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DESIGN OF A NEW ULTRA WIDEBAND (UWB) MICROSTRIP ANTENNA

SUMMARY

Demands for high rate and broad band communication technologies have been
increased in recent years. These requirements lead organization such as FCC to define
a new frequency range and standards to fulfill the needs. One of these standards today
known as Ultra Wideband (UWB). The following thesis focused on this technology
and tried to present a practical design of antenna supporting UWB systems.

UWB technology is clearly presented in the second chapter and explains different
approaches used to cover its requirements. The technology itself, without its
implementation would be meaningless; therefore, methods of implementation and
main applications of this technology will be described briefly.

Methods of implementing UWB technology on microstrip substrate antenna
disscussed in chapter three. A short introduction about the history of antennas will be
good start for this chapter. The key to understand an antenna and its functioning is
electromagnetic radiation.

Despite prevalent believes, there is no need to be specialist in integro-differential
equations to understand electromagnetic radiation. In order to grasp the concepts of
electromagnetic radiation, one only needs to understand the electricity and magnetism.
Researches in these fields, goes back to nearly two thousand years. Great scientists
worked in these fields to deliver the great results to James Clerk Maxwell, who is the
most known person in electromagnetic fields for what are currently called the Maxwell
equations.

In this chapter, it’s tried to cover all the materials might be required for design
procedure. Different feeding techniques that are used in microstrip antennas are also
described. Last part of chapter three presents different techniques for widening the
bandwidth.

In chapter 4, a new heptagon shape microstrip antenna is presented. The antenna is fed
using probe feeding technique with uniform ground plane. Proper slots have been
employed to enhance the bandwidth. The antenna is designed and fabricated on the
substrate of FR4 which will decreases the cost of fabrication as an important factor in
industry. All the simulations have been done using HFSS software.
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YENI BiR ULTRA GENiS BANDLI MiKROSERIT ANTEN TASARIMI

OZET

Antenleri dikkate almadan kablosuz teknolojilerden konusmak bosuna olur. Iyi ve
giivenilir kablosuz baglanti yeterli iletim giicii, yeterli bant genisligi vs gerektirir. Bu
sartlar1 saglamak amaciyla sistemin her pargasi iyi calismalidir, Ve anten bir sistemin
baslangi¢ veya son kismi olarak 6nemli bir rol oynar. Son yillarda mikroserit
teknolojilerin getirilmesiyle mikroserit antenler sanayi ve akademik ¢evrelerde ilgi
odagi haline geldi. Teknolojideki bu gelismelerin arasinda bilesenlerin kiigiiltiilmesi,
daha fazla bilgi iletmek icin daha fazla bant genisligi saglamak sayilabilir. Ote yandan
anten talepler frekans bantlar1 doygunluguna yol agti. Dolayisiyla teknolojinin bu
sorunlarin iistesinden gelmek i¢in bir bagka devrime ihtiya¢ duyuyordu.

Ultra genis band (UWB), bu yukarida bahsedilen sorunlarin {istesinden gelmek icin
getirilen bu devrimsel teknolojilerden biri dir. Sorunlar1 3.1 ila 10.6 GHz arasi
kullanilan bantlar1 tekrar ancak bu sefer daha diistik gii¢ iletimi tizerinden kullanmak
suretiyle ¢ozmeye ¢alismaktadir. Diisiik iletim giicli kullanan bu teknik bu yolla diger
dar bantli telsiz/radyo sistemlerini i¢in goriinmez hale gelmekte ve kullanilan
spektrumun paylasilmasina olanak vermektedir. Cihazlarin olduk¢a diisiik gii¢ altinda
calisabilme kapasitesi ile birlikte yeterince hizli ¢aligmasi gerektiginden UWB
teknolojilerini uygulamanin oldukca karmasik oldugu da dikkatlerden kagmamalidir.
Dolayisiyla bu sistemlerdeki antenlerin diisiik bir gii¢ altinda sinyal alip-gonderme
kabiliyeti ile birlikte ultra genis bant yelpazesinde galismasi gerekmektedir.

Bu tezde UWB uygulamalar1 i¢in bir mikroserit anten gelistirilmistir. Bugiiniin yagam
tarzinda cihazlarin biiyiikliigii 6nemli bir husus olusturuyor. Dolayisiyla Cogu UWB
uygulamalarmi kapsamak i¢in bant genisligini sabit tutulurken boyutlar1 kiigiiltmek
icin calismalar yapilmaktadir. Uretim masraflar1 nemli bir rol oynadigindan antenler
FR4 alt katmanlarinda tasarlanip imal edilmistir.

Bu ¢alismada onerilen antenin boyutunu halen UWB frekans bant araligini saglayarak
diisiirmek i¢in 6rnegin uygun yama bi¢imi kullanmak ve yarik uygulamak gibi farkl
yontemler denenmistir.

Son yillarda yapilan ¢aligsmalara bakildiginda daha biiyiik bant genisligine ulagmak
icin cok-katmanli anten kavrami ilk kez Hall ve digerleri [1] tarafindan ortaya atild1.
Standart bir yama antenden 16 kat daha genis bant genisligi saglayan bu antenler
artirtlmis ylikseklige sahip aliiminyum alt katmanlardan imal edilmistir. C. Wood
tarafindan ortaya atilan bir diger yontem. Mikro-serit yama antenlerin bant genisligini
ikiye katlamaktadir [2].

Demeryd ve Karlsson [3] diisiik yalitkanlik sabitli daha kalin katmanlar kullanarak
genis banth bir mikroserit anten tasarladi. Bu anten genis bant i¢in bir dizi i¢erisinde
bir anten elemani olarak kullanildi. Dairesel yama antenin bir temel genis bant anten
oldugunu varsayarak N.Das ve Chateljee [4] ¢ok daha genig bant genisligine sahip
konik bir mikro-serit anten gelistirdi. Bu antenin tasarimi, dairesel yama antenin yama
yapisin1 katman ic¢ine hafifce konik olarak bastirmak suretiyle degistirilmesine
dayalidir.
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Sabban [5], %15 bant genisligi artisiyla bir 64-elemanli Ku bant diziliminin baz
eleman1 olarak iki katmanl ikiz anten gelistirdi. Bhatnagar ve digerleri [6] bant
genigligini artirmak i¢in ikiz yapili bir liggen mikro-serit yama anten gelistirdi.
M.Deepu Kumar ve digerleri [7] ikili frekans calismasi elde etmek i¢in bir iki-kapl
mikro-serit anten geometrisi gelistirdi. Anten genis bir bant genisligi ile kapilar
arasinda mitkemmel yalitim sagladi.

K.M. Luk ve digerleri [8] %26°lik bant genisligine sahip 8 dBi kazanili bir ikiz dairesel
canak anten tasarladi. ikiz diizenlemenin dip yamasmda dort dogrusal yuva
kullandilar. K.M. Luk ve digerleri [9] ayrica bir L-bi¢imli prob beslemeli genis banth
dikdoértgen mikroserit yama anteni de arastird1. Onerilen antende bir kopiik katmani
destek katman olarak kullanildi. Bu katman dalga boyunun %10’u civarinda bir
kalinliga sahipti. Anten %35 oraninda bir empedans bant genisligine ve 7.5 dBi’lik bir
ortalama kazanca sahipti.

Y.X. Guo ve digerleri [10] bir U-yuva dairesel yamali L-prob besleme ile alt katmani
destekleyen bir kopiik katman kullandi. Bu yapida %38’lik bir empedans bant genisligi
ile 6.8dBi kazanci elde edildi. Kin Lu Wong ve digerleri [11] yiiksek calisma
frekanslarinda zayif es yonlii 1s1ma karakteristikleri sorununun tistesinden gelmek igin
genis bantl es yonlii metal plakalt monopol anten gelistirdi. Bu anten basit bir basamak
bi¢cimli yap1iya sahipti ve uygulamasi kolaydi.

W.L. Stutzman ve G.A. Thiele, genis bant genisligine ulasmak i¢in ince bir tel
kullanmak yerine diiz bir metal kullanmay1 onerdi [12]. Son on yilda diiz plaka
1is1y1cilar i¢in gesitli geometriler ortaya atildi. Bununla birlikte bu antenlerin empedans
bant genisliklerinin {ist uglarindaki bozulmalar dikkate alinmalidir. S.Y. Suh ve W.L.
Stutzman [13]’de ve S.-Y. Suh [14]’de diizlemsel ters ¢evrilmis konik anten denilen
yeni bir genis bantli, her yonlii, diiz anten gelistirdi.

