zellikleri profilin
toplamaktir. Ancak, diger tarafta, yer radari durumunda oldugu gibi, backscatter
yontemlerde amag Olgiilen geri yansiyan sinyallerin kullanimi ile 6nemli mikrodalga
dagiticilarin yerlerini ¢ikarmaktir. Normal meme dokusu ve malign lezyonlar
arasinda, dielektrik 6zelliklerin 6nemli kontrast nedeni ile Sac¢ilma yiikselir.

Son zamanlarda meme kanseri tespiti i¢in bagka bir yol Onerilmistir. Bu yontem
konfokal mikrodalga goriintiileme ve ingilizce olarak confocal microwave imaging
(CMI) olarak adlandirilir. CMI meme tiimdrii saptama prosediiriin yontemi memeni
bir fiziksel anten dizisi sistemi ile gonderilen ultra-genis bant darbe ile aydinlatmak
ve yansimaktir. Sacilan yerini belirlemek icin kullanilan bilgi saglamak amaciyla,
sacilan sinyalinin nispi varis siireleri ve amplitiidleri, ilgili algoritmalar ile analiz
edilir. Mikrodalga tomografi ile karsilastirildiginda, CMI yontemi dielektrik
ozellikleri profilini tamamen yeniden yapmak yerine yalnizca memede gicli
sikliklerin yerini tanimlamak istiyor.

Kisaca Radar tabanli mikrodalga meme goriintiilemesinde, metodun prosediirii
memeni  ultra-genis bantli mikrodalga darbe ile aydinlatmak ve dolayisiyla
yansimalar tespit etmektir. Daha sonra dokudan geri yansiyan dalgalar memede
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tiimoriin yerini tespit eden ve gosteren goriintiiler e olusturmak i¢in kullanir. Bu
sistemlerin Onemli bir boliimii ultra-genis bant sinyal yaymak ve almak igin
kullanilan antendir. Hem giris empedans uydurma agisindan ve hem radyasyon desen
istenen bant genisligi iizerinde, antenin bu uygulamalarda kullanmak igin, iyi
performans gostermesi gerekir.

Antenin yiiksek c¢oziiniirliikte elde etmek icin antenin direktivitesi en Onemli
Ozelliklerinden biridir. Antenin Yar1 Gii¢ Isin Genisligi, ingilizce Half Power Beam
Width (HPBW) kiiciik ayrintilar: tespit etmek i¢in yeterince kiiciik olmalidir. Diger
yandan, antenin fiziksel montaj karmasikligini azaltmak i¢in ve ayn1 zamanda viicut
ile iyi derecede konformlugunu elde etmek icin kompakt bir anten tasarimi arzu
edilir. Bu ylizden bu tiir radar tabanli mikrodalga gogiis kanseri goriintiileme gibi
yiizey yakinindaki yakin alanda O6l¢iim uygulamalarinda kullanim i¢in antenin
tasarim gereksinimleri asagidaki gibidir:

o Kisa darbeleri iletmek i¢in ultra-genis bant yayilan sinyal.

e Secici aydinlatmak ve taramak i¢in birkag¢ santimetre anten biyikIigi.

e Antenlerin gorlis alaninin ¢ok genis olma nedeni ile ortaya ¢ikan dagiticilarin
arasindaki bulagmani dnlemek i¢in optimum bir yakin alanda yarim gii¢ 151n
genisligi (HPBW).

e Ve nihayet tim bant boyunca iyi bir empedans eslestirmesi, bu mesele
enerjinin boyiik kisminin iletilmesini saglar.

Bir antenin HPBW ini azaltmak i¢in antenin direktivitesini bir istenen yonde
arttirmak sarttir. Darbeli radar teknikleri kullanilarak doku algilama uygulamalarinda
cesitli farkli antenler arastirma gruplari tarafindan kabul edilmistir. Bu tiir antenlerin
tipik Ornekleri vivaldi, bowtie, slotline bowtie, horn ve mikroserit antenler igerir.
Gilinlimiizde Ultra Wide band (UWB) uygulamalarinda kullanmak i¢in yonlii
antenlere artan talepler vardir. Yonlii antenler 1s1man1 yakinsamak ile 1s1mnim siddetini
istenilen yonde artirmak i¢in, daha net, Yar1 Gli¢ Isin Genisligi (HPBW) optimize
etmek i¢in kullanilir. Radar sistemlerinde antenin HPBW 1 radar ¢oziintirliigiini
belirleyen temel parametrelerden biridir, diger bir deyisle, daha ince ayrintilar1 daha
dar bir 151 kullanilarak ¢oziilebilir. Yonerge antenin diger avantajlar1 olarak, uzun
bir mesafe ortmek amaciyla HPBW oldukca azaltmak gereklidir. Bir yonlii antenin
1511 Body-Worn Cihazlarinda, Wireless Body Area Network (WBAN) kullanmak
i¢in elektromanyetik radyasyonun etkilerini insan viicuduna azaltmak i¢in arzu edilir.
Bu halde, kullanimda olan genis bantli Planar Monopole gibi UWB antenlerin ¢cogu
Omni Directional radyasyon deseni var.

Ilgi uygulama saglikli ve malign doku arasindaki dielektrik 6zelliklerinmn farkin
aciklayarak mikrodalga meme kanseri tespit edilmesidir. Farkli Yonlii Anten tiirleri
vardir. Horn ya Vivaldi gibi antenlerde, antenin boyutu istenen bir dogrultuda biiyiik
olmast durumunda direktivite elde edilebilir. Mikrodalga meme goriintiileme i¢in
fiziksel ve radyasyon ozelliklerine gore siniflandirilabilen genellikle ii¢ tip (dipol,
slot ve monopole) Kompakt genis bant yonlii antenler sunulmustur. Diger tipleri de,
direktivite elde etmek amaciyla antende kavite ya da arkasinda koruyucu ve ya emici
malzeme kullanilir. Ancak bu gibi yaklasimlar kullanilarak anten boyutu veya
antenin verim azalmasi gibi liretim siirecinde bir komplikasyon ya arttirma neden
olur. Ancak bu gibi yaklasimlar kullanilarak antenin boyutu arttirma veya verim
azalmasi gibi sorunlar ve liretim silirecinde bir komplikasyona neden olur. Radar
tabanli meme kanseri tespiti i¢in 2-4 GHz frekansinda ¢alisan kompakt bowtie anten
veya 3.4-9.6 GHz frekansinda ¢alisan genis bantli tek kutuplu anten yakin alanda
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mikrodalga goriintiileme icin sunulmustur. Geleneksel slot anten gibi bazi diger
yonlii antenler de sunulmus, ancak bir dezavantaj olarak sinirli bir ¢calisma frekans
aralig1 var. Diger tarafta vivaldi tip antenler de iyi bir bant genisligi ve yonli
radyasyonlar1  var. Ozel tipte cember patchli L-sekilli veya parabolik seklinde
ground sayfali monopol mikroserit antenler, mikrodalga goriintiileme sisteminde
kullanilmak i¢in sunulmustur. Bu c¢aligmalarda ground sayfasinin iyilestirmesini
anten kazanci ve direktivitesinin performansini nasil etkiledigi ve optimize etmesini
gosteriyor. Monopol mikroserit antenler popiiler ve fabrikasyon ve ozellikleri ve
kii¢iik boyutu ve mikroserit teknolojinin diger avantajlar1 kolayligi nedeni ile.

Bizim c¢alismalar i¢in parabolik seklinde yansitici ground sayfali monopol tiirii
mikrogerit anten goz Oniine alinmustir.

Bu Tez bu uygulama i¢in modifiye tasarim olarak, gerekli genis bant {izerinden
calisabilen bir parabolik seklinde yansitici ground sayfali yonlii monopol anten
sunuyor. Bu calismada, ground sayfasinin antenin istenen yonsel Ozellikleri elde
etmek {izerinde etkisi gosterdigi ve artirildi.

Bu tezin amaci, 6zellikle mikrodalga meme kanseri goriintiilleme gibi yakin ylizey ve
yakin alanda 6l¢iim uygulamalarinda , kullanimi uygun yeni bir modifiye anten
yapisi tasarlamaktir. Antenin Ground Sayfasi ekseni substrat diyagonalinin yonii
boyunca uzatilmis simetrik bir parabolik egriden olusur. Direktivite, ground sayfanin
paraboliiniin eksenini substratin caprazinda yonlendirmek ile, daha sonra ground
sayfasinda parabolik yuvalari ekleyerek iyilestirilmistir. Ground diizlem iginde
paraboliin eksenini, kare substrat diyagonalin yonii boyunca uzatmak ile ground
sayfasinin yetenegine dogru ve simetrik bir yansitici olarak artiyor. Ayrica ground
sayfasinda yuva ekleyerek olusturulan ikinci kenarlar kazang ve direktivite artmasina
neden olup ek bir reflektdr gibi davranir.

Sunulan diizlemsel anten 50 Q mikrostrip-beslemeli bir disk-monopoldan olusur.
Tercih edilen bant genisliginde antenin kazang ve biiyiikliigli arasinda bir trade-off
korumak i¢in, & = 4.4 dielektrik sabiti olan 50 mm boyutlarinda kare FR4 taban
lizerinde tasarlanmistir. Dielektrik ve iletken tabakalarin kalinliklari, sirasiyla, 1.6
milimetre ve 35 mikrometredir. Hem simiilasyonlar1 ve hem 0lgiimleri Onerilen
antenin Frekansa karsi stabil bir 1s1ma oldugunu onaylandirir. Antenin empedans
bant1 4-9 GHz frekans araligi kapsiyor. Olgiilen HPBW ayni frekans araliginda 54-22
derece arasmndadir. Onceki monopoller ile kiyasladiginda 4-9GHz bir frekans
araliginda, 5-15 derece direktivite ve 1.1-3.1 dBi kazang 1yilestirildigi teyit edilir.
Anten kazanci 8 GHz frekansinda 10 dBi kaldirdi. Antenin 1s1ma yonii 5-9 GHz
arasinda, Phi = 130 ° ve Phi = 151° arasinda degisiyor, Ve bu mesele frekansa karsi
iyi bir 1s1n  kararliligin1 gosteriyor. HPBW azalma nedeni ile antenin ve neticeten
radar sisteminin ¢oziinilirliik parametresi artiyor. Ornek olarak 8.5 GHz te HPBW 38
dereceden 23 dereceye azaliyor, HPBW 40 % iyilesmesini gosteriyor.

