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Résumé

Cette thèse porte sur l'étude, la conception et l'implémentation d'antennes planaires minia-

turisées. La première partie présente la conception, l'analyse et le test d'antennes monopoles

compactes à géometrie fractale pour une application à double bande. La deuxième partie

traite la conception, l'analyse et réalisation d'antennes compactes tri-bande pour les appli-

cations sans �l. La dernière partie est dédiée à la conception d'une antenne compacte à fente

en forme de "U" et à cavité pour une application de coloscopie. Les résultats de mesure et de

simulations ont montré un bon accord validant ainsi les di�érentes con�gurations proposées

et les procédures de conception adoptées.

Mot-clés : Miniaturisation, antenne fractale, antenne multibande, applications san �l,

WLAN, WiMAX, RFID.

Abstract

This thesis focuses on the study, design and implementation of miniaturized planar anten-

nas. The �rst part presents the design, analysis and test of compact fractal shaped monopole

antennas for dual-band application. The second part deals with design, analysis and imple-

mentation of compact tri-band antennas for wireless applications. The last part is dedicated

to the design of compact U-slot antenna backed by a cavity for colonoscopy application.

The measured and simulation results have shown good agreement which validate the di�er-

ent proposed con�gurations and the adopted design procedures.

Keywords: Miniaturization, fractal antenna, multi-band antenna, wireless applications,

WLAN, WiMAX, RFID.
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Chapter 1

Introduction and Microstrip Antenna
Overview
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1.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
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1.1.2 Contributions and Thesis Organization . . . . . . . . . . . . . . . . 2

1.1 Introduction

1.1.1 Motivation

Nowadays, wireless communication devices including tablets, laptops, cellular mobile phones,

satellite phones and receivers, radio-frequency identi�cation (RFID) systems are continuously

required to be downsized. Therefore, the demand for miniaturization of the electronic ele-

ments has been increased drastically. The most crucial element composing all communication

equipments is the antenna and it is critical in deciding the quality of radio communication.

It assures the transmission and reception of radio waves and therefore it design for any wire-

less device must be done carefully. At resonance, the antenna dimension must be around

half of wavelength. Hence the lower resonant frequency is, the larger the size of the antenna

will be. In addition to the need for miniaturization, antenna with broadband and multi-

band characteristics are of great interest due to the fast growing of wireless applications and

communication standards.

Microstrip antennas are very attractive candidates suitable for wireless devices owing

to their unique characteristics such as low-pro�le nature, light weight, ease of integration

with associated electronics, conformal to any surface, low cost and mechanically robust.

Nevertheless, in their basic forms, microstrip antennas have some limitations compared to

conventional microwave antennas, such as narrow impedance bandwidth (typically of around

1



1.1. Introduction

1%),somewhat lower gain (≈ 6dB), poor power capability (≈ 100W ), poor polarization

purity, poor scan performance, and excitation of surface waves. Many ways have been

developed to overcomes most of these drawbacks. By the emerging of many new standards

for wireless communications including RFID, Wi-Fi, fourth generation/Long-Term Evolution

(LTE), Worldwide Interoperability for Microwave Access (WiMAX) which are working in

the frequency range of 700 MHz to 6 GHz, the main limitation of microstrip antenna is its

physical size. For this reason, much e�ort has been devoted to the development of antenna

miniaturization techniques. Therefore, new techniques for designing compact and multiband

antenna need to be investigated, which is the key motivation of this thesis work.

1.1.2 Contributions and Thesis Organization

Figure 1.1: Dissertation overview

The outlines of the thesis and authors contributions are organized as follows:

Chapter two In this chapter, most of miniaturization techniques applied to the �eld of

microstrip antennas will be presented and summarized.

Chapter three will present the detailed procedure to design miniaturized antenna start-

2
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ing from the conventional circular patch. The theory of a circular patch will be quickly re-

viewed as well. The derived hexagonal ring monopole antenna will be the basic antenna which

will serve as the zero iteration to generate the �rst order hexagonal fractal ring monopole

antenna.

Chapter four will present two novel miniaturized dual band monopole antennas printed

on an FR4 substrate with the dielectric constant of 4.3, a thickness of 1.6 and a loss tangent

of 0.017. A detailed study of the proposed compact antennas along with their experimental

results will be presented.

Chapter �ve This chapter will discuss two di�erent compact triple band monopole

antennas. The �st design will be based on the ACS feeding technique to reduce the antenna

size and a the antenna will be attached to two branches to excite multiple resonances. The

second design will be based on two concentric fractal rings connected to each other. The

position of the connection will be optimized to tune the resonant frequencies to the desired

bands. The measured and simulated results will be compared to validate the proposed

antennas.

Chapter six will investigate the design, analysis and implementation of miniaturized

microstrip antenna for a colonoscopy application. The proposed antenna element used in

the applicator is a cavity-backed U-slot fed by an inverted L-shape microstrip line. The

U-shaped slot is selected to meet the reduced size requirements of the intended application

and it is backed by a cavity to enhance the isolation between array elements. The slot is

printed on RT/Duroid 5880 substrate having a relative permittivity of 2.2 and a thickness

of 0.127 mm which is very �exible and could be easily conformed onto a cylindrical surface.

An L-shape microstrip line printed on the back side of the substrate is used to excite the

slot and the cavity is �lled by a lossy foam with relative permittivity of 2.1. To validate the

proposed design, measured and simulated results will be compared and will be discussed in

details.

Chapter seven will summarize the contributions presented in this thesis and will

provide some suggestions for further research.
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Microstrip Antenna Miniaturization:
State of the Art
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2.5 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

2.1 Introduction

Antenna miniaturization has been studied extensively for over 70 years [1, 2, 3]. It is found

that by decreasing the size of the antenna the bandwidth and the radiation e�ciency are also

decreased. Thus, there is a size limitation for which the antenna radiation characteristics

are no more acceptable. Besides, recently many antenna size reduction methods have been

proposed in literature [4], [5].

In the remaining sections of this chapter, the limits of antenna size and main microstrip

patch antenna (MPA) miniaturization techniques will be discussed.

5



2.2. The Microstrip Antenna

2.2 The Microstrip Antenna

Microstrip antennas consist of very thin metallic patch printed on a grounded substrate with

a thickness h. A basic rectangular microstrip antenna is presented in Figure 2.1.

Figure 2.1: Microstrip antenna

For a rectangular shaped patch, the length L is usually λ0/3 ≤ L ≤ λ0/2. The radia-

tion pattern of the patch depends on the current distribution on the patch. The shape of

the patch, the feeding technique and the substrate characteristics are chosen to satisfy the

requirements of a speci�c application [6].

The shape of patch can take di�erent geometrical forms such as rectangular, circular

, triangular, elliptical, square and any other con�guration. More complex patterns based

on regular shapes have been introduced to meet the requirements of a certain applications.

Consequently, the choice of the shape depends on speci�c limitations such as size, radiation

pattern, gain , bandwidth etc. Basically, the operating modes of the antenna depends on

the patch dimensions, the substrate characteristics as well as the feeding con�guration.

Several dielectric materials can be used for substrate in the antenna design. Their relative

dielectric constant are generally in the range 2.2 ≤ εr ≤ 12. The most suitable ones for

good radiation performances are thick with lower relative permittivity because they ensure

better radiation e�ciency, larger bandwidth, loosely bound �elds for radiation into space,

but at the expense of larger element size. Thin substrates with higher dielectric constant

are desirable for microwave circuitry because they need tightly bound �elds to minimize

unwanted radiation and coupling. However they are considered less e�cient and they have

relatively narrow bandwidth due to their great losses. Hence, better compromise have to
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be found between the antenna radiation performances and circuit design since microstrip

antennas are integrated with other microwave circuitry.

Figure 2.2: Representative shapes of microstrip antennas

2.2.1 Feeding Structures

The feed must transfer e�ciently energy from the transmission system to the antenna. Var-

ious feeding techniques are used to feed microstrip antenna. The feeding structure a�ects

signi�cantly the bandwidth, operating modes, spurious radiation, surface waves and antenna

geometry. Accordingly, the design of the feeding play an important role in the radiation per-

formances. The most popular feeding con�gurations are the microstrip line, coaxial probe,

aperture coupling, and proximity coupling as can be seen in Figure 2.3.

Figure 2.3(a) shows a probe feeding structure. The coaxial inner conductor is connected

to the patch through the substrate and the outer conductor is soldered to the ground plane.

The impedance matching between the radiating patch and the coaxial cable is achieved by

adjusting the location of the feed point. However, this feeding structure presents certain

limitations including the increase in spurious radiation, surface waves, input inductance for

antennas with thick substrates and not suitable for arrays owing to the great number of

solder points.

In the aim of simplifying the design and reducing the cost, the microstrip antenna can

be fed by means of a coplanar strip as illustrated in Figure 2.3(b). The feeding strip can

be directly connected or coupled to the edge of the patch. This feeding con�guration is
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Figure 2.3: Feeding structures used in microstrip antenna [7]

suitable for array applications. Impedance matching is achieved by notching the patch near

the feeding (inset fed) strip or placing a matching-network (using stubs).

The proximity coupling depicted in Figure 2.3(c) has the largest bandwidth (as high as 13

percent), is relatively easy to model and has low spurious radiation among the four feeding

con�gurations. However its fabrication is somewhat more di�cult. The feeding stub length

and the width-to-line ratio of the patch can be used to control the match [8].

The aperture coupling depicted in Figure 2.3(d) has a notable features which are wider

bandwidth and high polarization purity. Two substrate separated by a common ground

plane are used. A microstrip feed line printed on the lower substrate is electromagnetically

coupled to the patch through a slot printed in the common ground plane [9]. The slot

can have any shape and size, and these parameters are used to improve the bandwidth.

Typically matching is performed by controlling the width of the feed line and the length

of the slot. However, this feeding con�guration has higher fabrication complexity and cost

than single-layered structures.

2.2.2 Modeling Techniques

Microstrip patch antenna are modeled using the transmission line model (TLM), cavity model

(CM) and full wave model (which include integral equations and Moment method). The
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analytical methods TLM and CM provide more physical insight to the operating mechanism

whereas the numerical methods gives more accurate results . In the reminder of this chapter

the radiation characteristics of a rectangular patch antenna (the most studied geometry) will

be reviewed using the TLM.

Basically, in the TLM, the microstrip antenna is considered as two slots, separated by a

low-impedance Zc transmission line of length L.

2.2.3 Fringing e�ects

Due to the �nite dimensions of the antenna along the length and the width, the �eld at the

edges of the patch undergoes fringing. Figure 2.4 presents the fringing along the length for

the two radiating slots. Same e�ect applies along the width and this e�ect in�uences the

resonant frequency of the antenna. The amount of the fringing is a function on the patch

dimensions as well as the substrate height. Because of fringing �elds, the patch behaves as

if it has a slightly larger dimension hence semi-empirical factors are usually introduced to

obtain these e�ective dimensions. These factors vary from patch to patch [6].

Figure 2.4: Fringing E�ect and e�ective dielectric constant

Figure 2.4 shows the �eld lines in an non-homogenous medium composed generally by

air and substrate. Typically most of the �eld lines lie in the substrate and parts exit in air .

Since part of the waves travel in the substrate and part in air, an e�ective dielectric constant

εeff is introduced to account for fringing and wave propagation in the line. Accordingly,

the e�ective dielectric constant is de�ned as the dielectric constant of the uniform dielectric

material so that the line of Figure 2.4 (b) has identical electrical characteristics, particularly
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propagation constant, as the actual line of Figure 2.4 (c). For lower frequencies the e�ective

dielectric constant is given by [10]:

W/h >> 1

εeff =
εr + 1

2
+
εr − 1

2

[
1 + 12

h

W

]−1/2

(2.1)

2.2.4 Resonant frequency, e�ective length and e�ective width

Because of the fringing e�ect, the antenna dimensions look greater than its physical dimen-

sions. This is presented in Figure 2.5 for the principal plane E (x-y) where the length of the

antenna has been extended by ∆L on each side. A common and a practical approximation

of the fringing distance ∆L is given by:

∆L = 0.412h
(εeff + 0.3)

(
W
h

+ 0.264
)

(εeff − 0.258)
(
W
h

+ 0.8
) (2.2)

Figure 2.5: E�ective and physical length of a microstrip antenna

Because the the patch length is extended by ∆L at each end, the e�ective length Leff

becomes:

Leff = L+ 2×∆L (2.3)

The resonant frequency for the dominant mode TM010 is given by:

fr =
c

2Leff
√
εeff

(2.4)

For an e�cient radiator, a practical width that leads to good radiation e�ciencies is

given by [10]:
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W = L

√
εr

εr + 1
(2.5)

2.2.5 Radiated Field and Directivity

As the microstrip antenna is considered as two radiating slots, The total radiating �eld is

electric far-�eld radiated by one slot times the array factor (two slots separated by a distance

Leff . The electric far �eld radiated by a slot is given by:

Eθ ≈ Er ≈ 0 (2.6)

EΦ = j
k0hWE0e

−jk0r

2πr

{
sinθ

sin(X)

X

sin(Z)

Z

}
(2.7)

X =
k0h

2
sinθcosφ (2.8)

Z =
k0W

2
cosθ (2.9)

Where (r, θ, φ) are the spherical coordinates of the observation point, k0 is the free space

wave number and E0 is a constant. The array factor Af of two identical elements separated

by a distance Leff is given:

Af = 2cos

(
k0Leff

2
sinθsinφ

)
(2.10)

Thus the total radiated �eld by the two slots is

Et
φ = 2× j k0hE0e

−jk0r

2πr

{
sinθ

sin(X)

