
Ø e [ic øt e I t o m1 fat fter 
-

wfto is a cowtant source oJ

inspiration in m2 e[ucationaf Êfe



BANDWIDTH BROADENING AND POLARIZATION

DIVERSITY IN SMALL MICROSTRIP SLOT ANTENNAS

FOR WIRELESS APPLICATIONS

By

S aeed Iftakhar Reza Latif

A thesis

Submitted to the Faculty of Graduate Studies

in partial fulfillment of the requirements for the degree of

MASTER OF'SCIDNCE

Department of Electrical and Computer Engineering

The University of Manitoba

@ October, 2003



THE IJNIVERSITY OF MANITOBA

FÀCULTY OF GÌÄD*UA.TE STLTDmS

COPYRIGHT PERMISSION

BAND\ryIDTH BROADENING AND POLARIZATION
DIVERSITY IN SMALL MICROSTRIP SLOT ANTENNAS

FOR WIRELESS APPLICÀTIONS

BY

Saeed Iftakhar ReztLútf

A Thesis/Practicum submitted to the Faculty ofGraduate Studies ofThe University of

Manitoba in partial fulfiìlment of the requirement of the degree

of

MASTER OF SCIENCE

Saeed Iftakhar Reza Latif @ 2003

Permission has been granted to the Library ofthe University of Manitol¡a to lend or sell copies of
this thesis/practicum, to the National Library of Canada to microfilm this thesis and to lend or sell
copies of the fìlm, and to University Microfilms Inc. to publish an abstract of this thesis/practicum.

This reproduction or copy ofthis thesis has been made available by âuthority ofthe copyright
orvner solely for the purpose ofprivate study and research, and may only be reproduced and copied

as permitted by copyright laws or with express written authorization from the copyright owner.



ta6fe of Conten*

Acknorvledgements

Abstract

List of tr'igures

List of Tables

l. Introduction

1.1 Purpose of the Thesis

1.2 Organization ofthe Thesis

2. Microstrip Antenna and its Miniaturization

2. I Introduction

2.2 Design Parameters of Microstrip Antennas

2.3 Antenna Miniaturization

2.3.1 Loading the Antennas with Lumped Elements

2.3.2 Loadingthe Anten¡as with Dielectric Materials

2.3.3 Using Short Circuits

2,3.4 Modi$'ing Antenna Geometry

2,4 Limitations on Miniaturization of Antennas

2.5 Broadbanding of Small Microstrip Antennas

2.6 Conclusion

3. Wideband Microstrip Monopole Slot Àntenna

3.1 lntroduction

3.2 Microstrip Slot Antennas

3.3 Proposed Microstip Monopole Slot A¡tenna

iv

vi

xiv

1

1

4

5

5

5

9

15

10

11

l4

17

18

T9

20

20

20

27



3.3.1 Parametric Study

3.3.1.1 Effects ofStub Length

3.3.1.2 Effects ofFeed Line Length

3.3.1.3 Effects ofFeed Line Position

3.3.1.4 Effects of Slot Width

3.3.1.5 Effects of Ground Plane Width

3.3.1.6 Effects of Ground Plane Length

3.3.1.7 Effects of Dielectric Substrate Permittivity

3.3,1.8 Effects of Dielectric Substrate Height

3.4 Experimental Verifi cation

3.5 Conclusion

4. Microstrip L-Slot Antenna for Wideband Operation

4.I Introduction

4.2 Microstrip Monopole L-Shaped Slot Antenna

4.2.1 Straight Feed Line

4.2.2 Inclíned Feed Line

4.2.3 Bent Feed Line

4.3 Effects of Varying Slot Width

4.4 Experimental Verilication

4.5 Conclusion

5. Microstrip Inverted T-Slot Antenna and Polarization Diversity

5.1 I¡troduction

5.2 Microstrip lnverted T-Shaped Slot Antenna

to

29

31

33

34

36

5t

38

40

49

56

57

57

<?

58

63

67

69

71

79

80

80

80



5.3 Two-L-slot Anay for polarization diversity

5.4 Experimental Verifi cation

5.5 Conclusion

6. Conclusion

6.1 Summary

6.2 Future Research

7. Appendix

9. References

85

94

101

103

103

105

106

109



ACKl'tOlilrEAçYE^vf .W,lkTS

I would like to express my heartiest thanks and gratitude to my

supervisor Professor L. Shafai for his wise advice, valuable guidance, enthusiasm,

patience and continuous encouragement. I have no doubt to declare that, because ofhis

constant educational, moral and financial suppoÍ, my first ever endeavor in a university

abroad has come to a success.

I would like to thank Dr. S. Noghanian and Dr. M. S. Mathur to serve on

my committee. I also thank Dr. Satish K. Sharma and D¡. G. Rafi for helping me in

different stages of this research work,

Special thanks to Mr. B. Tabachnick for his patient cooperation while

performing experimental measurements. Extended thanks to Ms. S. Girardin for her

kind help when it was required. I would like to thank Mr. Mehran Fallah-Rad also for

various suggestions he provided during my M.Sc. study at this university.

Finally, I wish to express my deep indebtness to my parents, brothers,

only sister, my friends, and above all, my beloved wife, for their kind support, generous

love and moral encouragement.

1V



.Aøsrr,¡xç¡

Microstrip line-fed monopole slot antenna is studied in this thesis. This antenna

is very compact in size and designed for very wide band operation, which will find

applications in mobile handsets, PC cards for laptop computers etc. A monopole slot is

cut on the center of a finite ground plane edge and fed by a microstrip line. This antenna

has numerous parameters, which have effects on the operating frequency and

impedance bandwidth of the antenna. The effects of these parameters are studied

thoroughly. A bandwidth in excess of 50% can be achieved, if a proper stub tuning is

done. This antenna has bi-directional radiation in one of the principal planes and omni-

directional radiation pattem in the other. The space available in the ground plane, after

the slot is etched, can be used by the electronic circuitry as electrical ground.