Basit yapilar1 ve tiim yonlii 1isinimlar1 nedeniyle monopoller ve cesitleri daha fazla
dikkat ¢ekmis ve bant genisliklerini arttirmak i¢in daha fazla caba gosterilmistir.
Kawakami, H. ve Sato, G[15] Nakano ve digerleri, [16] Rogers, S.D. ve Butler, C.M.N
[17] ile Cho, W ve digerleri [18] tarafindan konik ve catisal konik, kafes ve cesitli
yiiklii monopoller, disk yiiklii ve ters F antenler sunulmustur. Ancak, konik veya donel
simetrik monopollerin hacimli yapisi onlarin en biiyilk dezavantaji olarak
yorumlanabilir. Son zamanlarda, diizlemsel monopollerin sunulmasiyla tel elemanlar
Brown, O.H. ve Woodward, O.M [19] Amman, M.J ve digerleri, [20], [21] Agrawall
ve digerleri, [22] Chen, Z.N [23] tarafindan diizlemsel elemanlarla degistirildi. Bu
yapilarda yatay 1s1nim diizenleri asimetrik yapilar1 nedeniyle es yonlii degildir. Ayrica,
genis bantli monopollerde E-dlzlemi boyunca 1s1n demeti gozlenebilir.
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Daha kiiclik boyutlara talep bu alandaki arastirmacilari standart kiigiik seritli yamadan
daha kucuk boyutlu antenler tasarlamak icin gaba gostermeye yoneltti. Bu gabalar
duzlemsel ters F antenleri ve yamal antenler icin ylksek-dielektrik sabitli alt tabaka
gibi yeni anten tasarmmlar1 getirdi. Ayn1 zamanda bu antenler geleneksel yamali
antenlerden daha kiigiiktii ancak herhangi bir bant genisligi iyilestirmesi sunmuyordu.
[24]’te J. Michael Johnson ve Yahya Rahmat-Samii tab monopol denilen yeni
gelistirmis bir diizlemsel anteni tanitti. S. Honda ve digerleri [25] 1:8 empedans bant
genisligi ve tim yonlii 1smim diizenine sahip bir disk monopol anten sundu. M.
Hammoud ve digerleri [26] genis bantli bir disk monopoliiniin giris empedansini
eslestirme iizerine bir arastirmay1 sundu. N.P. Agrawall ve digerleri [27] 1998 yilinda
genis banth diizlemsel monopol antenleri 6nerdi. P.V. Anob ve digerleri [28] 2001
yilinda uluslararas1 bir sempozyumda yar1 dairesel tabana sahip genis banth dikey bir
monopol anteni tanittt. M.J. Amman [29] bir e§im verme teknigi kullanarak genis
bantlh diizlemsel monopol antenin empedans bant genisliginin kontroliinii sundu. M.J.
Amman ve Z. N. Chen [30] ¢oklu bantli kablosuz sistemler i¢cin genis bantli monopolii
gelistirdi. S.-Y. Suh ve digerleri [31]¢oklu-genis bantli monopol disk anteni tanitti. E.
Antonino-Daviu ve digerleri [31] genis bantli ¢ift beslemeli diizlemsel monopol anteni
onerdi.

A.Khidre ve digerleri [33], 67mmx74mm biiyiikliigiinde bir Rogers RT\Duroid alt
katman iizerinde genis bantli U-yuva yama prob beslemeli bir anten sundu. 2012’de
H. Malekpoor ve S. Jam, S0mmx50mm ebatlarinda bir ultra-genis banth kisaltilmig
yama yap1 tanitt1 [34]. N.Ghasemi ve digerleri 2007°de 7.6 GHz bant genisligine sahip
bir ¢ok katmanli prob beslemeli bir yap1 tanitt1 [35]. Ek olarak Ghannoum ve digerleri
UWRB sektorsel uygulamalari i¢in iki E-bi¢imli ikiz yamali S5Smmx55mm ebatlarinda
bir mikro-serit yama anten tanitt1 [36]. Bunlara ek olarak son yillarda yurik kullanmak
[37], DGS (Defected Ground Structure) [38], EBG (Electromagnetic Band Gap)
yapilar1 kullanmak gibi pek ¢cok yontem tanitildi ve test edildi.

Bu galismada UWB bant genisligini korurken antenin biiytikligiinii diistirmek igin
uygun yuriklara sahip bir yedigen (heptagon) yama tasarlanmistir. Bu anten basit bir
bicime sahip ve ge¢miste Onerilmis olan antenlerin ¢oguna kiyasla imal edilmesi
kolaydir. Onerilen antenin ebadi, ¢ogu UWB uygulamasi igin yeterince kiigiik bir FR4
alt katmani tizerinde 30mmx30mm’dir.

Bu calismada simiilasyon islemleri i¢in HFSS (High Frequency Structure Simulator)
yazilimi kullanmistir.
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1. INTRODUCTION

Talking about wireless technologies is meaningless without considering antennas.
Good and reliable wireless connection requires enough transmitting power, enough
bandwidth, and etc. In order to provide these requirements, every part of a system
should work well and antenna as the beginning or ending part of a system playes an
important role. Since, the first steps of electromagnetic waves recognition, antennas
known as a metallic element and different types of them introduced to the world. These
last years, by introducing microstrip technologies, microstrip antennas became as a
part of interest in industry and academia. Among these revolutions in technology, there
was an increasing demand for miniaturizing components, providing more bandwidth
to transmit more information, higher data rates and etc. These demands on the other
hand caused frequency bands saturation. So, technology needed another revolution to

overcome these problems.

Ultra Wideband is one these revolutionary technologies that introdeced to overcome
the aforementioned problems. It tries to solve problems by reusing the occupied bands,
3.1 to 10.6 GHz, but at very low power transmition. This technique, Using low
transmitting power, makes it invisible for other narrow band radio systems and allows
to share the used spectrum. It needs to notice that implementing UWB technologies is
very complex, since the devices need to work fast enough with the ability of working
in very low power. So, the antennas in these systems need to operate in ultra broadband

spectrum with the ability to receive and transmit in a low power.

1.1 Purpose of The Thesis

In this thesis, we will work on developing microstrip antenna for UWB applications.
In today’s life the size of devices is an important matter. So, it’s tried to reduce the
size while keeping the bandwidth constant to cover most of the UWB applications.
Since, fabrication expenses play a pivotal role in industry, antennas will be designed
and fabricated on the substrate of FRA4.



In this work it’s tried to utilize different methods such as using proper patch shape and
implementing slots to reduce the size of proposed antenna with still providing UWB
frequency band range.

1.2 Literature Survey

Looking to the some of previous works in recent years; the concept of multilayer
substrate antennas in order to achieve greater bandwidth reported by Hall et al. [1].
These antennas which provide bandwidth of 16 times more than a standard patch
antenna, constructed on alumina substrates with increased overall height. Another
method introduced by C.Wood to locate capacitively excited short circuit parasitic
elements at their radiating edges. This method, doubles the bandwidth of microstrip
patch antennas [2].

Demeryd and Karlssson [3] by using thicker substrates of low dielectric constant, made
a broadband microstrip antenna. This is used as antenna element in an array for
broadband operation. Assuming circular patch antennas as a basic broadband antennas,
N. Das and Chateljee [4] itroduceded a conical microstrip antenna with much larger
bandwidth. The design of this antenna is based on the modification of the circular patch

antenna by slightly depressing the patch configuration conically into the substrate.

Sabban [5] reported a stacked two layer microstrip antenna as a base element of an 64
element Ku band array with 15% bandwidth increasement. Bhatnagar et al. [6]
introduced a stacked configuration of triangular microstrip patch antennas to increase
the bandwidth. M.Deepu Kumar et al. [7] developed a dual port microstrip antenna
geometry to obtain dual frequency operation. The antenna provided wide bandwidth

and excellent isolation between ports.

K.M. Luk and et al. [8] designed a stacked circular disc antenna using proximity fed
technique with bandwidth of 26% and gain of 8 dBi. They used four linear slots in the
bottom patch of the stacked arrangement. K.M. Luk and et al. [9] also investigated a
broadband rectangular microstrip patch antenna with an L-shaped probe fed. In the
proposed antenna a layer of foam is used as supporting substrate. This laye had a
thickness of around 10% of the wave length. The antenna has an impedance bandwidth

of 35% and an average gain of 7.5 dBi.



Y.X Guo and et al. [10] used L-probe feeding with a U-slot circular patch and a layer
of foam that supported substrate. In this structure, an impedance bandwidth of 38%
and gain of 6.8dBi obtained. Kin-Lu Wong and et al in [11] in order to overcome to
the problem of poor omnidirectional radiation characteristics in high operating
frequencies, reported Broadband Omnidirectional Metal-Plate Monopole Antenna.

This antenna had a simple step-shaped structure and is easy to implement.

W. L. Stutzman and G. A. Thiele proposed to use a flat metal instead of a thin wire
structure in order to achieve wide bandwidth [12]. In last decade, various geometries
for flat plate radiators have been presented. However it needs a notice that these
antennas suffer from pattern degradation at their high end of impedance bandwidth.
S.-Y. Suh and W. L. Stutzman in [13] and S.-Y. Suh in [14] introduced a new
wideband, omni-directional, flat antenna called the planar inverted cone antenna
(PICA).