X

sin(Z)

Z

}
× cos

(
k0Leff

2
sinθsinφ

)
(2.11)

For small values of h (k0h << 1) equation 2.11 reduces to:

Et
φ ≈ j

2V0e
−jk0r

πr

{
sinθ

sin(k0Wcosθ
2

)

cosθ

}
× cos

(
k0Leff

2
sinθsinφ

)
(2.12)

where V0 = E0h is the voltage across the slot. It can deduced that the expression of the

electric �led in the E-plane (x − y) (θ = 90◦, 0◦ ≤ φ ≤90◦, 270◦ ≤ φ ≤360◦) can be whiten

as:
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Et
φ ≈ j

k0WV0e
−jk0r

πr

{
sin(k0hcosφ

2
)

k0hcosφ
2

}
× cos

(
k0Leff

2
sinφ

)
(2.13)

The expression of the �eld in the H-plane (x− z) (φ = 0◦, 0◦ ≤ θ ≤ 180◦) can be written

as :

Et
φ ≈ j

k0WV0e
−jk0r

πr

{
sinθ

sin(k0Wcosθ
2

)
k0Wcosθ

2

sin(k0hsinθ
2

)
k0hsinθ

2

}
(2.14)

The directivity of the antenna is one of the most important �gures-of-merit whose de�nition

is given by

D0 =
Umax
U0

=
4πUmax
Prad

(2.15)

where U0 is the radiation intensity of an isotropic antenna, Umax is the maximum radiation

intensity and Prad is the radiated power.For a microstrip antenna , the directivity is given

by :

D0 =

(
2πW

λ0

)2
π

I
(2.16)

where

I =

∫ π

0

∫ π

0

[
sin(k0Wcosθ

2

cosθ

]2

sin3cos2

(
k0Leff

2
sinθsinφ

)
dθdφ (2.17)

The directivity of a microstrip antenna can be also expressed asymptotically as

D0 =


6.6 = 8.2dB, W� λ0

8(W
λ0

), W� λ0

(2.18)

2.2.6 Impedance bandwidth, e�ciency and gain

The frequency range for which the antenna is well matched to its feed is de�ned as its

impedance bandwidth. The impedance bandwidth can be de�ned in terms of return loss

(|S11|) or a voltage standing wave ratio (VSWR) over a frequency range. The well-matched

impedance bandwidth must totally cover the required operating frequency range for some

speci�ed level, such as V SWR = 2 or a return loss |S11|of less than 10 dB. The fractional

bandwidth of a microstrip antenna can be whitten as
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FBW =
fh − fl
fc

(2.19)

where fh and fl are the upper and the lower cut o� frequency of the frequency range

respectively and fc is the central frequency of the band. In addition, the antenna bandwidth

is inversely proportional to the antenna quality factor Qa and is given by

FBW =
1

Qa

(2.20)

The FBW can be also expressed using V SWR as

FBW =
V SWR− 1

Qa

√
V SWR

(2.21)

The radiation e�ciency of an antenna is de�ned as the power radiated over the input power.

It can also be expressed in terms of the quality factors, which for a microstrip antenna can

be written as

ηa =
Qa

Qrad

(2.22)

Qrad is the quality factor due to radiation. The total qualy ty factor Qa is given by [10]

1

Qa

=
1

Qrad

+
1

Qc

+
1

Qd

+
1

QSW

(2.23)

where Qc , Qd and QSW account for quality factors associated with losses caused by

conductivity of the patch, substrate dielectric and surface wave, respectively. The gain of

the antenna is given by :

G = ηaD0 (2.24)

2.3 Fundamental limits of antenna size

It has been established that by reducing the antenna dimensions the quality factor, the gain

as well as the bandwidth of the antenna are negatively a�ected. This fact has been �rst

introduced by Wheeler in 1940 . He established the relation between the antenna volume

and the maximum achievable power which is the inverse of the quality factor Q [1]. Wheeler

de�ned an electrically small antenna as one whose maximum dimension is less than λ
2π
. This
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relation is often expressed as:

ka < 1 (2.25)

where k = 2π
λ
is the wave number [radians per meter], λ is free space wavelength [meter], a

is the radius of sphere enclosing the maximum dimension of the antenna (meters).

Figure 2.6: Sphere enclosing an electrically small radiating element.

In 1948, by using spherical wave functions Chu [2] has extended the analysis done by

Wheeler and he found that, for an antenna with a maximum dimension of 2a, the antenna

can operates in broad bandwidth with a gain equal to or less than 4a/λ. To achieve a

gain higher than this value, the quality factor Qa increases at an considerable rate. Thus,

the antenna that has potentially the broadest bandwidth, which exhibits an omnidirectional

radiation pattern, corresponds to an in�nitesimally small dipole.

In 1987, Fujimoto, Henderson, Hirasawa and James summarized the di�erent approaches

used to design small antenna. Furthermore, they have given a survey for the theoritical limits

of electrically small antennas (ESA). They also established that an ESA enclosed in a given

volume has a minimum value of Qa which limits the bandwidth of the ESA. Accordingly,

the higher the antenna Qa the smaller the impedance bandwidth.

The amount of conductor, dielectrics and other materials losses out of radiation loss

de�nes the SMA e�ciency which can be expressed as:

ηa =
Rr

Rr +Rm

(2.26)

It is well known that there is a theoretical lower limit on the quality factor Qa that can

be achieved for a small antenna. For an ESA which can be enclosed in a sphere of radius a,

the theoretical lower bound on the antenna Qa is given by [11]:
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Qa =
1

ka
+

1

(ka)3
(2.27)

It is worth to mention that equation 2.27 is valid for a lossless antenna. It can be clearly

seen from the equation that decreasing the size of an antenna results in an increase in its Q.It

can be concluded from the above mentioned equations that the quality factor of the antenna

can be decreased at the expense of its gain and e�ciency. Consequently, the miniaturization

of the antenna is to �nd a better compromise between size, bandwidth and gain.

Basically microstrip patch antenna (MPA) are miniaturized by using two di�erent prin-

ciples. The �rst is based on changing the material properties of the substrate in the aim of

decreasing the e�ective wavelength in the substrate. The second is simply based on reshap-

ing the antenna radiating element such that its electrical size gets increased (controlling the

current path ). In the reminder in this chapter, a review of the most used techniques of size

reduction will be discussed and detailed.

2.4 Main Techniques for Antenna Miniaturization

2.4.1 Material Loading

Since the resonant frequency of an MPA is inversely proportional to the dielectric constant of

the substrate, then it can be downsized by using substrate with high permittivity εr. How-

ever, using such substrates increase the level of surface wave which leads to lower bandwidth

and decrease the radiation e�ciency.

Di�erent material have been investigated as well as con�gurations to reduce the size of

an MPA. In [12] an experimental study of MPAs printed on moderately thick (0.02−0.03λ0)

substrates with relative permittivities of 10 and 13 have been studied experimentally. It

was found that the measured input impedances are similar to those of antennas on thinner

substrates with lower permittivity. However, deformation of the radiation pattern in E-plane

has been observed which mainly due to the di�raction of the surface wave at the substrate

edges.

Ceramic substrates for MPA miniaturization have been extensively investigated. In [13]

various types of ceramic substrates have been used to design di�erent miniaturized MPAs.

A low-temperature co-�red ceramic (LTCC) substrate of εr = 100 has been used to fabricate

a square MPA. A size reduction of MPA dimension of a factor of 8 was achieved as compared
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with that of a conventional patch printed on an FR4 substrate. However, the substrate was

chosen to be relatively thick (0.031λ0) to enhance the antenna bandwidth. Accordingly, the

antenna had a fractional bandwidth of 7.2% and a gain of 2.8 dBi at 1.88 GHz. A textured

ceramic substrate, which was a mixture of LTCC and Stycast, was also used to fabricate

another MPA. The resulted substrate had an e�ective permittivity of 23.5. The MPA fab-

ricated on this substrate was 2.5 times smaller than the conventional MPA printed on an

FR4 substrate. The measured gain of the antenna was 3 dBi with a fractional bandwidth of

about 9.1%.

Ceramic substrates and modi�ed engineered substrates can o�er signi�cant reduction in

the patch size. However, this method of miniaturization has major drawbacks such as the

cost of such substrates as well as reduction of the obtained bandwidth.

2.4.2 Defected Ground Structure (DGS)

DGS refers to the insertion of defect in the ground plane of a circuit at microwave frequencies.

The defect can have any geometrical shape including dumbbell-shaped [14], concentric ring

shaped [15], fractal shape [16], split-ring resonators [17], meander line [18], U-shaped [19],

trapezoidal [20], V-shaped [21], H-shaped, cross-shaped [22] and square heads connected

with U slots as can be seen in Figure 2.7. Furthermore, the DGS can comprise either

one defect (unit cell) or several defects arranged in periodic or non periodic con�gurations.

The geometry and the number of the defects embedded in the ground plane depend the

application.

The propagation of electromagnetic (EM) microwave is stopped by the presence of a DGS

over a certain range of frequency leading to a �ltering behavior. Hence , the DGS is modeled

by an RLC circuit. Many DGS con�gurations have been studied with di�erent applications

and some of these are discussed below.

Basically, the DGS perturbs the electromagnetic �eld around the defect. Capacitive ef-

fect (C) is the result of the trapped electromagnetic �eld while the surface currents around

the defect gives rise to an inductive e�ect (L). Consequently, this results in resonant charac-

teristics of a DGS. In [17] a split circle resonator loaded in circular microstrip patch antenna

to reduce the size of the antenna. The conventional circular microstrip patch antenna res-

onates at 6.11 GHz, while after introducing the complementary split ring resonator (SRR),

the same antenna resonates near 6.11 GHz with reduced size. The antenna e�ective footprint
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(a) (b) (c) (d) (e)

(f) (g) (h) (i) (j)

(k) (l) (m) (n)

Figure 2.7: Di�erent geometries DGS :(a) Dumbbell-shaped (b) Spiral-shaped (c) Arrow head
dumbbell (d) Circular head dumbbell (e) Concentric ring shaped (f) Fractal (g) Split-
ring resonators (h) Meander line (i) Open loop Dumbbell (j) U-shaped (k) V-shaped
(l) H-shaped (m) Cross-shaped (n) Square heads connected with U slots.

is reduced by nearly 64 % compared to the conventional patch antenna with a gain of 5.04

dB.

A compact ring-shaped dielectric resonator antenna (DRA) loaded with a moon-shaped

DGS has been studied in [23]. The moon-shaped DGS is acting as a radiator and also reduces

the size of proposed antenna by an amount of 14.87 % (lower frequency band) and 48.77 %

(upper frequency band) see Figure 2.8b.

In [19] a U-shape patch antenna for high gain and wide bandwidth has been presented.

By introducing an inverted U-shape slot on the circular ground plane of diameter of 40 mm a

controllable wide impedance bandwidth has been obtained. The simulated results have been

con�rmed experimentally. An impedance bandwidth for -10dB return loss about 100.35 %

has been achieved by individually optimizing its parameters.

In [24] a wide band Microstrip antenna has been proposed for Ku band applications with

circular shaped DGS.The antenna has an impedance bandwidth of 56.67 % ranging from 9.8
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(a) (b) (c) (d)

Figure 2.8: Antenna load with DGS:(a) [24] (b)[23], (c)[19] and (d) [24]

GHz to 17.55 GHz, which covers Ku-band and partially X-band. The antenna has shown

good radiation characteristics within the entire band, and has a gain ranging from 5 dBi to

12.08 dBi.

2.4.3 Defected Microstrip Structure (DMS)

DMS refers to a defect inserted in the microstrip line. It is made by etching shaped slots

in the microstrip line hence no leakage through the ground plane can take place. DMS

are mostly used to enhance the performaces of various planar passive circuits and to �lter

certain spurious signals[25]. By etching slots in the antenna radiating patch,the current

distribution is disturbed and the electrical length of the microstrip antenna gets lengthened.

Consequently, the e�ective inductance and capacitance of the microstrip line is increased

which in�uences the input impedance and current �ow of the antenna and thus, reducing it

size with respect to a certain resonant frequency. Accordingly, DMD presents an e�ective

technique to reduce the circuit size without a�ecting any of the ground plane [25].

In [26] a spiral DMS is used to design a miniaturized microstrip antenna. The proposed

design compared with a conventional one (without DMS slot) resonate at 2.69 GHz while

the conventional antenna resonates at 5.8 GHz. The DMS is employed to shift the resonance

frequency to 2.69 GHz consequently size reduction has been achieved. Figure 2.9 shows a

size comparison between a conventional microstrip antenna and the antenna designed using

DMS, and both resonating at 2.69 GHz. It can be seen that the patch size, as compared

with the conventional one, is reduced by 78%.

In [27], a fractal shaped defected microstrip antenna has been designed (see Figure 2.10a).

18



Chapter 2. Microstrip Antenna Miniaturization: State of the Art

Figure 2.9: Dimensions (mm) for the 2.69 GHz antennas with and without DMS

(a) (b)

Figure 2.10: DMS slots:(a) fractal[27] and (b) U-slot shape [28]

Using the defects, the surface current path is lengthened and thus the resonance frequency

is signi�cantly decreased. When compared with a conventional antenna which resonates

at the same frequency, a reduction of about 85% is achieved in antenna size. In order to

reduce the size and to improve the impedance bandwidth and radiation characteristics of a

square patch antenna, U defected microstrip shapes and a small notch have been etched on

radiating patch and on partial ground plane respectively (Figure 2.10b) [28].