To reduce the antenna size, an L-shaped monopole slot is introduced, which

shows an ultra wide impedance bandwidth. The radiation pattems are almost similar to

those of the straight monopole slot. With the L-shaped slot, more space is now available

for electronic circuitry in the ground plane.

For fuither investigation, an inverted T-shaped slot antenna is also studied,

which is a s)rynmetric confrguration, and shows wide impedance bandwidths. ln another

stud% the inverted T-shaped slot antenna is splitted into two parts to form two L-shaped

slots. These slots are placed side-by-side, \ryith certain separation, and excited

individually using two bent feed lines. The radiation pattems of this antenna are

investigated to achieve polarization diversity, as well as, wide impedance bandwidths.

Experimental investigations are conducted to confirm the simulated results.
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Introduction

The strive for the development of effective communication system has a long

history, which in the last one hundred year is dominated by the radio. A key component

of such a modem system is the antenna, needed in order to transmit information signal

as electromagnetic wave. Among many antenna candidates, microstrip antennas have

become one of the most athactive antennas in the past three decades. This is due to their

compaet size, lightweight, low-cost, simplicity in fabrication, conformability to any

surface and many other such advantages. Consequently, microstrip antennas have been

receiving increasing attention from academic and industrial researchers since 1953 till

today.

1.1 Purpose of the Thesis

This thesis deals with lightweight and miniaturized, but wideband microstrip

antennas, which may be suitable for mobile communications in handsets, laptop

computers or PCS applications. The material for this goal and its challenges are

provided below.

Miniaturízed, lightweight and low profile antennas are in great demand due to

advances in telecommunications and reduction in the physical size of electronic

components. Earlier anten¡as were considered as bulky devices, compared to other

components in communication systems, With the advent of microstrip antennas, the

need for small and low profile antennas \ryere met, making them useful for mobile and



satellite communications and in applications such as aircraft, missiles and telemetry

antennas [1]. But in certain applications such as mobile handset terminals, laptop

computer cards or various remote-sensing devices, even the small size of microstrip

antennas is still too large for use. Saving space for electronic circuitry in these mobile

units is a key issue at the present time.

The size of microstrip patch antennas is specified in terms of the wavelength,2,

In order to transmit electromagnetic waves efficiently, the patch should be of the order

of half a wavelength or larger. It may be considered as a small antenna (i.e. electrically

small) if its size becomes smaller than I I 2 . Microstrip antennas can be made smaller

using different techniques, such as loading with dielectric material, using short circuits

or modiffing the antenna geometry. All such techniques, unfortunately, lead to the

reduction in their impedance bandwidth, gain and efficiency. [2], some of which also

disturb the polarization purity.

Microstrip patch antennas are inherently very narrowband and reducing their

size make their bandwidth even narrower. It is, therefore, very diffrcult to achieve both

miniaturization and broad bandwidth properties simultaneously for small microstrip

antennas. On the other hand, it was found that the transition of a microstrtip feed line

and a transverse slot of optimum lengths in its ground plane radiates effectively and

shows a wide band property [3]. This transition can be used as an antenna if fabricated

on a low permittivity substrate. This type of slot antennas can be very useful in some

wireless communications, where omni-directional radiation pattern, low gain and good

impedance matching may be required. Since slot is cut in the ground plane, the

microstrip line-fed slot antenna offers lightweight and small size. Moreover, space



available in the ground plane, after the slot is cut, can be used as the electrical ground of

the electronic circuitry, required for signal processing and other purposes, which can be

integrated in the same substrate.

Conventional microstrip line-fed slot antennas have a rectangular slot cut in the

ground plane. Slots cut at one comer of the ground plane edge and fed by a microstrip

line was studied in [4,5]. In [5], an anay of two slots, separated spatially, was

introduced in the ground plane, which enabled polarization diversity.

In this thesis, monopole slots, cut at one edge of a finite ground plane, and fed

by a microstrip line is studied. Initially, a quarter-wavelength rectangular slot, cut at one

edge of the ground plane and fed by microstirp transmission line is considered. This

antenna is parametrically studied. The important parameters, which have significant

effects on the antenna performance, are the slot width, feed line length, feed line

position, stub length, ground plane length and width and the substrate permittivity and

height. Then, the monopole slot is bent into an "L" shape in order to reduce its size and

provide more space for the electronic circuitry. This L-shaped slot in the ground plane

is fed using straight, inclined and bent microstrip feed lines and studied by numerical

simulation for the effects due to the slot width and the stub length variation. Next, an

inverted T-shaped slot on the ground plane fed by a straight feed line, which is

symmetric in configuration, is studied to generate wider impedance bandwidth. The

inverted T-shaped slot is divided into two parts to form two L-shaped slots, placed side

by side, and fed separately using two bent microstrip feed lines, to achieve polarization

diversity. Th¡ee antennas with different slot geometries, fed by a microstrip line, were

fabricated and tested. The experimental results are compared with the simulated results.



1.2 Organization of the Thesis

The thesis is divided into six chapters. Chapter one gives an inhoduction and the

objective of the thesis. The second chapter presents a background of the research work.

In this chapter, miniaturization of microstrip antennas is explained, highlighting the

limitations of different techniques, Broadbanding methods of small microstrip antennas

are also addressed. Chapter three provides a detail study ofthe microstrip monopole slot

antenna. Each parameter affecting the antenna performance is studied individually.