Monopoles and their variations due to their simple structure, pure polarisation and
omni-directional radiation, atracted more attentions and efforts to increase the
bandwidth of them. Conical or skeletal conical, cage, and various loaded monopoles,
disc loaded and inverted F antennas have been presented by Kawakami, H., and Sato,
G[15] Nakano and et al,[16] Rogers, S.D., and Butler, C.M. N [17] and Cho ,W and et
al [18]. However, the bulky structure of conical or rotationally symmetric monopoles
can be interpreted as their major drawback. Recently, by introducing planar
monopoles, the wire elements have replaced with planar elements by researchers such
as Brown, O.H., and Woodward, O.M [19] Ammann, M.J et al,[20], [21] Agrawall et
al, [22] Chen, Z.N [23]. In these structures horizontal radiation patterns are not omni
directional because of their asymmetrical structure. Furthermore, along the E-plane,

beam squinting can be observed in broadband monopoles.

Demands for smaller components lead th researchers in this field to devote efforts to
design antennas with smaller size than the standard microstrip patch. These efforts
brought new antenna designs such as Planar Inverted F Antennas (PIFA) and high-
dielectric constant substrate for patch antennas. Also, these antennas were smaller than
the traditional patch antennas, but they didn’t represent any bandwidth improvement.
In [24] J. Michael Johnson and Yahya Rahmat-Samii reported a newly developed
planar antenna called the tab monopole. S. Honda and et al [25], presented a disc

monopole antenna with 1:8 impedance bandwidth and omni-directional radiation



pattern. M. Hammoud and et al [26] reported an investigation on matching the input
impedance of a broadband disc monopole. N. P. Agrawall et al [27] proposed Wide-
band planar monopole antennas, in 1998. P. V. Anob et al [28] reported a wideband
orthogonal square monopole antenna with semi-circular base at an international
Symposium in 2001. M. J. Ammann [29] presented control of the impedance
bandwidth of wide band planar monopole antennas using a beveling technique. M. J.
Ammann and Z. N. Chen [30], has reported wideband monopole antenna for multi-
band wireless systems. S.-Y. Suh et al [31] has reported multi-broadband monopole
disc antenna. E. Antonino-Daviu et al [32], proposed Wideband double-fed planar

monopole antennas.

A. Khidre and et al. [33] presented a wideband U-slot patch probe fed antenna on a
substrate of Rogers RT\Duroid with the size of 67mmx74mm. In 2012, H. Malekpoor
and S. Jam reported an ultra-wideband shorted patch structure by the size of
50mmx50mm [34]. N. Ghasemi and et al. in 2007 presented a multi-layer probe-fed
structure with bandwidth of 7.6GHz [35]. Furthermore, Ghannoum and et al. presented
a microstrip patch antenna with two E-shaped stacked patches for UWB sectoral
applications with the dimensions of 55mmx55mm [36]. In addition to these, lots of
techniques such as Using slots [37], implementing Defected Ground Structure (DGS)
[38], Electromagnetic BandGap (EBG) structures [39] have been introduced and tested

in recent years.

In this thesis, a heptagon patch with proper slots is employed to reduce the size of the
antenna while keeping the UWB bandwidth. Uniform ground plane, prevents back lobs
in radiation pattern and makes it suitable for some applications such as medical usages.
All the simulations had been done using HFSS software. This antenna has a simple
shape and easy to fabricate in comparison with most of the previously proposed
antennas. The size of the proposed antenna is 30mmx30mm on a substrate of FR4

which is small enough for most of UWB applications.



1.3 Hypothesis

Lots of theories and investigations have been developed so far. Among all these, there

are some hypothesis which can be base of our work.

First, various shapes of patch is an important factor to obtain the desired bandwidth
and radiation. Among all common shapes, circular patch has an intrinsic wideband
characteristics. So, by investrigating different shapes the desired UWB, bandwidth can

be achieved.

Second, different feeding techniques and methods have been introduced and each one
will has its own application. Probe feeding method is known for its narrow bandwidth
characteristics. Increasing height of the substrate and proper uses of slot can overcome

this limitation.






2. ULTRA WIDEBAND TECHNOLOGY

It is not possible to talk about Ultra-wideband antennas without understanding the
meaning of the Ultra-wideband, technologies behind it, its various applications,
regulations and also standards that governing it. This chapter presents Ultra wideband
(UWB) technologies and explains different approaches used to cover its requirements.
The technology itself, without its implementation would be meaningless; therefore,
methods of implementation and main applications of this technology will be described
briefly. In order to clearly understanding the measurement techniques to fulfill the
standards requirements section 2.5 of this chapter deals with this issue.

2.1. Ultra Wideband Systems

Demands for higher data rates, frequency spectrum saturation, low power
consumption, and etc. are some of the reasons which put the Ultra wideband in the
center of interest during past years. Ultra wideband, in comparison with narrowband
systems, uses a large bandwidth for transmitting data. Power usage over the band is
much lower than narrowband systems, as illustrated in Fig. 2.1(a). Consequently,
because the power of ultra wideband can be interpreted as a noise in narrowband
systems using the same spectrum, due to their noise levels, there will be no
interference. This fact makes it possible to share the spectrum and space with other

established technologies.

The Federal Communications Commission (FCC) first defined UWB as any system
having a bandwidth of at least 500 MHz or a fractional bandwidth larger than 0.20.

Fractional bandwidth is defined as:

bandwidth = 221t (2.1)

fH+SL
where fy is the higher and f. is the lower frequencies of operation. These frequencies
are defined as the points where the power is reduced by -10 dB from the frequency

with maximum power fu.



In 2002, the FCC allowed unlicensed UWB transmission in the frequency band
between 3.1 to 10.6 GHz.According to the defined standards, inside the frequency
band, the Effective Isotropic Radiated Power (EIRP) should be below -41.3 dBm.
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Figure 2.1 : Gain pattern of narrow band and Ultrawide band systems: (a) Frequency
domain, (b) Time domain.

In recent years, industry and academia focused on two different approaches in order to
cover the ultra wideband. Using several subbands to cover the whole band is the first
approach. The second, consists in sending very narrow pulses having the desired

bandwidth. Following subsections describe these two methods.

2.1.1. MB-OFDM

MultiBand Orthogonal Frequency Division Multiplexing (MB-OFDM) based on
dividing the frequency spectrum in several sub bands using different carriers. Industry
paid lots of attention to this approach and it is more widely used technique. Just after
the FCC assigned UWB frequency allocations, WiMedia Alliance [40] was founded
in September 2002. It has today more than 350 members, among who are some of the
most renowned companies, and is maybe the strongest promoter of UWB

standardization around the world.

2.1.2. IR-UWB

The second method suggests that in order to cover broad spectrum in Figure 2.2(a),
very short pulses in time can be used, see Figure 2.2(b). This type of UWB is called
Impulse Radio UWB (IR-UWB) [41], and consists in sending pulses or a group of
pulses representing one bit of a coded signal. Covering the spesification of FCC would



mean that the pulses should be at least 2 ns wide (BW = 500 MHz) and have small

amplitude due to low transmitted power rule.

Time dependency and complexity of implementation put this approach far from
industry interest, but the favorite of researchers in universities or investigation centers.
2.1.2.1. Modulation

In order to send the information of impulse signal, several modulation techniques
introduced. Figure 2.2 shows the most studied with higher possibilities of

implementation methods. A small description of each technique is given below.
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Figure 2.2 : Modulation techniques of IR-UWB: (a) PPM, (b) PAM, (c) OOK, and
(d) BPSK.

e PPM — Pulse Position Modulation can be interpreted as the most common
modulation scheme used for IR-UWB. In this technique, pulses are sending at
different times, and each position represents a different bit value. In Figure 2.2
(a), at the beginning a 1 is sent whereas the 0 is sent in the middle of the period.

e PAM — Pulse Amplitude Modulation uses pulses with different amplitudes;
each amplitude is related to a specific bit value. In Fig. 2.2 (b), a 1 has higher
amplitude than the bit representing the 0.

e OOK - On-Off Keying is the simplest modulation and the less power
consuming. A pulse means a 1 while the absence of a pulse is 0, as shown in
Fig. 2-2 (c).

e BPSK — Binary Phase Shift Keying consists of changing the phase of the pulse,
according to the bit value to be transmitted. A 1 has 180° phase difference from
a 0. Fig. 2.2 (d) shows a 1 having positive amplitude and a 0 that has the same

magnitude but negative.



Depending on the type of information or the transceiver to be used, more complex

modulations are avaiable.

2.1.2.2. Pulse shapes

One of the most experienced areas in UWB pulses is Radar technology [42], [43],
generating high power pulses in the order of kV. From the antenna point of view, low
power ultra wideband waveforms are an important topic of study [44] as well as from
the generator approach [45]. The priors were investigating an optimum pulse to
transmit without distortion. Now, researchers are looking for low power technologies

that can generate such pulses.

