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ABSTRACT

In microwave applications spectrum Industrial, Scientific and Medical (ISM) band,
especially in wireless communication systems applications such as GSM, 3G, Wi-Fi
and Wi-MAX applications, high antenna characteristics such as high gain and wide
bandwidth are required. In this thesis, a broadband Bow Tie Antenna (BTA) with
high performance characteristics has been designed, to cover the wireless application

requirements.

One of the fundamental problems of the transmission line in the antenna system is
the power loss due to the radiation which occurs on the feed excitation. This kind of
transmission lines is called Unbalance Transmissions Lines (UTL). To reduce the
power radiation on transmissions lines, in other words, to modify transmission line
from unbalance to balance (BTL), i.e. UTL-to-BTL transition, the “balun technique”
can be used. In this study, for UTL bow tie antenna with Microstip Line (MSL) and
coaxial cable feeds have been used. On the other hand for BTL bow tie antenna with
Coplanar Strips line (CPS) feed has been used. Two kinds of taper impedance

matching techniques have been applied to reduce reflection in the signal.

A broadband BTA antenna with dual bands has been designed and simulated having
the bandwidth 1.89-3.25 GHz and 3.5-3.67 GHz for operating frequency 2.45 GHz.
Maximum gain achieved at 2 GHz which is equal to 6.9 dB and the gain for 2.5 GHz,

3 GHz, and 3.5 GHz, are equal to 4.8 dB, 5.1 dB, and 3.8 dB respectively.



Keywords: Broadband Antenna, BTA, bow tie, Wireless Applications, UTL, BTL,

Balun, taper, Microstrip line to Coupled Transitions.
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Bir¢ok mikrodalga uygulamasinda (ISM band), 6zellikle 3G, Wi-LAN ve Wi-MAX
kablosuz haberlesme alanlarinda kullanilan antenlerde yliksek kazang, genis band
gibi yiiksek performans oOzellikleri aranmaktadir. Bu tez ¢alismasinda kablosuz
haberlesme alanida kullanilabilecek genisband ve yliksek kazang 6zelliklerine sahip

papyon anten tasarlanmistir.

Anten sistemlerinde en temel sorunlardan biri, besleme mikroserit hattaki
radyasyondan kaynaklanan giic kayibidir. Bu tiir iletim hatlar1 dengesiz iletim hatti
olarak adlandirilir (Unbalance Transmission Line, UTL). Iletim hatlarindaki bu gii¢
kayibim1 onlemek i¢in, diger bir deyisle, iletim hattin1 dengesiz durumdan dengeli
(Balanced Transmission Line, BTL) duruma ¢evirmek i¢in (UTL-BTL) “balun
teknigi” kullanilmaktadir. Bu ¢alismada, UTL i¢in mikroserit ve ortak eksenli kablo
beslemeli papyon anten, BTL i¢in ise es diizlemli serit kablo beslemeli popyon anten
kullanilmistir. Ayrica, iki tiir konik empedance uyumlama teknigi uygulayarak

yansima sinyalinin azalmasi saglanmistir.

2.45 GHz frekasi i¢in, 1.89-3.25 GHz ve 3.5-3.67 GHz band genislikleri olan ¢ift
band BTA tasarlanmistir. En yiliksek kazang 2 GHz’te 6.9 dB olarak elde edilmistir.
Kazang, 2.5 GHz, 3 GHz, ve 3.5 GHz frekanslarinda ise sirasi1 ile 4.8 dB, 5.1 dB, ve

3.8 dB’dir.



Anahtar Kelimeler: Genisband Anten, BTA, papyon, Kablosuz Uygulamalar, UTL,

BTL, Balun, konik, Microstrip line to Coupled Transitions.
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Chapter 1

INTRODUCTION

In high performance applications such as aircraft, satellite, and microwave especially
in communication systems where the size of the antenna has to be electrically small,
lightweight, aerodynamic antennas are required [1]. Presently, microstrip patch
antennas are used to meet these requirements. Antennas are low profile, low cost and
flexible to be used on the inflexible surfaces. However, limitation on the bandwidth

and low gain are the major weaknesses of the microstrip patch antennas [2].

Recently, new antenna configurations known as printed Bow Tie Antenna (BTA) are
proposed with broadband and high gain properties [3] [4] [5] [6]. The Bow-Tie
Antenna is shaped from double side triangular sheet feed in the vertex. This kind of
antenna is defined by the triangular flare angle only. In other words, the performance

of this antenna type is not related to the frequency [7].

In this thesis, Bow Tie Antenna shapes and their feed excitations types have been
studied. The radiation of the microstrip line is prevented and the mismatch between
the feed line and the antenna was solved by balun technique which was suggested by
Pozar [8]. The discontinuity in the power flow in the Balun was enhanced by using
triangular and exponential taper instead of step width transformation on the

transmission line.



1.1 Thesis Objective

« Analysis and design of Bow-Tie antenna shapes and their excitations.

» Reduction of power radiation which occurs in the transmission line (Balun).

» Reducing the signal reflection on the TL (taper technique).
1.2 Thesis Outline

The antenna overview is shown and the antenna concepts are described in chapter 2.

Emphasis was made on some types of antennas and the antenna parameters.

The planar Bow-Tie Antenna design is given in terms of the antenna impedance,
radiation power pattern, dimensions and Bow-Tie antenna feed excitations in chapter
3. Classification of the feed line in two types, balance and unbalance transmissions
lines are also discussed. The simulation results of Bow Tie antenna with different

kinds of feed excitations are illustrated too.

The details of the new Bow Tie Antenna with new balun feed line are given in
chapter 4. Two taper techniques (exponential and triangular) are applied on the balun

to reduce discontinuity in the power flow.

Conclusions and future work suggestions are presented in chapter 5.