Chapters four and five cover the study of the L-shape and inverted T-shape slot

antennas, respectively. In chapter four, different feed line geometries to feed the

L-shape slot antenna are presented. The effects of varying the width of the L-slot are

studied. Chapter five deals with the inverted T-shaped slot antenna, fed by a microstrip

line, and studied for the wide bandwidth. The inverted T-shaped slot is then divided into

two parts resulting two L-shape slots, fed separately, and discussed for polarization

diversity application. The thesis ends with concluding remarks and a note for the future

research scope.
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Microstrip Antenna and its Miniaturization

2.1 Introduction

Since the size of electronic components was reduced greatly in recent years, the

need for miniaturized and low profile antennas have increased in communication

systems. Miniaturization of antennas is a challenging task, as it leads to reduced

impedance bandwidth and gain. Consequently, in recent past, there has been extensive

research on miniaturization of microstrip antennas. In this chapter, the antenna

miniaturization and their effects on the antenna performance are reviewed which

provides the motivation for this research work.

2.2 Design Parameters of Microstrip Antennas

A microstrip patch antenna consists of a microstrip patch and a ground plane,

separated by a dielectric substrate. The radiating patch may be rectangular, circular,

square, triangular, ring or any other shape. The patch can be excited by a transmission

line, a coaxial probe or an aperture coupling. A simple configuration of a probe-fed

rectangular microstrip patch antenna is shown in Fig. 2.1:

.) Patchnlffi
Ground 

-'-È--ir""" eJou¡
leeÕ

Fig. 2.1: Mícrostrip pøtch antennafed by coaxial probe



At the resonant frequenc¡ the patch length is equal to one half of the effective

wavelength or wavelength in the dielectric, 2, . The effective wavelength is defined as:

, _4 (2.r)

where 2o is the free space wavelength and e* is the effective dielectric constant. The

electric fields at the patch edges undergo fringing as shown in Fig.2.2 U). Most of the

electric field lines reside in the substrate and a portion of those exists in the ai¡. For this

reason, it is necessary to introduce the term, effective dielectric constant, ád. to account

for the fringing and traveling of the wave in the patch in the presence of dielectric. The

expression for e, is:

á.+1 e.-1(, 1Ofr1-z
llÌ.-lo' 2 2 l. L) (2.2)

where e, is the relative dielectric constant ofthe substrate.

Ground Plane

Fig. 2.2: Fringing affect at open ends of the microstríp patch

Since for small å, fringing of the fields occurs at the open ends, the patch of a

microstrip antenna appears greater than its physical dimensions. The size extension is

small and can be determined by adding equivalent lengths ÁZ at both patch ends.

LL canbe expressed by the following equation [6]:



(2.3)

(2.s)

Hence, the effective length of the patch is L* = L + 2ÁL. Based on these, the

expression for the resonant frequency is given by:

r'- C , C

''-1Æ-rø.rÐE (2.4)

The bandwidth is an important parameter for the antennas. In general form, it

can be defined as a certain frequency range within which the antenna performance

conforms to a set of specified standards [1]. For micrsotrip antennas, impedance or

VSWR bandwidths are usually specified. The voltage standing wave ratio or VSWR is

defined as the ratio of the maximum to minimum voltage of the standing rüave, present

at the input of the antenna due to mismatch. Thus, the bandwidth (BIt) can be defined

by the following expression in terms of its VSWR and total quality factor [7]:

D frf I/SWR - |
Dff :'____-

Q,,lVSI'YR

where Qr is the total quality factor which is a measure of the losses in microstrip

antennas and given by:

11111
-=-+-+Q, Q*¿ 0",, Qo, A,,,

Q,o¿is the quality factor due to radiation loss

(2.6)



p",, is the quality factor due to conductor loss

Q",, is the quality factor due to surface wave excitation

Q¿¡ís the quality factor due to dielectric loss

Using the cavity model, the far field equations for a rectangular microstrip

antenna are given by [8]:

', =1ry +"^**') ][cos 
x Y].",, (2.7)

Vo ís the applied voltage at the feed

Er, E, are the electric frelds in the two planes in spherical co-ordinate

0, þare elevation and azimuth angles, respectivel¡ in spherical co-ordinate system

É is the wave number in the free space

å is the height ofthe substrate

L, W are the length and width ofthe rectangular patch, respectively (see Fig. 2.1)

L"o is the effective length of the rectangular patch

, _l - ikw, e-'" ,,trr,.,t]1.o.¡t{l.o s*sinþ (2.8)"o-l- " , " j1"""" y _j'-"'o""
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Approximate expressions for the directivity (D) and gain (Q of a rectangular

patch are given by the following equations: [25]

D_ )x"(ø,n,. - 
E,Hi),* _fi\ø,1' 

*ln,l'),=,_-----T-
4n

(2.e)L
À2+nr

.,,

4(kw)'

"rts,
þ= (2.10)

(2.11)G-eD

H| , Hj are the conjugate of magnetic fields in the two planes in spherical co-ordinate

P,. is the radiated power

G" is the radiation conductance

e. is the radiation efficiency

ry, is the free space impedance

2.3 Antenna Miniaturization

The length of a microstrip patch, also applicable to other antenna types, should

be normally half a wavelength or larger to ensure efficient transmission of

electromagnetic waves. For certain applications, half-wavelength antennas are

considered to be large. So in the last 40 years, there has been increasing research to

miniaturize the antennas. Antennas smaller than half a wavelength can be considered as

small anten¡as. The definition of small antenna as given in [9] is: "A miniaturized



antenna can be defined as one which, for a given frequency, has its linear dimension

smaller compared to a similar type of conventional antenna operating at the same

frequency". Several techniques to miniaturize antennas are available in the literature.