There are various types of pulses that can cover the UWB [46] within the FCC
Spectrum mask. The most common pulse shapes, are described below.

o Gaussian Signals — The Gaussian pulse is described using the exponential:

t2

T(t) =Ae = (2.2)

where A is the amplitude, t stands for the width of pulse and t is the duration of the
pulse. Increasing value of t, means a pulse with larger width. Since, the signal
produced using equation (2.2) is a baseband pulse, therefore its central frequency is
located at 0 Hz. So, derivative of the pulse needs to be obtained, in order to move the
signal to higher frequencies. By increasing the derivative number “n” in the following
equation, the signal will achieve higher frequency:

t2

ar =
Tn(t) = Adt—ne 2 (23)

= Carrier-Based — Modulating a baseband pulse is a simple way to generate an
UWB pulse [47]. This process can be described as up converting the pulse to
the targeted frequency. Baseband pulse is generated using pulse generator.
Generated pulse multiplied with a signal coming from a local oscillator at a
frequency equal to the center frequency of the desired pulse. Figure 2.3
represents this proceeding and its frequency effect on the signal.
According to the application and generating simplicity, the shape of the
baseband pulse varies. The length of the pulse is inversely proportional to the

bandwidth of the signal. Triangular and square signals can be simply generated
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and some integrated circuits have already been implemented which generate
this carrier based approach pulse to cover a 500 MHz bandwidth [48].

A carrier based pulse with 528 MHz bandwidth and correct carrier modulation
can represent a band on the MB-OFDM allocation. Meaning that a band group
of MB-OFDM can be decomposed using two or three carrier based pulses.

Pulse /\ - W s

Generator

fi

Figure 2.3 : Carrier-based pulse generation.
2.2. Ultra-wideband Applications
Wide range of applications can benefit from the UWB characteristics. according to
[49], UWB applications can be grouped in four main classes:
* High-data-rate communications
» Low-data-rate communications
* Imaging
* Automotive radar

As soon as the UWB technologies approved by the FCC, many applications have been
investigated. Its unique characteristics such as: low power, narrow pulses, and etc.
gained a lot of attention and many reasearches focused on the benefits that this
technology can provide. Among all the applications that are studied today, the most

innovative and demanded by antenna designers are presented below:

=  WUSB - Based on the Wi-Media Alliance's UWB common radio platform [40],
Wireless Universal Serial Bus (WUSB) developed which is capable of
transmitting at the rate of 480 Mbit/s at distances up to 3 meters and 110 Mbit/s

at up to 10 meters. Intel introduced the second generation of these devices (USB
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2.0) that is already available in the market [50]. This application is one of the
favorite studies in the antenna domain because of its small size and large
capabilities [51], [52]. Monopole and dipole antennas are appropriate for this
application because it is requiring small antennas with omnidirectional radiation
pattern.
UWB Radar Imaging — is a hot field of study, especially in detection systems
of unwanted objects. Being capable of detecting landmines put Ground
Penetrating Radar (GPR) in the center of interest [53], [54]. Expanding
applications of UWB imaging systems into the biomedical domain in
comparison with aggressive X-Rays can be very useful in cancer detection due
to its good penetration and resolution characteristics [55]-[58]. Array antennas
with directional elements mainly used for their higher gain. However,
Microstrip patch array antennas due to their small sizes put themselves in the
center of interest [59].
Ranging — Small pulses means good time resolution of UWB signals. This
feature can provide various applications high resolution ranging [60]. Among
many features of wireless networks, ranging and location awareness can name
as much desired features that in some applications such as tracking, finding
people, safety, emergency, and robotics [61]. Since, there might be multiple
reflections pulse distortion is defined as an important factor that should be
avoided. This issue demands a good antenna design as a foundation of work
[62].

Wireless Local Area Networks (WLAN), Personal Area Networks (PAN), high
precision location RFID, home entertainment and multimedia interfaces can be also as

a part of UWB communication.

2.3. Power Measurements

In addition to the ultra bandwidth as main feature of UWB technologies, low
transmission power is also one of the fundamental specification of this new
technology. In order to avoid interference between various UWB systems, power
restrictions vary. These restriction are chosen accordding to the region characteristics
and power restrictions varies from a place to the other but there is no doubt that it is

much lower than narroband technologies.
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For measuring the emission power, the ITU-R recommends a distance of 3 meters. It
is obvious that the recommeded distance can be modified in a case that the signal is
too weak. However, it’s not allowed to cross into the farfield region of antenna. So,
the measurement distance should satisfy the following equation that shows the farfield

region restriction:
2D2
R > - (2.4)

where R is the distance in meters, D is the aperture of the antenna or diameter of the

sphere enclosing the device under test, and A is the wavelength.

Frequency domain measurements are usually done using a spectrum analyzer. Figure
2.4 illustrates its main components. The spectrum analyzer displays all harmonics of
the input signal. This process is done by sweeping an IF filter over all the frequencies
containing the pulse. Its resolution bandwidth (RBW) should be wisely defined, in

order to measure the correct power spectrum of the signal.
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Figure 2.4 : Schematics of a vectror Network Analyzer.

Figure 2.5 can define the peak and average powers. The average power is defiened as

the muliplication of peak power and the duty cycle:

Te
Favg = Ppeak % = PpeakTeff PRF (2.5)
Written as a ratio in dB:
Pav
proy = 1010g10(7esr PRF) (2.6)
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Considering the RF pulse in Figure 2.5, 1/T is its pulse repetition frequency (PRF).
The IF filter’s bandwidth can be manually set in the spectrum analyzer. When RBW
is smaller than PRF (Figure 2.6 (a)), the display shows frequency domain of the actual
Fourier components of the input signal. When the RBW is larger than the PRF (Figure
2.6 (b)), the display shows the Fourier transform response of the pulsed signal. In [63],
the first setup is known as a “Line” spectrum and the second is named “Pulse”

spectrum.

Tl b
Ul Uik

Figure 2.5 : Basic RF Pulse (figure adapted from [63]).
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Figure 2.6 : IF bandwidth (RBW) and pulse repetition frequency (PRF): (a) Line
spectrum, (b) Pulse spectrum.

(b)

The standards define different values of PRF, the smallest value defined by the IEEE
as 3.9 MHz. Standard spectrum analyzers have a highest RBW of 3 MHz. Therefore,
when measuring an UWB signal, the PRF will be always higher than the RBW. For

this reason, the measurements should be done using a “Line” Spectrum setup.

In this setup, the display has the normal true frequency domain characteristics. The
amplitude of each line will not change when the RBW is changed as long as it remains
considerably below the PRF (RBW < 0.3 PRF). When the width of the pulse teff IS
very small, the power of the modulated signal is distributed over a number of spectral
components (carrier and sidebands) and its power seems to be reduced. Each spectral

line containing only a fraction of the total power. The reduction in power is given by
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the line spectrum pulse desensitization factor a., which is equal to the duty cycle Teft

/T in decibels:

a, = 20log,, (T"’Tff) (2.7)

The different setups of the spectrum analyzer required doing the correct peak and
average power measurements (using the “Pulse” spectrum setup) will be given in the
following subsections. The exact definitions of the EIRP, peak power and average
power, given by the FCC and IEEE are given, as well as the proposed limitations.

2.3.1. EIRP

Acoording to the “IEEE Standard Definitions of Terms for Antennas”, EIRP is defined
as [65]:
“In a given direction, the gain of a transmitting antenna multiplied by the net

power accepted by the antenna from the connected transmitter.”

The FCC in the Title 47 Part 15, subpart F (15.503), describes the EIRP for UWB
systems as [63]:

“Equivalent isotropically radiated power, i.e., the product of the power supplied
to the antenna and the antenna gain in a given direction relative to an isotropic
antenna. The EIRP, in terms of dBm, can be converted to a field strength, in
dBuV/m at 3 meters, by adding 95.2. As used in this subpart, EIRP refers to the
highest signal strength measured in any direction and at any frequency from the
UWB device, as tested in accordance with the procedures specified in 15.31(a)
and 15.523 of this chapter.”

The EIRP value can be calculated by
EIRP = P;, + G4 [dBm] (2.8)

where EIRP is given in dBm , Pin is the power in dBm measured at the antenna
terminal, and Ga is the antenna gain in dBi at a given direction. Then, the field strength

at 3 meters is obtained as

Elsm = Pip + G4 + 95.2 [dBuV /m] (2.9)
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2.3.2. Peak power

The FCC defines the limitations of the peak level for while the emissions contained a
50 MHz bandwidth around the frequency of highest emission, fm. That limit is 0 dBm
EIRP. Since the widest bandwidth is 50 MHz, this value was chosen.

However, according to the limitations of spectrum analyzers, it may not be possible to
measure the peak power based on a 50 MHz resolution bandwidth. standard spectrum
analyzers will provide only 3 MHz as the widest available RBW that can be employed.

2.3.3. Average power

According to the FCC, the average power limitation for an UWB field, with distance
of measuring at 3 meters and a 1 MHz resolution bandwidth (RBW), is 500 pVv/m.
Employing (2.9), can be proved that this value agrees with the average power
limitation of the FCC spectrum mask: —41.3 dBm/MHz.

The average power can be calculated using (2.6). This effort adds the peak power and
the duty cycle in dB to the formula.