Ek bir calisma olarak, mikroserit teknolojisinde baska bir yeni kompakt yonlii
monopol anten de sunulmustur. Bu antenin boyutlar1 oldukca geleneksel yonlii
antenler ile karsilastirildiginda kiigiilmiistiir. Bu antenin kazanci istenilen
frekanslarda 5 dBi kadar artirilmistir. Antenin yansitma katsayis1 bant genisligi 5-9
GHz arasindaki frekanslar1 kapsar. Kiiciiltiilmiis boyut ve antenin iyi yonlii
karakteristigi, mikrodalga goriintiileme sistemleri ve radar uygulamalarinda
kullanmak i¢in uygundur.
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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 missed-detections and false-positives which is
due to the significant difference in the dielectric properties of normal and malignant
breast at microwave frequencies. The estimated malignant-to-normal breast tissue
contrast is between 2: 1 and 10: 1, depending on the density of the normal tissue. As
another advantage, microwave imaging techniques result in a three-dimensional (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, microwave breast imaging has the potential to overcome some of

the restrictions of conventional breast cancer screening systems [1].

There is an extended body of literature on medical applications of microwave
imaging. Two different methods of active microwave imaging techniques make use
of contrasts in dielectric properties: topographic methods and backscatter methods. In
microwave tomography the purpose is to recovery of the dielectric-properties profile
of an object from measurements of the microwave energy transmitted 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 malignant lesions, 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 ultra-wideband 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

backscattered signal are analyzed, using related algorithms. In comparison with



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

strong scatterers in the breast [1, 2].

Briefly in Radar-based microwave breast imaging, the procedure of attempt is to
illuminating the breast with an ultra-wideband pulse of microwaves and
consequently detecting reflections. The reflected waves from the tissue are then
processed to create 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 ultra-wideband signal. Both in the terms of input impedance
matching and radiation pattern 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
antenna design is desirable in order to reduce the complexities of physical mounting

the antenna and also to achieve a degree of conformity with the body [3, 4].

So the antenna design requirements for use in near field near surface measurement
applications, such as radar-based microwave breast cancer imaging are as follows:
radiation of ultra-wideband 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 near-field 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 decrease the 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 tissue-sensing applications using pulsed
radar techniques; typical examples of such antennas include the Vivaldi, bowtie, slot
line bowtie, horn, and microstrip antennas [5]. 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) applications. Directional antennas are used to optimize Half Power
Beam Width (HPBW), more clearly, to increase the radiation intensity in a desired
direction by converging radiation pattern. Antenna’s HPBW at radar systems is one
of the main parameters determining the radar’s resolution, in the other words, finer
details can be resolved by using a narrower beam. As the other advantages of
directive antennas, it is required to minimize the HPBW in order to cover the long
distances [6]. Directional beam of an antenna is also desirable for Body-Worn
Devices in order to use in Wireless Body Area Network (WBAN), to reduce the
effects of human body to electromagnetic radiation [7]. Nevertheless, most of the
wide band and UWB antennas like planar monopoles, which are in use, have almost

Omni-Directional radiation pattern [8, 9, 10].

Application of interest is microwave breast cancer detection which exploits the
contrasts in 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 antennas [11]. Many efforts have
been presented 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, antenna includes 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 production process [7, 12]. Some other directional antennas such
as conventional slot antennas are also presented but as a disadvantage they have a
limited operating frequency range [7, 13], while Vivaldi type antennas have a good
bandwidth and directional radiation pattern [14]. Printed disc monopole antennas
with an L-shaped or parabolic-shaped ground plane also are presented as a
directional antennas [15, 16]. Compact bowtie antenna operating at 2-4 GHz for
radar-based breast cancer detection [17], Wideband monopole antenna fed by a 50-
ohm coplanar waveguide working at 3.4-9.6 GHz for microwave near-field imaging

are also presented [18].



As the special type of microstrip directive antennas, Printed disc monopole antennas
with an L-shaped or parabolic-shaped ground plane are introduced as a directional
antenna for use in microwave imaging system [15, 16]. In these studies it has been
shown how partial ground optimization influences the antenna’s performance in
optimizing the gain and directivity of the antenna. These kinds of directional
antennas are somewhat analogous to the UWB type Omni-Directional monopole
antennas, where it is shown the effect of ground plane on obtaining the desired

directional characteristics of the antenna.

Given that monopole microstrip antennas 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 parabolic-shaped
ground as a reflector for our studies. This Thesis presents a new modified design of
directional monopole antenna with a parabolic-shaped ground plane as a reflector

that can operate over the necessary wide bandwidth for this application.

1.3 Objectives

Printed disc monopole antennas with an L-shaped or parabolic-shaped 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
influences the antenna’s performance, in maximizing the directivity. In this study the
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 the use 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 antenna consists of a symmetrical parabolic curve, which
its axis extended along the direction of the substrate’s diagonal. Directivity is
improved by extending parabola’s axis of ground plane in the direction of the
substrate’s diagonal and subsequently, inserting parabolic slots on the ground plane.
Extending the axis of parabola in the ground plane along the direction of square
substrate’s diagonal maximizes the capability of symmetrical ground plane as a

reflector. Also 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

directivity.

The presented planar antenna is composed of a disc-monopole fed by a 50Q
microstrip line. In order to maintain a trade-off between the gain in the favored
bandwidth and the size of the antenna, it is designed on square FR4 substrate with
dimension of 50mm, where dielectric constant is €=4.4. Thicknesses of the
dielectric (d) and conductor layers are 1.6mm and 35um, respectively. Both
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 4-9 GHz. Improved directivity of 5-15 degrees and improved gain
of 1.1-3.1 dBi in the frequency range of 4-9GHz compared to conventional
monopole [16] are confirmed. Also in comparison with [15] improved gain of 1.2-5

dBi is obtained.

As an additional attempt, another novel compact directional monopole antenna in
microstrip technology is also presented. Dimensions of this antenna 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 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. Gain of the antenna is increased over 5 dBi at the
desired frequencies. Reflection coefficient bandwidth of the antenna covers the
frequencies among 5-9 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

2.1 Purpose

In order to study the performance of an antenna, it is required to know about various
parameters of the antenna. Radiation pattern, gain, directivity, reflection 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 radiation pattern or antenna pattern is defined as “a mathematical
function or a graphical representation of the radiation properties of the antenna as a
function of space coordinates” [19]. Radiation pattern of an antenna is determined in
the far field region and 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 dimensional spatial distribution of radiated energy as a function of the
observer’s position beside a surface of constant radius. A convenient set of
coordinates is shown in Figure 2.1. The power pattern is usually plotted on a
logarithmic scale or more commonly in 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 radiation pattern of an antenna we have to measure
the E-plane and H-plane patterns. The E-plane contains the electric field (E-field)
vector and the direction of maximum radiation. Whereas the magnetic field or H-
plane lies at a right angle to the E-plane and contains the magnetic field (H-field)
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 use. Also in order to cover the long

distances directional antennas can be used [6], [19].

I ELH)

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 function of the angular space. Power pattern in linear
scale represents a plot of the square of the magnitude of the electric or magnetic field
as a function of the angular space. Finally, Power pattern (in dB) represents the

magnitude of the electric or magnetic field, in decibels, as a function of the angular

space.

The two-dimensional normalized field pattern (linear scale), power pattern (plotted in
linear scale), and power pattern (dB scale) of a 10-element linear antenna array of

isotropic sources, with a spacing of d = 0.25\ between the elements, are shown in

Figure 2.2.
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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 a 10-element
linear array with a spacing of d = 0.25A.



In Figure 2.2 points where the pattern achieves its half-power, relative to the
maximum value of the pattern, is 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
maximum, as shown in Figure 2.2(b) c. power pattern (in dB) at —3 dB value of its
maximum, as shown in Figure 2.2(c). All three patterns confirm the same angular

separation between the two half-power points.

2.2.1 Radiation pattern lobes

A radiation lobe is a portion of the radiation pattern bounded by regions of relatively
weak radiation intensity .Various parts of a radiation pattern are referred to as lobes,
which is classified into major or main, minor, side, and back lobes. Figure 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 2.4 illustrates a linear two-dimensional pattern [one plane

of Figure 2.3] of the same Beam of the antenna.

F

Figure 2.3 : Radiation lobes and beamwidths of an antenna pattern.
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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 lobe is poynting in the 6 = 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 major are the minor lobes. A side lobe is a
radiation lobe in any direction other than the intended lobe. A back lobe is a radiation
lobe whose axis makes an angle of approximately 180° with respect to the beam of
an antenna. Minor lobes usually represent radiation in undesired directions, and they
should be minimized. Side lobes are normally the largest of the minor lobes. 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
lobe level. Side lobe levels of —20 dB or smaller are usually not desirable in most

applications.

2.2.2 Isotropic, directional, and omni-directional patterns

Directivity is defined as the ratio of radiation intensity in a given direction to the
radiation intensity averaged over all directions. At the next sections we will present a
complete concept of directivity. Figure 2.5 demonstrate a typical directional Horn

antenna.

An isotropic antenna has an equal radiation in all directions. Although it is ideal and
not physically realizable, it is often taken as a reference for 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 antenna whose maximum directivity

is significantly greater than that of a half-wave dipole.

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

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

the instantaneous Poynting vector defined as:
W = E X H (2.1)

W = Instantaneous Poynting vector (W/m2)
E = Instantaneous electric-field intensity ~ (V/m)

H = Instantaneous magnetic-field intensity (A/m)

Note letters with the points are used to demonstrate the instantaneous fields and
quantities, while normal letters are used to represent their complex counterparts.
Since the Poynting vector is a power density, the total power crossing a closed
surface can be obtained by integrating the normal component of the Poynting vector

over the entire surface. In equation form:

p= ﬁw.ds = ﬂ (w.n)da 2.2)

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

For the applications of time-varying fields, it is desirable to find the average power

density which is achieved by integrating the instantaneous Poynting vector over one

period and dividing by the period. For time-harmonic variations of the form e i , the

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

counterparts E and H by:
E(x,y,7:t) = RelE(x, y,x)e™ | @.3)
H(x.y,zit) = Re|H x, y.x)e " 2.4)
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Using the definitions of (2-3) and (2-4) and the identity:
Re[Eeth]= 1/2 [Eejw’ + E*S_jw]
(2-1) can be written as:

9% T

Re|Ex H’

+Re|E x He*™

W=ExH=

2.5)

The first term of (2-5) is not a function of time, and the time variations of the second
are twice the given frequency. The time average Poynting vector (average power
density) can be written as:

W, (x,9,2) = [ (x,y,550)],, = %XH] (W/m?) (2.6)

The 2 factor appears in (2-5) and (2-6) because the E and H fields represent peak
values, and it should be omitted for RMS values. A close observation of (2-6) may
raise a question. Based on the definition of (2-6), the average power radiated by an
antenna is defined as:

Py =P, =W, .ds =07, mda =1/ 2§ Re(Ex H").ds an

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 of the gain (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 radiates equally 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 coordinate angles 6 and ¢. In
addition, it will have only a radial component. Thus the total power radiated by it is

given by:

12



2 7

Praa = H W,.ds = { '([[arWO(r)].[arrz sin G6d 4] = 4 W, 2.8)
And the power density by:
P,
Wy =aW,= ar[ W‘é) 2.9)

2.4 Radiation Intensity

The radiation intensity is a far-field parameter, is defined as the power radiated from
an antenna per unit solid angle in a desired direction and 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 (W/unit solid angle)