These can be categorized in the following way:

2.3.1 Loading the Antenna with Lumped Elements:

The simplest method to make antennas smaller than a resonant size, still keeping

resonant behaviors, is loading them þutting some materials on or around the antenna).

If an antenna is smaller than )J2, it will have strong reactive input impedance. This can

be compensated for by loading with resistive (.rR) or reactive (L or Q components, or by

adding conductive parts as shown in Fig. 2.3. If the element added has losses, the

efficiency ofthe antenna will decrease, Again, if the loss is less, the quality factor will

increase resulting in a reduction in the bandwidth [2].

,¡

s lr.
(a)

Fig. 2.3: Loading techniques: (a) Inductíve, þ) Capacitive (c) Conductor

2,3.2 Loading the Antennas with Dielectric Material

Loading with a dielectric material was the method used, in order to reduce the

antenna size. Previously, this use was limited by the availability of appropriate

substrates and their cost [10]. In this method, the size reduction depends on the

(c)(b)



dielectric constant of the substrate. Since, the wavelength is smaller in a high

permittivity substrate, the antenna size reduces, when loaded with such substrates [2].

Thus for size reduction, the use ofhigh permittivity subshates is proposed.

l^+Nls NI
n=Æ

4,Jêrlt,

N
Fig. 2.4: (a) Monopole: h=^"/4 A þ) Dielectric loaded tnonopole: h=),"/4lþ,.p). h ís

the height of the monopole, 1o is the free space wavelength, e, and p, are relative

permittivity and permeability of the dielectric, respectively

However, in high permittivity material, the electric fields are trapped inside the

substrate making radiation more difficult. The quality factor is enhanced and the

bandwidth goes down. Also, due to the radiation loss and higher dielectric losses in high

permittivity material, the gain decreases, in using such substrate loadings. The gain can

be recovered by using a high permittivity superstrate loading, again at the cost of

reduced bandwidth [1 1].

2.3.3 Using Short Circuits

This is the most popular technique for miniaturization of the antennas. The

principle can be explained with the example of a dipole. When the length of the dipole

is one-half wavelength, it is resonant. The lengfh can be halved by replacing one dipole

arm by a ground plane, which acts like a mirror and creates an image of the half-dipole

arm l2l. So the antenna remains resonant at the same ÍÌequenc¡ but its size ¡educes in

(b)(")



half. In the case of microstrip antennas, miniaturization can be obtained by adding short

circuits to the ground plane as shown Fí9. 2.5.

t¿ .¡"
4 4,lEa¡l
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Fig. 2.5: (a) A microstrip patch dntenna, þ) A shorted microstrip patch antenna.

Ão ìs the free space wavelength, ).¿ is the wavelength in díelectric and

e* is the effective dielectric constant

To be resonant at the fundamental TM¡¡ mode, the length of the patch should

be about half a wavelength. The electric field of the TM¡e mode is zero at its center and

a short circuit may be placed there without affecting its resonant frequency. Thus, at a

given operating frequency, the patch dimensions can be significantly reduced, The

reduction in the patch size is limited by the distance between the null-voltage point in

the patch and the patch edge. The shorted part acts as an electric wall and the patch edge

becomes the magnetic wall. The radiation occurs mainly from the magnetic walls.

Appendix A provides the theoretical design method for a quarter-wave patch.

The shorted quafer-wave patch has lower gain and ,efficiency, as the radiating

element is smaller in size. It has a high input impedance at its radiating edge, and as

such, is diffrcult to feed via a microstrip line. Also, it has a narrower impedance

bandwidth. As the substrate is cut to place the short circuit plate, this antenna becomes

mechanically weak.

Âr À"
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variatíon. L¡ and L2 are two sides of the shorted patch, as mentioned ín Fig. 2.7(a)

By short-circuiting only a portion of the zero potential plane, not the entire

width, further reduction of the patch can be done [9, l2]. When the width of the short

circuit plate is set narrower than that of the planar element, the effective length of the

current flow on the short-circuit plate and planar element becomes longer as can be seen

in Fig. 2.6. Consequently, the resonant frequency becomes lower than that of the

conventional short circuit microstrip antenna having the same sized planar element. I¡r

Fig. 2.7(b), the variation of resonant frequency with the width of the short circuit plate

is shown. It is evident that the frequency lowers as the width II/ gets narrower, as such

the length of the short circuited microstrip antenna can be further reduced.

Ground plân6

Short{ifcu¡t plÈler

(a)

Fig. 2.7: (a) Shorted patch with natower short-circuit plate width (W),

þ) Variatíon of resonance frequency with W

(b)
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In practice, it was found that, it is convenient to realize the short circuit at one

end of the patch by using conducting pins rather than using a short circuit plate, as

shown in the Fig. 2.8 [13]. These pins produce residual inductance at the patch edge

rather than realizíng perfect short circuit, so that the patch will need to be shortened

slightly. The important features of using shofing pins are well documented in the

references [14-16]. It is repofied that the use of a very small number of shoring pins,

instead of a complete short circuit, reduces the size of the quafer-wavelength antenna

considerably, without affecting its performance. In fact, the maximum reduction in

physical size can be achieved if only a single shoring post is used. From manufacturing

point of view, construction of shorting posts is much easier than that of shorting plate.