A defected microstrip structure (DMS) which has a similar performance to the one-cell

DGS, has been proposed in [29] (see Figure 2.11a ). This DMS increases the associated

inductance, and hence increase the electric length of the structure. This phenomenon is em-

ployed to reduce the physical dimensions of a rectangular patch antenna, without degrading

its radiation pattern, as well as its VSWR at the resonant frequency. Moreover, by avoiding
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(a) (b)

Figure 2.11: DMS :(a) Simple spur-line[29] and (b) Slots with spur-line [30]

any etching in the ground plane, any increasing leakage through the plane which could inter-

fere with another circuit of the system is not allowed. An area reduction factor of 22% was

obtained. Two di�erent techniques have been applied to a patch antenna in order to obtain

a reduced size multiband radiator have been presented by [30]. A DMS and a spur-line are

assembled together , as shown in Figure 2.11b, to obtain di�erent resonances in an easy way,

without a�ecting the performance of the antenna. Morever, 30% size reduction has been

achieved.

2.4.4 Fractal Pattern

In the concern of miniaturization, fractal geometries are promising candidates which leads to

more compact and more e�cient designs than those derived from the traditional Euclidean

geometry. Self similarity and space �lling property are the two main characteristics of fractal

geometries. More e�cient manner of occupying an area is assured by the self similarity

property while multiband and broad band characteristics are achieved by space �lling feature.

This e�ective use of space results in e�cient energy coupling from excitation transmission

lines to free space in smaller volume. Some compact antenna topologies based on fractal

structures have been investigated based on conventional fractal curves: Koch, Minkowski,

Hillbert, Sierpinski, tree, and so forth [33],[34],

The boundary of the patch (Figure 2.12) can be generated using fractal patterns. The

resulted fractal patches are very compact, simple and can operate in broadband. Besides,

the bandwidth can be improved to suite the Ultra Wide Band (UWB) [31] and even Super

Wide Band (SWB) [5].
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(a)

(b)

(c)

(d)

Figure 2.12: Fractal patches:(a) [31] (b) [32], (c) [5]and (d) [4]

2.4.5 Use of metamaterials

Metamaterials are arti�cial materials having electromagnetic properties which do not exist

in nature. Using these type of materials to design antennas will improve their parameters

like bandwidth, gain, e�ciency. Furthermore, it is possible to reduce the antenna dimensions
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as much as desired with these structures. In metamaterials, the real part of ε, µ or both of

them are negative [35]. A material with only negative permittivity is called epsilon negative

(ENG), whereas one with only negative permeability is referred to as a µ-negative (MNG)

material. A material with both negative permittivity and permeability is called double-

negative (DNG). Loading an antenna by metamaterial structures has been widely used for

miniaturization as well as for radiation characteristics enhancement.

In [36], A miniaturized microstrip patch antenna loaded with a DNG metamaterial has

been investigated. 50% size reduction has been achieved and the location of the operating fre-

quency is tuned e�ectively by the resonance of the metamaterial; therefore a sub-wavelength

resonance was produced by the help of metamaterials. A deformation of the radiation pattern

has been also observed which is mainly due to miniaturization.

In [37], a rectangular shaped monopole antenna loaded with two split ring resonator

(SRR) has been proposed for tri-band operation. The antenna covers theWiMAX (3.5/5.5GHZ)

and WLAN (2.4/5.2/5.8 GHz) applications. By inserting two SRR slots with adequate di-

mensions, three operating bands have been obtained. Though the reported structure was

simple, it has a relatively large size of 832mm2. In order to downsize the antenna dimensions,

the authors in [38] have proposed two miniaturized antennas using di�erence metamaterial

structure. The �rst antenna operates at three bands covering WiMAX, WLAN and GPS

applications with a total size of 30 × 30mm2. The second one was designed using interdig-

ital capacitor and spiral inductor operating at 1.06 GHz, 1.8 GHz and 2.5 GHz with a size

including the ground plane of 25× 25mm2. Even though, the reported antennas have small

patch sizes, they still have relatively large size by including their ground planes.

A development of the performance microstrip patch antennas has been realized by using

metamaterials left hand as the split ring resonator (SRRs) and Toothed SRRs in [39]. The

two proposed models of the metamaterial antennas have been used to justify the radiation

e�ciency.The approach has shown that more e�cient antenna, having interesting gain level,

directivity, and frequencies band have been obtained. Furthermore antenna size reduction

of 70% has been achieved.

Several MTM techniques have been investigated for MPA miniaturization. Although

they have been successful in reducing the size, this has been at a substantial cost in terms

of complex material use, very narrow operating bandwidths and low radiation e�ciency.
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2.4.6 Shorting post insertion

A common technique to reduce the overall size of a microstrip patch antenna is to insert

one or more shorting posts. By inserting shorting post at a certain position , the resonant

frequency of the microstrip antenna is reduced as well as multiband characteristic is achieved.

This technique of size reduction is widely used because the shorted antenna can operate at

the same resonant frequency, about half the size of the standard microstrip antenna [40].

The shorted MPA can be realized by connecting one end of the shorting post to the

ground plane and the other one to the patch. The short can be performed by wrapping

a copper strip around the edge of the antenna, or it may be simulated by shorting posts.

However, the construction of shorting posts is much easier than wrapping a copper strip

around the the antenna edge.

By loading of the microstrip antenna with shorting post, a change of polarization can

be achieved [41]. The e�ect of the shorting pins depend on the number of the shorts, their

position, diameters and the lengths (substrate thickness).

The shorting post is basically modeled as an inductance parallel to the LC resonant circuit

describing the antenna without shorting post. The antenna with shorting pin can be viewed

as resulting from the inductance (due to shorting post) in series with static capacitance of

the patch con�guration. Accordingly, Larger the inductive part smaller will be the resulting

resonance frequency which leads to higher degree of miniaturization for a �xed operating

frequency [42]. This technique has been proposed to reduce the antenna dimensions by

decreasing its �rst resonant frequency and it has been used �rst by [43].

A single shorting post , in [43], is properly used to achieve maximum reduction in physical

size of a circular MPA. The radius of circular patch has been reduced by a factor of three.

In[44], a dual frequency circular MPA is designed by shorting the patch. It has been observed

that the size of the antenna can be reduced by placing shorting post at the patch edge.

MPA can therefore be miniaturized using folding and shorting. However, this method

comes at a cost of greatly decreasing the gain and directivity of the antenna. Moreover, this

method complicates the geometry of the MPA at times and also makes it non-planar, which

adds to the complexity of the structure and its conformity. However, when properly applied,

this method has little e�ect on the e�ciency of the antenna [45].
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2.4.7 Antenna Feeding

A very attracting technique of miniaturization is to use the asymmetrical coplanar strip

(ACS) feeding. This technique is analogous to Coplanar Waveguide (CPW) feed except it

has a single lateral ground plane, known by ACS, compared to the dual lateral ground in

the CPW. Many ACS-fed antennas have been reported in the aim of size reduction as well

as for wide band applications [46][47][48].

In [49], an ACS-fed planar antenna with DGS and DMS slots for dual-band application

has been presented. The reported antenna is composed of defect in both ground plane and

radiating strip. The antenna has an overall dimension of 21 × 15.35mm2 and resonates at

3.5 and 5.5 GHz.

The authors in [48] have proposed a compact uniplanar monopole antenna for tri-band

operation. This antenna is loaded with two rectangular SRRs etched on the radiating patch

to achieve tri-band resonant characteristic with a total size of 32 × 12mm2. A dual-band

meandered ACS-fed is comprised of an asymmetric ground plane, an ACS-fed structure, and

a coupled meandered monopole-type of radiating elements that are designed to provide two

desired operation bands. The antenna overall size is of 14.6× 17.5mm2.

(a) (b) (c) (d)

Figure 2.13: ACS-fed antennas:(a) [47] (b)[50], (c)[48] and (d) [49]

2.5 Summary

The �rst part of this chapter gives the fundamental parameters of a microstrip antenna. A

brief de�nition of a microstrip antenna was provided , then some of the important parameters
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are presented in details. In the second part of the chapter, the limitations of small antennas

and the e�ect of the antenna size on its characteristics such as bandwidth, e�ciency and

gain have been presented. Major techniques of size reduction applied to microstrip antennas

have been presented in details and the advantages and drawbacks of each technique have

been presented and discussed.
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3.1 Introduction

Fractal geometries applied to antenna design is a promising technique to meet the require-

ments of modern communication systems. Small size, multiband and broadband operations

are major challenges of these systems. The main characteristics of fractal geometries are self-

similarity and space �lling. Self-similarity gives rise to multiband and broadband operations,

whereas space �lling o�ers the possibility of achieving antenna size reduction. Basically, frac-

tal geometries are generated by repetition of a geometrical basic pattern with a number of

iterations. Besides the conventional fractal geometries such as Koch , Sierpinski gasket and

Hilbert curve[1], several patterns have been introduced for fractal antenna designs including

X-shaped[2], hexagonal tree shaped [3], octagonal fractal shaped [4] and inner tapered tree

shaped [5]. Fractal antenna designs based on a high number of iterations lead to complex

structures whereas those using few iterations result in larger structure size.
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In this chapter, a novel approach based on fractal concept for miniaturization will be pro-

posed and studied. Firstly, a basic circular antenna will be designed and used to derive an

hexagonal shaped patch antenna. Secondly, the resulted structure will be loaded with an

hexagonal slot such that an hexagonal shaped ring patch antenna will be obtained. Finally,

a fractal generation of a radiating ring is applied to the hexagonal ring. The four (04) struc-

tures, namely circular patch, hexagonal patch, hexagonal and fractal ring antennas will be

studied in details in the following sections.

3.2 Circular Shaped Patch Antenna

The circular patch is one of the most used con�guration in the antenna design. Besides

its ease of analysis and fabrication, the circular shaped microstrip antenna has attractive

radiation performances especially low cross polarization. Accordingly, this shape is selected

in this section to design an antenna operating at 3.5GHz band dedicated to the WiMAX

application. The antenna is designed and investigated by means of the full-wave commercial

software CST Microwave Studio.

Based on the cavity model, the resonant frequencies (fr)mn0 supported by a circular patch

of radius a are [6]

(fr)mn0 =
X

′
mnc

2πae
√
εr

(3.1)

where c is the speed of light in free-space, X
′
mn represents the zeroes of the derivative of the

Bessel function Jm(x) and ae is the e�ective radius given by

ae = a{1 +
2h

πaεr
[ln(

πa

2h
) + 1.7726]}1/2 (3.2)

The �rst three values of X
′
mn which represent the order of the resonant frequencies are given

in ascending order

X
′
11 = 1.8412

X
′
21 = 3.0542

X
′
01 = 3.8318

(3.3)

Therefore the resonant frequency f0 for the dominant TM110 is expressed as
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f0 =
1.8412c

2πae
√
εr

(3.4)

Figure 3.1: Schematic of a circular microstrip patch antenna

Using the two equations 3.2 and 3.4, the circular patch radius a operating at the frequency

f0 = 3.5GHz is found to be equal to 11.64mm. In the above equations, the operating

frequency f0 should be taken in Hertz (Hz) and the height of the substrate h should be

taken in Centimeters (cm). An FR4 substrate of dimensions 25.3mm×34.8mm is taken and

a wave port is used to feed the circular patch. The resulted circular microstrip patch antenna

model designed is shown in Figure 3.1. As can be seen from the �gure, an inset feedline is

used to feed the radiating element, the notch geometry is chosen for the proper impedance

matching. A 50Ω impedance microstrip line of length lf = 10mm and width wf = 3mm is

used to feed the circular patch.

3.2.1 Re�ection coe�cient (S11)

Usually, the �rst design is not fully optimized and it is necessary to adjust the model to

further re�ne the dimensions. Variation of re�ection coe�cient in dB with radius a of the

circular patch is shown in Figure 3.2. It can be seen from the �gure that the resonant

frequency of the patch with a radius of 11.64 mm is of 3.66 GHz which is di�erent from

the desired frequency of 3.5GHz. This discrepancy is due to the fact that the design of the

circular patch is based on the cavity model while the software used to simulate the antenna

is based on full wave method of calculation (CST software). Hence, the radius must be

increased to obtain a resonance at 3.5 GHz. It can be clearly noticed from this �gure that

for a = 12.15mm, the antenna resonates at the desired frequency. For better impedance
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matching, the inset dimensions are varied and the simulated return loss results are shown in

Figure 3.3. It can be concluded from the �gure that for l = 8.7mm and g = 4.2mm good

impedance matching is achieved. The simulated return loss of the designed antenna is shown

in Figure 3.4. It can be seen that the antenna operates at 3.5 GHz with a return loss of

−46dB and a bandwidth of 151MHz (4.3%).

Figure 3.2: Simulated return loss of the circular antenna for di�erent values of the radius a

(a) (b)

Figure 3.3: Simulated re�ection coe�cients of circular antenna for di�erent values of (a) length l
and (b) width g of the inset

3.2.2 Current Distribution and Radiation Pattern

The excited surface current distribution for the operating frequency is simulated and it is

shown in Figure 3.5. It can be clearly seen that the exited mode is the mode TM11 where the

current zeros occur at two opposite points located on the disc periphery. Maximum current
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Figure 3.4: Simulated return losses of the circular microstrip patch antenna

density is seen at the center of the patch. Consequently, this mode is fully controlled by the

circular patch radius.

Figure 3.6 represents the simulated E-plane (y-z-plane) and H-plane (x-z-plane) radiation

patterns of the circular antenna at 3.5 GHz. It can be seen that the antenna maximum

radiation occurs in the broadside direction which is primarily determined by the circular

disc. The radiation pattern is omnidirectional in the H-plane while it is broadside in the

E-plane where maximum directivity is 5.47dBi.