Chapter 2

ANTENNA THEORY FUNDAMENTALS

2.1 Overview of Antennas

2.1.1 Antenna Definition

The first definition of the antennas was adapted from Webster’s dictionary “a
metallic device (rod or wire) used for radiating or receiving ratio waves” [1]. There
are several other definitions for antenna depending on the IEEE standard for
propagation (IEEE 145-1983), which is “a means for radiation or receiving ratio
waves” [9]. In other words, antenna is a device used to send or receive
electromagnetic waves to/from waveguide transmission line or voltage and current
to/from transmission lines to launch an electromagnetic-wave into free space or any
other media which is shown in Figure 2.1. It is worth to mention that the main aim of
using an antenna system is to achieve an efficient radiation by minimizing the
returning waves of the antenna system [1].

Some of the antenna parameters will be discussed in the next section.
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Figure 2.1: Transition modes for antenna [1]

2.2.2 Antenna Types

In this section, some classifications of antenna shapes will be discussed briefly.
2.2.2.1 Wire Antenna

One of the most popular antennas is the wire antenna and the simplest shape of it is
dipole antenna. It consists of double wires put on the same axis. The other kind of
wire antenna is known as the loop antenna and it consist of one or more turns, it does
not necessarily have to be circular, they may be square, elliptic, rectangular or in any

other shapes.



C

Figure 2.2: Wire antennas, (a) dipole, (b) loop, (c) helix [1]

2.2.2.2 Aperture Antenna

Aperture antennas are mostly used at microwave frequencies. There are numbers of
forms of the aperture antennas with some popular shapes shown in Figure 2.3. The
aperture in horn or waveguide can be designed as square, circular, elliptic, or may
have any other configuration. The space applications that became more practical
deals with aperture antennas, because of that we can put it on the body of moving

objects such as spacecraft or aircrafts.

(B)

.

Figure 2.3: Aperture antennas, (a) pyramidal, (b) conical, and (c) rectangular [1]



2.2.2.3 Array Antenna

There are demands for antennas with specific characteristics that cannot be achieved
by one element. For this reason the radiating elements with similar properties are
arranged in certain geometry to form an array. Typical examples can be seen in

Figure 2.4.

Reflectors ~ ~ ~ ~ ~ ~
Directors

Substrate

"
y

;Y & & ==

NN N
Figure 2.4: Antenna array, (a) Yagi-Udi, (b) Aperture, (c) Microstrip, and (d) Slotted
[1]

2.2.2.4 Reflector Antenna

Reflector antennas are common antenna forms. There are many applications in the
communication systems that need to make contact over large distance. Reflector
forms of antennas are used to transmit and receive electromagnetic waves with high
gain over lot of millions miles. There are many geometrical configurations to the

reflectors such as curved, corner and planar reflectors as depicted in Figure 2.5.
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Figure 2.5: Reflector Antenna [1]

2.2.2.5 Microstrip Antenna

Since there are lots of applications requiring lightweight and flexible antennas such
as aircraft, satellite, missile applications and mobile communication; microstrip
antennas are used to satisfy these requirements. Such antennas have more
advantages, e.g. low cost, fine profile, simple structure and easy to construct on the
inflexible surfaces [1]. The major disadvantages of microstrip antennas are low
polarization purity and limit in frequency bandwidth; this is a good reason for us to

find solution to the problems.

Figure 2.6: Microstrip Antenna (Rectangular Patch) [1]



2.2.3 Antenna Parameters

This section describes the performance of an antenna by considering all antenna
parameters like gain, radiation power, polarization, efficiency and antenna
impedance.

2.2.3.1 Radiation Pattern

Radiation pattern is a graphical description of the EM wave propagation in space or
in any other medium. Radiation pattern plots are, in general, in 3-D spherical
coordinates, but 2-D polar plots are also used to observe the field distribution in

different planes.
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Figure 2.7: Polar Radiation Patterns FEKO



2.2.3.2 Directivity
The directivity demonstrates the comparison of power intensity in certain direction

with the omnidirectional intensity.

p=2= (2.1)

The maximum directivity is calculated by Equation (2.2) [1]:

47 *U max

(2.2)

Dmax

where, D refers to the directivity, U is the radiation intensity, P; is the radiation
power, and Uy, is the isotropic power intensity.
2.2.3.3 Gain

There is a close relationship between the gain and the antenna directivity. The gain is
the ratio of power intensity to the lossless isotropic reference power ( P,,) divided by

(4w) and mathematical description can be shown in Equation (2.3).

G- 47*U (¢, 0)

Ain

(2.3)

2.2.3.4 Efficiency
The efficiency represents the measure of the ability to radiate the amount of power

that is delivered to the antenna, and it can be calculated by using Equation (2.4).

7. = (11, *114) *100% (2.4)



where, 7, is the total efficiency, #, is the reflection mismatch efficiency, and 7 is the
conductor dielectric efficiency.

2.2.3.5 Bandwidth

The antenna bandwidth is defined as the range of frequency which correspond the
return loss of to less than 10 dB. Figure 2.8 shows the BTA bandwidth at operating

frequency f; approximately (0.5) GHz.

\ VoltageSource1 |S11|

Lo = Band With
-8 £
‘!
s
N /L\
-12 T
lower frequency upper frequency
-14
-16
0.0 0.5 1.0 1.5 20 25 3.0

Frequency [GHz)

Figure 2.8: Antenna Bandwidth simulated by FEKO
The general equation to find antenna bandwidth is given by:

BW = fo_ %1000 (2.5)

r

Note that, f, is the maximum frequency of the band, f; is the minimum frequency and

fr is the resonant frequency.
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2.2.3.6 Impedance
The impedance refers to the ratio of the appropriate component of the electric field
over the magnetic field. The antenna impedance, in terms of the antenna resistance

R, and antenna reactance X; is:

Z. =R + X, (2.6)

It is worth mentioning that X, must be close to zero.