Radiating
èdge

Fig. 2.8: Shorting pins instead of shorting plate

The closer the shoring posts to the edge, the smaller the overall size of the

patch, At a fixed frequency, modified patch size can be increased or decreased

depending on the distance of the shorting pin from the feed. But there is a strong

dependence of the input impedance on the close positioning of the shoring post with

respect to the feed and once again the narrow impedance bandwidth. Fabrication, in this

case, is also difficult. By increasing the number of pins, this distance can be increased



easing the fabrication, but enlarging the patch. The radii of the pins also play an

important role in the overall size of the patch conductor, as well as the shorting pin

distance from the feed. The larger the radii of the shoring pins, the greater this distance.

So it can be said that, there is a trade-off between the number ofpins, radius ofthe pins

and the distance between the shorting pin and feed, depending on whether the overall

size of the antenna is more important or ease of its fabrication.

2.3.4 Modifying Antenna Geometry

By modifring the antenna geometry and shape, smaller antennas can be found.

The idea here is to meander the surface current, so that the effective length of the

cunent flow path becomes longer. As a result, the resonant frequency goes down which

represents a reduction in the antenna size. A good example of antenna geometry

modiftcation is the inverted-L antenna, which was derived from the monopole by

bending it. When a short circuit is added to the inverted-L antenna, the inverted-F

antenna is found [2]. This derivation is shown below inFig.2.9(a-c):

ll J+ r L¡l'l 'l [.WW
(a) (b) k)

Fig. 2.9: (a) The monopole antenna, Iength: hz),"/4, þ) the inverted-L antenna,

length: h+Lzl"/4 (c) the inverted-F antennø. À'o ís fhefree space wavelength



Short-circuit
plate

Fíg. 2.10: Planar Inverted-F antenna (PIFA)

By replacing a wire antenna by a planar element (microstrip antenna), the very

popular planar inverted-F antenna (PIFA) is found which is a good example of a

miniaturized antenna, shown in Fig. 2.10. This idea is extended to the microstrip

antenna to reduce the antenna size. Here, slots are inserted into the microstrip patch to

force the surface currents (./,) to meander, thus the effective length of the current path

gets longer, and the antenna size is reduced. One example is given below:

(a)

Fig. 2.1l: The ffict of slots in d microstrip patch antenna (a) The tnicrostrip antenna,

a4"¿/2, (b) the microstrip antenna with slots, a<.L¿/2. 1,¿ is the wavelength in dielecfric

Js

(b)



Embedded slots in the finite ground planes are also investigated to miniaturize

microstrip antennas, based on the same concept of increasing the length of current flow

path [17].

2,4 Limitations on Miniaturization of Antennas

The problems associated with different miniaturization techniques are stated

here while discussing each of them individually. Reducing the antenna size has effects

on radiation pattem, gain and impedance. Here, the main disadvantages of small

antennas are summarized:

Effect on Gain: A simple formula, which gives a practical upper limit for the gain of a

small antenna, while still having a reasonable bandwidth, is [2]:

G =(kn)'z +2ka (2.r)

Here, È is the wave number and ø is the radius of the smallest sphere enclosing the

anten¡a. So a very small antenna is not practical if an appreciable gain is needed,

Effect on Effìciency: A miniaturized antenna wíll show a higher concentration of

surface currents toward one point. Thus, ohmic losses will be enhanced, as such,

miniaturization decreases the efficiency of the antenna,

Effect on Bandrvidth: The quality factor Q ofa small antenna can be represented as

_11U= . --" (ko)' kg

Now Fractional bandwidth is

(2.2)

FBW =q=!.fo o
(2.3)



Different techniques of miniaturization increase the quality factor of the antenna, so the

bandwidth is affected due to miniaturization [2].

Effect on polarization purity: In many cases, miniaturization of an antenna

affects the polarization purity. As mentioned earlier, in small anten¡as the concentration

of the surface current is higher toward one point, which leads to cross-polarization

radiation.

Feed problem: The last limitation in antenna miniaturization is the difficulty in

coffectly feeding small antennas. From manufacturing point of view, small antennas are

complicated to feed properly.

2.5 Broadbanding Of Small Microstrip Antennas

Since miniaturization of microstrip antennas experiences very nanow

impedance bandwidth problem, several attempts have been made to enhance their

bandwidth. One popular technique is to lower the quality factor of the anterura, which

means an increase in the impedance bandwidth. This is achieved by increasing the

substrate height or by chip-resistor loading or by using meandered or a slotted ground

plane [18]. When a high substrate material is used, in case of a probe feed microstrip

antenna, a long probe pin is required, which means a large reactance for the small

microstrip antennas, thereby causing an impedance mismatch. In chip-resistor loading

technique, due to the presence of the resistor, the losses increase representing lowering

ofthe quality factor. For the slits in the ground plane, the surface currents are forced to

meander. This results in lengthening of the equivalent surface cuÍent path. The

18



fundamental resonânt frequency is thus decreased. The slits also lower the quality factor

of the antenna and increase the impedance bandwidth,

Embedding suitable slots in the microstrip patch is also a good technique to

increase the bandwidth of the miniaturized microstrip antennas. But less than two times

impedance bandwidth of a conventional microstrip antenna is achieved [lg]. Another

popular technique is to use stacked shorted patches. This technique is based on the fact

that two or more resonant modes of similar radiation characteristics are excited at

adjacent frequencies using slightly different size stacked patches and these frequencies

are combined to form a wide operating bandwidth [18]. But this technique causes the

increase in volume or size of the antenna.