Wiaq = radiation density (W/m 2 )

The radiation intensity is also related to the far-zone electric field of an antenna, by:

U(.¢)= ;—H|E<r, 0.9) ~ ;—nnEg 0.0 +|E,r.0.9)] 1=

1 g > 2 (2.10a)
%[\EQ 6,9) +|E;(0.9)]

where:

E(r, 0, ¢) = far-zone electric-field intensity of the antenna

— jkr
e]

E(r, 0, ¢) = E’(0.4)

7

Eg, Ey = Far-zone electric-field components of the antenna

n = intrinsic impedance of the medium
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Thus the power pattern is also a measure of the radiation intensity. The total power is
obtained by integrating the radiation intensity, as given by (2-10), over the entire

solid angle of 4x. Thus:

2r @

P = )if UdQ = ! ! U'sin 0d6d ¢ (2.11)

where:

do = element of solid angle = sin6 dO do

For anisotropic source U will be independent of the angles 6 and ¢, as was the case
for Wiag. Thus (2-11) can be written as:

P, =§ondQ=UO£fdQ=4ﬁUO 1)

Or the radiation intensity of an isotropic source as:

__ " rad

Yo=7r (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, one
of the most widely used beamwidths is the Half-Power Beamwidth (HPBW). This is
demonstrated in Figure 2.2. HPBW is defined as the angle between the two
directions in which the radiation intensity is one-half value of the beam. Another
important beamwidth is the angular separation between the first nulls of the pattern,
and it is referred to as the First-Null Beamwidth (FNBW). Both the HPBW and
FNBW are demonstrated for the pattern in Figure 2.6. The beamwidth of an antenna
is a very important figure of merit and often is used as a trade-off between it and the
side lobe level; that is, as the beamwidth decreases, the side lobe increases and vice
versa. In addition, the beamwidth of the antenna is also used to describe the
resolution capabilities of the antenna to distinguish between two adjacent radiating
sources or radar targets. Resolution capability of an antenna to distinguish between

two sources is equal to half the first-null beamwidth (FNBW/2), or the half power
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beamwidth (HPBW). That is, two sources separated by angular distances equal or
greater than FNBW/2 =~ HPBW of an antenna with a uniform distribution can be
resolved. If the separation is smaller, then the antenna will tend to smooth the

angular separation distance.

HIFEW = 8 65

il " FHEW - i

Figure 2.6 : Three (left) and two (right) dimensional power patterns
(in linear scale) of U(0) = cos*(0) cos*(36).

2.6 Directivity

In a given direction from the antenna directivity is defined as the ratio of the
radiation intensity to the radiation intensity averaged over all directions. The average
radiation intensity is equal to the total power radiated by the antenna divided by 4.
More simply, the directivity of a nonisotropic source is equal to the ratio of its
radiation intensity in a given direction over that of an isotropic source [20]. In

mathematical form, using (2-13), it can be written as:

ﬂ_ 47U
U, T p (2.14)

rad

D=

If the direction is not specified, it implies the direction of maximum radiation
intensity (maximum directivity) expressed as:
U, 47U

D =D — max — max
e, P, (2.14a)

D = directivity (dimensionless)

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

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

Uy = radiation intensity of isotropic source (W/unit solid angle)
Pr.q = total radiated power (W)

From (2-14) or (2-14a) for anisotropic source the directivity is unity since U, Uy,
and Uy are all equal to each other. For the case which antennas have orthogonal
polarization components, the partial directivity of an antenna for a given polarization
in a given direction is defined as that part of the radiation intensity corresponding to
a given polarization divided by the total radiation intensity averaged over all
directions. Then in a given direction the total directivity is the sum of the partial
directivities for any two orthogonal polarizations. The total maximum directivity Dy

for the orthogonal 6 and ¢ components of an antenna can be written as:
Dy =D, +D, (2.15)

While the partial directivities Dg and D,, are expressed as:

47U
D, = 3 (2.152)
(Bua)st (Prad)¢ :
47U
D, = ’ (2.15b)
(Rad)& + (Prad)¢ :

Where:

Uy = radiation intensity in a given direction contained in 6 field component
U, = radiation intensity in a given direction contained in ¢ field component
(Praq)o = radiated power in all directions contained in 0 field component
(Praq)¢ = radiated power in all directions contained in ¢ field component

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

greater than unity, and it is a relative figure of merit. In equation form, this is
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indicated in (2-14a). The directivity can be smaller than unity; in fact it can be equal
to zero. The values of directivity will be equal to or greater than zero and equal to or

less than the maximum directivity (0 < D < Dy).

A more general expression for the directivity can be developed to include sources
with radiation patterns that may be functions of both spherical coordinate angles 0
and ¢. So it may now be proper, since the basic definitions have been illustrated by
simple examples, to formulate the more general expressions. Let the radiation

intensity of an antenna be of the form:
1 0 2 0 2
U = B,F(0,4) ~ ZDE& O +|Es 0.0 | 2.16

where By is a constant, and Eg and E, are the antenna’s far-zone electric-field

components.

The maximum value of (2-16) is given by:

Unax = By (60,0) 0 = BoFrra (6,0) (2.162)
The total radiated power is found using:
2 &

P, =fU0.9)d2=B, [ [F(0.p)sincdbds @.17)

We now write the general expression for the directivity and maximum directivity

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

D(0.4) = 4n FE.9)

2r &

j j F(6,¢)sin 0d6d¢ (2.18)

[ [F@.psinatas 2.19)

0
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Equation (2-19) can also be written as:

D, - 4r _Ar

[I [Fo.9)simauaig F<9,¢>m} 2 2.20)

where Q, is the beam solid angle, and it is given by:

2r W 2rrm
1

= j _([F(é?, #)sin P = j j F,(6,¢)sin 0d6d @.21)

£(6.4)

F(0,9)= F0.4). 2.22)

The beam solid angle Q4 is defined as the solid angle through which all the power of
the antenna would flow if its radiation intensity is constant for all angles within Q.
Dividing by F (8, ¢) |max merely normalizes the radiation intensity F (0, ¢), and it

makes its maximum value unity.

2.7 Directional Patterns

It is proper to derive simpler expressions, Instead of using the exact expression of (2-
20) even if they are approximate. For antennas with one narrow major lobe and very
negligible minor lobes, the beam solid angle is approximately equal to the product of
the half-power beamwidths in two perpendicular planes shown in Figure 2.7(a). For a
rotationally symmetric pattern, the half-power beamwidths in any two perpendicular

planes are the same, as illustrated in Figure 2.7(b).

With this approximation, (2-23) can be approximated by:

(2.23)
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Figure 2.7 : Beam solid angles for nonsymmetrical (a) and symmetrical (b) radiation
patterns.

The beam solid angle Q4 has been approximated by:

Q,=0,0,, (2.23a)

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

If the beamwidths are known in degrees, (2-23) can be written as:

_ 47(180/ 1) _ 41253

D, e~
’ 0,,0,, 0,,0,, (2.24)

where:
0,4= half-power beamwidth in one plane (degrees)
0,4= 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 (2-23) or (2-24), 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(dim ensionless)) (2.252)
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D,(dB) =10log, [ D,(dimensionless)] (2.25b)

It has also been proposed that the maximum directivity of an antenna can also be

obtained approximately by using the formula:

1yt 1
0 1 2
where:
1 16In2
D, = 1 o2 ~ 07
~— [sinado v (2.26a)
2In2 +
1 16In2
DZ 1 ®,,/2 ~ @ 2
J.sin 9(1’9 2r (2.26b)
2In2 ¢

O, and Oy, are the half-power beamwidths of the E- and H-planes, respectively. The
formula of (2-26) will be referred to as the arithmetic mean of the maximum

directivity. Using (2-26a) and (2-26b) we can write (2-26) as:

L (®—®j®®

D, 2m2{16 16 ) 322 2.27)

_ 32In2

o @fr + @i (2.27a)
_ 72815

0 0, +0, (2.27b)
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Where, ®14 and @y are the half power beam widths in degrees. Equation (2-a) is to
be contrasted with (2-23) while (2-27b) should be compared with (2-24).

2.8 Antenna Efficiency

Using Figure 2.8 The total antenna efficiency ey is used to take into account losses at
the input terminals and within the structure of the antenna. Such losses may be due,

referring to Figure 2.8(b), to:

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

antenna

2.1 R losses (conduction and dielectric)

-

\

. iy
— r Dl ; :
\ -\\ £
[
\l
l*f- — Antenna ——1
Input Output
terminals terminals
(gain reference) (directivity reference)
(a) (b)

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

In general, the overall efficiency can be written as:

€ =66 (2.28)
Where:
eo = total efficiency (dimensionless)
e; = reflection (mismatch) efficiency = (l - |F|2) (dimensionless)

e. = conduction efficiency (dimensionless)
eq = dielectric efficiency (dimensionless)
I' = voltage reflection coefficient at the input terminals of the antenna

[F = (Z =2/ Z, +Z, )] Where Z;, = antenna input impedance
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Z, = characteristic impedance of the transmission line]

: 1+
VSWR = voltage standing wave ratio = 1—|F|
Usually e. and eq 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 (2-28) as:

ey =ee, =e, (1 —|F|2) (2.29)

Where e.q = e.eq = antenna radiation efficiency, which is used to relate the gain and

directivity.

2.9 Gain

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 obtained if the
power accepted by the antenna were radiated isotropically. The radiation intensity
corresponding to the isotropically radiated power is equal to the power accepted

(input) by the antenna divided by 4n:

radiation nt ensity

Gain =4rx

4, U00.9)
P

in

total input(accepted ) power - ) )
(Dimensionless) (2.30)

Also relative gain of an antenna is 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:

47U(60.9)
P, (lossless isotropic soource

Gain = (Dimensionless)

(2.30a)
When the direction is not stated, the power gain is usually taken in the direction of

maximum radiation. Considering the Figure 2.8(a), that the total radiated power (P;aq)

is related to the total input power (Pj,) by:
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F.i=eq4h, (2.31)

where e is the antenna radiation efficiency (dimensionless) which is defined before.

Using (2-30) reduces (2-30a) to:

G(6.9)= ec{%@} 2.32)

rad

which is related to the directivity of (2-16) and (2-21) by:

G(6.4)=e,,D(0,9) (2.33)

In a similar manner, the maximum value of the gain is related to the maximum

directivity of (2-14a) and (2-20) by:

GO = G<07 ¢)max = ecdD(H’ ¢)max = ecdDO (2.333)
and Consequently:

G,(dB) = lOloglO[ecdDo(dimensionless)] (2.34)

2.10 Reflection 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 line to 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 Sy is -10dB or less 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 the Microstrip antennas proposed by Deschamps in 1953. But,
practical antennas were developed by Munson and Howell in the 1970s. Considering
the advantages of MSAs the demand for smaller and low-profile microstrip antennas
was increased with increasing requirements for personal and mobile
communications. The simplest form of microstrip antenna consists 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) are shown in 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 used [21,22]. Radiation from the
MSA can occur from the fringing fields between the periphery of the patch and the
ground plane. The length L of the rectangular patch for the fundamental TM ;o mode

excitation is slightly smaller than A /2, where A is the wavelength in the dielectric
medium, which in terms of free-space wavelength A, is given as /1/ \¢, where, g 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 antennas have several advantages compared to the conventional
microwave antennas. The important and remarkable advantages of microstrip

antennas are listed as follows:
e They are lightweight and have a small volume and low-profile configuration.
e They can be made conformal to the host surface.

e Their ease of mass production using printed-circuit technology leadsto a low

fabrication cost.
e They are easier to integrate with other MICs on the same substrate.
e They allow both linear polarization and CP.
e They can be made compact for use in personal mobile communication.

e They allow for dual- and triple-frequency operations.