11



Chapter 3

BOW TIE ANTENNA

3.1 Introduction

A Bow Tie Antenna is made of a bi-triangular sheet of metal feed by a vertex [10]. In
other words; Bow-Tie Antenna is the mixture of imaginary image for two triangular
patches which are fabricated on a single substrate as shown in Figure 3.1. Because of
the characteristics of Bow Tie Antenna such as matching impedance and broadband
characteristics, BTA became one of the most common patch antennas in demand.
The investigators of the triangular sheet antenna were Wood and Brown [11]. The
International Telecommunications Conference of ITU in Atlantic City adopted “The
wide band including 2.4 GHz band” [12] and then the broadband antennas which
covers the spectrum from (2 GHZ to 3 GHZ) became extremely important. In fact a
BTA has wireless applications such as GSM, WMAX, WLAN, and radio frequency
applications that require specific characteristics such as, high gain, attractive

radiation patterns and broad bandwidth antenna.

In this chapter, we will study the Bow-Tie antenna characteristics such as

characteristic impedance, antenna radiation pattern and antenna dimensions.
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5 W
Figure 3.1: Simple Bow-Tie Antenna layout

3.2 Bow-Tie Antenna Design

3.2.1 Antenna Impedance Calculation

The impedance of the BTA is measured by considering the infinite length of BTA.
In this way the impedance will be independent of the frequency. The transmission
line theory can be used to accurately calculate the antenna impedance [7] which is

given by the equations below.

Z= / 2%p, K(K) (3.1)
8reff +go Kl(k)

where £L, is the free space permeability, &£,.¢ is the effective dielectric constant and

&, is the free space permittivity.

Ereff 1S the effective relative to permittivity account for the fringing effects and the

wave propagation in the transmission line.
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“() :'(.Jl.\/(l—xz;j();—kZXZ) 52
K (k)= K'(k) (33)
And
k' =1-k? (3.4)
k = tan?(45° —%) (3.5)

where k”and k are integration to the elliptical coordinate of the first kind and « is

the Bow angle.

Figure 3.2 demonstrates the relationship between the antenna flare angle and the

antenna impedance based on Equation (3.1).
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75 \\
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50

0 25 50 75 100 125 150 175
angle(dgree)

Figure3.2: Relationships between impedance and angle
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3.2.2 Bow-Tie Antenna Radiation Pattern

There are many theoretical methods used to calculate the radiation pattern of the
antennas such as FDTD, FEM and FMM. However, FEKO software full wave
simulator uses Moment Method Solution (MoM) [13] to analyze Bow-Tie Antenna
with finite length, and put on the infinite dielectric substrate, having the source at
vertex. In cylindrical coordinates the feed current may be expressed as Equation

(3.6):

+

e A

f
\/cosz $—cos’ ¢,

==

J-= (3.6)

The plus sign applies to the top half of the bow and the minus to the bottom half. The

=

+

e " term describes an outward-travelling current wave.

The propagation constant }»” may be written as an equation below where a first
estimate for g will be provided by the quasistatic wave number. The real part of »

describes the decay of the current along the bow due to radiation

y=a+jp (3.7)

3.2.3 Bow-Tie Antenna Dimensions
A number of methods are suggested to modify a triangular patch antenna dimensions

that is close to the Bow Tie Antenna form. Some are proposed to replace the side
length of the triangular part (x) and the dielectric constant of the substrate (&, ) by
the effective side length of the bow tie (Xer) and the effective dielectric constant

15



(&, ) respectively [14]. Other ideas proposed to set the relative permittivity as a

constant and replace only the side length (x) by the effective side length () [10].
The formulas below explain how to find the dimensions as related with the

frequency.

=

- =

.:;7:777 | P &

Figure3.3: Triangular shape patch antenna
The resonant frequency can be calculated as:
2c .-
f = (m®+mn+n<)?2 (3.8)
33X/ &,

The above equation is valid when the triangular resonator is surrounded by a perfect
magnetic wall. The effect of an imperfect magnetic wall on the resonant frequency
can be included in an empirical fashion for easy calculation. This equation must
satisfy the condition (m+n+1=0) where, m, n are mode numbers and they must be

positive integer numbers.

(3.9)



The side length x will be replaced by the effective side length ( X ¢f):

X _x+ (3.10)

Here, h and &, are the thickness of the substrate and the dielectric constant,

receptivity.
The effective dielectric constant will be calculated by Equation (3.11)

e+l -1, 12h =2
e o=2r 4% (14 2 3.11
reff 2 2 ( X ) ( )

3.2.4 Feed Excitations to Bow-Tie Antenna

It is mentioned before that the Bow-Tie antenna is a brunch of MSA. So that, all feed
excitations which are used with the MSA can be applied on the BTA. Two common
kinds of feed excitations are used with BTA which are the unbalance transmission
line UTL such as Microstrip line, coaxial cable, proximity coupled, aperture coupling
transmission line and the balance transmission line BTL for instance, coplanar
Microstrip line CPS.

3.2.4.1 Microstrip Line Feed

MSL feed is one of the most popular UTL configurations. It is also named by a
single ended transmission line. Figure 3.4 displays the signal plane (conductor)
placed on the upper layer of the dielectric and the reference plane (ground plane)
fixed under the dielectric substrate. The dimensions of the ground plane and the

microstip line can be calculated by equations below [1].
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\

Ground Plane / \ Fed Pointr

¥

Figure 3.4: BTA fed by MSL simulated by FEKO

For the microstrip line the width/thickness ratio can be calculated by the following

approximations:

{ A
w =3L For 2<2
h e"-2 h
2 1 0.62 (212
W 2IB-1-In@B-1)+ & 2(In(B-1)+0.39-—>5)]  For 2>2
h = 2¢, &, h
)
where:
_Z gt AL g g, 04T (3.13)
60\ 2 & ]
g 377 (3.14)

27, [e,
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And the effective dielectric constant is:

g +1 & -1
Erett = > + - (3.15)
2(1+12—)?
W

The minimum size to the reference plane the length, Iy and width, wy can be

calculated by equations that are presented below [1].