Since the main contribution of this work focuses on antenna miniaturization, monopole

con�guration presents a good candidate due to its radiation characteristics and size as com-

pared to patch antenna. By using monopole structure, the antenna dimensions will be

reduced to the half because in monopole con�guration antennas are λ/4 radiator. In ad-

dition, the radiation pattern of the monopole antenna is dipole-like in the E-plane which

covers both radiator side and ground plane side hemispheres hence more suitable for wireless

applications such as WiMAX.

3.3 Design Procedure of Dual-Band Fractal Antenna

3.3.1 Circular Monopole antenna

Based on the circular patch presented in the previous section and by truncating the ground

plane, a monopole antenna is derived. The resulted structure along with its dimensions is

presented in Figure 3.7. It is seen in the �gure that the radius of the circular radiating

element is reduced to about half. Hence, the total achieved size reduction is around 69.2%
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Figure 3.5: Simulated surface current plot at 3.5 GHz

Figure 3.6: Simulated radiation pattern of Circular Patch Antenna at 3.5 GHz

which represents a signi�cant miniaturization rate.

Besides antenna size reduction, the antenna bandwidth is as well extended. Therefore,

the circular monopole antenna operates in a wide frequency band extending from 3.49 GHz

to 8 GHz covering the 3.5 GHz band as shown in Figure 3.8. The simulated far-�eld of the

circular monopole antenna is also depicted in Figure 3.8. It can be clearly seen from the

result, the radiation pattern is omnidirectional in the H-plane (x-z plane) and bidirectional in

the E-plane (y-z plane) with two nulls. Consequently, it can be concluded that the radiation

characteristics have been been improved by truncation of the ground plane of a circular

patch.

The antenna operates in a wide band with a compact size of 13.3× 20mm2. In addition,

the antenna has an omnidirectional radiation pattern which make the design a good candidate
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Figure 3.7: (a)Geometry of circular monopole antenna Wg = 13.3mm,Lg = 6mm, a =
6.65mm,Lf = 6.7mm,Wf = 3mm and g = 3.6mm, (b) Comparison between
monopole and circular patch con�gurations

for wireless communication application. To control the operating bandwidth as well as the

resonant frequency of the antenna without changing its dimensions, a modi�ed circular patch

will be introduced. In what follows, the details of the so derived antenna will be presented.

3.3.2 Hexagonal Monopole Antenna

Based on the circular monopole antenna described in the previous section, an hexagonal

shaped monopole antenna is derived and studied. The resulted structure is obtained by

substituting the circular disk by an hexagonal polygon. It is noted that during the simulation

of the hexagonal antenna, the matching was very sensitive to a small change of any parameter

and it is di�cult to achieve. For improving the impedance matching of the antenna, the

feeding structure is changed from a simple microstrip line to a Y shaped transmission line

as shown in Figure 3.9.

The simulated return losses of the structures are compared and presented in Figure 3.10.

It can be noted that by introducing the hexagonal shape as a radiating element, with a simple

feedline, the antenna resonant frequency is decreased from 4.2 GHz to 3.66 GHz while the

S11 level is increased from -35dB to -25dB. To improve the antenna matching, the feedline

is changed from a simple transmission line to a Y-shaped transmission line as can be seen

in Figure 3.9. The introduction of the Y-transmission line has signi�cantly improved the

antenna impedance matching. The simulated current distribution for di�erent con�gurations
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(a)

(b)

Figure 3.8: (a) Simulated return loss of the circular monopole antenna and (b) its radiation pattern
at f = 3.5GHz

Figure 3.9: Circular patch, hexagonal patch with a simple transmission line and hexagonal patch
with a Y transmission line

are presented in Figure 3.11. It is observed that, for all structures, strong electric current

exists around the feedline and at the lowest part of the patch. It can be also seen that the

hexagonal structure with Y feedline presents larger patch active area as compared to two
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other designs.

Figure 3.10: Simulated return losses for di�erent antennas

Figure 3.11: Simulated current distributions for di�erent antennas

3.3.3 Hexagonal Ring Monopole Antenna

To further downsize the antenna dimension, the hexagonal monopole antenna described in

the previous section is loaded with an hexagonal slot in the center of the patch. When the

slot is etched from the patch, the resulted antenna is an hexagonal ring antenna as depicted

in Figure 3.12a.

� E�ect of changing t

The e�ect of varying the parameter t on return loss is given in Figure 3.13 . It can be

observed from the �gure that as the width of the hexagonal ring t decreases, the resonant

frequency shifts towards lower frequencies. At the same time, the upper cut-o� frequency of

the operating band decreases signi�cantly while the lower cut-o� frequency decreases slightly.

Accordingly, the bandwidth of the antenna decreases with the decrease of the parameter t.
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(a) (b)

Figure 3.12: (a) Hexagonal ring monopole antenna structure and (b) its current distribution for
t = 0.3mm at its resonant frequency of 3.33GHz

Figure 3.13: Simulated return losses for di�erent antennas

3.3.4 Hexagonal Fractal Ring Monopole Antenna

Figure 3.14: Hexagonal fractal ring generation procedure

The previous sections dealt with the design and development of compact monopole an-
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tenna operating at a single frequency band. In this section, a fractal concept is e�ectively

used to design a miniaturized antenna operating at two di�erent frequency bands. The gen-

eration process of the fractal hexagonal ring is illustrated in Figure 3.14. The straight sides

of the hexagonal ring are substituted with an open hexagonal rings with two extensions as

shown in the same �gure. The small generated open hexagonal rings have same side lengths

S1. The resulted structure is presented in Figure 3.15 which has same dimensions as the

hexagonal ring described in the previous section.

Figure 3.15: Fractal ring antenna structure and its currents distributions for S1 = 2mm at (a)
3.93GHz and (b) 4.44GHz

E�ect of changing S1

Figure 3.16 illustrates the simulated re�ection coe�cient result when the length S1 varies

from 1.4 mm to 2.0 mm with a step of 0.2 mm. It can be observed that as the value

of S1 increases, the �rst resonant frequency shifts slightly towards lower values side while

the second operating band (for S1 = 1.8mm and S1 = 2.0mm ) decrease signi�cantly.

Moreover, it is noted that as the value of S1 increases, the return loss at resonant frequencies

deteriorates. Accordingly, the antenna operating frequencies can be controlled by mainly

changing the value of the key parameter S1 as con�rmed in the current distributions at the

resonant frequencies given in Figure 3.15.

3.4 Summary

The design procedure of a compact fractal ring antenna for dual-band operation has been

proposed and discussed. In the �rst step, the design and study of circular patch antenna

operating at 3.5 GHz is investigated. Then, it is modi�ed to monopole con�guration by
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Figure 3.16: Simulated return losses for di�erent values of S1

ground plane truncation to downsize the antenna dimension and to widen its bandwidth.

Hence, the resulted circular monopole antenna achieves 68% size reduction as compared to

its patch con�guration counterpart. The next step was to modify the circular monopole

to an hexagonal monopole with a Y shaped fed line. The Y transmission line is used to

improve the impedance matching at the resonant frequency of the antenna. At this stage,

the hexagonal antenna has been loaded by a DMS hexagonal slot. Accordingly, the obtained

hexagonal ring monopole antenna presents a lower resonant frequency as compared to a

hexagonal monopole antenna which leads to antenna size reduction. The last step was to

derive a fractal ring monopole antenna from the hexagonal ring monopole. The procedure

of generation of the fractal ring has been explained and a comparison between hexagonal

and fractal ring monopole antennas has been presented. Consequently, the fractal ring

monopole antenna was very compact and can operate in dual band over the considered

range of frequencies. This resulted fractal monopole antenna will be the basic design to

develop more compact antennas operating in dual- and tri-band in the coming chapters.
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4.1 Introduction

With the rapid development of modern wireless communication systems, the demand for

antennas with compact size, lightweight, dual-band operation and high e�ciency, capable to

be embedded in diverse devices, has increased considerably. To achieve that, many research

works have been conducted to design compact antennas which can operate in multiple bands

and hence cover di�erent communication applications [1], [2].

In this chapter, two novel compact dual-band monopole antennas with omnidirectional

radiation pattern will be designed, fabricated and tested. First antennas is based on an

appropriate combination of two coupled �rst-order hexagonal fractal rings designed in the

previous chapter, one printed on the top side of the substrate whereas the second one em-

bedded in the ground plane, along with Y-shaped feeding line, a dual-band operation as well

as size reduction are achieved. The fractal rings perimeter and the dimensions of the feeding

line are varied to obtain the desired resonant frequency bands which widely cover the bands
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Feeding Transmission Line

allocated to WLAN at 2.4 GHz and WiMAX at 3.5 GHz, simultaneously. Furthermore,

an investigation will be performed in order to study the e�ects of mounting the proposed

antenna on the side of a standard ground-plane (SGP) of laptop computer, on the antenna

performance.

The second design consists of three slotted fractal rings combined e�ectively to caver two

di�erent bands dedicated RFID and GSM 1800. The parameters of the three fractal ring

will be optimized through an extensive parametric study. The design and simulation will

be carried out using CST microwave studio. The simulated and measured return losses and

radiation patterns of the proposed antenna will be presented and discussed.

4.2 A Compact Dual-Band Planar Monopole Antenna
using Fractal Rings and a Y-Shaped Feeding Trans-
mission Line

4.2.1 Antenna structure and design procedure

Figure 4.1d shows the geometry of the proposed dual-band monopole antenna along with its

elements in details. The proposed structure consists of two �rst-iterative hexagonal fractal

rings, a Y-shaped transmission line and a U-shaped ground plane. On the top side of the

substrate, is a fractal radiating ring fed with a Y-shaped transmission line while in the other

side of the substrate is a second fractal ring, electromagnetically coupled with the �rst one,

and a U-shaped ground plane. The detail of the fractal ring is illustrated in Figure 4.1d.

The proposed structure is designed on a 1.6 mm thick FR-4 substrate with permittivity and

loss tangent of 4.3 and 0.017, respectively. This substrate will be used for the design of all

the structures which will be presented in this chapter and in the following chapters 5 and

6. The antenna dimensions are tuned by varying one parameter at a time and keeping the

others as constants. The proposed design dimensions are listed in Table 4.1 .

Table 4.1: Geometrical dimensions of the proposed antenna

Parameter L L1 Lf Wf W1 S1 S W θ Lg Wg d t
Value (mm) 18.9 5.2 4.1 3.5 6.2 1.65 6.5 13 30 4 13 2 0.3

The design process involves three di�erent evolution stages as depicted in Figure 4.2.

Initially, a simple hexagonal ring fed with a Y-shaped transmission line along with a U-

shaped ground plane is designed, denoted as Ant.1. To downsize the antenna dimensions,

instead of using a simple hexagonal shape, a �rst-iterative fractal hexagonal ring is introduced
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(a) Top view (b) Bottom view

(c) Side view
(d) Detail of the hexagonal frac-

tal ring

Figure 4.1: Geometry of the proposed dual-band antenna

to derive Ant.2. Moreover, to achieve dual-band operation and to further reduce the antenna

dimensions, a second fractal ring, with same dimensions as the radiating ring, is embedded

in the ground plane to design the proposed antenna, denoted as Ant.3.

4.2.2 Simulation Results

Figure 4.3 shows a comparison of the simulated re�ection coe�cients of Ant.1, Ant.2 and

Ant.3. From the results, it is observed that Ant.1 resonates at 4.19 GHz while Ant.2 resonates

at 3.03 GHz. Thus, it can be concluded that by introducing the fractal radiating ring a shift
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Figure 4.2: Geometry of di�erent antennas involved in the design development.

of the resonant frequency from 4.19 to 3.03 GHz is observed. Accordingly, an antenna size

reduction is achieved. Furthermore, by loading Ant.2 with a second fractal ring in the ground

plane (Ant.3), an electromagnetic coupling between the two fractal rings is created leading

to dual-band operation (2.45/3.5 GHz) and further reduction in antenna size in terms of the

�rst resonant frequency value is achieved.

Figure 4.3: Return losses versus frequency for di�erent antenna structures.

Figure 4.4a shows the results obtained through simulation of the return loss characteristic

according to the change of S1 while all other parameters are kept constants. As the value of
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S1 increases, both resonant frequencies shift to lower frequencies. Thus, by increasing S1,

the electric current gets lengthened on the fractal radiating rings which causes the resonant

frequency to decrease. It is clear that the two resonances are centered at the desired bands,

2.45GHz and 3.5GHz, with a good impedance matching when S1 equals to 1.65mm.

The e�ect of varying the fractal rings width t on the return loss is shown in Figure 4.4b.

It is observed that by increasing the parameter t, the two resonant frequencies shift to the

higher frequencies. This is due to the decrease of the fractal ring inductance. For t equals

to 0.3 mm, the two resonant frequencies are tuned to the desired bands.

The e�ect of varying the open slot depth etched in the ground plane d on the return

loss is shown in Figure 4.4c. It can be seen that better impedance matching is achieved for

the second band, without a�ecting the �rst one, by changing the parameter d. This good

impedance matching is obtained for d equals to 2mm.

Figure 4.4d illustrates the e�ect of changing the angle θ on the return loss. By increasing

the value of the angle θ, the �rst resonant frequency shifts to the lower frequencies while the

second one kept roughly constant. This shift is resulted from the change in the EM coupling

between the fractal radiating rings. It is clear that the �rst operating band is centered at

around 2.45 GHz for θ = 30◦ .