3.3 Disadvantages

Also microwave antennas have some disadvantages as compared to conventional

microwave antennas. They are the following:
e Narrow BW
e Lower gain

e Low power-handling capability
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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 them suitable 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 radiators. Also
satellite communication and telephone are the other applications for microstrip
antennas. Microstrip 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 profile. Pagers, the
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 indirectly 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
impedance consequently is an important design 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 has to be drilled 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 be etched on 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 cross-polar level.

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

include the elimination of spurious feed-network 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 individual 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 coupling. In the aperture-coupled MSA configuration, the
field is coupled from 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 symmetry 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 nonresonant [24,25].

A W —— hy
A7 T
f— | —W Radiating patch
8 ¥,
w (772 17 +— Ground plane
_{ with aperture
w, 4
| AL, W / Th.

P Feed-line

(a)

Radiating patch

/g/ — Radiating patch

-« Slot
Ground plane /. CPW line
(b)

(d)

Feed-ling

Figure 3.3 : Rectangular MSA fed 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 BW. The 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 front-to back ratio.
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3.6 Methods of Analysis

The analysis methods for MSAs is 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:
e The transmission line model
e The cavity model
e 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 full-wave simulation/numerical analysis methods). Some of the

numerical methods for analyzing MSAs are listed as follows:
e The method of moments (MoM)
e The finite-element method (FEM)
e The spectral domain technique (SDT)
e The finite-difference time domain (FDTD) method

In this section some methods of analysis are explained.

3.6.1 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 for 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.

3.6.2 FEM

The FEM, unlike the MoM, is suitable 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 to as finite elements, can be any well-defined
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geometrical shapes such as triangular elements for planar configurations and
tetrahedral and prismatic elements for three-dimensional configurations, which are
suitable even for curved geometry. It involves the 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 problems, one with
Laplace’s equation with an inhomogeneous boundary and the other corresponding to

an inhomogeneous wave equation with a homogeneous boundary condition.

3.6.3 SDT

In the SDT, a two-dimensional 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 to evaluate 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.

3.6.4 FDTD method

The FDTD method is well-suited 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 for the 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 H-fields are assumed 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 variations 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, where the Fourier transform yields a frequency

response.
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3.7 Review of Various Broadband Techniques for MSAs

Narrow BW is the most serious limitation of the microstrip antennas. The BW could
be defined in terms of its VSWR or input impedance variation with frequency or in
terms of radiation parameters. Therefore, the 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:

B — VSWR -1 31
OVVSWR 3.1y
where VSWR is defined in terms of the input reflection coefficient I as:
VSWR = I+ |F| 3.2

The I' is a measure of reflected signal at the feed-point of the antenna. It is defined in
terms of input impedance Z;, of the antenna and the characteristic impedance Zy of

the feed line as given below:

Z, -7,

m

r=
Z, +27Z,

(3.3)

The BW is usually specified as frequency range over which VSWR is less than 2
(which corresponds to a reflection coefficient of 9.5 dB or 11% reflected power).
Sometimes for stringent applications, the VSWR requirement is specified to be less
than 1.5 (which corresponds to a reflection coefficient of 14 dB or 4% reflected
power). Conversion of BW from one VSWR level to another can be accomplished

by:

BW, _VSWR -1 JVSWR,
BW,  \JVSWR, VSWR,-1

(3.4)

Where, BW; and BW,; correspond to VSWR; and VSWR;, respectively. The
variation of percentage BW for VSWR < 2 and efficiency n of a square MSA with
normalized substrate thickness h/AO for two different values of & (2.2 and 10) are
given in Figure 3.4(a). Also, the variation of percentage BW with frequency for three

commonly used values of 1 and & = 2.32 is given in Figure 3.4(b). The BW of a

31



single-patch antenna increases with an increase in the substrate thickness and a

decrease in the g, of the substrate.

100
~ 80F &Y
£ 60F .
= i A
20' _‘_.--""—'
O — 1 i i 0 0 e
0 0.04 008 O 2 4 6 8 10

Substrate thickness h/A~  Frequency (GHz)
(a) (b)
( )er=2.2,(---)& =10 and (b) variation of percentage BW with
frequency for three values of h and &, = 2.32: (; 10.318, (---)0.159. (—--)
0.079 cm.

Figure 3.4 : (a) Variation of percentage BW and efficiency of a square MSA versus
h/A0.

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(a). The expressions for
approximately calculating the percentage BW of the RMSA in terms of patch

dimensions and substrate parameters is given by:

v =" W (3.5)
InJEN L
where

A=180 for h <0045 (3.6)

I '

h

A =200 for 0.045 < <0.075 3.7
e G
A=180 for h >0.075 3.9)

JJE

where, W and L are the width and length of the RMSA. With an increase in W, BW
increases. However, W should be taken less than A to avoid excitation of higher order
modes. Another simplified relation for quick calculation of BW for VSWR =2 of the
MSA operating at frequency f in gigahertz, with h expressed in centimeters, is given

by:
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BW =50hf* (3.9)

The BW can also be defined in terms of the antenna’s radiation parameters. It is
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. This 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 1is given
by:

D=02 +6.6+10log(1.6/&.) dB (3.10)

3.7.2 Modified shape patches

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 resonator,
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 a U-slot is cut inside a circular or a

triangular MSA.

3.7.3 Planar multi resonator configurations

The planar stagger—tuned 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% . Various parasitic patches like narrow strips, shorted quarter-
wavelength rectangular patches, and rectangular resonator patches have been gap-

coupled to the central-fed rectangular patch.

Three combinations of gap-coupled rectangular patches are shown in Figure 3.5. 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 gap-coupled multi resonator RMSA configurations: (a) three
RMSASs gap - coupled along radiating edges, (b) three RMSAs gap -
coupled along nonradiating edges, and (c) five gap-coupled RMSAs.

These planar multi resonator configurations yield broad BW but have the following

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

A modification of the multi resonator patches—to avoid the abovementioned
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 more patches 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 direct-coupled multi resonators: (a) three RMSAs direct-
coupled along radiating edges, (b) three RMSAs direct-coupled
along nonradiating edges, and (¢) five direct-coupled RMSAs.
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3.7.4.1 Electromagnetically coupled 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 dielectric layer 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 fabricated on 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 either air-gap or foam
yielding BW of 15-30%.

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

3.7.4.2 Aperture-coupled MSAs

In the aperture-coupled MSA, the field is coupled from the microstrip feed line
placed on the other 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 optimize 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, yield around 30% BW. A BW of nearly 70% has been obtained by
stacking patches with resonant apertures. The multilayer broadband MSAs, unlike
single-layer multi resonator configurations, show a very small degradation in
radiation pattern over the complete VSWR BW. The drawback of these structures is
the increased height, which is not desirable for conformal applications and increased

back radiation for aperture-coupled MSAs.
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3.7.5 Stacked multi resonator MSAs

The planar and stacked multi resonator techniques are combined to further increase
the BW and gain. A probe-fed 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, these configurations also provide

an increase in gain.

3.7.6 Impedance-matching networks for broadband MSAs

The impedance-matching 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 impedance-matching network and an electromagnetically coupled MSA

with single-stub matching as shown in Figure 3.8.

3.7.7 Log-periodic MSA configurations

The concept of log-periodic antenna has been applied to MSA to obtain a multi-
octave BW. In this configuration, the patch dimensions are increased logarithmically
and the subsequent patches are fed at 180° out of phase with respect to the previous
patch. The main disadvantage of this configuration is that the radiation pattern varies

significantly over the impedance BW.

Figure 3.8 : Rectangular MSA with a coplanar microstrip impedance-matching
network (left) and single-stub matched electromagnetically coupled
MSA(right).

3.7.8 Ferrite substrate-based broadband 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 substrate. However,
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the efficiency of these antennas is poor because of lossy substrate and requires
external magnetic fields, which makes it bulky. The 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, microstrip antennas are half-wavelength
structures and are operated at the fundamental resonant mode TMy; or TM,, with a
resonant frequency given by (valid for a rectangular microstrip antenna with a thin

microwave substrate):

fE=— 11
= 2L\/§_r 3.11)
= 54.4 mm »
?‘fl.'i.‘d \
IO.?Ié
4.HL \
(a) (b)

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

Figure 3.9 : Circularly polarized corner-truncated 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 substrate. From

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

length approximately proportional to 1/ \/éy_’, and the use of a microwave substrate
with a larger permittivity thus can result in a smaller physical antenna length at a
fixed operating frequency. Figure 3.9 shows a comparison of the required dimensions
for two circularly polarized corner-truncated square microstrip antennas with

different substrates for global positioning system (GPS) application. The first design
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uses a microwave substrate with relative permittivity €, = 3.0 and thickness h = 1.524
mm; the second design uses a high-permittivity or ceramic substrate with er = 28.2
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
design has a patch size about 10% of that of the first design. This reduction in
antenna size can be expected from (1.1), from which the antenna’s fundamental
resonant frequency of the design with g, = 28.2 is expected to be only about 0.326
times that of the design with & = 3.0 for a fixed 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 instead of the case with ¢, = 3.0 for a fixed operating frequency. The
use of an edge-shorted 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 antenna’s physical length by half at a fixed
operating frequency. When a 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 antenna’s fundamental resonant frequency can be further lowered and further size
reduction can be obtained. In this case, the diameter of a shorting-pin-loaded circular
microstrip patch or the linear dimension of a shorting-pin-loaded rectangular
microstrip patch can be as small as one-third of that of the corresponding microstrip
patch without a shorting pin at the same operating frequency. This suggests that an

antenna size reduction of about 89% can be obtained[23, 24].

Figure 3.10 : Geometries of a rectangular patch antenna with (a) a shorting wall, (b)
a shorting plate or partial shorting wall, and (c) a shorting pin.
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Moreover, by applying the shorting-pin loading technique to an equilateral-triangular
microstrip antenna, the size reduction can be made even greater, reaching as large as
94%. This is largely because an equilateral-triangular microstrip antenna operates at
its fundamental resonant mode, whose null-voltage point is at two-thirds of the
distance from the triangle tip to the bottom side of the triangle; when a shorting pin is
loaded at the triangle tip, a larger shifting of the null-voltage point compared to the
cases of shorted rectangular and circular microstrip antennas occurs, leading to a

greatly lowered antenna fundamental resonant frequency.