W, =W+ 6h (3.16)

I, =1+6h (3.17)

3.2.4.2 Coaxial Cable Feed

Coaxial cable feed as shown in Figure 3.5, is composed of two major components,
the inner conductor feed and outer conductor (shielded). It is UTL because of the
radiation produced from skin effect problem. When the coaxial cable is used as a
transmission line to the Bow-Tie antenna, the inner conductor will be connected to
the BTA and the shielded part will be connected to the ground plane. There are other
methods used to excite the BTA such as, aperture and proximity coupled techniques.
These methods have some disadvantages such as complication in fabrication, narrow
bandwidth and also too much amounts of surface waves [1]. So, these are not good

for coupling.

19



Outer Layer

Inner Layer

Figure 3.5: Coaxial cable configurations

3.2.4.3 Coupled Transmission Lines

Coupled transmission lines are defined as a Balance TL and also named by
differential TL [15]. The coupled transmission lines consist of double signal
conductors placed on the substrate and the ground plane placed below the substrate.
If the conductors are on the substrate without the ground plane they are named as
coplanar strips conductors (CPS). The main advantages of the Balance Transmission
Lines are that they provide noise protection and prevent power radiation on the

transmission line and this is achieved by reduction fringing waves.

To compute the characteristics impedance of the coplanar TL the following equations

can be used [15].

greff (0)
8reff 0 (0)

1- 2;7@ \’ Ereft (O)Qlo

Z,(0)
(3.18)

ZO,D(O) =
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where Z (0) is calculated from Equation (3.12) and ¢, (o) is given by Equation

(3.15):

€t (0) =[0.5(, +1)+2, (U, &,) — &y ()16 + £ (0)

a,(u,&)=0.7287[¢,, (0)—0.5(¢, +D](1— e—0.17QU)

c=h,(e)~[b, (g, )~ 0.207]e "

0.747¢,

b(g)=
(&) 0.15+¢,

d =0.593+0.694e %

We can find Q1 from Equation (3.25):
1 (In@Q6u"®)
Qlo = (Q2Q4 - Qs € )
Q

Q]_ — Ol869u0.194

To find Q2 and substitute in Equation (3.25):
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(3.20)

(3.21)

(3.22)

(3.23)

(3.24)

(3.25)

(3.26)



Q, =1+0.7519g +0.1869** (3.27)

84 61-0.387 1 glo
Q, =0.1975+[16.6+ (Z-)°T % + = In[ 1 (3.28)
g 241 1+( g )10
3.4

_ 2Q,
Q= Q2(e uP+(2-e9)u®) (3.29)

0.638
=1.797+1.14In(1+ ——— 3.30
QS + ( +g+05g24) ( )
1 glo 115
Q, =0.231+ In( )+0.2In(1+0.6977) (3.31)
14( 9 yo
5.8
1O+19Og2
- I 3.32
% 1+82¢g° (3:32)
Q- e(—6.5—0.95|n(g)—(&)5) (3.33)
= )
1
Qg = In(Q7)(Q8 +ﬁ) (3-34)
S
=— 3.35
9=1 (3.35)

S, represent to the spacing between two Microstrips line.
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3.3 Simulation of Bow Tie Antenna

3.3.1 Modified Dipole Bow Tie Antenna for 2.45GHz by Coaxial Cable Feed
Excitation

A Dipole Bow-Tie Antenna (D-BTA) is introduced by Figure 3.6 with length
L=10cm, flare angle a=90°, and feed in the vertex (edge port feed) with 1cm width.
The simulation results are achieved by using FEKO software simulator. Figure 3.7

display 16 dB return loss at operating frequency 400 MHz

A
Figure3.6: Antenna configurations (FEKO)
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Figure 3.7: Reflection coefficients to BTA (FEKO)

So as to get resonance frequency at 2.45 GHz, we will optimize the antenna
dimensions to be L=20.98 mm, d=2.83 mm and «=46.8°. In Figure 3.8, it is clear that
the real part of input impedance of D- BTA at 2.45 GHz is 50Q and the imaginary

part is approximately equal to zero which shows a good agreement with Figure 3.9.
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Figure 3.9: Input impedance D-BTA [16]
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Broadband antenna with bandwidth 2.25GHz-2.7GHz under 10dB return loss is

discussed in Figure 3.10. The radiation pattern of the antenna has omnidirectional

radiation characteristics with gain around 1.7 dB along x-z plane as referred in

Figure 3.13. Note that all simulation results are compared with previous work for

validation [16].
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Figure3.12: 3-D radiation pattern for an optimize dipole BTA
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— FarField1 Gain_tot

at 2.45
Figure3.13: Gain radiation pattern to dipole BTA along x-z plane

3.3.2 Simulation of Broadband BTA with Broad-Side Feed for S-Band

A double side printed Bow Tie Antenna with broadside coupled Microstrip feeding
line has been simulated for UHF band [17]. As shown in Figure 3.14, the upper and
lower layers are tinged by yellow and blue color respectively. Figure 3.15 indicates
the side view of antenna system configuration. A metal reflector with dimensions
80mm*80mm and 0.03mm thickness was used to enhance the antenna gain as
presented by Figure 2.16. FR4 dielectric substrate layer with =4 and thickness of

1.5mm was used to separate the patch arms. Both antennas (with and without
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reflector) are simulated by FEKO 5.5 software simulator. All antenna dimensions are

listed in Table 3.2.

L1 4

Upper layer

I~
U
-

LL4
L2 ‘
—>

Figure3.14: Top view double side antenna geometry (FEKO)

Figure3.15: FEKO simulation for side view antenna shape

29



Reflector

Figure 3.16: Bow-Tie Antenna with backing reflector

Table 3.1: Antenna dimensions in mm [17]

L L1 | L2 L3 L4 L5 W1 w2 | X Y D

74 7.7 |39 15 32 5 26 |4 110 |84 60

Figure 3.17 demonstrates the reflection coefficient at 1.5 GHz resonant frequency
which is -35 dB and shows a good agreement with HFSS softnet as can be seen in
Figure 3.18. The bandwidth characteristic of this antenna is broadband, with the rang
of frequency from 1 GHz to 2.6GHz and the voltage standing wave ratio (VSWR) is

less than 2 as can be seen by Figure 3.19.
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Figure 3.17: Comparisons return loss of antenna without reflector and with reflector
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Figure 3.18: Comparisons return loss of antenna without reflector and with reflector
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Figure 3.19: VSWR double-side BTA

Figure 3.20: 3-D radiation pattern of BTA without reflector
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When a reflector was added to the antenna, the return loss became 30 dB and the
resonant frequency was shifted to 2.3 GHz. The radiation pattern and gain at 1, 1.5, 2
and 2.5 GHz for both antennas are presented in Figures 3.21 and 3.22. All the results

are associated with previous work for justification [17].