Pavg[dB] = Ppeqi[dB] + 101logo(Tefs X PRF) (2.10)
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3. UWB ANTENNA CHARACTERISTICS AND FEEDING TECHNIQUES

After considering general concepts of ultra wideband technologies, it is possible to
proceed to the main focus of this thesis: Ultra wideband antennas. A short introduction
about the antennas’ history will be good start for this chapter. The key to understand
an antenna and its functioning is electromagnetic radiation. Despite prevalent believes,
there is no need to be specialist in integro-differential equations to understand
electromagnetic radiation. In order to grasp the concepts of electromagnetic radiation,
one only needs to understand the electricity and magnetism. Researches in these fields,
goes back to nearly two thousand years. Great scientists worked in these fields to
deliver the great results to James Clerk Maxwell, who is the most known person in

electromagnetic fields for what are currently called the Maxwell equations.

Maxwell didn’t derive all the equations known with his name but he saw the
connection between Ampere’s, Faraday’s and Gauss’s law. He showed that by
extending Ampere’s law using socalled displacement current term, electricity and
magnetism became united into electromagnetism. By adding this displacement current
term, the equations governing electricity and magnetism allow electromagnetic waves
to exist. According to these, Maxwell predicted the existence of electromagnetic waves
years before he was proven by the reception of radio waves. These equations that are

represented in eg. (3.1) to eq. (3.4).

Vxé=-2—jf (3.1)
VxA=24] (3.2)
V.D=p (3.3)
V.B=0 (3.4)
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= Llectric fieldintensityinV/m

M)

where :
H = Magnetic fieldintensityin A/m
D = Electric flux densityin Coul fm?
B = Magnetic fluz density in Wb/m?
M = Magneticcurrent densityin A/m?
J = Electric current density in A/m>

p = Electric charge density in Coul /m?

These equations reveal that the source of electromagnetic radiation is accelerated
charge. In real life, we will find accelerating and decelerating charges in time-varying
currents. Charge acceleration or deceleration in an electrically conducting, wire object
may be found where the wire is curved, bent, discontinuous or terminated. All these
origins of radiation are shown in Figure 3.1 [66].

impedance discontinuity
source field

AN

change in wire radius

curve open end

Figure 3.1 : Several origins of radiation on a wire object.

Wire antennas, as well as non-wire antennas, are designed to support oscillating
currents. An oscillating current consists of charges accelerated back and forth. These

oscillating currents thus create a regular disturbance or continuous radiation.

Heinrich R. Hertz demonstrated the generation of electromagnetic waves in 1886. To
experimentally verify Maxwell’s theory, Hertz transformed the closed resonance
system into an open resonance system. He replaced the bottom coil with a pair of
straight wires, at the center connected to a spark gap. The spark gap was connected to
the secondary windings of a conduction coil, see Figure 3.2, and the straight wires
were equipped with electrically conducting spheres that could move over the wire
segments. By charging the two straight wire segments, eventually the breakdown
voltage of air is reached and a spark is created over the small air-filled spark gap. This
spark makes a pulsed current flow through the two wire segments. Since a pulse signal

actually consists of an infinite number of signals of different frequencies (or periods,
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T=1/f), the resonant circuit picks out the current with the ‘right’ frequency and this

current will oscillate in the circuit and create the radiation.

Adjustable capacitor sphere
Switch
Interrupter a) ﬁ
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Transmitter Receiver

Figure 3.2 : Hertz’s open resonator system.

With the receiver (this one-turn loop) placed several meters away from the transmitter
(the pair of straight wires with the spark gap), small sparks could be observed in the
gap of the receiver when the radiator discharged. His equipment may be regarded as
the first radio (transmitter and receiver) system. His transmitter was equipped with the
first dipole antenna, his receiver consisted of the first loop antenna working at a
distance about 20 meters [67]. In 1901 Marconi introduced the first trans-Atlantic
transmission. Marconi was able to transmit short or long pulses a indicators of Morse
codes. A large wire antenna connected to ground was used for the purpose. Although
the main goal of these wireless pioneers was to transmit narrowband signals, they

began radiating Ultra wideband damped impulse signals [68].

This success, was a proof of great use of wireless technologies and a start point for

scientists’ non-stopable research in order to improve the performance of the radios.

In the 1980's the boom of the mobile telephone revolutionized radio engineers.
Technology started to advance at higher pace. New concepts, like frequency reuse
concept, presented with the purpose of reducing the number of required channels by

optimizing the spectrum usage.

World War 11 was one of the main science contests that itroduced lots of things for the
first time such as tranmitting controlled and desired narrow pulses. RAdio Detection
And Ranging (Radar) used by the U.S. Navy. Table 3.1 provides IEEE radar
bandwidth allocation. The relation between Radar and UWB is indisputable. Though,

radars radiate much power than UWB technologies but using very short pulsed comes
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from this technology. Charactrization of radars and the methods of this job are leader
of characterizing UWB antennas. Next section of this thesis discusses some parameters
used in characterizing Ultra-wideband antennas and the methods used to characterize
UWB systems. Some of these methods used in radar applications for the first time.

Table 3.1: Radar IEEE Band Designations

| Band Name | Frequency Range |
HF 3 - 30 MHz
VHF 30 — 300 MHz
UHF 300 — 1000 MHz
L-band 1-2GHz
S-band 2 -4 GHz
C-band 4 - 8 GHz
X-band 8 -12 GHz
K,-band 12 - 18 GHz
K-band 18 - 27 GH=z
K ;-band 27 — 40 GHz
Millimeter wave band 40 — 300 GHz

3.1. Characterization of Ultra-wideband Antennas

Analysis envoirnment maybe the main difference in studying narrowband or Ultra
Wideband antennas. Since the first transmission of RF signals, continues waves which
followed by frequency domain technique had been investigated by the engineers and
scientists. This technique, frequency domain, is used in narrowband antenna analysis.
The following describes a summary of parameters are the most well known and widely

used in characterizing antennas.

3.1.1. Antenna matching

One of the main parameters in designing an antenna is antenna matching or antenna
impedance matching. This parameter defines the amount of energy that the latter can
radiate. According to this parameter, an ideal antenna will be defined as the antenna
that radiates all the power injected into its input terminal. As it is discussed in every
basic circuitry theories, impedance matching is the fundamental condition to fully
transmit the power from one network to the other. Therefore, in antennas just like the
other networks, in order to transmit all the power injecting through the port and avoid

reflections, the impedance of the antenna should be matched to the input port. Figure
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3.3 illustrates this claim. The voltage reflection coefficient of an antenna at the input

port can be calculated as:

r=2a"% (3.5)

- Zpo+tZc

where Zaand Zc are the impedances of the antenna and input port, respectively.

It can be expressed in power as:

I35 = 20log(p) (3.6)

where p = |I'|. A more commonly used expression instead of voltage reflection
coefficient is the return loss, which is defined as the inverse of the power reflection
coefficient [69]:

Return loss = —201log p (3.7)

Another parameter while discussing about the antenna impedance mismatch is the
Voltage Standing Wave Ratio (VSWR)

VSWR = £ (3.8)

1-p

Typical return loss value is 10 dB as a limit in the lower and higher edges of the band.
Bandwidth of an antenna can be identified from its return loss. A narrowband antenna
represents its best impedance matching at the resonant frequency while a broadband
antenna, might have multiple resonances and a good matching in its operating
bandwidth.

g P=l
I

Figure 3.3 : Antenna reflection coefficient in transmission and circuit representation
(Figure adapted from [69]).
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voltage reflection coefficient, return loss and VSWR can easily be measured using a
network analyzer. Although simulations of this parameter are very accurate but there
might be differences between simulation and measurements of the antenna due to its
structure and size. Small antenna will show lots of discrepancies in measurement so,

there is a need for special attention during tests.

3.1.2. Radiation pattern

Graphical presentation of antenna’s radiation as a function of space coordinates named
radiation pattern[67]. Analizing an antenna in frequency domain leads to characterize
radiation pattern by its directivity or gain. Definition of the directivity of an antenna
Is:

U 4antu
D = — =
Uo Prad

(3.9)

Where U and Ug stand for radiation intensity at a given direction from the antenna and
the radiation intensity averaged over all directions in a sphere, respectively. Praq is the

total power radiated by the antenna [70].

The other useful parameter for an antenna is its gain that brings the antenna radiation
efficiency e in consideration. According to the definition presented in [70], losses
arising from impedance and polarization mismatches may not take into account in

gain. It is then related to the directivity with:
G=eD (3.10)

Radiation patterns are normalized with respect to an isotropic antenna, thus the values
of directivity and gain are represented in dBi. Figure 3.4 presents ideal radiation
patterns of a directional and an omnidirectional antenna. The radiation patterns are

calculated in different frequencies that is indicated by different lines in figure 3.4.

For measring radiation pattern, there is a need for anechoic chamber that all test are
done inside it, in given number of frequencies. Again, small antennas would cause

measurement inaccuracy and need special attention.
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+180°

Figure 3.4 : Radiation pattern of an: (a) Directive antenna, (b) Omnidirectional
Antenna.

3.1.3. Radiation efficiency
The ratio of the total power radiated by an antenna to the net power delivered to the
antenna is called radiation efficiency [70].

e = Prag — Prad (311)

Pin Prad—Ploss

where Pioss is the power loss in the antenna structure, Prag the radiated power and Pin

the input power at the antenna terminals.