Figure 4.4e shows the e�ect of varying the ground planelength (Lg) on the return loss.

It is noticed from the results that the lower cut o� frequency of the operating band shifts

towards lower frequencies as the value of Lg decreases. Consequently, the second band

broadens and the impedance matching improves. It can be concluded that for Lg equals 4

mm optimum results are obtained in terms of bandwidth and impedance matching for the

second band.

Figure 4.4f shows the e�ect of varying the feedline width (Wf) on the return loss. It

is found that by increasing the width Wf , the lower cut o� frequency of the second band

deceases with noticeable improvement of the impedance matching for the second band. For

Wf equals to 3.5 mm, good impedance matching at both resonant frequencies is obtained.

To further investigate the operating mechanism of the proposed antenna, namely Ant.3,

the current distributions are simulated at the two resonant frequencies of 2.45 and 3.48 GHz

as depicted in Figure 4.5 . It can be observed that, at the �rst resonant frequency, the

current is mostly concentrated on the two opposite sides of the fractal radiating ring as well

as at the two opposite sides of the parasitic fractal ring embedded in the ground plane.
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(a) (b)

(c) (d)

(e) (f)

Figure 4.4: Return losses of the proposed antenna for di�erent values of (a) S1, (b) t, (c) d (d) θ,
(e) Lg and (f) Wg

This con�rms the fact that this �rst band is the result of the EM coupling between the

two fractal rings. Consequently, the �rst resonant frequency can be controlled by changing
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the circumference of the radiating rings. Concerning the current at the second resonant

frequency, it is mainly concentrated in the Y-shaped feed line as well as in the two fractal

rings. Therefore, this second resonance can be tuned by changing the dimensions of the

feeding line and the perimeter of the radiating fractal rings.

(a) at 2.45 GHz

(b) at 3.5 GHz

Figure 4.5: Current distributions for the proposed antenna

4.2.3 Experimental Results

To validate the technical proposal, the proposed dual-band monopole antenna was fabricated

and tested. Figure 4.6 shows the photograph of the fabricated prototype of the proposed

dual-band antenna. The fabricated structure performances were measured using a vector

network analyzer (VNA) operating in the frequency band from 100 KHz to 20 GHz. The

measured and simulated return losses are depicted in Figure 4.7. It is observed that the

measured and simulated results are in acceptable agreement. The measured 10-dB impedance
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bandwidths are 300 MHz (2220-2520 MHz, 12.6%) and 1030 MHz (3320-4350 MHz, 26.8%)

covering the 2.4 GHz WLAN and 3.5 GHz WiMAX bands, respectively. The slight deviation

between the measured and simulated results is basically due to the manufacturing tolerances,

the uncertainty on the thickness and dielectric relative constant of the substrate added to

the SMA connectors quality.

(a) Front View (b) Back view

Figure 4.6: Photograph of the fabricated dual-band antenna prototype

Figure 4.7: Simulated and measured return losses of the proposed antenna.

The radiation e�ciency η of the proposed antenna was measured using the Wheeler cap
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method [3], [4]:

η =
Real(Zin)−Real(Zwc)

Real(Zin)
(4.1)

where Zin is the input impedance of the antenna and Zwc is the input impedance of the

antenna enclosed in a metallic sphere. At 2.45 GHz and 3.5 GHz, the measured radiation

e�ciencies using a metallic cylinder shown in Figure 4.8 are 91% and 97%, respectively.

Therefore, these good radiation e�ciencies at both operating bands make the proposed

antenna suitable for the intended application.

Figure 4.8: Cap (metalic cylinder) used to measure the e�ciency and measured input impedance
of the enclosed antenna

For practical applications, laptop and other portable devices, the proposed antenna was

mounted on the side of a SGP of laptop computer as shown in Figure 4.9a. The re�ection

coe�cient of the proposed antenna was simulated for di�erent SGP sizes of laptop computer

as illustrated in Figure 4.9b. From the results, it is clear that the antenna resonances are

not a�ected by the SGP size even when it is reduced to 30x20 mm2. Figure 4.10 shows the

fabricated prototype of the proposed antenna, placed at 4.75 mm from the left corner of a

copper SGP (260mm × 200mm), along with its measured and simulated return losses. It

is clearly seen that the simulated and measured results are in good agreement with slight

di�erence especially in the second band where the measured return loss is better than 9 dB

over the frequency band extending from 3 to 4.1 GHz. This deviation between the measured

and simulated results is mainly attributed to the fabrication errors. Consequently, it can

be concluded that the proposed antenna is a good candidate to be integrated into di�erent

standard of laptop computers.

The proposed antenna radiation patterns were also measured in an anechoic chamber
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4.2. A Compact Dual-Band Planar Monopole Antenna using Fractal Rings and a Y-Shaped

Feeding Transmission Line

(a)

(b)

Figure 4.9: (a) Antenna attached to system ground plane of 12.9-in laptop computer and (b)
Simulated return losses of the proposed antenna for di�erent ground plane sizes

available in Universitat Politecnica de Catalunya (UPC). The normalized measured and

simulated radiation patterns containing co-polarization Eθ and cross-polarization Eφ in the

H-plane (x-z plane) and E-plane (y-z plane) are shown in Figure 4.11. It is clear that the

measured and simulated results are in very good agreement. Moreover, the antenna exhibits

an omnidirectional radiation patterns in the H-plane and monopole-like radiation patterns

in the E-plane at both resonant frequencies. Accordingly, this con�rms that the proposed
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Figure 4.10: Simulated and measured return losses of the proposed antenna attached to system
ground plane of 12.9-in laptop computer

antenna is well-suited for wireless communication applications.The slight di�erence between

measured and simulated radiation patterns are attributed to perturbation in the radiation

pattern introduced by the positioner during the measurement process. A comparison between

the proposed antenna and other dual-band antennas reported in the literature is presented

in Table 4.2. By comparing the reported antennas footprints , it is clearly seen that the

proposed antenna has the smallest one and achieves signi�cant size reduction in term of of

free-space wavelength, λ2
0 at the �rst resonance frequency. Moreover, in terms of impedance

matching performance, the proposed antenna outperforms almost all the reported antennas.

4.3 Compact Dual Band Fractal Hexagonal Ring Monopole
Antenna for RFID and GSM Applications

4.3.1 Antenna Structure

The second dual band antenna is designed to operate at two frequency bands allocated to

RFID and GSM 1800 technologies. The structure covers entirely the RFID and GSM 1800

bands ([859-973MHz] and [1710-1886 GHz]). The developed microstrip line fed antenna con-
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Applications

(a) f=2.45 GHz (b) f=3.5 GHz

(c) f=2.45 GHz (d) f=3.5 GHz

(e) f=2.45 GHz (f) f=3.5 GHz

Figure 4.11: Radiation patterns of the proposed antenna at di�erent frequencies 2.45 and 3.5GHz
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Table 4.2: Comparison between proposed antenna size along with application bands with other
compact dual band antennas

Ref. Frequency Frequency Antennat Bandwidth (%)
(GHz) ratio Footprint

[5] 3.5/5.5 1.57 0.068 λ2
0 20.2%/24.8%

[6] 1.9/2.5 1.32 0.062 λ2
0 5.8%/4.0%

[7] 2.4/3.5 1.46 0.026 λ2
0 5.7%/6.3%

[8] 2.4/5.2 2.17 0.102 λ2
0 10.3%/19%

[9] 2.4/3.5 1.46 0.024 λ2
0 123.5%/24%

This current work 2.4/3.5 1.46 0.016 λ2
0 12.6% /26.8%

�guration and details are shown in Figure 4.12 The design process is based on the work in

[10] in which a slotted triangular monopole antenna suitable for a dual band RFID appli-

cation is developed. Instead of slot loading, it has been observed that the approach based

on fractal technology used in this work allows a further improvement in the antenna size

reduction. For this purpose, the triangular shape is �rst replaced by a �rst-order hexagonal

fractal ring. The antenna is printed on the FR-4 substrate with εr = 4.3, tanδ = 0.0017 and

a thickness of h = 1.6mm.

When using one fractal ring as antenna radiator (the external ring), a tri-band structure

is obtained. The �rst band is suitable for RFID applications ([0.896-0.937 GHz]). However,

the two other bands ([1.196 -1.216 GHz]) and ([1.465 -1.496 GHz]) are not commercially

useful. During the design process, it was observed that the fractal ring perimeter can be

modi�ed to �nely tune only the resonant frequency in the RFID band. The two other

frequencies depend mainly on the patch shape and, as opposed to the �rst resonance, they

do not exhibit a direct dependence on the ring perimeter. Consequently, only the RFID

band is controllable in the one fractal ring con�guration. Nevertheless, this antenna, which

can operate in the RFID band, realizes a size reduction of about 34 % (70×50×1.6mm3) as

compared to the antenna in [10]. To further reduce the antenna size and tune it to cover the

GSM band, three slotted fractal rings are combined. The two identical inner rings have half

size of that of the outer ring. Without slots, the antenna resonant frequency is the same as

the one of the outer fractal ring, alone without the two smaller rings. In order to downsize

the antenna dimensions, the electric current must be forced to �ow from the outer ring to

the inner one then, again to the outer one. Accordingly, slots are inserted to control the

current path. The slots are located in the two opposite sides of the outer ring such that one

slot is common to the outer and the inner rings. Consequently, the outer ring is loaded with
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Applications

(a) (b)

Figure 4.12: (a) Geometry of the dual-band fractal ring monopole antenna (b) Details of the inner
fractal ring

two symmetrical slots and the smaller rings are loaded with one slot. The �nal compact

structure with dual band operation is shown in Figure 4.12 and its dimensions are listed in

Table 4.3.

Table 4.3: Geometrical dimensions of the proposed antenna

Parameter L Lf M Lp M1 M2 S ts Wg

Value (mm) 61 15 20.5 6.5 2.8 10.25 6.5 1 41

4.3.2 Experimental and Simulation Results

Independent control of the antenna resonances in the design of multiple band antennas is a

challenging task due to various technical limitations. Consequently, proposed antenna para-

metric analysis has been carried out and discussed. The e�ect of key geometrical parameters

like the fractal rings dimensions will be observed through simulations and discussed in this

section.

� E�ect of the radiating rings width
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The dependence of the re�ection coe�cient of the antenna on radiating rings width is shown

in Figure 4.13 . It can clearly be seen that both resonant frequencies decrease with the

increasing of the radiating rings width. In addition, better impedance matching for the two

bands is achieved by increasing value of t. For t of 0.2mm, the two bands are centered at the

desired frequencies of 0.934 and 1.75 GHz. Accordingly, antenna size reduction is achieved

in term of �rst resonance.

Figure 4.13: Simulated return loss for various t

� E�ect of the outer open loop side of the radiating ring

Figure 4.14 shows the antenna return loss for di�erent values of the open loop side M1

of the external fractal ring. It is clear that the values of M1 of 2.6, 2.7 and 2.9 mm assure

dual band operation whereas for M1 of 2.9mm only one resonant frequency is obtained. In

the case of dual band characteristic, it is noted that the change in the M1 value has no e�ect

on the �rst resonance while by increasing its value, the second resonance is decreased. Thus,

the parameter M1 is used to �nely tune the second resonance.

� E�ect of the inner open loop side of the radiating ring

The antenna return loss versus the open loop side M3 of the inner fractal rings is shown

in Figure 4.15. It is observed that the parameter M3 has almost same e�ect on the antenna

return loss as M1. However, for M3 values of 2.7, 2.8 and 2.9 mm assure dual band operation

while for M3 of 2.6mm only one resonant frequency is obtained. Accordingly, the parameter

M3 is used to control the second resonant frequency.
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Figure 4.14: Simulated return loss for various M1

Figure 4.15: Simulated return loss for various M3

� E�ect of the external ring side

Figure 4.16 shows the antenna return loss for di�erent values of the external fractal side

M . It is seen that by increasing M, the �rst resonant frequency decreases while the second

resonance increases slightly. For M equal 20.5mm, the two band are centered at the desired

frequencies.

To further investigate the operating mechanism of the proposed structure, the current dis-

tributions are simulated at the two resonant frequencies of 0.938 and 1.758 GHz as depicted

in Figure. 4.17. It can be seen that, at the �rst resonant frequency, the current is mostly

concentrated on the two inner fractal radiating rings as well as at the two opposite sides of

the outer fractal ring. This con�rms the fact that this �rst band is the result of the current
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Figure 4.16: Simulated return loss for various M

�owing from the outer ring to the inner ring than again to the outer ring . Consequently,

the �rst resonant frequency can be controlled by changing the circumference of the fractal

rings. Concerning the current at the second resonant frequency, it is mainly concentrated

in four corners of radiating structure including the outer and the inner rings.Therefore, this

second resonance can be tuned by changing the dimensions of the radiating fractal rings.

The proposed dual-band monopole antenna was fabricated and tested. The photograph

of the fabricated antenna is shown in Figure 4.18. The antenna external dimensions are

61.0×41.0×1.6mm3 which yields a size reduction of about 53% as compared to the structure

in [10].