— FarFeild (1GHz) —— FarFeild (1.5GHz) —— FarField (2GHz) —— FarField (2.5 GHz)

Figure3.21: Compact radiation patterns
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Figure 3.22: Compact antenna gain (dB)
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3.3.3 Multiband Bow Tie Antenna with MSL Feed

In this section, we will investigate the Double Side Bow-Tie Antenna with
Microstrip Line Feed (DS-BTA-MSLF) for 5 GHz resonant frequency. Figure 3.25
shows that the antenna geometry consists of seven parts lying on the upper and lower
RO3006 dielectric layer 50mm*50mm, with relative permittivity of 6.15 and a
thickness of 1.27 mm; parts 1 and 5 represent the upper layer and parts 6 and 7
represent the lower layer, while parts 2, 3, and 4 lie on the sides of the dielectric
substrate. Microstrip line designed to provide 50 Q characteristics impedance as
shown in Figure 3.29 to get a good agreement with feed port. All antenna and

transmission line dimensions are listed in Table 3.3.

part 0 part 4 ——— part 5

e part 3

part 2 —=

- —— part |
part 7 ——

S

Figure 3.25: Antenna geometry modified by FEKO
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A

Figure 3.26: Upper layer antenna side view

Table 3.2: Dimensions of antenna and feeding network [18]

Part Width (mm) Length(mm)
1 1.87 6

2 2.8 4.6

3 2.6 11.9

4 1.4 3.2

5 22 30

6 22 30

7 50 6

In the simulation results, Figure 3.27 shows that corresponding return loss at
resonant frequency is approximately 36 dB. Figure 3.28 shows the return loss to the
antenna with HFSS software simulator and gave close result comparing with FEKO
software simulation. In Figure 2.29, it clear that the characteristic impedance to the
antenna system is around 50 Q which is indicated to good matching between the

antenna and MSL.
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Table 3.3: Gain measured by FEKO

Resonance Frequency (GHz)

Gain (dB)
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Figure3.27: FEKO result return losses for DS-BTA-MSLF

-10

|
B 8 &

Return Loss [dB

3

FMMormmal Bowlie
With Circular Shots (2.4 GHEZE)

3

=40

0 > 3 4 5

Frequency [GHz)
Figure 3.28: HFSS result return losses for DS-BTA-MSLF [18]
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VSWR to the antenna system is less than 2 which is depicted in Figure 2.30. The
gain for each resonant frequency is shown in Table 3.4. The antenna radiation pattern
in Figure 3.31 and 3.32 has shown decent omnidirectional antenna characteristics.
FEKO 5.5 full wave simulation was used to finish this work and also compared with

Ansoft HFSS v 10.1 results in [18]
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Figure 3.29: Input impedance to the DS-BTA-MSLF
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Figure 3.30: VSWR to the bow-tie antenna with MSL fed

Figure3.31: Antenna 3-D radiations pattern at 5 GHz
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In the previous sections of this chapter, we modified different kinds of BTA with

Unbalanced transmission line feed and show their performances.

The next section discusses how to change the transmission line from unbalanced to

balance and then connect to BTA to verify antenna performance and compare with

BTA which is connected to the UTL.
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3.4 Unbalanced to Balanced Transitions

3.4.1 Basic Conceptions

First of all, the meaning of the balanced and unbalanced TL can be considered. This
idea comes from TL considerations and has little to do with the antenna performance.
It will be discussed with a simple example of Double-Microstrip Lines placed

parallel as presented in Figure 3.33 so as to understand the balance.

PES

L |

-

Figure 3.33: Signals traveling in transmission line

In an ideal case, the current distributions in the parallel Microstrip lines are equal in
magnitudes and opposite in the directions to each conductor. So, in this case, the
fields sum up to give the total effect, which is zero since its positive on one
conductor and negative on the other [19]. It should be noted that to get perfect
cancellation, two conductors must be in the same position which is impossible. In
practice, the distance between two conductors must be as close as possible in terms

of the wave length.
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In the case of parallel TL, when the current on the conductors are not equal, the
electrical field surrounded in both conductors will be different and it will not be
canceled, so the radiation will occur on TL and it will lose part of the power that was
delivered to the load. In other words, the power provided from the source is not equal
to the power delivered to the antenna. This case is known as unbalanced TL [19].
3.4.2 MSL-to-CPS Transition (Balun)

In order to minimize the feed radiation, the balun will be used. There are many balun
configurations that can be used for the transition of MSL to CPS. In this section,
MSL-to-CPS T-junction balun transition will be presented, as can be seen in Figure

3-34. [20].

Figure 3.34: Tee-junction balun shape
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3.4.2.1 Tee-Junction Balun Transition [20]

For this Tee-junction balun, the double ends to the CPS parts, as well as the end of
MSL connected to the source are all assumed to be 50 Q characteristics impedance.
Quarter wavelength 35.5Q impedance transition is employed for matching between
MSL feed and T-junction (divided / combination) TL. 90° miters bends are used to

achieve A/2 transmission line length.

Figure 3.35 shows the Tee-Junction equivalent circuit [21]. At this kind of junctions,
discontinuities will occur in the power flow that will be processed in the next chapter
by using taper technique and it can be accounted by lumped susceptance, B. Equation

(3.36) is used for designing a divider, matched to the impedance Z,.