Meandering the excited patch surface current paths in the antenna’s radiating patch is
also an effective method for achieving a lowered fundamental resonant frequency for
the microstrip antenna. For the case of a rectangular radiating patch, the meandering
can be achieved by inserting several narrow slits at the patch’s nonradiating edges. It
can be seen in Figure 3.11(a) that the excited patch’s surface currents are effectively
meandered, leading to a greatly lengthened 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 similar design, cutting a pair of triangular notches

at the patch’s nonradiating edges to lengthen the excited patch surface current path.

—— Y
e—— i
——

(2) (b)

Figure 3.11 : Surface current distributions for meandered rectangular microstrip
patches with (a) meandering slits and (b) a pair of triangular notches
cut at the patch’s nonradiating edges.
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The resulting geometry is referred to as a bow-tie patch. Compared to a rectangular
patch with the same linear dimension, a bow-tie patch will have a lower resonant
frequency, and thus a size reduction can be obtained for bow-tie microstrip antennas

at a given operating frequency.

The technique for lengthening the excited patch surface current path mentioned
above is based on a coplanar or single-layer microstrip structure. Surface current
lengthening for a fixed patch projection area can also be obtained by using an
inverted U-shaped patch [Figure 3.12(a)], a folded patch [Figure 3.12(b)], or a
double-folded patch [Figure 3.12(c)]. With these microstrip patches, the resonant
frequency can be greatly lowered compared to a regular single-layer 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 antenna’s resonant or excitation direction, and that no
lateral current components are generated, 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

cross-polarization levels for frequencies within 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(a), the 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 circularly polarized
radiation or compact dual-frequency operation with orthogonal polarizations.
Similarly, designs with a pair of bent slots [Figure 3.13(b)], a group of four bent slots
[Figure 3.13 (c¢)], four 90°-spaced inserted slits [Figure 3.13(d)], a perforated square
patch or a square-ring patch with a cross strip [Figure 3.13(e)], a circular slot [Figure
3.13 (f)], a square slot [Figure 3.13(g)], an offset circular slot [Figure 3.13(h)], and a
perforated tip-truncated triangular patch [Figure 3.13 (i)] have been successfully
applied to achieve compact circularly polarized or compact dual-frequency

microstrip antennas.
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Figure 3.12 : Compact microstrip antennas with (a) an inverted U-shaped patch, (b)
a folded patch, and (c) a double-folded patch for achieving lengthening
of the excited patch surface current path at a fixed patch projection
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Figure 3.13 : Some reported slotted patches suitable for the design of compact

microstrip antennas.
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Figure 3.14 : Geometry of a microstrip-line-fed planar inverted-L patch antenna for
compact operation.

The microstrip-line-fed planar inverted-L (PIL) patch antenna is a good candidate for
compact operation. The antenna geometry is shown in Figure 3.14 When the antenna
height is less than 0.1A0 (A0 is the free-space wavelength of the center operating
frequency), a PIL patch antenna can be used for broadside radiation with a resonant
length of about 0.2500; that is, the PIL patch antenna is a quarter-wavelength
structure, and has the same broadside radiation characteristics as conventional half
wavelength microstrip antennas. 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 microstrip antenna. The
antenna’s ground plane is meandered by inserting several meandering slits at its
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 the meandering slits in the antenna’s ground plane
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 than that of the corresponding conventional microstrip antenna.
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Figure 3.15 : Geometry of a probe-fed compact microstrip antenna with a
meandered ground plane.
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Figure 3.16 : Geometry of a probe-fed compact microstrip antenna with a slotted
ground.
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4. BROADBAND PLANAR MONOPOLE ANTENNAS

4.1 Introduction

An increase in the thickness of the dielectric and a decrease in the dielectric constant
of the substrate increase the 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
thickness decreases the efficiency of the antenna. Also, a long coaxial probe is
required to feed the patch of the antenna suspended in air at a large height as shown
in Figure 4.1(a). The large h increases the impedance bandwidth of the antenna. This
large inductive input impedance can be taken care of by feeding the patch with a
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 hence can be
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 ways [26,27]:

Metallic patch

N\
i e 2

Ground plana
al

—p fe— —p f—

Metallic pateh
Matallic paich /

e ————

p R

Ground plane

fel
(b} LEl

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
monopole 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 &, = 1, so a large BW is expected. In the radiating metallic patch, various higher
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 large-impedance BW.

4.2 Planar Rectangular and Square Monopole Antennas

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 RMSA suspended in air 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 a 50-Q SMA connector of probe
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 RMSA. The value of p is increased to 1 cm to shift the impedance plot in
the clockwise direction because the impedance plot shows less inductive shift due to
the smaller value of the feed probe length p. The results are could be seen in Table

4.1. The measured BW for VSWR <2 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 for all the cases under consideration is air, the effective
dielectric constant . is equal to 1. The theoretical resonance frequency for the

fundamental mode can be calculated using:

fo=c/2L, @.1)
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Where:
L. = effective resonant length;

¢ = velocity of light in free space.

For two orthogonal ground planes, L. = L + AL+ p, because the extension of length
AL 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 width of the patch
(W/h > 10) with &, = 1, AL is approximately equal to h.

T Muavable ground plane
M N

Radiating

-p—-n-q‘/ \\ e W]

]

— =+
Ground plang i

f
¥ 1
|‘| —p

|||||

T 3000
Frequency (MHz)

(c) (d)

Figure 4.2 : (a) Side and (b) front views of modified RMSA with orthogonal ground
planes. Measured (c) input impedance and (d) VSWR plots.

Table 4.1 : Resonance Frequency and Percentage BW of RMSA with L=W =12
cm for Different Values of h, * Calculated using 4.1, ° Calculated using

4.8.
Theoretical h(ecm) fi(MHz) fy(MHz) % BW
Frequency
(MHz)
937° 3 858 988 14.1
789° 6 752 934 17.7
484° 483" 18 515 1081 70.3
0%,483° e 501 1154 81.2

47



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 MHz. Consequently,
for different values of h with p = 1.0 cm, the measured lower and upper frequencies (
f. and fy ) corresponding to VSWR = 2 are shown in Table 4.1. With an increase in h
from 3 cm to infinity (), band width of the antenna increases from 14.1% to 81.2%.
By increase in h, lower resonance frequency decreases because of the increase in AL
due to the large fringing fields. For smaller values of h, there is a reasonable
agreement between the theoretical frequency obtained from (4.1) and the measured
center frequency. 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) and oo (bottom ground plane removed)], the measured input impedance and
VSWR plots are shown in Figure 4.3. As h increases from 18 cm to oo the 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:

e L L
300 1650 3000
Frequency (MHz)

(a) (b)

Figure 4.3 : Measured (a) input impedance and (b) VSWR plots of RMSA for two
values of h: (---) 18 cmand (——) oo.

4.2.2 Calculation of the lower frequency of the planar monopole antennas

The lower frequency corresponding to VSWR = 2 for a monopole antenna can be
calculated by equating its area to that of an equivalent cylindrical monopole antenna

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

2L =WL 4.2)
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which gives:

r=Ww/2n 4.3)

The input impedance of a 1 /4 monopole antenna is half of that of the 1 /2 dipole
antenna. Thus, the input impedance of an infinitesimally thin monopole antenna is
36.5 +j 21.25 Q, which is inductive. when using slightly smaller length of the

monopole as given by:
L=0.244f (4.4)
The real input impedance is achieved. Where
F=(L/r)/Q+L/r)=L/L+r 4.5)
From (4.4) and (4.5), the wavelength 1 is obtained as:
A=(L+r)/0.24 (4.6)
Therefore, the lower frequency f is given by:
1, =c/A=(30x024)/(L+7r)=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 length of the antenna and consequently reduces the frequency. so, this

equation could be written as:

fL = 72/(L +r+ p) GHz (48)

where, L, 1, and p are in centimeters.

The theoretical frequency of 483 MHz for h = « (monopole antenna) obtained using
(4.8) is close to the measured fy of 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 characteristics (with respect to

resonance frequency) is observed, as the ground plane spacing h is increased.
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4.2.3 Effect of various parameters of planar rectangular monopole antennas

The large impedance bandwidth of 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).

[ S £~ wu,
T T
3

VSWR

e =

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

VSWR

1 1 - 1
0 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 plots of RM 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 direction. When p increases, 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 cm, in comparison with the BW of 668 MHz (40%) for p = 0.05

cm.
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The input impedance and VSWR plots also for the two different values of W (4.5 cm
and 3.5 cm) with 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 1,335 MHz to 1,715 MHz due to an increase in loop size.

4.2.5 Various planar RMs with equal areas

The effects of various parameters on the BW of the monopole antenna are studied,
the dimensions L and W of RM are chosen such that their surface areas are equal, so
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
4.5(a), whereas RM is fed in two different ways. The size of the ground plane is
chosen to be 30 cm * 30 cm with p = 0.1 cm in this measuements. The 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 theoretical lower frequency fi for VSWR = 2 obtained using

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

Yeerror = w x 100

4.9)
The theoretical frequencies predicted by (9.8) are within *6.6% of the measured
values. The fi of RMB is higher than that of the RMA, because the height of the
RMB is smaller than that of the RMA. In (4.9) f,,, is the lower measured frequency.
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Figure 4.5 : (a) Square monopole antenna. RM antennas 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 antennas.

Measured f,

Range for Measured Percentage
Configuration L*W VSWR<2 f1(GHz) BW Error in

(cm*cm) (GHz) Ratio Frequency
SM 4.5%4.5 1.27 to 2.81 1.354 1:2.2 +6.6
RMA 4.6%4.2 1.38t0 2.75 1.341 1:2.0 -2.8
RMB 4.2*%4.6 1.40 to 2.02 1.431 1:1.4 +2.2
TMB 5.9%6.8 1.07to 1.11 1.101 1:1.04 +2.9
HMA 4.8%5.6 1.37 to 2.68 1.282 1:1.9 -6.5
HMB 5.6%4.8 1.20 to 3.92 1.147 1:3.2 -4.4

The measured VSWR plots of SM, RMA, and RMB are given in Figure 4.6. The
VSWR values fluctuate from as high as 8 to as low as 1.05 in the frequency range of
1-13 GHz. Optimizing the dimensions of the patches and length of the probe,

optimize the frequency and bandwidth of the antenna.

1 3 5 7 9 M 13
Frequency (GHz)

Figure 4.6 : Measured VSWR plots for three monopole antennas: (——) SM, ( - - -)
RMA, and ( ... ) RMB.

4.3 Planar Circular Monopole Antennas

A planar circular monopole (CM) antenna is another type of monopole antennas
which yields very broad band width. A CM of radius a is shown in Figure 4.7. The
radius a is taken equal to 2.5 cm, so that its surface area is approximately equal to
that of the other monopole antennas given in Table 4.2. 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 equivalent cylindrical monopole antenna are given by:

L=2a (4.10)
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Figure 4.7 : Measured VSWR plots of two-feed configurations of hexagonal
monopole antennas: (——) HMA and ( - - - ) HMB.