2.6 Conclusion

ln this chapter, the important design parameters of a simple rectangular

micrsotrip antenna were presented. It showed that the patch length of a rectangular

micrsotrip antenna is usually half a wavelength. To make antennas smaller, common

antenna miniaturization techniques were described and, the problems of each technique

were addressed. As small microstrip antennas suffer from nauow impedance

bandwidth, broadbanding techliques, available so far, were also discussed. However,

for small microstrip antennas, the enhancement in percentage impedance bandwidth

greater than 10% is very difficult to obtain using the techniques mentioned above. A

promising altemative was proposed by Sharma et. al. in [4,5] using a microstrip

monopole slot antenna, which provides a wide impedance bandwidth. Because of its

small size and potential for wide bandwidths, it is selected as the candidate for further

study in this thesis. The next three chapters will present the detail of this study.
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Wideband Microstrip Monopole Slot Antenna

3.1 Introduction

In order to transmit voice, data and video information in wireless

communication system, wideband antennas are essential. The compactness and

lightweight in antenna size are other key issues. Small microstrip antennas are nanow

band but several techliques are reported in the literature to enhance the impedance of

microstrip antennas. Some common broadbanding techniques are the use of multimode

resonators, use of parasitic elements with main radiating pateh and the use of stacked

patches [19]. In this chapter, a wideband microstrip monopole slot antenna fed by a

microstrip line is investigated which has all these properties. At first the microstrip slot

antenna theory is discussed briefly, after that the proposed antenna is parametrically

studied. Experimental results are also presented.

3.2 Microstrip Slot Antennas

Slot line, as an altemative to microstrip line, was first proposed by Cohn [20].

The simplest form of a slot line is a nanow slot in the conductive metal layer of a

dielectric substrate. The other surface is directly exposed to air. The configuration is

shown in Fig. 3.1. Slot lines can be easilyused in microwave integrated circuits (MICs).

To use slot lines as transmission lines, the radiation from the slots should be minimized.

This can be achieved by etching the slots on high permittivity subshates. As a result, the

slot-mode wavelength will be much smaller compared to free-space wavelength. Hence,

the slot fields will be closely bound to the slot with an insigrificant radiation loss.

20
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Fí9. 3.1 ; Slot líne on high-permìttivity dielectric substrate

The slot line mode is non-TEM in nature; so the basic electrical parameters of

the slot line, such as, characteristic impedance and phase velocity, are not constant,

rather they vary with frequency. It also has no cut-off frequency; therefore, propagation

ofwave occurs at all frequencies, even at zero [21].

Resonant slots are used as radiating elements. If a very thin rectangular slot is

assumed in an infrnitely large metallic ground plane, the radiation characteristics of this

type of slot are exactly identical to those of a fictitious magnetic dipole. The radiated

fields from the slot are due to the magnetic current distribution M, which is numerically

equal to the distribution of electric voltage Z across the slot [22]. Hence, the slot can be

considered as a magnetic dipole filling the slot.

The electric and magnetic freld configurations in a slot line on a dielectric

substrate are shown in Fig. 3.2. There exists a voltage difference between the two edges

of the slot. Therefore, the electric field is present across the slot traveling from one edge

to the other. From Fig. 3.2(a), ít is evident that the magnetic fields are in a plane

perpendicular to the slot plane [3]. The surface cunent paths on the metal surface are

2t



shown in Fig. 3.2(b). The current density is highest at the edges of the slot and

decreases rapidly with the distance from the slot. At every half-wavelength interval, the

magnetic current direction changes.

Fig. 3.2: (a) Field distributíon in cross-section and þ) cutent distribution

on metal surface ofa slot line etched on a dielectríc substrate

ln microwave integrated circuits, crossing of the slot line and micrsotrip line is

very frequent. A promising wide band properfy was found when the slot line on one

side of a substrate and microstirp line on the other side cross each other at the right

angle [3], ]Vhen the slot line and micrsotrip line are far apart, the coupling between

them is not strong, but when they are close to each other, the coupling is very tight. This

coupling can be utilized intentionally to radiate electromagnetic energy when fabricated

on a low permittivity substrate material.

If a rectangular slot is etched on the ground plane of a microstrip line, with a

low permittivity substrate, placed perpendicular to each other as shown in the Fig, 3.3,

the transition between the slot and microstrip lines radiates effectively with a large

bandwidth, When the lengths of both the slot and microstrip lines are optimized

properly, a good impedance match can be found with a fairly large impedance

bandwidth.

\
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Fíg. 3.3: Microstrip line and slot line transition

The operating frequency of the microstrip-line fed slot antenna is primarily

dependent on the electrical length of the slot. But practically, it is also dependent on the

stub length and the coupling between the slot and microstrip line [23]. Some higher

orde¡ modes are excited in slot-microstrip line transition [24], which can be combined

to get a wider bandwidth, by adjusting different parameters of the microstrip slot

antenna, such as microstrip feed line length, its position over the slot line, stub length

etc. Another important property of the microstrip slot antenna is its bi-directional

radiation pattem. If this bi-directional radiation is not desired, a metal reflector can be

used on one side to force the radiation to the other side [24].

For a good impedance match, the impedance of the slot seen by the microstrip

line should be matched with the characteristic impedance of the microstrip line.

Typically a microstrip line \üith 50f) characteristic impedance is used to excite the slot

line. Hence, the microstrip line should be placed in a position over the slot in the

ground plane such that the slot impedance matches with the impedance ofthe feed line

to give effective radiation and wide impedance bandwidth.

When microstrip line crosses the center of the slot, cut on the ground plane, the

slot offers high radiation resistance compared to the characteristic impedance of the

microstrip line. For a given slot size, the radiation resistance can be reduced by three

23



possible techniques, Yoshimura showed that if the feed line is slightly displaced from

the center of the slot, the radiation resistance of the slot is less compared to that when

placed at the center [25].