1 1 .
—=—4+—+|B 3.36
Z Z : (3:36)

Where Z, is the characteristic impedance to the common line, Z; is the characteristic
impedance to upper line, and Z; represents to the characteristic impedance to the

lower line.
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Figure3.35: Tee-junction divider/combination model

For the lossless transmission line, B=0 which makes the imaginary part zero. In that

case, the characteristic impedance will be purely real.

—=—+4— (3.37)

We can see from Equation (3.36) that if the input impedance of the Tee-Junction is
50Q characteristics impedances, the output will be 100Q, which is not acceptable i.e.
50Q is required. This can be achieved by the quarter wavelength transformer which
is used to produce 25 Q at the terminal combining the input and output TL as in

Figure3.35. The input impedance (Z;») calculated by Equation (3.38).

Zin _ Zl ZI + le tan ﬂl (338)
Z,+ jZ, tan gl
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Where g =— So, Bl="2 = pBl==
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Z, :z_l. (3.39)
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Figure3.36: Equivalent circuit with quarter wavelength added between input and
output port

After the matching, 180° phase shift delay was produced to achieve balance phase
between two branches in CPS. This was achieved by adjusting their lengths so that
l2-13=Ag/4. Where, Aq4is guided wave length, |, is the left side length, and |5 is the right

side length as indicated in Figure 3-35.

3.4.3 Simulation Results of Balun
MSL-to-CPS transition balun is designed by using the equations which were
mentioned before to achieve 2.45 GHZ resonant frequency and modified by FEKO

V.5.5 software simulator. The balun is placed on the RT-Duroid 6010 substrate layer
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with relative permittivity of 10.2 and thickness of substrate of 2.5mm. All the
dimensions of balun are listed in Table 3.5. At CPS side two kinds of excitation are
used, even and odd excitations. When we connect the two ends of CPS with ground
plane, it is known as even excitation mode, while the odd mode is that which connect
the couple ports with each other. The current will be distributed by 180°phase shift

between them as shown in Figure 3.37.

port 2

(B) port 1 e

Figure 3.37: (A) Even mode balun geometry, (B) Odd mode balun applied by FEKO
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Figure 3.38: Phase current distribution between couple strip line in CPS

Figure 3.45 shows that MSL impedance is matched with CPS transmission line
impedance. Figure 3.39 shows the reflection coefficient of the balun S;; which is
referred to as the even mode (red line) and insertion losses (S,;) which is represented
to odd mode (blue line). VSWR is less than 2 with broadband 1GHz-3GHz as
displayed in Figure 3.41. Note that all the results were compared with Ansoft HFSS

11.2 software full wave simulator in [20].

Table 3.4: Dimensions for the MSL-to-CPS transition (balun)

Balun W1l | L1 W2 | L2 |L3 W3 | L, L5 S XY
Element

Dimensions 233 |11.3  4.48 5.66 1632|233 |10.8|566 |09 2 25
(mm)

Figure 3.39: Input impedance of the balun at port one
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Figure 3.40: MSL-to-CPS balun return losses
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Freguency [GHz]

Figure 3.41: VSWR to the transition applied by FEKO

49



3.4.4 Design and Simulation Result to BTA as a Load to Balun

In this section, new Bow-Tie Antenna design with balance transmission line feed
(balun) is suggested as shown in Figure 3.42. The antenna and balun are on the
substrate layer with &=10.2 and height 2.5mm. Below them there are truncated
ground plane which was employed as a reflector to the antenna. The dimensions of
proposed antenna are shown in Table 3.6. FEKO software 5.5 was used to simulate

antenna system to see the performance.

Figure 3.42: Antenna and balun configurations (FEKO)
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—s upper layer

ground plane lower layer

Figure 3.43: Top view describe truncated ground plane
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Table 3.5: Antenna and balun dimensions

Antenna Balun W1l | L1 W2 L2 L3 W3 Ly
Element

Dimensions (mm) | 2.33 | 11.3 | 4.48 5.66 16.32 2.33 10.8
Antenna Balun L5 S X Y Leps Lot W
Element

Dimensions (mm) 566 09 |2 25 15.92 23.5 19.3

Figure 3.45 illustrates the return loss of the antenna system which is less than 10 dB
and the insertion loss is less than 3 dB. VSWR is less than 2 to the bandwidth
(1.95GHz-2.6GHz) as shown in Figure 3.46. The antenna gain at 90° is equal to 3 dB

as in Figure 3.48 and the radiation pattern is demonstrated in Figure 3.48.

—— VoltageSource1 |S11|

-10

-15

S-parameters [dB]

-20 3 |

-25

-30
15 20 25 30 35 40

Frequency [GHz]
Figure 3.44: Reflection coefficient of BBTA
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Figure 3.45: VSWR of BBTA
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Figure 3.46: Return loss of antenna system in [20]
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: BBTA gain at 6=90° along x-y plane

Figure 3.47
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- - -,
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Figure 3.48: BBTA radiation pattern at 6=90° along x-y plane

When we compare this antenna system with the system in [20] we can see that in
this design, there are enhancements of antenna bandwidth by 200% as referred in
Figure 3-44 and for other antenna parameters are listed in Table 3.7. In next chapter,
we will extend the antenna arms to get better bandwidth and the tapper technique
will be applied on the balun to decrease discontinuity in power flow and improve

antenna gain and the radiation pattern.
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Table 3.6: Results of Bow-Tie and Yagi [20]

Antenna Parameter

BTA (FEKO result)

Yagi Antenna[20]

Voltage standing wave

1.01

1.01

ratio (VSWR)

Bandwidth(GHz) (1.98-2.6) (2.35-2.55)
Resonant frequency 2.45 2.45
(GHz)

Return loss(dB) -15 -30
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Chapter 4

BROADBAND BTA WITH TAPERED BALUN

4.1 Exponential Taper

In the preceding chapter, we discussed how to use multi-sections for impedance
matching. But here, multi-section transformations are replaced with a new
exponential tapering technique [21] in order to reduce the reflected signals by 53%
compared with the previous technique. This will be achieved by reducing the

discontinuity in the power flow as suggested in Figure 4.1.