VSWR
N O

1 3 5 7 § 1N 13
Frequency (GHz)

(a) (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 to a
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 4.8 (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 minimize co-channel interference
and reduce noise 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 longer ranges 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 certain desired direction [28,29]. 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 Figure 5.1(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, E and F) are also affected when
employing Omni-directional 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 transmission. However,
when directional antennas are in place, both the node pairs C-D and X-Y 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 Omni-directional antennas) to occur in parallel using the
same channel. Table 5.1 briefly compares omni-directional and directional antennas

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

Figure 5.1: Communication using omni-directional antennas and directional
antennas.

Table 5.1 : Comparison of omni and directional antennas.

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. On the other
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 at 2-4 GHz for radar-based breast cancer detection,
Wideband monopole antenna fed by a 50-ohm coplanar waveguide working at 3.4-
9.6 GHz for microwave near-field imaging are also presented. Some other directional
antennas such as conventional slot antennas have limited operating frequency range,
while Vivaldi type antennas have a good bandwidth and directional radiation pattern.
Wide band printed monopole antenna with a parabolic-shaped or L-shaped ground
plane as a reflector is also presented as a directive antenna in order to use in the
application of radar- based imaging system. Application of interest is microwave

imaging, which requires an optimized size and wide band impedance bandwidth, also
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a directive radiation pattern. In the follow we will study some directive antenna

structures.

5.2 Wideband Directional Slot Antenna

The geometry of the proposed slot antenna is demonstrated in Figure 5.2. This
antenna consists of a standard RT/duroid 5880 (er =2.2) with a thickness of 1.58 mm
and also a quarter-wavelength slot on the edge of the ground plane and fed by an L
shape microstrip line. The overall size of the antenna is fixed at L-ground and W-
ground, the length and width of the slot are L-slot and W-slot respectively. L-offset
is the distance from the 100 ohms feed line to the edge of the ground plane and L-
stub is the length of the shorting stub. The impedance of the feed line delivered to the
slot is 100 ohms which is different from the 50 ohms input impedance [13].

_-1004)

5042

W

Qroaund
Figure 5.2: Geometry of the slot antenna (left) top view (right) bottom view.
According to parametric study an optimized structure was designed and fabricated.

All the major parameters are given in table 5.2.

Table 5.2 : Design parameters of the slot.

Antenna Parameters Column
C

Length of ground ( Lground ) 41mm
Width of ground(W ground) 18mm
Length of slot ( L) 17mm
Width length of slot (W) 7mm
Offset distance ( Logfset ) 8mm
Length of stub ( Ly ) 2mm
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Measured and simulated reflection coefficients of the antenna are given figure 5.3.
Reflection coefficient frequency band is 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 account, so the simulated results are some different with the

measurements.

EARNT ]

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 the reflection coefficient of the antenna with and
without reflector is represented in figure 5.4. Almost the same impedance bandwidth
1s obtained with a large reflector at 10mm away behind the slot when no reflector is

added.
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Figure 5.4 : The measured reflection coefficient of 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 5.5b. As 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.

Figure 5.5 : The simulated (solid line) and measured (dz_lsh line) E-plane radiation
pattern (dB) of the slot with reflector (a) f = 6GHz, (b) f= 8GHz.

5.3 Directional Planar UWB Antenna With an L-shaped Ground Plane

The antennas were designed to be fabricated on a low cost FR4 substrate. The
thickness of the dielectric and the conductor layers are 1.6 mm and 35 pm,
respectively. The relative permittivity of the dielectric in the whole analysis are 4.5.
In Figure 5.6 geometry of the printed directional antenna with an L-shaped ground

plane is shown [15].

L-shaped around plane

FR4 substraie —¥
/ T

[

al

'l
7z | Disc and microstrip

Figure 5.6 : Schematic view of the printed disc monopole with L- shaped ground
plane. On the left (right) a side (front) view of the designed antenna is
shown.
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The substrate is a square dielectric FR4 board with dimensions 5 cm % 5 cm. On one
side of the board we have a 50-Ohm 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 have an L-shaped ground plane. The part of the conductor plane with the long
side parallel to x-axis (width W1) forms the microstrip line, whereas the conductor
strip with the long side parallel to y-axis (width W2) acts as a reflector, and this is
the key element which is introduced to improve directionality. The final goal of the
work is to get a planar antenna with low reflection coefficient, near constant group
delay and radiation patterns, and increased directivity in the band between 6 and 8
GHz. Massive numerical 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 of the 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 Figure 5.6 a photograph of the two antennas are shown. On
the left it is possible to see the side of the board with the L-shaped ground plane,
whereas on the right we have the other side with the disc and the microstrip line. The
fabricated prototypes have been fully characterized through measurements in
anechoic chamber. Simulations predict a 10-dB 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 line) and simulated (dash-dotted line) reflection
coefficient curves 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 have been fully characterized in anechoic chamber.

90

180

270

Figure 5.8: Radiation pattern of the disc monopole with L - shaped ground plane
(solid line) and of the conventional disc monopole (dash-dotted line) in
the x - y plane at 6 GHz. Black circles represent measurements on a
prototype in anechoic chamber. results are reported in linear scale.
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Figure 5.9 : Radiation pattern of the disc monopole with L- shaped ground plane
(solid line) and of the conventional disc monopole (dash-dotted line) in
the x - y plane at 7 GHz. Black circles represent measurements on a
prototype in anechoic chamber. results are reported in linear scale.
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5.4 Directional Monopole Antenna With a Parabolic-Shaped Ground Plane

The UWB antenna presented here is designed for fabrication on FR4 substrate with
er=4.4, thickness of 1.6mm and 35um metallization thickness. Geometries of the
antenna in various technologies are demonstrated in Figure 5.10 including the top

and bottom metal layers[16].
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Figure 5.10 : Dark top and transparent ground-plane and side views of the proposed
directional planar UWB antennas in microstrip technology (a), coplanar
technology (b), and microstrip with coaxial feed (c).

The top layer in Figure 5.10a consists of a centered circular patch element with 50 Q
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 substrate is recognized as a parabolic reflector of which the

patch is located in the focal point based on:

—L(-x)
S (VA (5.1

where x( and yj are the displacements in the Cartesian coordinate system, and f is the
focal length, which is assumed to be one half of the patch diameter. Figure 5.10b and

Figure 5.10c illustrate the respective antenna structures in coplanar waveguide
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technology as well as with a coaxial feed. The parameters in Figure 5.10b is the gap
between the ground reflector and the patch for 50 Q input matching. The parameter d
in Figure 5.9¢ is the diameter of the via hole through the substrate, which is equal to
the inner diameter of 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 desired direction as well as good group delay performance. The
diameter of the disc is calculated as D=18 mm for 8 GHz center frequency. Figure
5.11 shows the input reflection coefficient of the directional microstrip antenna as
obtained from CST Microwave Studio and Ansoft HFSS. The width of the input line
is w=3mm for a characteristic impedance of 50Q. In order to find a good trade-off
between all desired properties, the width and the length of the substrate were varied
and finally identified as W=50mm and L=46mm. The predicted reflection coefficient
is better than 9.5dB between 3.1GHz and 12.6GHz.
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Figure 5.11 : Reflection coefficient of the antenna.

The radiation patterns have been computed with both simulation packages at various
frequencies. The largest differences between the two results are observed at 11 GHz,
and these patterns are shown in Figure 5.12 as an example and representative of

largest variation of radiation patterns obtained for the antenna to follow.
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Figure 5.12: Radiation pattern of the antenna 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, the half-power beamwidth of the

main lobe varies between 75 and 25 degrees.

f=3GH
Radiation Pattern —
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Figure 5.13: Radiation pattern of the antenna at the differrent frequencies.
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The maximum gain versus frequency is shown in Figure 5.14 and is around 8 dB at

mid-band frequency..

14

- - - - HFSS

12 ( CST-Time Domain]

Far Field Gain-dB
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f-GHz

Figure 5.14 : Simulated gain 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 for the Ultra Wide Band (UWB) applications. Radars and microwave
breast cancer imaging systems are the main examples where the directive antenna
systems are required. Application of interest is microwave breast cancer detection
which exploits the contrasts in dielectric 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, antenna’s HPBW is one of the main parameters
determining the radar’s resolution; finer details can be resolved by using a narrower
beam. Many efforts have been addressed to design compact wideband antennas for
microwave breast imaging. These antennas can usually be classified as one of three
types (dipole, slot, or monopole) based on their physical features and radiative
properties. A key component of Radar-Based Microwave breast cancer imaging
systems is the antenna that is used to radiate and receive the ultra-wideband pulses

[30]. So the antenna design requirements are as follows:
e Radiate an ultra-wideband signal to transmit short pulses.

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

scanning.

e An Optimum half power near-field beam width to avoid smearing of the

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

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

most of the energy is transmitted.

The directional monopole antennas with a parabolic-shaped or L-shaped ground
plane, (chapter 5), have a 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 directional monopole antenna with a parabolic-shaped ground plane is
presented. At the following, another novel compact directional monopole antenna in
microstrip technology is also presented. Miniaturized size and an acceptable
directional characteristic of this antenna make it possible to use it in the microwave

imaging systems and radar applications.
6.2 Directional Monopole Antenna With a Parabolic-Shaped Ground Plane

6.2.1 Design and characteristics of the antenna

The purpose of this design is to propose an antenna which has the impedance
bandwidth between 4 and 9GHz, 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 in Figure 6.1, including
the top and bottom metal layers. In order to maintain a trade-off between the gain in
the favored bandwidth and the size of the antenna, it is designed on square FR4
substrate with dimension of 50mm, where dielectric constant is €=4.4. Thicknesses
of the dielectric (d) and conductor layers are 1.6mm and 35um, respectively. The top

layer in Figure 6.1 consists of a circular patch element with 50Q microstrip feed.

Parabolic-shaped ground plane

«—FR4 substrate

Patch

g

=]
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L ¥

+— Patch

EL 50 mm . J
X

Figure 6.1 : Top and side views of the antenna.