Wheeler cap method are widely used to calculate the efficiency of narrowband patch
antennas [71], [72]. The cap is a metallic or conducting hemisphere surrounding the
antenna. The antenna is located inside the cap with a ground plane common to both
structures. In 2005, H. Choo and et al, measured the impedance of an antenna with and

without the cap and so the efficiency caculated as [73]:

e = RnocaptRcap (312)
Rnocap

The presented method works only for resonant antennas that have a characteristic
impedance of the type RLC. It’s worth of notice that resonant frequency determines
the size of the Wheeler cap, which can calculated as: r = A/2n [74]. Chooa and et al, in
their paper in addition to the peresented calculation, investigated the effects of the size
and shape of cap by replacing hemisepheres cap with a cubic caps [73]. In the
following sections calculation methods for efficiency of UWB antennas will be
discussed.

Nowadays, radiation efficiency can be calculated using different simulation tools.
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Various parameters are used to describe different characters of UWB antennas. Some
of these methods are as just mentioned which are using for narrowband antennas. But,
there are some methods that have been developed and framed only for wideband
antennas characterization which may or may not transmit short pulses (IR-UWB or
MB-OFDM). Radiating short pulses with duration of nanoseconds, and having a
bandwidth of more than 100% in radars, made them as a great opportunity to perform
various methods [75]. With the advent of UWB technologies in 2002 and defining its
properties such as using short pulses, these characterization methods were applied to
this newborn tech and new methods started to be investigated.

Following sections present a summary of the most commonly used characterization
procedures of UWB antennas. It is also need to be stated that time domain techniques
introduced by introducing UWB systems and so, the methods will employ both

frequency or time domain simulationing tools or measurements.

Investigation in [76] and [77] had been focused on Wheeler cap method with the
purpose of introducing new methods to calculate the efficiency over a wider
bandwidth. In this method, a larger cap than the one needed for narrowband antennas
is used. “UWB Wheeler Cap” method that is introduced by Schantz in [77], designed

based on free radiation of antenna in the cap so, it will receive its own reflected signal.
Power fractions, are separated parts of the power budget that will describe as:

a) Fraction of the input power is dissipated in losses (I = Pioss/Pin),
b) Reflected fraction due to mismatch (m = Prefiected/Pin)

c) Radiation fraction (1 = Prad/Pin).

It’s clear that sum of these fractions over a suitable time interval and applying
conservation of energy gives: | + m +n = 1. Figure 3.5 shows the power budget of
two antenna systems. According to this, receiving antenna (Rx) can obtain all the
radiated power. The factor nm represents reflected power of transmitting antenna at

the Rx antenna terminals.
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Fig. 3.5 Power budget for a Tx-Rx antenna pair. (Figure adapted from [77])

By locating receiver antenna inside the Wheeler cap, reflected signals from the cap are
only singlas that the antenna receives (Figure 3.6). These reflections of the cap, are
almost ideal time reversal of the transmitted signal. Therefore, we can replace the
reflection coefficent of free space with the reflected power inside the UWB wheeler
cap (m = |Suirsl?). So, the scattering parameters inside the UWB Wheeler cap can be
calculated as:

|S11WC|2 =m+ r12 + r12m1 + r12m2 + r12m3 = |S11F5|2 + r12 Z§=0|511F5|2n =

! (3.13)

|S11rs1? + 12

1-|S11rsl?

where Si1rs and Siiwce indicate the reflection coefficients of free space and inside the

UWB Wheeler cap, respectively.

Therefore, the radiation coefficient n becames:

N =@ = IS11£512) US11we|? — 1S11£512) (3.14)

All these calculation based on this assumption that inside the Wheeler cap, the

reflections are orthogonal to each others.

Radiation efficiency in most of the simulation tools can be calculated just in a given
frequency. However, by implementing the Wheeler cap inside the simulation
environment, the efficiency can be calculated from the antenna return loss inside the
cap and in free space [78]. There are also some other methods based on time domain
measurements inside a reverberation chamber [79], [80] that enables us to take

multiple reflections into the account inside the chamber.
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Figure 3.6 : Reflections inside UWB Wheeler Cap. (Figure adapted from [77])
3.1.4. Gain pattern

One of best ways to discuss about directivity or gain is to plot them in a polar plot.
This action usually is done in a given frequency for different radiation planes
,seprativly. This representation will show the form of radiation around the antenna,
Hence it is called “Radiation Pattern” (as discussed in section 3.1.2). It is clear that we
can easily talk about the type of antenna and its radiation form just by seeing the
radiation pattern. As discussed above, if radiation pattern looks like Figure 3.4(a) the
antenna will called directive. These antennas have a main lob that radiates more at a
given angle than the other angles. If the antenna is an omnidirectional antenna, its
pattern will be look like Figure 3.4(b) and it will radiate almost equally in all directions.
As mentioned above, the radiation pattern can be calculated and plotted at a selected
frequency. Consequently, it will works more well in narrowband antennas because,
their radiation pattern would not be affected by frequency changes. However, this tool,
plot of radiation pattern, is used to characterize UWB antennas as well. It’s clear that,
it is not possible to plot it for every single frequency but it is logical to plot it at some

selected frequencies and expand it to the other middle frequencies.

Gain pattern, is one of the main representation of changes in gain over the frequency
and angle. This plot is countor plot which its base consists a 2D plot of frequency
versus angle and the antenna gain added as the third parameter to it. This representation
of gain will provide desired information in any frequency or angle and makes it
possible to easily identify the best or worst radiation frequencies and angles.

According to this, an ideal omnidirectional antenna should present a plot with a
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constant color in whole the diagram. This clearly means that the gain is independent
from the frequency and angle. So, there is no doubt that a directional antenna should
provide a diagram in a multi color way which is showing higher gain in a concentrated

part as a main beam and the other parts should be zero at other angles.

To illustrate the discribed diagrams, simulated gain pattern of a circular monopole as
an example for omnidirectional antennas and a Vivaldi antenna as a part of directive
antennas are shown in figure 3.7. It can be easily seen that different radiation point,
bad or good, are representing in any angle and frequency. As it’s expected and also
shown in Figure 3.7 (a) the Vivaldi antenna along its main beam direction shows a
constant gain over the whole band while it is very low outside the main beam. On the
other hand, an omnidirectional pattern for the circular monopole antenna shows almost
constant coloring over the whole diagram. Figure 3.7 (b) illustrates this claim clearly.

However, there are some very low gain points around 8.2 GHz.

Frequency (GHz)

-50 o 50
Phi [deg]

(b)

Figure 3.7 : Gain pattern of (a) Vivaldi antenna, (b) Circular Monopole.

3.1.5. Polarization

Orientation of the electric field vector in electromagnetic waves is known as
polarization of these waves. By assuming a stationary plane perpendicular to
propagating direction and drawing the scheme of electric field changes on it, the figure
will represent the polarization. Figure 3.8 illustrates different polarizations in
electromagnetic waves. As it’s shown, three main classifications for polarization are

known: Linear, Circular, and Elliptical.
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Figure 3.8 : Different polarizations of electromagnetic waves.

Decomposing an electromangetic wave into two prependicular component, also
known as Co and Cross components, will be helpful. If both components are equal in
magnitude with 90° of phase difference, circular polarization can be achieved. In case
of non-equal magnitudes with the phase differnce of 90°, the polarization will be

elliptical and if the phase differnce changes, it may lead to linear polarization.

3.1.6. Group delay

Group delay is a parameter that defined for two port devices like filters, amplifiers,
mixers, and etc. This parameter is used to measure the absolute delay of the signal and

the phase distortion between the input and the output of the device.

Recalling the use of impulse response h(t) in time dmain in circuit theory and moving
to the frequency domain lead us to define the frequency dependent complex transfer

function H(w). This function for a given device can be defined as:
H(w) = A(w)e/®@) (3.15)

where A(w) is the amplitude and ®(w) the phase response of the device.

Now, the group delay would be defined as the derivative of the phase response versus

frequency [81].

- _ dd(w) - _ 1 do(f) (3 16)
dw 360° df '

In this equation, a constant value takes the seat of phase response linear portion, and

the deviations from linear phase are converted into deviations from constant group
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delay. The average of signal through the time that traveles over the device or two ports

of system is called average delay [82].

Deviations from linear phase or phase non-linearities will cause signal distortion in
communications systems. Usually, in order to characterizing a phase ripple, its
maximum peak-to-peak will be measured. However, this measurement never can
characterize it completely, because the slope of the phase ripples can be questioned
and it can be obtained by counting the number of ripples per frequency unit. Group
delay is known as a parameter that takes the mentioned point into account. So, group
delay is a good indicator for phase distortion. Figure 3.9 provides an example to
illustrate the discussed matter. As it is shown, there are two phases with the same
maximum peak-to-peak but with different changes and this means different group
delays. In Figure 3.9(a), the small peak-to-peak group delay, means few ripples per
frequency unit. On the other hand, in Figure 3.9(b), there are more ripples per
frequency unit and hence, a large peak-to-peak group delay will be in hand. The group
delay in Figure 3.9(a) is more constant than the one in Figure 3.9(b), having the same
phase peak-to-peak.