G w(z,) W(z(z)

Figure 4.1: Equivalent circuit taper variance width of TL
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The width of an exponential taper can be calculated by Equation 4.1.

W (Z(2)) =W (Z,)e* (4.1)
Where (a) is:
_1 W(EZ)
a=: In(W(ZO)) (4.2)

For z=0,W(Z(0))=W (Z,) and for z=I wish to have W (Z(2)) = W(Z,) e as

indicated in Figure 4.2.

WZ(z))

W(ZL) |~

W(Zo)

I
0 L

Figure 4.2: Exponential curve variation of width

(5 |

The reflection coefficient after adding the taper can be calculated by using Equation

(4.3) [21].

nW@)
o W(Z,) oA sin gl (4.3)
2 Al
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Now, exponential taper technique will be applied in two cases: firstly both sides of
the exponential taper will be applied to the balun as suggested in Figure 4.3 and then

single side exponential technique will be used on the balun as shown in Figure 4.4.

Figure 4.3: Double side exponential taper
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W(Z0)
Figure 4.4: Single side exponential taper

Both types of tapers that were suggested to be used for the balun above, have width
of feed port equal to 2.33 mm to satisfy 50 Q matched impedance. The load
impedance is 25 Q which is achieved by making the line width equal to 4.48 mm.
Figure 4.5 shows the return loss at resonant frequency 2.44 GHz and insertion loss of
the balun with double side exponential taper. Figure 4.6 indicates that both the return
and insertion losses of balun with single side exponential taper have the same

resonant frequency of 2.44 GHz.
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Figure 4.5: Return and insertion losses of the double side exponential taper
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Figure 4.6: Return and insertion losses of the single side exponential taper
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VSWR is less than 2 and the minimum value at resonant frequency which is equal to

1.1. Figures 4.7 and 4.8 show the propose balun for both kinds of taper have broad

bandwidth with the range of frequency from 1-3 GHz.

VSWR

VSWR

2.2

2.0

18

16

14

1.2

1.0

2.4

22

2.0

1.8

1.6

1.4

1.2

1.0

—— Re{VSWR}(Port 1)

1.0 1.2 1.4 16 1.8 20 22 24 26 28 30
Frequency [GHz]
Figure 4.7: VSWR of the double side exponential taper
——  Re{VSWR}(Port 1)
1.0 1.5 2.0 25 3.0 35

Frequency [GHz]

Figure 4.8: VSWR of the siﬁgle side exponential taper
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The real parts at the resonant frequency of the characteristics impedance of baluns

with double and single side’s exponential tapers are equal to 50 Q. The imaginary

parts are approximately 0 Q as depicted in Figures 4.9 and 4.10.

Impedance [Ohm]

Impedance [Ohm]

‘ — Re{Z}{Port 1) — Im{Z}(Port 1)

80

60

40 e B

20 e

. i - \\\,\\ -
20 < N o

-40

1.0 1.2 1.4 16 1.8 2.0 22 2.4 2.6 28 3.0

Frequency [GHz]
Figure 4.9: Real and imaginary parts of the input impedance for a double side
exponential taper

Re{Z}Port 1) ——  Im{Z}(Port 1)
200
187
173 e
160
147
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80 e
67 - = -
53 ' - e
40 R — >
7 S —— -
13 e -
\\ P ’/,/
0 < — - - o
13 o= . = — = =
27 e —
-40
1.0 15 2.0 25 3.0 35

Frequency [GHz]
Figure 4.10: Real and imaginary parts of the input impedance for the single side

exponential taper
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Figure 4.11: Comparison of the S-parameter of single, double side exponential taper
and step-width taper

2.7

30

From the previous section, we conclude that the double side exponential taper had

good performance such as the return losses are enhanced by 23% compared with

single side exponential taper and by 80% compared with [22] as shown in Figure

4.11.

4.2 BTA Design with Double Side Exponential Taper

In this section, printed bow tie antenna with both side exponential taper as shown in

Figure 4.12 is considered and simulated by FEKO 5.5. Dimensions of the antenna

and the balun are the same in Table 3.5. It is necessary to mention that the taper was

designed based on Equation (4.1), W(Zy) = 2.33 mm, W(Z.) = 4.48 mm, and

L=22.1mm.
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Figure 4.12: Antenna geometry with exponential taper balun

Figure 4.13 demonstrates the antenna return loss which is equal to 23 dB at 2.3 GHz

and 12 dB at 3.5 GHz. The 3-D radiation pattern is shown in Figure 4.14.
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Figure 4.13: The return loss of the BTA with exponential taper
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Figure 4.14: 3-D radiation pattern of the BTA simulated by FEKO

The radiation pattern shows that the antenna have maximum radiation at the 90° for
the resonant frequencies 2.45GHz, 3GHz and 3.5GHz as can be seen from Figure
4.15. The antenna gain at 90° is 2.5 dB for 2.44 GHz, 3.1 dB for 3 GHz, and 1.5 dB

at 3.5 GHz as indicated in Figure 4.16.
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—— FarField at 2.45GHZ —— FarField at 3GHZ —— FarField at 3.5GHZ

270

Figure 4.15: 2-D radiation pattern of BTA with exponential taper, in the a y-z plane

‘ — Gain at 2.45GHz — Gain at 3GHZ —— Gain at 3.5GHz |

270
Figure 4.16: Gain of the antenna at resonant frequencies in the y-z plane
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Figure 4.17: Comparison of the return loss of the BTA with Exponential taper, BTA
and Step-width Taper and Yagi antenna

From Figure 4.17, we can conclude that the BTA with exponential taper balun had a
broadband characteristic with the bandwidth 2 GHz-3 GHz. Comparing with Yagi

antenna bandwidth [20], it is clear that there is an enhancement in the bandwidth by

75% .
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4.3 Triangular Taper
This section describes triangular in double side taper schemes as indicated in Figure
4.18 to eliminate discontinuity in the power flow in Tee-junction balun transitions.