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

feed line, respectively. In the other side of the substrate there is a parabolic-shaped
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ground plane. The oil-colored part of Figure 6.1 on the bottom of the substrate acts as
a parabolic reflector. A 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 Figure 6.1, is inserted based on equation (6.1):

y—%=9i%L (6.1)

Where, x; and y, are measured with regard to the coordinate system which is shown
in Figure 6.1 The factor 1/(4f)) appearing in equation (6.1) is defined as the
concavity factor of the curve, where f) is the length between the focal point and
vertex point of the parabola which is known as the focal length. Parabolic curve
which is based on Equation (6.1) is rotated 45° in order to extend the axis of the
parabola merely in the direction of the substrate’s diagonal. Also the vertex point of
the parabola is considered to the nearest place of the substrate’s diagonal. In order to
making optimum trade-off between the reflection coefficient and directivity through
the bandwidth of 4-9 GHz, the optimal values of x; and y; are determined as 40.4mm
and 9.3mm, respectively. Radius r is chosen as 9mm according to obtain the desired
reflection coefficient bandwidth. Center point of circular patch is inserted in 33.6
mm and 15.5 mm respectively in x and y directions. Width of the microstrip feed is
selected 3mm to obtain 50 Ohm impedance, while 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 f; is recognized as 5.4mm, to obtain the optimum concavity for curve
(1) according to the location of the circular patch, 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 formed by subtracting the area between the curves (2) and (3) from the ground

plane.
(x—x,)"
Yo =T (6.2)
(x—x3)°
y—Yy;= YA (6.3)

All the parameters in equations (6.2) 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 equations (6.2) and (6.3), are rotated 45° to locate the axis
of the parabolas in the direction of the substrate’s diagonal. Focal lengths of f, and f;
must be chosen longer than f;, due to the reduced concavity of curves (2) and (3)
compared to the curve (1). Therefore, the optimum quantities of x», 3 and y;, 3 are
determined as 42.4mm and 7.3mm, respectively. In order to obtain the optimum
concavity for curve (3) to improve the directivity, focal length of f3 is recognized as
8mm. Also focal length of f, is determined as 6.4mm, to optimize the dimensions of

the slots.

A prototype with the mentioned optimum parameters has been fabricated. In Figure
6.2 the photo of the antenna is shown. On the left, the side of the antenna with the
parabolic-shaped 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 of fabricated 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 substrate’s diagonal. Distribution of the surface
fields is shown in Figure 6.3 , which demonstrates that the ground plane, expressed
by equation (6.1), reflects the radiation through its surface, symmetrically. This
extended reflector around the circular patch has the advantage of optimum

converging of the radiation pattern. Effects of this design on the gain and directivity

70



are shown in Figure 6. 7. Compared to the antenna presented in [16], gain of the

antenna is remarkably raised, among 1 - 2dB between 4 and 9GHz.
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Figure 6.3 : Electrical field distribution around the ground 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 directivity. The effect of inserting
parabolic slots on the surface fields of the ground plane is demonstrated in Figure
6.4. Other reflection occurs at the second parabolic edge which is in return raises the
reflectance of the ground plane. Along with, optimizing the slots causes the reflector
to improve the directivity. Besides, inserting the circular patch on the focal point of
the reflector, another crucial design consideration is the size of the reflector’s width

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 f,=6.4 mm, optimum (right).
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Amount of the reflected radiation is depends on the proportion of the reflector’s
width to the wavelength. Focal length f, is used to optimize the reflector’s width
directly, and f; is not used due to the fact that f; and f; are already optimized
according the concavities of curve (1) and (3), where the ground plane reflections
occur both from. Figure 6.4 shows the distribution of the surface fields at the
frequency of 8.5GHz for two values of f,=7mm, and f,=6.4mm (optimum), for

constant values of f3.

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

optimum slots (f; = 6.4 ) and without slots are shown in figure 6.5 and figure 6.6.

Isurfla/ml

. B941e+@8E
. 7. 9850e+B86
7.1159e+888

6. 3269=+080
5. 5378e+808

- 4. ThSde+aam
3. 9597e+0BE

3. 1786+080
2, 3816:+080
1. 5925:+080
8. 8347e-aa1
1. 4415e-E82

Figure 6.5 : Distribution of surface currents around the ground plane at the freq. of 8
GHz, 2=7 mm (with slots).
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Figure 6.6 : Distribution of surface currents around the ground plane at the freq. of 8
GHz, (without slots).
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As a result, Figure 6.7 shows that effect of the varying amounts of f, to the gain of
the antenna for different frequencies. Therefore, we can use different values for f;

depending on the frequency of application.
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Figure 6.7 : Simulated gain at theta=90 degrees and phi=131 degrees for f,=6, 6.4
and 7.

Considering Fig6.7 for an application with center frequency of 6.5GHz, f,=7mm will
give the optimum solution. In this antenna, for the frequencies between 4 and 9GHz,
f,=6.4mm is identified as an optimum value. The effect of varying amount of f; on
the reflection coefficient is also shown in Figure 6.8; £,=6.4mm is also determined to

obtain the desired impedance bandwidth.
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Figure 6.8 : Simulated reflection coefficient for £,=6, 6.4, 7 and 8.

6.2.3 Measurements and results

Compared to the antenna demonstrated in [16], gain of the antenna is improved

among 1-2dB, between 4 and 9 GHz, without slots; consequently, inserting the slots
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also improves the gain curve between 0.1 and 1.1 dBi. Results are shown in Figure 6
.9a, between 5.5 and 9GHz at Theta=90° and Phi=131°. Considering Figure 6.9a, at
the frequency of 8.5GHz, the gain is raised from 7.6dBi to 10.4dBi with the slots
compared to [16]. Also related radiation pattern in the frequency of 8.5GHz is shown
in Figure 6.9 b. Simulated HPBW of the antenna for this frequency is 26° with slots,
while HPBW is 31° without slots and also for the antenna designed in [16] is 38°.
Between the frequencies of 4 and 9GHz, HPBW changes among 56° and 25°,

respectively.
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Figure 6.9: (a) Simulated gain of the antenna compared to [15] and [16] (b)

simulated radiation pattern ( logarithmic scale ) of the antenna
compared to [16] at the frequency of 8.5 GHz.
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Also radiation pattern of the antenna in linear scale is demonstrated in figure 6.10 in

comparison with the previous design in [16]

-180

Design in[16]
---- Without slots

— With slots

Figure 6.10 : Simulated radiation pattern ( linear scale) of the antenna compared

to [16] at the frequency of 8.5 GHz.

Direction of radiation pattern of the antenna moves between Phi=131" and Phi=152°

among 5-9 GHz (Figure 6.11), that confirms a good stability of the antenna’s beam

versus frequency.
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Figure 6.11 : Radiation pattern of the antenna (in linear scale). m1, m2 and m3 are
the direction of maximum gain at the frequencies of 9, 7 and 5 GHz,

respectively.
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All simulations were done by HFSS v.11 and then compared to the measurements,
which were done using Agilent N5230A network analyzer in the anechoic chamber
with dimensions 6X7X3.3m and working frequencies 80MHz to 20GHz.  Good
agreement is observed between the simulations and measurements. Figure 6.12

shows the simulated and measured beam of the antenna in two frequencies.

30 T 30 | ‘ 30 7 P 30
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-180
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Figure 6.12 : Simulated and measured beam of the antenna at frequency= 8.5 GHz
(left) and frequency=6 GHz (right) in logarithmic scale.

At the frequency of 6GHz, measured HPBW is 41° and simulated HPBW is 44°, also
for the frequency of 8.5GHz HPBW is obtained 23° compared to the simulated
HPBW which is 26°. There are 10° and 5° tilts between simulated and measured
patterns at the frequencies of 6 and 8.5 GHz, respectively. Gain of the antenna also is
shown in Figure 6.13, which shows a good agreement between the simulated and

measured gain at Theta=90° and Phi =131".
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Figure 6.13 : Simulated and measured gain of the antenna.
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Finally, simulated and measured reflection coefficient is shown in Fig 6. 14; which
confirms the good characteristic of the antenna in the favored bandwidth. There are
some differences in the reflection coefficient between the simulated and measured
antenna which is because of some default in fabrication and measurement process
but as it could be seen, between the frequencies of 4 and 9 GHz, antenna has a

reflection coefficient under -10dB.
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Figure 6.14 : Simulated and measured reflection coefficient.
6.2.4 Modification in the size of the antenna

As it was studied in the previous sections, size of the antenna is very important in
order to use in the application of Radar-Based microwave breast cancer imaging. In
this design size of the antenna is considered to be improved where the optimum
trade-off is also maintained between the size, reflection coefficient and gain of the

antenna. In this section just simulated design of the antenna is presented.

40 mm

- - 40 mm -
Figure 6.15 : Top view of the antenna.
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This Presented directional antenna is also designed in more compact size of 40 * 40
mm. the structure of antenna is shown Figure 6.15. Aim of this attempt is to maintain
a trade-off between the size and gain of the antenna, especially with more compact

size.

The purpose of this design is to optimize the size of antenna which has the optimum
directional characteristics between the bandwidth of interest, for use in near field
near surface imaging application. Geometry of the proposed antenna is illustrated in
Figure 6.15. As in the case of the previous model, in order to maintain a trade-off
between the gain in the favored bandwidth and the size of the antenna, it is designed
on square FR4 substrate with dimension of 40mm, where dielectric constant is
€~4.4. Thicknesses of the dielectric (d) and conductor layers are 1.6mm and 35um,
respectively. The top layer in Fig6.12 consists of a circular patch element with 50Q
microstrip feed. The Parameters r and h are determined same as the previous design.
but width of the feed line (w) is determined as 24.6 mm. The optimal values of x;
and y; are determined as 30.4mm and 9.3mm, respectively. The optimum quantities
of X2, 3 and y», 3 are determined as 32.4mm and 7.3mm, respectively. The optimal
values for fj, f; and f; are determined as 5.5, 6.5 and 9, respectively. As in the case of
the previous design, in this compact design, the small reflector also converges the
radiation through its surface, especially in a symmetrical form. This can be seen
clearly in the figure 6.16 at the frequency of 7 GHz. In this figure the electrical field

distribution around the ground plane is demonstrated.
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Figure 6.16 : Electrical field distribution around the ground plane at 7 GHz.
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Also electrical field distribution around the ground plane for two amounts of f, (6.5

and 5.5 ) are demonstrated in figure 6.17 and compared with each other.

Figure 6.17 : Electrical field distribution around the ground plane at 7 GHz for two
different amounts of f; (left £, =6.5 optimum).

Reflection coefficient of the antenna is under -9.5 dB between the frequency of 4 and
10 GHz (figure 6.18) . In comparison with the previous design, gain of the antenna
just has a low decrease, where the size of the antenna is improved. Gain of the

antenna is demonstrated in the fig. 6.19.

-——

-10.00 - o
& -20.00
= 4
- |
i -25.00 -
-30.00 —
-35.00 —

) sty j————y——r——————rp——r—
260 3.00 400 5.00 6.00
Freq [GHz]

760 sbo  8bo | 10.00
Figure 6.18 : Simulated reflection coefficient of the antenna.

Also gain of the antenna is still around the gain presented by [16] while in this case

the size of the antenna is considered to be improved.
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Figure 6.19 : Simulated gain of the antenna.

As it can be seen in the figure 6.19 the gain of the antenna is around the obtained
gain in [16], where the size of the antenna is considered to be improved. Also
radiation pattern of the antenna is presented in the figure 6.20 at different

frequencies, which confirms the directional characteristic and also stability of the

radiation pattern of the antenna.

Freq =9 GHz
Freq = 8 GHz
Freq =7 GHz
Freq =6 GHz
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-180
Figure 6.20 : Simulated radiation pattern of the antenna at different frequencies
between the bandwidth.