The simulated and measured return losses are illustrated in Figure 4.19 which shows a

good agreement between the measured and simulated results. The slight di�erence between

the two graphs is attributed to various factors such as the substrate dielectric constant,

fabrication accuracies and the quality of SMA connectors. Furthermore, the �gure shows

that the antenna operates at the two desired frequency bands allocated to the RFID and

GSM 1800 application. The �rst operating band extends from 0.852 to 0.962 GHz whereas

the second extends from 1.710 to 1.785 GHz covering the intended applications. Figure 4.20

illustrates the simulated radiation patterns in both E- and H- planes at the two resonant

frequencies. As illustrated in Figures 4.20a and 4.20b, the antenna radiation pattern at 938

MHz is almost omnidirectional with a maximum directivity of 1.99 dBi (peak gain of 0.44

dB) in the direction θ = 180◦. While at 1.75 GHz, Figure 4.20c and 4.20d show that the

antenna maximum radiation occurs in the directions θ = 0◦ and θ = 180◦ with a directivity
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(a) at 0.938 GHz

(b) at 1.758 GHz

Figure 4.17: Current distributions for the proposed antenna

of 2.27dBi (peak gain of 1.67 dB), greater than at the �rst resonance because of the higher

antenna electrical length at this resonance. Accordingly, the pattern at this frequency covers

particular zones more than others. Furthermore, the antenna achieves a good polarization

purity with levels less than -40 and -26.5 dBi at respectively the �rst and second frequency

in both E and H planes.

4.4 Summary

In this chapter, two dual band monopole antennas based on fractal shaped rings, using two

identical rings and using a combination of three slotted rings have been presented . The new
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(a) Front View (b) Back view

Figure 4.18: Photograph of the fabricated dual-band antenna prototype

Figure 4.19: Simulated and measured return losses of the proposed antenna.

compact dual-band antenna has been designed to cover the WLAN/WiMAX applications.

The simulation results have shown that adding a second fractal ring in the ground plane of

the structure will create a lower resonance leading to antenna size reduction . In addition,

the measured and simulated results have shown omnidirectional radiation pattern and good
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(a) E-plane (f=938 MHz) (b) H-plane(f=938 MHz)

(c) E-plane(f=1.75 GHz) (d) H-plane(f=1.75 GHz)

Figure 4.20: Radiation patterns of the proposed antenna at 938 MHz and 1.75 GHz

(a) f=938 MHz (b) f=1.75 GHz

Figure 4.21: 3D radiation patterns of the proposed antenna
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radiation e�ciencies which makes the antenna well-suited for wireless application. Then,

the antenna was mounted on SGP of a laptop computer in order to investigate its perfor-

mance. The measured results have shown a satisfactory agreement with the simulated ones.

The developed antenna with compact size of 18.9× 13mm2 has shown dual-band operation

(it covers widely the bands allocated to 2.4 GHz WLAN and 3.5 GHz WiMAX) and good

radiation patterns in both E and H-planes. Thus, these interesting characteristics make the

proposed antenna suitable for the intended application. In the last section, a compact dual

band hexagonal fractal ring monopole antenna for radio frequency identi�cation (RFID) and

GSM applications has been presented. At the �rst band, It exhibits a nearly omnidirectional

radiation pattern while a directive radiation pattern is observed at the second band. Fur-

thermore, the proposed antenna presented a signi�cant size reduction (53%) as compared to

the triangular dual band structure with an overall size of 61× 41× 1.6mm3. The proposed

antenna was prototyped and tested and a good agreement has been observed between the

simulated and measured return losses. Thepublications resulted from the work presented in

this chapter are:
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5.1 Introduction

The electronic devices in the modern communication systems are required to be continu-

ously smaller which has given rise to an important demand to design miniaturized antennas.

Furthermore, more requirements in terms of multiband operation are needed. Consequently,

several research works have been conducted to design compact multiband antennas which can

support multiple communication applications such as WLAN and WiMAX technologies. To

this end, several printed antennas with various geometries, selected for size reduction issue,

have been reported. Triple band operation can be achieved by combining di�erent resonators

in one antenna [1]-[2] (where the geometry of each resonator is chosen to achieve maximum

size reduction), loading the radiating patch with shaped slots [3]-[4], using metamaterial

[5]-[6]. However, these reported antennas present large physical sizes.

In this chapter, two compact tri-band antennas will be presented. The �rst design is

based on the ACS feeding technique to reduce the size while the second design is resulted
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5.2. Compact ACS-Fed Triple Band Microstrip Monopole Antenna

of interconnected two concentric fractal ring introduced in Chapter 3. The simulated and

measured return losses and radiation patterns of the proposed antennas will be presented

and discussed.

5.2 Compact ACS-Fed Triple Band Microstrip Monopole
Antenna

5.2.1 Design Procedure

In this section, the design of a triple band ACS-fed monopole antenna is presented, where two

di�erent branches are used to create multiple resonances . The �rst one is a J-shaped strip

connected to the exited strip and the other one is a simple open stub. The basic structure of

this antenna is shown in Figure 5.1a . Four steps will be considered to design the proposed

triple band antenna. The �rst one starts by an ACS-fed simple monopole antenna, then

a small strip is connected perpendicularly to the end of the monopole antenna, next a J-

shaped arm is connected and �nally a simple rectangular branch is attached the structure.

By extending the main exiting strip, as shown in Figure 5.1b (Ant.2), a resonance at 5.27

GHz is created without increasing the antenna length. The J-shaped branch is used as

shown in Figure 5.1c (Ant3) to create the 2.51GHz resonance. The third resonant frequency

is produced by connecting the rectangular branch as depicted in Figure 5.1d (Ant.4).

(a) Ant.1 (b) Ant.2 (c) Ant.3 (d) Ant.4

Figure 5.1: Design Evolution Steps of the Proposed ACS-fed Tri-band Monopole Antenna

The geometry of the �nal proposed ACS-fed tri-band antenna is shown Figure 5.2 (Ant.4).

The ACS feed line has a signal strip width of 1.5 mm and a gap of 0.5 mm between the signal

strip and the asymmetric ground plane. After an extensive simulation study with help of a

powerful full wave simulator IE3D, the dimensions of the proposed antenna are determined

and they are listed in Table 5.1. The radiating structure with ACS-fed line is printed in the

same side of the substrate.
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Figure 5.2: Geometry of the proposed ACS-fed tri-band antenna

Table 5.1: Dimensions of the proposed ACS-fed tri-band antenna (all dimensions are in mm)

Parameter Value (mm) Parameter Value (mm)
W 17.5 L1 5.4
W0 1 L2 6.3
W1 9.7 L3 4.3
W2 2 L4 4.8
W3 1.6 P1 25.9
W4 9.1 P2 13
W5 2.8 P3 15.7
L 14.6 g 0.5

5.2.2 Simulation Results

Figure 5.3 represents the simulated return losses of the antenna structures involved in the

evolution study shown in Figure 5.1. Ant.1 has a single resonance which occurs at 5.46

GHz with a return loss of -9.5dB. To make the antenna operate at lower frequency, without

increasing its dimensions, the monopole strip end is extended perpendicularly to obtain

the second design Ant.2 as shown in Figure 5.1b. The obtained structure operates at 5.27

GHz with better impedance matching for -10dB return loss. By connecting the J-shaped

strip Ant.3, a lower resonant frequency centered at 2.51GHz is created and the impedance

matching at the second resonance is signi�cantly improved. Besides the two resonances, a
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third operating band centered at 3.5GHz is generated by attaching a rectangular strip to the

antenna (Ant.4).

Figure 5.3: Simulated Return Loss (S11) Result of Various ACS-fed Antennas Involved in the
Evolution Process

To further investigate the proposed antenna performance, a parametric study is carried

out. Figure 5.4a shows the results obtained through simulation of the return-losses char-

acteristics according to the changes in the J-shaped branch length P1 while P2 and P3 are

kept constants. As the length increases from 23.5 to 25.9mm, the frequency shifts towards

lower frequencies. Furthermore, it can be seen that the re�ection coe�cient is quite well

when P1 = 25.9mm. The simulated re�ection coe�cient for di�erent sizes of the open stub

branch P2 is shown in Figure 5.4b. It is found that by increasing the length P2 from 9 to 14

mm, the second resonant frequency shifts towards lower frequency side. The considered value

of P2 is 13 mm to obtain the centered resonant frequency at 3.5 GHz with good impedance

bandwidth.Figure 5.4c shows the e�ect of varying the length of the main branch on the

re�ection coe�cient. It is found that by increasing the length P3, the upper frequency band

deceases. For P3 equal to 15.7mm, good performances are obtained in terms of impedance

matching and resonant frequencies.

For better physical insight of the proposed antenna operating mechanism, the average

current distributions are simulated at 2.43, 3.50 and 5.80 GHz as depicted Figure 5.5. It can
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(a) P1 is varied while P2 and P3 are kept constants

(b) P2 is varied while P1 and P3 are kept constants

(c) P3 is varied while P1 and P2 are kept constants

Figure 5.4: Return losses of the proposed antenna
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be observed that, for the �rst resonant frequency, the current is mostly concentrated in the

J-shaped branch. Thus, the 2.45 GHz can be controlled by changing the length P1 which

is calculated by equation 5.1. For the second resonant frequency, the maximum current

concentration is seen over the open stub. Consequently, the 3.5 GHz can be controlled by

tuning the length of the open stub P2 and its value can be calculated using equation 5.4.

For the 5.8 GHz frequency, it can be noticed that large concentration of current is recorded

at the main branch connected to the feed line, as well as on the other radiating branches

due to the strong EM coupling between the branches contributing to the radiation.

(a) (b)

(c)

Figure 5.5: Average current distributions of the proposed antenna at 2.43, 3.5 and 5.8 GHz

The expression of the resonant frequencies (f1, f2 and f3) are given by the following

equations [7]:

f1 =
c

3P1
√
εr,eff

(5.1)
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f2 =
c

4P2
√
εr,eff

(5.2)

f3 =
c

2P3
√
εr,eff

(5.3)

εr,eff =
εr + 1

2
(5.4)

where c stands for the free space velocity and εr,eff is the e�ective permittivity of the

substrate calculated using the equation 5.4.

The simulated radiation patterns of the tri-band proposed antenna at the three diverse

resonant frequencies, namely 2.43 GHz, 3.5 GHz and 5.8 GHz, are shown in Figure 5.6.

It is observed that the proposed antenna shows a dipole-like patterns in the E-plane (yoz)

whereas in the H-plane (xoz), omnidirectional radiation characteristic is achieved for all

resonant frequencies.

5.2.3 Fabrication and Measurement

The proposed tri-band monopole antenna is fabricated and tested. Figure 5.7 shows the

photograph of the fabricated tri-band antenna.

The measured and simulated return losses of the proposed antenna are shown in Figure

5.8. The measured result indicates that the antenna has impedance bandwidths for 10-

dB return loss of about 500 MHz (2.01-2.52 GHz), 230 MHz (3.48-3.71 GHz) and 1.2GHz

(5.59-6.72GHz) which can be used for WIFI 2.45 GHz, WLAN 5.8 GHz and WIMAX 3.5

GHz (3.4-3.69 GHz). The slight di�erence seen between the simulated and the measured

results is basically due to the manufacturing tolerances, the uncertainty on the thickness and

dielectric constant of the substrate and the quality of the SMA connector. Furthermore, due

to the small size of the antenna where the electrical size of the ground plane became small as

compared to the wavelength. In this situation, the SMA connector and a part of the VNA

connecting cable act as an additional ground plane [8]. Consequently, the current will �ow

back from the antenna to the connecting cable.
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(a)

(b)

(c)

Figure 5.6: Radiation patterns at:(a) 2.43 GHz, (b) 3.5 GHz and, (c) 5.8 GHz
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Figure 5.7: Fabricated tri-band antenna photograph

Figure 5.8: Simulated and measured return losses of the proposed antenna

5.3 Miniaturized triple band Concentric Hexagonal Frac-
tal Rings based Microstrip Patch Antenna

The previous sections dealt with the design and development of compact ACS-fed antenna

operating in three useful bands. In this section, a combination of two fractal rings is e�ec-

tively used to design more compact tri-band antenna.

5.3.1 Design Procedure

In this section, the design of a triple band monopole antenna is presented, where two concen-

tric fractal rings are used to create multiple resonances . The basic structure of this antenna

is detailed in chapter 3 and it is shown in Figure 5.9a . Three steps will be considered to
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design the proposed triple band antenna. The �rst one starts by an hexagonal fractal ring

monopole antenna, then a second fractal ring is introduced at the center of the �rst fractal

ring as shown in Figure 5.9b to design the second monopole antenna Ant.2 �nally the two

rings are connected to each other by a strip line , as can be seen in Figure 5.9c, to construct

the proposed structure (Ant.3). The position of the connection strip is carefully chosen to

create multiple useful operating bands.