Microsrr¡p L¡ne

Fig. 3.4: Offset microstt'ip feed to excite the slot

The configuration of the offset microstrip feed line to excite the slot on its

ground plane is shown in Fig. 3.4. Here d is the offset distance of the feed line from the

slot center. As d increases, the resonant frequency of the antenna decreases toward the

self-resonant frequency of the antenna 1261. The frequency independent conductance

data of the offset-fed slot in the ground plane of a microstrip line are presente d in 1271.

The theoretical and measured impedance of the center-fed and offseffed slots can be

found in [28,291. In the theoretical expression of the impedance of the slot, the authors

used complex radiated power from the radiation resistance representing the slot. The

discontinuity in the modal voltage in the microstrip line, induced due to the slot cut on

the ground plane, was also employed.

The second technique is the use of a stub tuning, where an open circuit stub is

connected to the microstrip feed line after the slot-microstrip line transition as shown in

the Fig. 3.5.
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Fig. 3.5: Stub luned mícrostrip líne-fed slot

The stub length is chosen such that the reactance ât the resonant frequency ofthe

slot antenna is cancelled by the open-circuited tuning stub [30]. By varying the stub

length, the resonant frequency can be changed and at the new frequency, the slot

impedance matches well with the characteristic impedance of the feed line.

Another technique to reduce the radiation resistance of the slot is feeding the

slot at the center but inclining the feed line, as shown in the Fig. 3.6. Here, the

microstrip line is no longer perpendicular to the slot line. The inclination angle between

the slot axis and the microship line axis is an important parameter for this type of

feeding scheme.

Microstrip Linc

Fig. 3.6: Inclined microstrip line-fed Slot



The full wave analysis for the inclined feeding technique to excite the slot was

carried out by Bhattcharyya et. al. [31]. An improved two-port network model to

analyze the inclined microstrip-fed slot antenna was presented in [26]. Here, the effects

of slot inclination angle on the impedance seen by the feed line have been studied. It

was found that as this angle increases, the resonant frequency of the antenna also

decreases.

Microstrip slot antennas are analyzed by many researchers to design the antenna

efficiently. From microwave integrated circuit point of view, both slot line and

microstrip line are present in two-level circuit design and their transition is common in

such circuits [24]. Knon represented this transition (Fig. 3.3) as a transfomer to

transform energy from the microstrip line to the slot line as shown in Fig. 3.7 [32]. He

also calculated the tum ratio of the transformer, which is an important parameter for the

equivalent circuit of microstrip-slot transition.

rfi"-ti'Ï
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Fíg. 3.7: Equivalent Circuit of microstríp-slot transition

Here, Z' is slot impedance

d", is electrical length ofslot stub

X", is equivalent reactance of shorted slot

{,," is micrsotrip impedance
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d,,,, is electrical length of micrsotrip stub

Co. is equivalent capacitance ofopen microstrip

In most of the analysis available in the literature, the researchers used this

transformer model to analyze microstrip-slot transition and microstrip slot antennas.

3.3 Proposed Micrsotrip Monopole Slot Antenna

IVide radiating slots in the ground plane of a micrsotrip line is analyzed in [33].

The analysis is different from the narrow slot analysis discussed in the previous section

because in the case of a wide slot, both components ofthe electric fields in the slot have

been considered, The analysis is based on the method of moments (MoM). If the slot

width increases, the radiation resistance ofthe slot increases which leads to a reduction

in the impedance bandwidth [34]. Efforts were made to increase the impedance

bandwidth of a microstrip line-fed slot antenna by a T-shaped and forklike tuning

stubs, located within the slot [34, 35]. In [5], a monopole slot cut at one comer of the

ground plane edge, fed by a microstrip line of 50O characteristic impedance, was

presented with simulated and experimental results. This antenna shows a wide band

property. In this research work, a monopole slot at the center of one of the edges of the

ground plane of a 50Q microstrip transmission line is parametrically studied. Its

radiation characteristics are also investigated.

The antenna geometry with the co-ordinate system is shown in Fig. 3.8. A

monopole slot is cut at the edge of the ground plane of a microstrip line. The slot is at

the center of the ground plane of width, G¡y. Its length Zs = 30 mm is a quarter

wavelength in free space at 2.50 GHz The slot is electromagnetically fed by a 50O



microstrip transmission line. A 50Q SMA probe is connected to the feed line, to excite

the slot as shown in the Fig. 3.8. After several simulations, initial design parameters

were chosen as tabulated in table 3.1. A low-cost substrate material FR-4 was used for

simulation. The stub length, ,91 and feed line length, / are two important parameters of

this antenna. The feed length is measured from the probe position to the slot center and

the open-end stub is also considered from the slot center to the opposite side, as

indicated in Fig. 3.8. The feed line position along the slot line with respect to the rim of

the ground plane is Z¡.

Microstrip

Feed line

50 ohm

pfobe

Fig. 3.8: The geonetry of the microstrip monopole slot antenna on the ground

plane of a microstrip line along wíth the co-ordìnate systenx

SMA probe



Table 3.1 : Initial design parameters of fhe antenna in Fig. 3.8

Ground Plane Width, G¡y 50 mm

Ground Plane LenCth, G 80 mm

Slot Length, Zg 30 mm

Slot Width,,9," 7mm
Feed Line Position, Z¡ 15.2 mm

Microstrip Line Characteristic Impedance 50e)

Microstrip Line Width 1.528 mm

Substrate Dielectric Constant, á¡ ¿.\

Substrate Height, å 0.8128 mm

Loss Tangent, laná 0.02

3.3.1 Parametric Study

As it is evident from the above discussion, this antenna has numerous

parameters such as ,St, fl, L¡, Sw, Gv, Gu €r and h, each of which having significant

effect on its impedance bandwidth and operating frequency. In this section, these effects

are studied individually. I¡ order to understand the behavior of each of the parameters

appropriately, only one of the parameters is varied at a time, keeping the rest fixed.