We will calculate the width of a triangular taper in terms of equations below [21].

W (Z(2)) = W(Z,) e "2/ For0<z<L/2 (44)
W (Z(2)) = W(Z,) e?-2 /1 D212, ForLi2< z <L (4.5)
r=LeminGy L2y (4.6)

2 z,” BU?2

Figure 4.18: Balun geometry with triangular taper applied by using FEKO
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Figure 4.19 refers to the reflection coefficient under -10 dB of broadband (1GHz-
3.2GHz) taper balun transition. Figure 4.20 indicates the real and imaginary parts of

input impedance of balun transition.

— VoltageSourcet [S11]

-30

40 f

S-parameters [dB]

50 |

60 |

-70
15 20 2.5 30 35 40

Frequency [GHz]
Figure 4.19: Return loss of the triangular taper balun transition
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oo
o

Frequency [GHz]
Figure 4.20: Input impedance of the triangular taper balun transition

4.4 Broadband BTA Design with Triangular Taper

New broadband BTA with double side triangular taper have been designed and
simulated by FEKO 5.5 software simulator as shown in Figure 4.21. The modified
BTA, antenna and balun dimensions are introduced in Table 4.1 except the
dimension which is refer to the extensions in the antenna arms (E=2mm). This
extension is added to increase the antenna bandwidth. The taper is designed based on
Equations (4.4) and (4.5) with W(Z,) =2.33mm, W(Z,) = 4.48 and L=22.1mm. The
antenna and balun were placed on the dielectric substrate RT-DROUD with &=10.2

and substrate thickness of 2.5 mm.
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W(Z0) =

Figure 4.21: Antenna and taper balun layout

Table 4.1: Antenna gain with resonances frequencies

Frequency in (GHZ) | 2 2.5 3 3.5

Gain in (dB) 6.9 5 5.1 3.8

Figure 4.22 shows a broadband antenna characteristic (1.9GHz-3.25GHz) with
VSWR less than 2 as provided by Figure 4.23. The input impedance is equal to 50 Q
as shown in Figure 4.24, where red line refers to the resistive and blue line indicates

the reactive part of the load.
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Figure 4.22: Antenna return loss
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Figure 4.23: VSWR of the antenna with the balun
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Figure 4.24: Input impedance of the BTA with the Balun

The radiation pattern in Figure 4.25 shows the maximum value at 90° in both

resonant frequencies at 2 GHz and 2.5 GHz and the maximum value of the radiation

gain for 3GHz at 90° and 3.5 GHz at 60°. The antenna gain is shown in Figure 2.26

and 3-D radiation pattern is presented in Figure 4.27.
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— FarField1 2GHz — FarField1 2.5GHz —— FarField1 3GHz —— FarField1 3.5GHz

270

Figure 4.25: The polar electrical field of the BTA at the resonant frequencies along
y-z plane

— Gain 2GHz — Gain 2.5GHz —— Gain 3GHz —— Gain 3.5GHz

270
Figure 4.26: BTA gain graphic at resonance frequencies along y-z plane
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Figure 4.27: Antenna 3-D radiation pattern along y-z plane
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Figure 4.28: Return loss of BTA with Triangular Taper and BTA with Exponential

Taper
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4.5 Broadband Bow-Tie Antenna with Circular Bend

In this section the 90° bending in the Tee-junction balun is replaced by a curved

circular shape as shown in Figure 2.29.

Figure 4.29: BTA with circular bending

The antenna dimensions are given in Table 4.2.
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Table 4.2: Summary to the Antennas Design and their Performances

BTA Type Operating | Return | Band Gain | Size (mm)
frequency | Loss width(GHz) | (dB) | L*W*H
(GHz) (dB)

Dipole-BTA 2.45 55 2.25-2.7 1.7 41*20.96

DS-BTA-BSF 1.5 35 1-2.6 2 110*84*15

without reflector

DS-BTA-BSF 2.3 30 1-2.6 7 110*84*62

with reflector

DS-BTA-MSLF 5 36 5-5.3 4.5 50*50*1.27
2.45 12 2.35-2.46 1.8 50*50*1.27
3.5 15 3.4-35 1.5 50*50*1.27

BTA-with-T.T 2 13 1.9-3.25 6.9 70*80*2.5
2.5 60 1.9-3.25 5 70*80*2.5
3 12 1.9-3.25 5.1 70*80*2.5
3.5 18 3.5-3.67 3.8 70*80*2.5

The simulation results clarify that there is decrease in the return loss by 100%
comparing with Bow-Tie Antenna with Triangular Taper at resonant frequency 3.6

GHz. However the return loss at 2.45 GHz is degrade up to 37 dB as shown in Figure

S-parameters
—— BTA with Triangular Taper —— BTA with Exponential Taper VoltageSource1 |S11]
—— BTA with Circular bend
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Figure 4.30: Comparison of different of the BTA’s
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Chapter 5

CONCLUSION AND FUTURE WORK

5.1 Conclusion

In this study, the effect of feed excitation on the antenna performance was analyzed.
The feed radiation prevention by balun technique was discussed, and it reduced

discontinuity in the power flow by taper technique.

A new MSL-to-CPS transitions balun for Bow-Tie Antenna has been proposed and
simulated by FEKO 5.5 software, full wave simulator. The proposed antenna is in the
ISM band which is especially suitable for wireless communication systems having a
band from 1.89 GHz to 3.25 GHz (80%) bandwidth. The antenna radiation gain has
been obtained up to 6.9 dB and 5 dB at the resonant operating frequency (2.45GHz).
5.2 Future Work

Because of the BTA configuration, it opens the way for us to apply fractal technique
S0 as to obtain many other operating frequency bands with high gain. Therefore, we
can utilize other balun shape to reduce discontinuity in power flow and enhancement

for return loss at the resonant frequencies.
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