Frequency ) Frequency

Figure 3.9 : Group delay and its relation to peak-to-peak phase ripple. (Figure
adapted from [82])
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Figure 3.10 : Group delay simulation setup in HFSS.

Group delay can be measured using a Vector network analyzers (VNA). A VNA
provides group delay directly by measuring phase [82], [83]. VNAs instead of
measuring the differential on (3.16), measure a different quotient. This provides a good
approximation if the non-linearity of phase @ is limited in the observation frequency
range, Af.

__dd@) _ 1 U/ -0(~Af/2) (3.17)

9 dw 360° Af

In order to obtain group delay, transfer function, H(w), between two antennas should
be measured. Using H(w), the group delay of system can be caculated. As, it’s
discussed above, group delay shows the total phase distortion of an antenna. So, the
dispersion of the transmitted signal can be obtained by using the group delay’s
information. The time that signal takes to travel from one antenna to the other is called
the average group delay. These days, simulation tools are able to calculate the phase
response of two antennas [84], [85]. However, this process is time consuming and
needs large capacities to solve. It should be stated that there is not any specific standard
for this characterization method, in order to show the acceptable delay of an UWB
system. Thus, it cempletely depend on the designer’s opinion to decide whether the

delay is acceptable or not.

To show the simulation of group delay, CST Microwave studio and Ansoft HFSS
simulation tools used to simulate a two antenna systems composed of two circular
monopoles and two Vivaldi antennas [85]. Figure 3.10 shows the simulation structure
which antennas are located at distance of 150 mm from each other. A MATLAB code

is used to transform the phase response of the system to group delay [86]. It is worthy
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to notice that simulation tools along with computer resources are playing vital role in

this kind of simulation. For example, in the aforementioned simulation, also the

computational time was considerably large (> 30 min) for each system, but HFSS can

only handle the simulation over 150mm while CST can support a distance of 750mm.

3.1.7. Effective length, effective width, resonant frequency

Fringing effects leads to lengthening of L and widening of W (Figure 3.11). The

dimensions of the patch along its length have now been extended on each end by a

distance AL, which is a function of grefr and W/h (Width-to-Height Ratio). It is given

as:

(erefs+0.3)(F-+0.264)

AL = 0412k (refr—0.258) (% +0.8)

Now the effective length of the patch becomes:

For a given resonant frequency, the effective length is given by:

c

Lojr = —r
eff 2fo\/Ereff

The resonant frequency for any rectangular microstrip patch is given as:

_ c m\?2 n\2]2
fO T2 Ereff I:(T) + (W) ]
Where m,n are the modes for L and W respectively.

For efficient radiation the width (W) is given by:
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Where fo is the resonant frequency and c stands for speed of light in free space.

(a) Top veiw

5. ...-—-—1“11 ; i

(b) Side view

Figure 3.11 : Actual and effective length of rectangular patch.
3.1.8. Bandwidth

Bandwidth increases as the substrate thickness (h) increases. In other words, the
bandwidth is directly proportional to (h), if surface wave losses are ignored. However,
this icreasement in substrate thickness (h) decreases the Quality factor (Q) of the
cavity. This phenamenan, increases spurious radiation from the feed, and excites
higher order modes in the cavity. And higher order modes lead to cross-polarization.
Also, the patch becomes difficult to match as the substrate thickness increases beyond
a particular point (typically about 0.05 Xo). However, in recent years considerable
effort has been done to improve the bandwidth of the microstrip antenna by using

alternative feeding schemes.

The aperture coupled feed is one method that overcomes the problem of probe
inductance, but it increases complexity. Decreasing the substrate permittivity also
increases the bandwidth (BW) of the microstrip antenna. However, this makes the
patch larger. By using a combination of aperture coupled feeding and a low
permittivity foam substrate, bandwidth can be improved. The use of stacked patches
can also be used to increase bandwidth even further. Formula for the bandwidth
(defined by VSWR < 2.0) s,

Bw = 5 landa + () (75) + (5) (2 G) () )] @29
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3.2. Feeding Techniques

After talking about different methods of characterizing an Ultra Wideband antenna,
it’s time to discuss different methods and techniques of feeding microstrip antennas.
Variety of methods introduced to fed Microstrip patch antennas so far. These methods

can be classified into two main categories;
a) Contacting feed.
b) Non contacting feed.

In the contacting method, the RF power is fed directly to the radiating patch

using a connecting element such as a microstrip line or Coaxial Cable.

In the non contacting scheme, Coupling technique is used to transfer electromagnetic
field power from microstrip line to the radiating patch such as aperture coupling and

proximity coupling.

3.2.1 Microstrip line feed

In this technique, feeding is done by employing a conducting strip line which is
connected directly to the edge of the patch. The conducting strip width would be
selected according to the required impedance and it is usually smaller as compared to
the patch. Noticeable advantage of this method is the ability of etching the feed line
with the patch on the same substrate to provide a planar structure. Figure 3.12 shows

the structure.

Microsirip Feed

Subsirate

Ground Plane

Figure 3.12 : Microstrip line feed.

Cahractrizations of this line can be found in any microwave refrence book. Here, we
only represent the calculation of impedance as an important part of antenna design. By
assuming a substrate with the height of h for a given width of microstip line, the

characteristic impedance of a the line can be calculated as
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Where & is defined as an effective dielectric constant and can be calculated as:

e+l g -1 1
= +

e 2 2
1+@

w (3.25)

&

According to these equations, the width of feeding line can be selected to provide 502

and gave a good impedance matching.

3.2.2 Coaxial feed

The coaxial feed or probe feed is the other feeding method for Microstrip antennas. As
it is shown in Figure 3.13, the inner conductor of the coaxial connector extends through
the dielectric and is attached to the radiating patch, while the outer conductor is

connected to the ground plane.

Using this technique enables the designer to place the feed at any desired location
inside the patch in order to match with its input impedance. This method is easy to
fabricate and has low spurious radiation. On the other hand, narrow bandwidth of this
feeding method is its main disadvantage. It is also difficult to model since a hole has

to be made in the substrate and the connector lumps outside the ground plane.
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Figure 3.13 : Probe fed rectangular microstrip patch antenna.

3.2.3. Aperture coupled feed

The aperture coupling method is the other commonly used technique which has a lot
of difficulties in fabrication. This method is very easier to model and has little spurious
radiation problem. As, it’s illustrated in Figure 3.14, in this feeding technique, ground
plane will take place between patch and feeding line with a slot on it. The
electrmagnetic energy will couple between the feed line and patch through this slot.
The amount of coupling energy, from the feed to the patch, depends on the shape, size
and location of the aperture. In most of the structures, the coupling aperture would be
located under the patch to provide lower cross polarization. spurious radiation is in its
minimum value while using this method because, the ground plane separates the patch
and the feed. Generally, the top substrate is thick with low dielectric constant and the
bottom substrate consists of a high dielectric material to optimize radiation from the

patch.

As mentioned, main disadvantage of this technique is its difficulty in fabrication
process due to presence of multiple layers. This feeding scheme also produces narrow
bandwidth.
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Figure 3.14 : Aperture coupled feed.
3.2.4. Proximity coupled feed

This feed technique employs electromagnetic coupling scheme. Again, as the aperture
coupling feed, two dielectric substrates are used. The patch placed on top of the
structure and the bottom of it is ground plane. Feed line is located between the two
substrates (Figure 3.15).

Minimum spurious feed radiation is the main advantage of this method. This method
also offers high bandwidth (as high as 13%), due to overall increasement of in the
thickness of the antenna. This method gives the designer more options by selecting
dielectric materials for both substrates; so, designer has more choice to optimize the

individual performances.

Patch

Microstrip Line

Substrate 1

Substrate 2

Figure 3.15 : Proximity coupled feed.

Again, manufacturing difficulties is the major disadvantage of this feeding method,

because of the required alignment between two dielectric layers.
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4. DESIGN OF NEW UWB MICROSTRIP ANTENNA

The geometries of the antennas in this thesis are determined by implementing
parametric studies using Ansoft HFSS. The software is an electromagnetic structure’s
solver, based on Finite Element Method (FEM) [87]. HFSS is known as one of the
popular commercial tools useing for antenna design, and complex RF electronic circuit
elements such as transmission lines and filters.One of the outstanding feature of this
software (HFSS) is automated solution process. This means that, it’s only needed to
specify the geometry, material properties and the desired outputs. The software will
automatically generate the appropriate mesh for solving the problem. Presenting work
is based on previous works in this field. Detailed parametric study of the antenna will

be discussed as follows.

4.1. A New UWB Microstrip Antenna Using Coaxial Probe Feeding

Following sections present details of the new design to increse bandwidth in order to
achieve the UWB frequency range and parametric study of the new antenna characters.
4.1.1. Antenna design

The proposed Heptagon UWB antenna geometry and its dimensions are presented in
Figure 4.1. This antenna is printed on a 30mmx30mm FR4 substrate with the thickness
of 4mm and relatively permittivity of 4.4. The antenna ground is uniform, without any

defected part. The antenna is fed by using probe fed technique.