This structure could be considered if the size of antenna is more important in
comparison with the gain and half power beam with of the antenna. But the main

purpose of this chapter of the thesis was to present a more directive and modified
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antenna with a new design for use in the applications of microwave imaging, where
high resolution is required. The favored antenna is designed and presented in section
6.2 and consequently the results are shown in the next sections. The measured result
also compared with the simulations and confirmed the good characteristics of the
antenna. But as the alternative in advantages of modified design of the antenna in the
last section a modified size of the antenna is also presented where more compact size
is needed. For the main antenna with the improved gain and directivity, for example,
at 8.5 GHz, measured HPBW of the antenna is decreased from 38 degrees to 23
degrees, which confirms a 39 % decrease in HPBW of the antenna which is

considerable in order to increase the resolution of a radar system.
6.3 A Novel Compact Monopole Antenna

6.3.1 Characteristics of the antenna

The final aim of the work is to get a planar antenna with a very compact size and a
wide reflection coefficient bandwidth as well as a directive radiation patterns
between the frequencies of 5 and 9 GHz. Fig. 6.21 shows the geometry of the
proposed compact antenna, which consists of a semicircular patch with its coupling-

fed complement as a parasitic element and an optimized deformed ground plane.
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Figure 6.21 : Geometry of the antenna-top view (left) and side view (right).
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In order to maintain an optimum impedance matching through the bandwidth, as well
as an optimized size, the antenna is designed on a rectangular FR4 substrate with
dimension of 20 and 25 mm, where dielectric constant is €,=4.4. Thicknesses of the
dielectric (d) and conductor layers are 1.6 mm and 35 pm, respectively. Top metal

layer of the antenna consists of two segments.

As it can be seen in Fig. 6.22, both elements at the top of the substrate, are the
complementary segments of a broken circle, where the center point of the circle (C)
is inserted at x = 10 mm and y = 16 mm. Where, x and y are measured with regard to
the coordinate system which is shown in Fig. 6.22. Also radius (R) of the circle is
chosen as 7 mm in order to obtain the desired bandwidth. Where the piece at the
bottom of the break is fed directly by a 50 Q microstrip line with the dimensions of
w =3mm and h; = 9.15 mm. Width of the microstrip line is chosen 3 mm to obtain
50 Q impedance matching. While the center of w, is inserted at 10 mm in the x
direction. The other complementary piece at the top of the break is fed by coupling
from the main patch. Dimensions of the break on the circle, is optimized in order to
achieve the favored reflection coefficient bandwidth. It also optimizes the directional
characteristic of the antenna. Optimized dimensions of a = 13.4 mm and b =1 mm is
determined for the break on the circle. It causes to turn in the surface currents of the
patch surface which improves the impedance matching. To accomplish an optimum
impedance matching the break is inserted at h, = 3.86 mm from the bottom of the

circle.

At the other side of the substrate we have a deformed ground plane which is
demonstrated by an oil-colored part in Fig. 6.21. The ground plane is a prominent
feature of this antenna which is carefully designed to improve the directivity. It can
be considered same as a rectangular shape whose right side is cut and optimized. The
length of the ground plane along the y direction (B) is determined as 8 mm to obtain
the desired bandwidth. The right side of the ground is cut to remove the radiation in
undesired direction. The optimized dimension for A to maintain a tradeoff between
the radiation and reflection coefficient is determined as 12.5 mm. The cut segment of
the ground plane consists of two rectangular and trapezoid shapes. By determining
the length A equal to 12.5 mm the length of the rectangle and the bottom length of
the trapezoid is determined as 8.5 mm. also the optimized size of the width of the

rectangle (hs) is determined as 4.36 mm. consequently the length L and the width of
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the trapezoid is chosen as Smm and 3.64 mm, respectively. In order to improve the
impedance matching, another semicircular break is inserted on the bottom metal
layer. Where, the center (c) of the circle is inserted at 10mm along the both x and y

directions. And radius (r) of the circle is obtained as 4mm.

A prototype with the discussed optimum parameters has been fabricated and

demonstrated in Fig. 6.22.

Figure 6.22 : Photo of the antenna.

6.3.2 Parametric study of the antenna

Wideband monopole antenna with a very compact size is presented. In order to
maintain an optimum impedance matching through the bandwidth, as well as an
optimized size, the antenna is designed on a rectangular FR4 substrate with
dimension of 20 and 25 mm. Using a simple semicircle patch at the top of the
substrate, has the advantage of continuity in the connection point between the
microstrip-fed line and the patch, which may be a significant factor for increasing the
bandwidth especially at the higher frequencies. Considering the favored bandwidth
of 5-9 GHz, in the application of interest, the radius of the circle is obtained 7 mm.
Ground plane of the antenna consists of an optimized rectangle which has two
rectangular and trapezoidal cuts on its surface. Without deforming the ground plane,

the antenna has an omnidirectional radiation pattern. This issue is demonstrated in
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Fig. 6.23. Radiation pattern of the antenna with this deformed ground plane is

demonstrated and compared with the symmetrical rectangular ground plane.
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Figure 6.23 : Radiation pattern of the antenna with and without optimization at the
frequency of 7.7 GHz and Theta= 135 degrees.

As it can be seen, radiation diversity is increased in the left and bottom sides of the
antenna, and decreased in the right and top sides of the antenna. The idea behind this
issue lies in the fact that, by using this asymmetric and deformed ground plane and
cutting the right side of the ground, it is possible to remove the electrical fields
caused by surface currents of that region of the ground plane. Furthermore, the
surface currents of semicircular patch and the parasitic elements turn in the opposite
side and increase the radiation in the opposite side of the antenna. More clearly, the
ground plane is accurately designed in a way that makes the surface currents of the
radiating elements to move toward the desired direction, which increases the
radiation density in the preferred direction and also decreases the radiation intensity

in the opposite sides.

Current distribution on the patch and ground plane is shown in the Fig. 6.24. It’s
clear that by optimal cutting the one side of the ground plane, surface currents on the
patch and parasitic elements, move toward the opposite side, consequently diversity
of the radiation around the antenna increased in the opposite side. This attempt also

considerably affects the reflection coefficient of the antenna.
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Figure 6.24 : Photo of the antenna distribution of surface currents with and without
ground optimization at the frequency of 7.5 GHz.

The small semicircular cut on the ground plane also improves the impedance
matching of the antenna, whose parameters are determined, earlier. Effect of this
semicircular break on the top of the ground plane is considerable. So, in order to find
a good tradeoff between the mentioned requirements, especially to maintain a good
reflection coefficient bandwidth, a thin semicircular edge is still maintained at the

broken side of the ground plane.

b

S

Figure 6.25 : Distribution of surface currents with and without break at the
frequency of 7.5GHz.

In order to improve both the gain and reflection coefficient of the antenna a
rectangular break is inserted on the circular patch, which divides the circle into two
complementary segments composed of one main patch element and another parasitic

element. The effect of this break is shown in Fig. 6.25 which demonstrates that the
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surface currents further move toward the favored direction, which improves the

directivity of the antenna.

In the Fig. 6.26, reflection coefficient of the antenna in the without break and without
break is demonstrated. It is clear that the obtained and determined parameters in
section II can be considered as the optimum amounts for the dimensions of the break

on the circle.
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Figure 6.26 : Photo of the antenna reflection coefficient of the antenna with and
without optimized dimensions of slots.

6.3.3 Measurement and simulation results

Simulations were done in HFSS v.11 and then compared to the measurements. Great
SMA connector somewhat affects the characteristics of the antenna. This issue
especially can be observed from Fig. 6.29, where the difference between the
simulated and measured reflection coefficient can be seen. Fig. 6.27 shows the
simulated beam of the antenna at the frequency of 7.5 GHz and Phi = 135 degrees,
simulated HPBW is determined as 75 degrees.

o
| Gt 4.00
60/ 3.00 \60

; 2.00 i
Ir 1.00

g-{:.5 ag
i
[

120" 120
AR et PARD

180

Figure 6.27 : Photo of the antenna radiation pattern of the antenna at the frequency
of 7.5 GHz.
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Gain of the antenna also is shown in Fig. 6.28, which shows a good agreement
between the simulated and measured gain at Theta = 145 degrees and Phi = 145

degrees.
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Figure 6.28 : Simulated and measured gain of the antenna.
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Measured and simulated reflection coefficient of the antenna between the frequencies
of 5 and 9 GHz is demonstrated In Fig. 29. Good agreement is observed between the
simulation and measurements which confirms the good characteristics of the antenna

in order to use in the favored frequencies of breast cancer imaging system.
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Figure 6.29 : Simulated and measured reflection coefficient of the antenna.
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7. CONCLUSIONS

Size, directivity and a good reflection coefficient are the most important
characteristics of the antenna design requirements for use in near field near surface
measurement applications such as the microwave breast cancer imaging system. The
directional monopole antennas with a parabolic-shaped or L-shaped ground plane
have good directional characteristics, bandwidth and also a proper size, in order to
use in microwave imaging system. In this Thesis, a new modified design of
directional wide band monopole antenna with parabolic-shaped ground plane as a
reflector, has been presented and studied. Two remarkable operations used to
improve the directivity and gain. Firstly, parabola’s axis mounted along the direction
of the substrate’s diagonal in order to increase the capability of the ground plane to
optimal converge the radiation, axis of parabola in the ground plane is rotated 45
degrees (in comparison with the previous antenna) to extend throughout the direction
of the substrate’s diagonal. Consequently, vertex of the parabola is placed at the
optimum point in the corner of the substrate. Consequently by inserting corrective
slots the gain of the antenna is further improved. Also parametric design of the
antenna allows constructing the antenna with the different dimensions of the slots for
desired frequencies. Also in the other design a compact and small size of the antenna
is presented. Aim of the second design is to improve the size of the antenna while
maintaining a good trade-off between the size and gain of the antenna. Measurements
confirm that reflection coefficient is under -10dB throughout 4-9 GHz. Furthermore,
measured HPBW is between 54°- 22° among 4-9 GHz. Improved HPBW of 5-15
degrees is obtained throughout the bandwidth. Gain of the antenna improved
between 1.1-3.1dBi throughout the bandwidth compared to the antenna presented in
[16], also in comparison with the antenna presented in [15] gain is improved between
1.2 and 5 dBi. At 8.5 GHz, measured HPBW of the antenna is decreased from 38
degrees to 23 degrees (mentioned in the result section), which confirms a 39 %
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. At the

following, another novel compact directional monopole antenna in microstrip
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technology was also presented. Reflection Coefficient bandwidth of this new antenna
covers the frequency range of 5-9 GHz, and an acceptable directional characteristic is
obtained. Measured and simulated gain of the antenna confirmed 5dBi reached gain
at the desired frequencies of bandwidth. Miniaturized size and an acceptable
directional characteristic of this antenna make it possible to use it in the microwave

imaging systems and radar applications.
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