(a) Ant.1 (b) Ant.2 (c) Ant.3

Figure 5.9: Design Evolution Steps of the Proposed ACS-fed Tri-band Monopole Antenna

Figure 5.10 shows the geometry of the proposed two concentric fractal rings tri-band

monopole antenna along with its dimensions. The proposed antenna with a planar size of

only 9.3× 17mm2 is composed of a two connected concentric fractal shaped rings acting as

a radiating element and a Y-shaped feed structure printed on the top side of the substrate

and a partial ground plane embedded in the other side of the substrate. The fractal ring

shape is selected for antenna miniaturization issue. The second fractal ring, which has same

center as the �rst one, connected to the outer ring is used to generate multiple resonances

and to achieve more compactness. Hence the resulted antenna resonates at three di�erent

frequencies covering the 2.4/5.6/5.8GHz GHz WLAN and 3.5GHz WiMAX bands. Further-

more, the slot etched in the ground plane is used to improve the impedance matching of the

antenna. After an extensive simulation study, the geometrical parameters of the antenna

were tuned and they are listed in Table 5.2. The antenna design and study is done with help

of a powerful full wave electromagnetic simulator CST suite 2017.
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Figure 5.10: Geometry of the proposed antenna

Table 5.2: Geometrical dimensions of the proposed antenna

Parameter Value (mm) Parameter Value (mm)
L 17 W 10.7
Lf 5.42 Lg 4
Wf 2.5 Wg 4.5
t 0.2 d 2
S1 0.85 S0 0.8
W1 6.45 Wg1 2.5

5.3.2 Simulation Results

The three antennas involved in the design evolution illustrated in Figure 5.9 are simulated

and their simulated return losses are plotted in Figure 5.11. Initially, a single band centered

at 3.52 GHz is obtained for Ant.1. The introduction of the fractal radiating ring (Ant.1)

increases the total current path length as a result of which Ant.1 resonant at 3.52GHz as

illustrated in Figure 5.11. If the parameter S1 is further increased to 2.7mm (maximum

length before overlapping), the resonant frequency decreases and reach down to 3.26GHz

(not able to reach the desired frequency: 2.45 GHz). Thus, the tuning of S1 for the Ant.1

has a limitation and cannot shift the resonance as low as 2.45GHz. This is why a second

fractal ring is introduced to create a resonance at 2.45GHz without increasing the antenna

dimensions. By loading Ant. 1 with a second fractal ring to design Ant.2, the electromagnetic

coupling (EM) between the two rings has led to dual band operation as well as �st resonance

shift to 3.44GHz as can be seen in Figure 5.11. To achieve compact size and triple band
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operation the two fractal rings are connected to each other by means of a strip line (Ant.3)

as shown in Figure 5.9. It can be noted from this �gure that the simulated 10-dB impedance

bandwidths of the three operating bands are 2.43%(2.43−2.49GHz), 23.1%(3.25−4.10GHz)

and 25.3%(5.43− 7.0GHz).

Figure 5.11: Return losses versus frequency of various antenna structures

The simulated return losses of the proposed antenna for di�erent positions of the con-

necting strip are shown in Figure 5.12. It is clearly seen from the �gure that the connection

position a�ects signi�cantly the antenna operating bands. When the connection is set at

position Z1 as illustrated in Figure 5.12a, the antenna operates at two frequency bands

centered at 2.43GHz and 3.92GHz. When the connection is established at position Z2 (Pro-

posed antenna), three operating bands are obtained. However, if the connection is placed

at position Z3, only two bands are exited whereas if the connection is placed at position

Z4, one mode is exited. Consequently, good results, in term of multiband operation, are ob-

tained when the connection is set at position Z2. It is worth to mention that the remaining

positions of the connection are not considered in the study due to the structure symmetry.

The simulated return losses of the proposed antenna when the side length of the small

hexagonal open ring S0, for the �rst iteration, of the external fractal ring is changed are

presented in Figure 5.13. It is clearly seen from the results that by increasing S0 from 0.6 to

0.9mm with a step of 0.1mm, the three operating bands are signi�cantly a�ected. For the �rst

resonance, by increasing the value of S0, the resonant frequency shifts to lower frequencies. As

for the second band, the lower cut-o� frequency is slightly shifted to lower frequencies whereas

the upper cut-o� frequency sifts signi�cantly to higher frequency resulting in bandwidth
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(a)

(b)

Figure 5.12: (a) Position of the connection strip and (b) e�ect of the position of the connecting
strip on the return loss.

widening. For the third band, signi�cant shift of the lower cut-o� frequency is observed

when S0 is decreased. Consequently, it can be concluded that good results are obtained for

S0 = 0.8mm.

The e�ect of changing the parameter S1 on the antenna return losses characteristics is

depicted in Figure 5.14. It can be observed from the �gure that by increasing the value of

S1, the lower cut-o� frequency of the third band is shifted towards higher frequency, the �rst

resonance is also slightly increased while the higher cut-o� frequency of the second band

increases. Hence, It can be concluded that good results are obtained for S1 = 0.85mm.

To further understand the operating mechanism of the proposed antenna, the current

distribution at the three resonant frequencies are simulated and presented in Figure 5.15.

At the �rst resonant frequency, the current is mostly concentrated on the two fractal rings.

Thus this resonance can be �nely tuned by changing the parameters of the radiating rings.

Large current concentration is seen at the vicinity of the connection strip and on the feedline

at the second resonance. Accordingly, this resonance can be controlled be changing the outer
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Figure 5.13: E�ect of S0 on the return loss

Figure 5.14: E�ect of S1 on the return loss

ring dimensions. At the last operating frequency of 5.8 GHz, high concentration of current

occurs on the feedline and on the two fractal rings. this band can be controlled by changing

the fractal rings con�guration and dimension.

5.3.3 Fabrication and Measurements

Figure 5.16 shows the photograph of proposed antenna. The simulated and measured return

losses results of the antenna are illustrated in Figure 5.17 . It can be observed that the

simulated and measured results are in good agreement, showing a tri-band operation with

measured 10-dB impedance bandwidths of 686 MHz (1814− 2500 MHz, 31.8%), 1770 MHz

(2967− 4737 MHz, 45.9%) and 1461 MHz (5539− 7000 MHz, 23.3 %). The slight di�erence
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(a) f = 2.45GHz

(b) f = 3.7GHz

(c) f = 5.8GHz

Figure 5.15: Simulated current distribution at di�erent resonant frequencies

between the measured and simulated results may be due to the tolerance of fabrication unit

and soldering of the SMA connector. The obtained bandwidth covers widely the WLAN

(2.4, 5.6 and 5.8 GHz) and WiMAX (3.5 GHz) applications.

The antenna radiation patterns were measured in an anechoic chamber available at
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(a) Front View (b) Back view

Figure 5.16: Photograph of the fabricated tri-band antenna prototype

Figure 5.17: Simulated and measured return losses of proposed antenna

USTHB university (Figure 5.18). The simulated and measured radiation patterns of the

proposed antenna in the E and H planes at di�erent frequencies (2.45, 3.5 GHz, and 5.8

GHz) are plotted in Figure 5.19. It is seen that the simulated and measured results are in

good agreement. The slight deviation seen between the simulated and measured radiation

patterns is mainly due to then positioner during the measurement process. For all frequen-

cies, the antenna has a monopole-like radiation pattern in the E-plane and an omnidiretional

radiation pattern in the H-plane which make it well-suited for the intended applications. The
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Figure 5.18: Antenna placed in the anechoic chamber

simulation peak gain of the proposed antenna at 2.45 GHz is 3.75 dB, at 3.5GHz is 0.71dB

while the peak gain at 5.8 GHz is 0.12 dB.

A comparison between the proposed antennas and other antennas reported in the lit-

erature is presented in Table 5.3. By comparing the reported antennas footprints, it is

clearly seen that the proposed antennas have the smallest one. Consequently, It can be con-

cluded that the proposed antennas achieves signi�cant size reduction. Moreover, In terms of

impedance matching performance, the proposed antennas outperform almost all the reported

antennas.

Table 5.3: Comparison between proposed antenna size along with applications bands with other
compact antennas

Ref. Antenna Antenna Operating
Size (mm2) Footprint bands

[2] 23× 20 0.027λ2
0 2.39-2.52 GHz-3.3-4.47 GHz-5.15-6.0GHz

[3] 18× 22 0.022λ2
0 2.27-2.50 GHz-3.28-3.81 GHz-4.91-5.98GHz

[5] 35× 38 0.048λ2
0 1.78-1.84 GHz-2.34-3.86 GHz-5.75-5.87GHz

[4] 18× 18 0.022 λ2
0 2.51-2.62 GHz-3.42-3.5 GHz-5.68-5.96GHz

[9] 32× 12 0.026λ2
0 2.36-2.70 GHz, 3.35-2.74 GHz and 5.01-6.12GHz

[10] 38× 20 0.051λ2
0 2.32-2.51GHz, 3.05-3.95GHz and 5.4-5.85GHz

[7] 17.2× 30 0.034λ2
0 1.75-2.0GHz, 3.2-3.5 GHz and 5.0-6.8GHz.

[11] 21× 33 0.046λ2
0 2.39-2.51GHz, 3.26-4.15 and 5.0-6.43GHz

[12] 17.6× 30.3 0.035λ2
0 2.16-3.61GHz-3.36- 3.72GHz and 4.98-5.87GHz

[13] 21× 19 0.027λ2
0 2.24-2.55GHz and 4.64-5.39GHz

[14] 14.7× 26 0.025λ2
0 2.2-2.52GHz and 3.3-4.2GHz

[15] 51× 33.4 0.113λ2
0 2.4-2.5 GHz-3.4-3.6 GHz-5.2-5.5GHz

1st Antenna 14.6× 17.5 0.017 λ2
0 2.01-2.52 GHz-3.48-3.71 GHz-5.59-6.72GHz

2nd Antenna 9.3× 17 0.0105 λ2
0 1.84-2.50 GHz-2.97-4.74 GHz-5.54-7.00 GHz
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(a) E-plane(f=2.45GHz) (b) H-plane(f=2.45GHz)

(c) E-plane(f=3.5GHz) (d) H-plane(f=3.5GHz)

(e) E-plane(f=5.8GHz) (f) H-plane(f=5.8GHz)

Figure 5.19: Radiation patterns of the proposed antenna at 2.45 GHz,3.5 GHz and 5.8 GHz

5.4 Summary

In this chapter, two compact tri-band microstrip antennas have been presented, fabricated

and measured. The �rst proposed antenna has a very simple patch shape, ACS feeding
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structure and compact size of 14.6 × 17.5mm2. The three resonant frequencies have been

realized by connecting two di�erent branches to the monopole exciting strip. By changing

the length of the branches, the operating bands can be easily tuned to the desired frequencies.

The second proposed antenna consists of two concentric fractal radiating rings fed with a

Y-shaped microstrip line. By connecting the two fractal rings a tri-band operation along

with size reduction have been achieved. The proposed antenna has exhibited omnidirectional

radiation patterns in the three operating bands. Furthermore, the measured results of the

proposed antenna with compact size of 9.3 × 17mm2 have shown good agreement with

the simulated ones. All measured results demonstrate that the two proposed antennas are

suitable for WLAN and WiMAX applications. The following is the list of publications

resulted from the work presented in this chapter:

1. Djafri K, Challal, Dehmas M, Mouhouche F and Aksas R,A Compact ACS-Fed Tri-

band Microstrip Monopole Antenna for WLAN/WiMAX Applications, Advanced Elec-

tromagnetic Journal 2018.

2. Djafri K, Challal M, Aksas R, Mouhouche F and Dehmas M, Miniaturized Concentric

Hexagonal Fractal Rings based Microstrip Patch Antenna for WLAN/WiMAX Appli-

cation, Accepted in Radioengineering Journal, Nov 2018.

The previous chapters deal with the conception and design of compact antennas dedicated

for wireless applications. In the following chapter, a compact antenna design for medical

application will be developed and discussed.
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Chapter 6

Design of a Compact Antenna for a
Microwave Colonoscopy System
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6.1 Introduction

The goal of this chapter is to design an antenna element to be used in antenna array for a

colonoscopy application. A colonoscope is a long, thin, �exible tube with a camera and a

light on the end. The tube is inserted into the rectum to look at the inside of the colon. This

tool is used during a common diagnostic and screening procedure called a colonoscopy.Then,

the tool must be small, �exible to move easily and safely inside the colon. Furthermore, the

antenna array must ensure full coverage of the colon inside and the number of its elements

must be power of two for switching and resolution reasons. In addition, the antenna array

must be cylindrical to �t the tool geometry with maximum dimensions of: diameter of

22.3mm and height of 30mm and it must operate in the frequency range from 5GHz to 8.0

GHz [1]. To meet the above mentioned requirements, the number, postion and con�guration

of the antenna array must be carefully chosen. This chapter will discusses in details the design

of a compact microstrip antenna that meet the requirements of the considered application.
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6.1.1 Array of Sixteen Elements

The proposed array consists of sixteen identical cavity-backed U-slot elements fed by sixteen

L-shape microstrip lines. The elements are arranged in two rows of eight elements each.

One row is used for transmission and the other for reception. The elements are wrapped

around a conducting cylinder with sixteen recessed cavities. As illustrated in Figure 6.1,

antenna elements on the same row were separated by metallic walls of a width of 1 mm

while transmission and reception rows were separated by a metallic disk of a thickness of 4

mm and a diameter of 23.2 mm. For feeding convenience, each antenna element was backed

by an open cavity such that the cavity comprises only three metallic walls. Accordingly, no

metallic wall was present in the feeding side of each antenna element [2] [3].

Figure 6.1: Geometry of the cylindrical U-slot antenna array

6.2 Microstrip-Fed U-Slot Baked by a Cavity

The proposed antenna element used in the applicator is a cavity-backed U-slot fed by an

L-shape microstrip line. The U-shaped slot is selected to meet the reduced size requirements

of the intended application. Besides, the slot antenna is backed by a cavity to enhance the

isolation between array elements. The slot is printed on RT/Duroid 5880 substrate having

a relative permittivity of 2.2 and a thickness of 0.127 mm. The substrate is very �exible

and thus could be easily conformed onto a cylindrical surface. An L-shape microstrip line
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Table 6.1: Proposed antenna dimensions (all dimensions are in mm)

Parameter Value (mm) Parameter Value (mm)
L 14 P1 1.0
g1 1.75 P2 0.1
g2 1.0 P3 0.7
g3 0.75 Ws 1.8
g4 4.55 Wp 0.65
Ls 7.7

printed on the back side of the substrate was used to excite the slot. The cavity was �lled

by a lossy foam with relative permittivity of 2.1 as illustrated in Figure 6.2a. The size of

the cavity is 13×8.16mm2 , which is shown by the external dashed rectangle in Figure 6.2b,

and the cavity depth is 4 mm. After an extensive simulation study with help of a powerful

full wave simulator CST, the optimized dimensions of the proposed antenna are determined

and are listed in Table 6.1.