Table 4.1 provides parameters of antenna and final achieved values of each parameter.
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Table 4. 1 : Physical parameters of the antenna and final dimensions

Parameters Dimensions (mm)
Total size 30mm x 30mm

Radius 13 mm
Xs1 18 mm
Xs2 15.5 mm
Xs3 9.1 mm
Xss 14 mm
Ys1 6.6 mm
Ys2 16.7 mm
Ys3 20.7 mm
Ysa 22.3 mm

30 mm

Figure 4.1 : Geometry of the proposed antenna.

4.1.1.1. Study of the effects of shape and feed location

The introduced geometry has been selected by performing parametric analysis. Main
parameters in this design are shape of the patch and location of the coax feeding. Fig.
4.2 presents different positions of feeding that had been tested. It also represents

current passes for each position.
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15mm

Figure 4.2 : Different positions of feeding and current routs.
Location of the feed can be selected according to this fact that electrical length of
antenna will determine the resonant frequency. Placing the feed in the center of the
patch brings us almost equal lengths of surface current, see Fig. 4.2. Fig. 4.3 to Fig.
4.4 shows the study of different shapes for patch with every three assumed position of
feed. As it’s shown in Fig. 4.3, we will achieve less than one gigahertz bandwidth
around the resonant frequency of 7.2 GHz. In next step, feed moved to the side of patch
which causes different length for the current. As it’s illustrated in Fig. 4.4, there are
still routes with the same length and so, it didn’t result in a broad bandwidth. Thus,
feed moved to a corner to imply different passes of current flow in the patch. Using
this location for feed and shape of heptagon for patch, gave three resonant frequencies
in 5.75GHz, 8.25GHz and 9.6GHz. Simulation result of |S11| for this location of feed
is shown in Fig. 4.5. As it is clear, shape of heptagon and feed in a corner, provides

better |[S11| in comparison with the others.
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Figure 4.3 : |Sy| for different shapes of patch with the feed located in position 1.
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Figure 4.4 : |Sy| for different shapes of patch with the feed located in position 2.
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Figure 4.5 : |Syu| for different shapes of patch while locating the feed in position 3.
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4.1.1.2 Effects of S1

By reconsidering the aforementioned idea as a basic theory, it’s been decided to use
slots, in order to control current passes in a desired rout with more accuracy. Slot,
named S1, placed near the feed location which results two different passes for surface
current with various lengths. Implementing this slot increases bandwidth around the
resonant frequencies, also there is a slight shift in resonant frequencies. Fig. 4.6 shows
|S11| result using this slot. Surface currents for both structures, with and without slot
of S1, presented in Fig 4.7, which simply clarifies the result of |S11|.
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Figure 4.6 : The effect of S1 while feed is in positin 3. (a) Length of S1
(Ys1=6.6mm), (b) Position of S1 (Xs1=18mm).
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Figure 4.7 : Surface currents and the effect of S1.

4.1.1.3. Effects of S2

By monitoring the surface current on the patch in different frequencies, it’s determined
that there is a need for another slot to control the path of the current. This slot which
is shown as S2 in Figure 4.1, helps us in eliminating the notch between 6-8 GHz. Figure
4.8 shows parametric analysis for different positions of S2 to indicate the optimum
location. Furthermore, the parametric study of the length of this slot is shown in Figure

4.9 and the optimum length of 15.5mm is selected.
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Figure 4.8 : |S11| for different positions of S2 (Xs2=15.5mm).
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Figure 4.9 : |Syu| for different lengths of S2 (Ys2=16.7mm).

Surface current of the proposed patch with the slots S1 and S2 in various frequencies
is shown in Figure 4.10 to clarify the passes of the current and achieved reason.
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Figure 4.10 : Surface currents of three resonant frequencies with S1 and S2.

4.1.1.4. Effects of S3

In the next step, a slot named S3 added to improve the results of the |S11| for proposed
antenna. Figure 4.11 and 4.12 shows parametric analysis of the length and position of
this slot. As it’s illustrated in Figure 4.11, adding this slot will help to control the band
notch around 4GHz and able us to reach the bandwidth of 2GHz to 9.6GHz.
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Figure 4.11 : |Su| for different values of S3’s position (Xs3=9.1mm).
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Figure 4.12 : |S11| for various lengths of S3 (Ys3=21.2mm).
4.1.1.5. Effects of S4

A good bandwidth using step by step moving forward achieved so far. But, according
to the definition of UWB, 3.1GHz to 10.6GHz need to be covered. In order to reach
this frequency range, another slot had been implemented, shown as S4. As it’s
illustrated in Figures 4.13 and 4.14, by preforming parametric analysis on the position

of this slot, optimum point reached.
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Figure 4.13 : |S1| for different positions of S4 (Xss=14mm).
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Figure 4.14 : |Sy1| for different lengths of S4 (Ys4=22.3mm).

4.1.1.6. Fabrication and test

To validate the results of simulation, the proposed antenna has been fabricated and
tested.

4.1.1.6.1. Radiation pattern

As it’s discussed, due to UWB applications, there is demand for omnidirectional
radiation pattern. Figure 4.15 shows the radiation pattern of proposed antenna. It’s
clear that because of the uniform ground plane, radiation pattern has no back lob, but

still keeps its omnidirectional shape.
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H-Plane (Y-Z plane)
Gain Phi (Co-pol)

E-Plane (X-Z plane)
Gain Theta (Co-pol)

(a) (b) (c)
Figure 4.15 : Normalized radiation gain patterns of the proposed antenna. () Simulated.
(-—) Measured. (a) 4GHz, (b) 6GHz, (c) 8GHz.

(@) (b) (c)
Figure 4.16 : 3D gain pattern in (a) 4GHz, (b) 6GHz, (c) 8GHz.

Figure 4.16 shows 3D gain pattern in mentioned frequencies.

Figure 4.17 provides the gain of proposed antenna vs. frequency. In the proposed
structure, the height of substrate reduces the antenna gain. But still it’s acceptable for

all known applications of UWB.

It also should be mentioned that, the according to the co and cross patterns of the

proposed antenna, the polarization is linear (vertical).
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Figure 4.17 : Gain of the antenna at =0, ¢=0.
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Figure 4.18 : Efficiency of the proposed antenna.

Figure 4.18 presents the efficiency of the proposed antenna which indicates acceptable

efficiency in UWB band range.

4.1.1.6.2. Group delay

Figure 4.19 shows the group delay diagram for all the available UWB frequencies. It’s
clear that, delay of this antenna is less than 2 ns which will provide a good

communication state for different applications.
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Figure 4.19: Measured group delay of proposed antenna.

Figure 4.20 shows the fabricated antenna. Figure 4.21 provides measurement results
in comparison with the simulated |S11| of the antenna. The tests had been done using
Agilent Technologies E8363C PNA network analyzer. Results show that fabricated
antenna works well and provides the desired UWB bandwidth. However, there are

mismatches because of fabrication process.
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Figure 4.21 : Simulated and measured |S11| of proposed antenna.
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Table 4.2 presents a comparison between the proposed antenna and results of some

previous presented works.

Table 4.2 A comparison the proposed antenna with the results of [33], [34] and [35].

Proposed

antenna in the

Proposed
antenna in [33]

Proposed
antenna in [34]

Proposed
antenna in [35]

thesis
21.4mm X
Size 30mm x 30mm | 67mm x 74mm | 50mm x 50mm
4.5mm
5.17-5.81 3.87-13.46 10.3-17.9
Bandwidth | 2.2 —11.5 GHz
GHz GHz GHz
Rogers e=2.1
Substrate FR4 (e=4.4) RT\Duroid e=1 and
(Sr: 22) Er= 1
Thickness 4mm 3.175mm 7mm 4mm
) 4.39dB ) )
Max. Gain 8.11 dBi 6 dBi 7.53 dB
(p= 220, 6=20)
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5. CONCLUSION AND RECOMMENDATIONS

The major purpose of this research was to achieve the two hypotheses mentioned in
the first section. In this section, an overview of the work has been presented. A review
study of previous works done and different techniques in widening bandwidth studied.
In the second chapter, it’s tried to completely clarify UWB technologies, emphasizing
the most important concepts in antenna design. Section three gives list of the
characteristics that are using to characterize UWB antennas. In section four, a new
microstrip patch antenna for UWB systems has been presented. The antenna has
dimensions of 30mmx30mm which gives various usages due to its small size. The
design and fabrication of the antenna has been done on a substrate of FR4 with &=4.4.
This feature results in low cost fabrication which seems vital in industry. Probe feeding
technique has been employed in this design. In order to overcome the probe feeding
limited bandwidth, different shapes had been studied to improve the bandwidth.
Finally, a heptagon shape patch chose as a proper shape. Slots have been employed to
enhance the bandwidth. Bringing together all these techniques, an UWB frequency

range has been achieved. All the simulations have been done using HFSS software.
Suggestions for future works:

1- Investigating other feeding techniques such as aperture coupling in order to

achieve better characteristics.

2- Investigating different cheap substrates or multilayer substrates and shapes to

decrease the overall height of the antenna.

3- Employ some very new materials such as meta-materials in order to improve

bandwidth and other characteristics.
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