(a) (b)

Figure 6.2: Geometry of the cavity-backed U-slot antenna element (a) perspective view (b) slot
antenna geometry

6.2.1 Simulation Results

To further understand the operating mechanism of the U-slot antenna, the e�ect of the cue

parameters on the re�ection coe�cient is studied. The e�ect of varying the value of P3 on

the re�ection coe�cient is depicted Figure 6.3a. By increasing the value of P3 from 0.6mm

to 0.9mm by a step of 0.1mm, the impute impedance matching is greatly a�ected. It can be

concluded from the results that better impedance matching is achieved for P3 = 0.7mm.The
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variation of the slot width on the antenna return loss is depicted in Figure 6.3b. It can be

seen from the �gure that by changing the value of Ws from 1.4 to 2.0 mm, the antenna

resonant frequency shifts towards high frequency side. For Ws = 1.8mmT better impedance

matching in obtained.

(a)

(b)

Figure 6.3: Variation on the return loss versus frequency,(a) E�ect of varying P4 and (b) Ws on
the return loss

The e�ect of changing the value of the gap g4 , separating distance between the bottom

cavity wall and the horizontal part of the U-slot, on the re�ection coe�cient is illustrated

in Figure 6.4a. By increasing the value of g4 the length of the resonant slot decreases which

give rise to antenna resonance frequency increasing. It is clealy seen from the �gure that

optimum results are obtained for g4 = 3.9mm. The e�ect of changing the fed lie width Wp

on the the re�ection coe�cent characteristic is depicted in Figure 6.4b. It is seen from the
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results that by increasing the value of the Wp from 0.45mm to 0.75mm the antenna return

loss is greatly a�ected. It can be concluded that good impedance matching is achieved for

Wp equal to 0.65mm.

(a)

(b)

Figure 6.4: Variation on the return loss versus frequency. (a) g4 and (b) Wp on the return loss

In order to understand the behavior of the designed antenna, the surface current distri-

bution is simulated at the resonant frequency 6.788 GHz as depicted in Figure 6.5. As can

be seen from the �gure, the current is mainly concentrated along the edges of the U-Slot and

the feed line. Accordingly, the antenna resonant frequency can be controlled by changing

the slot dimensions as well as the fed line parameters.

Figure 6.6 describes the simulated radiation patterns in the E-plane (xoz − plane) and

H-plane (yoz− plane) at the center frequency of 6.788 GHz. It shows that this slot antenna
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Figure 6.5: Current distribution at 6.788 GHz

has a unidirectional radiation pattern with a gain of 3.4 dB. The simulated 3D radiation

pattern at the resonant frequency is shown in Figure 6.6c.

(a) (b)

(c)

Figure 6.6: Simulated radiation pattern (a) E-plane, (b) H-plane and (c) 3D presentation
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6.2.2 One Antenna Element with Colon Tissue

is designed to operate inside the human colon. Consequently, the presence of colon tissue

must be considered in the analysis. The simulated re�ection coe�cients for di�erent distances

D between the antenna and the colon tissue are presented in Figure 6.9. It can be observed

that the antenna input impedance matching is a�ected by the presence of the biological

tissue. The minimum level of the input re�ection coe�cient is less than -10 dB for all

simulated distances. Furthermore, the antenna resonant frequency decreases slightly as the

distance between the antenna and the colon tissue increases.

(a) (b)

Figure 6.7: (a) Separating distance D between antenna element and colon tissue (b)Simulated
re�ection coe�cient of one antenna element for di�erent values of D

6.2.3 Array of Two Antenna Elements

Since the antenna array will be used in switched-beam mode, the isolation between antenna

elements is crucial. Accordingly, two con�gurations of two adjacent antennas are investigated

as shown in Figure 6.8. The �rst con�guration consisted of two adjacent antenna elements,

one used for transmission and the other for reception, namely transmission-reception con�g-

uration. In the second con�guration two adjacent antenna elements were located in the same
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row dedicated either for transmission or for reception, namely side by side con�guration.

Figure 6.8: Studied antenna con�gurations: transmission-reception con�guration (left), and side
by side con�guration (right)

The simulated return loss (S11) and the mutual coupling (S21) of the transmission-

reception con�guration with and without colon tissue for di�erent distances D (6.9a from

colon tissue is illustrated in Figure 6.9b. It is clear from the �gures that these parameters

are a�ected by the presence of the colon tissue. As the distance D between the antennas

and the colon wall increases, the input impedance matching is improved. Also, the antenna

resonant frequency decreases slightly as D increases. The antenna return loss is less than

-15 dB for all simulated values of D, and the coupling between two antennas is always lower

than -12 dB denoting an acceptable isolation between elements. As expected, the isolation

improves as the distance between the antenna and the colon wall increases.

For the side by side con�guration, the simulated return loss and the mutual coupling with

and without colon tissue for di�erent distances D are presented in Figure 6.9a. Similarly to

the previous con�guration, the antenna matching and the resonant frequency are a�ected by

the presence of the colon tissue. In this case the antenna re�ection coe�cient is lower than

-10 dBand the isolation is lower than -15 dB for all assumed values of D.

6.2.4 Fabrication and Measurement

Two identical antennas have been fabricated, one working as a transmitter and the other as

a receiver. The antennas were connected to a two-port commercial Agilent performance net-
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(a)

(b)

Figure 6.9: (a)Simulated return loss and (b) mutual coupling (bottom) for di�erent values of D
for transmission-reception con�guration
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work analyzer (PNA) with �exible coaxial cables to measure the S-parameters. Figure 6.11

shows a picture of the fabricated antennas. Figure6.12 shows the measured and simulated

return loss for one antenna element without colon tissue. A slight di�erence can be observed

between the measured and simulated return loss. This shift can be attributed to fabrication

errors and a small displacement between the substrate and backing cavities [25].

The measured and simulated return loss and isolation for the transmission-reception

con�guration are illustrated in Figure 6.13. It can be observed that the simulated and

measured results exhibit a good agreement. The small di�erence between them is possibly

due to fabrication errors. The measured isolation is lower than -30dB while the simulated

one is lower than -17 dB. This di�erence may be produced by the presence of two metal

walls between the transmitting and receiving antennas in the fabricated applicator, whereas

only one wall existed in the simulations. The measured isolation is lower than -25 dB for

the transmission-reception con�guration.

6.3 Summary

In this chapter, a U-slot cavity backed antenna element for endoscopy application is pre-

sented. The antenna is designed to operate at a frequency of 8.1GHz. Also, the proposed

antenna is designed and optimized through parametric study to suit the restrictions of the

application in terms of operating frequency as well as size. Furthermore, the isolation be-

tween two adjacent element have been studied since the proposed antenna is designed to

operate in an array of sixteen elements wrapped around a cylinder. The simulated and

measured results have shown very good agreement which validate the proposed design. The

work presented in this chapter is published in:

1. Guardiola M, Djafri K, Challal M, Miguel A, Ballester G, Fernandez-Esparrach G,

Camara O and Romeu J, Design and Evaluation of an Antenna Applicator for a Mi-

crowave Colonoscopy System, IEEE Transactions on Antennas Propagation, Jan.2019.
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(a)

(b)

Figure 6.10: (a)Simulated return loss and (b) mutual coupling (bottom) for di�erent values of D
for side by side con�guration.
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Figure 6.11: Photograph of the realized antennas: (a) Transmission reception and (b) side by side
con�gurations

Figure 6.12: Simulated and measured return loss for one antenna element without colon tissue.
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Figure 6.13: (a) Simulated and measured return loss and (b) isolation (bottom) for transmission-
reception con�guration without colon tissue.
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Conclusions and Suggestions for Further
Work
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This research work focuses on study, design, fabrication and measurement of miniatur-

ized microstrip antennas. Di�erent microstrip antennas for wireless applications have been

proposed. In the �rst part, two designs of dual band miniaturized monopole antennas have

been proposed. The �rst antenna design covers the 2.4 WLAN and the 3.5 GHz WiMAX

band with a compact size while the second design covers two bands allotted to the RFID

and GSM applications. The second part deals with the design of triple band miniaturized

antennas. Two di�erent designs have been proposed, both of them cover the 2.4.8 GHz

WLAN and 3.5GHz WiMAX bands. In the last part, a miniaturized antenna structure for

colonoscopy has been investigated. The proposed antenna meet the requirements of size of

the intended application. All the proposed compact microstrip structures have been simu-

lated, investigated, tested and compared to the previous published works.

7.1 Conclusions

In this thesis , new compact microstrip antennas have been studied , designed and tested for

wireless and medical applications. These include �rst-order hexagonal fractal ring monopole

antenna with a parasitic element, combination of three slotted fractal ring based monopole

, concentric two fractal ring connected by a strip line monopole , and asymetric coplanar

strip monopole and a U-slot microstrip fed antenna baked by a cavity for colonascopy ap-

plication. For better insight of the multiband behavior and the operating mechanism, the
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designed antennas have been investigated in details. The simulated S-parameters and cur-

rent distributions on the radiating structure at di�erent resonant frequencies have shown

the dependence of the antenna shape and dimensions on the operating frequencies. Parasitic

resonator embedded either within the radiator or in the ground plane to create multiband

characteristic and achieve size reduction has shown satisfactory results in terms of antenna

miniaturization and multiband behavior. Accordingly, the proposed designs are very compact

and operate in dual and triple bands commercially useful which makes them well-sweated

for the intended applications.

The �rst designed antenna consists of a �rst-order hexagonal fractal radiating ring cou-

pled electromagnetically with a second fractal ring embedded in the ground plane. The

resulted structure operates in dual band covering the 2.4 WLAN and 3.5GHz WiMAX

applications. The radiation pattern of the antenna is omnidirectional for both operat-

ing bands. Furthermore, the antenna is very compact with an overall dimension of only

L×W = 18.9× 13.3mm2 with a radiation e�ciency of 91% and 97% at the �rst and second

resonance respectively. The two bands can be tuned at any desired frequencies by controlling

the geometrical parameters of the fractal radiating rings. The design has been simulated and

tested connected to di�erent standards of laptop ground planes and has shown very satis-

factory results. In addition, to design a compact antenna and tune it to cover the RFID and

GSM bands, three slotted fractal rings have been e�ectively combined. Two small identical

fractal rings have been inserted inside the outer one to reduce the antenna size. Furthermore,

the three rings have been loaded with slots such that the current is forced to �ow from the

outer ring to the inner one then again to the outer one. Hence, the current path have been

e�ectively lengthened to achieve maximum size reduction and dual band operation tuned to

the intended applications. This antenna structure has a compact size of 61 × 41mm2n and

exhibits an omnidirectional pattern in both operating bands. Consequently, the proposed

antenna is perfectly suiteble for wireless application with a compact size and omnidirectional

antenna pattern.

Two triple band compact antennas has been also proposed . The �rst design consists of

a simple monopole strip connected to two branches in order to create multiple resonances.

It has been fed using ACS technique to reduce the antenna overall size. The geometry of the

branches have been chosen carefully to ensure compactness and to tune the resonances at the

desired band namely WiFi 2.45 GHz, WiMAX 3.5GHz and 5.8 GHz WLAN. The �rst branch
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has been chosen to look like a J-shape directed to the asymmetric ground plane whereas the

second has been an open stub. The �rst resonance has been found to be controlled mainly

by the length of J-shaped branch while the second resonant frequency which is centered

at 3.5 GHz has been strongly dependent on the open stub length. The last resonance has

been dependent on the main strip dimension of the monopole antenna. Furthermore the

antenna has shown an almost omnidirectional radiation patterns at the three resonances

with peak gains of -1.5 dB, 2.5dB and 4dB. Besides, the antenna has a very compact size

of 14.6 × 17.5mm2 which makes it a good candidate for wireless application. The second

tri-band antenna has been designed using two concentric �rst-order hexagonal fractal rings

connected to each other. This obtained topology has been found to operate in three ban

covering the the 2.4GHz WLAN, 3.5 dB WiMAX and 5.6/5.8GHz WLAN applications.

Omnidirectional patterns have been obtained at the resonant frequencies. Furthermore , the

measured results of the antenna with a very compact size of 9.3× 17mm2 have shown good

agreement with the simulated ones.

Furthermore, a compact antenna element has been designed and tested for colonoscopy

application. Due to the restriction of size of the intended application, the proposed antenna

consisted of a U-slot printed in the ground plane fed by an inverted L-shaped microstrip line.

The shape of the slot is so chosen for miniaturization issue. The proposed antenna has been

designed to operate in an array con�guration of sixteen elements thus the isolation between

element must be considered. For better isolation between the array elements, the antenna

element has been backed by a cavity. The proposed design with dimensions of 14× 8.1mm2

has satis�ed the requirements of the application and it has been tested. The simulated and

measured results have shown good agreement which makes the proposed design an excellent

candidate for colonoscopy application.

7.2 Suggestions for further work

The rapid development of wireless communication systems has given rise to a growing de-

mand for compact multiband antennas. Thus, the design of the antenna must be improved.

The following points discuss some possible future research directions for the work reported

in this thesis:

� New size reduction techniques must be investigated to meet the requirement of size

103



7.2. Suggestions for further work

and bands of the nowadays communication systems.

� The gain of the compact antenna should be improved using metamatrials.

� Investigate the use of the proposed designs for MIMO application.

� Implement and test the antenna array of sixteen elements for colonoscopy.
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