Here, -10 dB retum loss bandwidth is considered. The simulation work is carried out

for impedance bandwidths (&r: -10 dB), using a Method of Moments (MoM) software

Ensemble 8.0 [36]. The radiation patterns are investigated using HFSS 8.0 which is

another software based on the Finite Element Method (FEM) [37]. The simulation

results are confirmed by experimental verifications at the end.

3.3.1.1 Effect of Stub Length

The stub length is an important pârameter in microstrip line-fed slot antenna. In

this study, the microstrip line is terminated by an open-end stub. To study the effect of



the open-end stub, its length is varied for a fixed length of the microstrip feed line ( 18.5

mm). Other parameters are kept constant as in table 3.1. It was mentioned previously

that, the slot length is primarily responsible for the resonant frequency. Also the stub

length plays a role in determining the operating frequency of the anten¡a. It can be

stated from Fig. 3.9 and table 3.2 that, the stub length has effect on both the operating

frequency and impedance bandwidth of the antenna. As the stub length increases, the

frequency for the minimum &r decreases which indicates that the operating frequency

decreases with the increase in the stub length. As the stub length increases from 4 to 6

mm, the impedance bandwidth increases ftom 29.9% (3.4I to 4.61GHz) to 51.2% (2.54

to 4.29 GHz). If it is increased further, the bandwidth decreases. But it is signifrcant to

note that, the lower end frequency limit continues to decrease. A decrease in the

operating frequency indicates a relative reduction in the antenna size.

3.5 4

Frequency (GHz)

Fig. 3.9: The ffict of varyíng stub length (St) of the slot antenna in Fíg. 3.8 on its

relurn loss. Other parametet's are kept the same as ìn Table 3.1.
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Table 3.2: The ffict of varying the stub lengrh (St) on the i,npedance bandwidth and

operaling frequency of the antenna ín Fíg. 3.8

.Sl

(mnt)
Frequency Limits

(GHz)
Center Frequency

(GHz)
Frequency for min. .f¡¡

(GHz)
BW
(%)

4 3.41 - 4.61 4.01 4.4 29.9%

5 2.89 - 4.47 3.68 3.4 42.9%

6 2.54 - 4.29 3.415 3.12 51.2%

7 2.38 - 3.39 2.895 2.64 34.9%

8 2.28 -3.24 2.76 2.52 34.8%

9 2.21 -3.03 2.62 2.44 31.3o/n

3.3.1.2 Effect of Feed Line Length

The microstrip feed line, on a dielectric substrate, is used here to excite the slot

in its ground plane. The characteristic impedance is chosen to be 50Q. The variation of

Srr for different feed line lengths, /, with a fixed value of ,S¡ = 6 mm, is shown in Fig.

3.10. It is evident that when / is increased from 15 mm to 19 mm, the impedance

bandwidthincreases from29.40%o(2.55to3.43 GHz)to 51,60%(2,53 to4.28GHz), If

it is increased Íhrther, the bandwidth reduces. The frequency for minimum Sr¡ increases

with the increase in the feed line length. It should be noted here that, the increase in the

feed line length has an effect on the upper end frequency limit. As the stub length is

fixed at 6 mm, the lower end frequency remaining constant with the increase of feed

line length, but the upper end frequency increases, increasing the bandwidth. But for the

selected small g¡ound plane, this increase inl has a practical physical limit. A¡ increase

in the bandwidth is also strongly dependent on the stub length and slot size.
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Fig. 3.10: The ffict of varying the feed line length (fl) of the slot antenna in Fig' j'8 on

íts retutn loss Other parameters are kept the same as in Table i ' l '

Table 3.3: The effect of varying feed line length (I) on the impedance bandwídth and

opetaling frequency of the antenna in Fig' 3 8

(mnt)

Frequency
Limits
(GHz)

Center
Frequency

(GHz)

Minimum 'l¡l
(dB)

Frequency for
minimum'll

(GHz)

BW
(%)

15 2.6 -3.39 2.995 -15;7 3.r2 26.4%

t6 2.55 -3.43 2.99 -t'7.0 3.12 29.4%

t7 2.55 -3.51 3.03 - 19.0 3.08 3t;1%

18.5 2.54 - 4.29 3.415 -24.2 3.12 5t.2%

19 2.53 - 4.28 3.39 -26.8 3.12 5t.6%

20 2.54 - 4.1 3.32 -27.1 3.2 4'.7%



3.3.1.3 Effect of treed Line position

The feed line position (Lr) playsan important fl
the srot, consequentry on the impedance bandwidth. ,n.rt. 

"n 
the radiation ¡esistance of

: effect of varying Z¡ is shown inFig. 3.l l fo¡ J¡ = 6 mm and fl = Ig.5 mm. It has significant effect on impedancebandwidth and on the frequency fo¡ minimum s¡r' As we can see f¡om Fig. 3.13,inc¡ease rn L1 from 11.2 mmto 13.2 mm gives an incrt
(3 ro 3.84 GHz) to s2.8% e.62 to 4.5 GHz)..".r:':.'::::dwtdt.hrrom24.6%
bandwidth and at Lr= 18.2, rhe bandwidth ¡educes to ,, .':.' 

'n""ut" in ¿/ reduces the

5% Q.4S to 3.27 GHz). In therange Lr= 13.2 to 16.2 fift, mo¡e than SÚ%bandwidth 
c¿

minimum &1 goes down from 3.4 to 2.g GHzu. zrin.r"ur,t 

be achieved. Frequency for

:s from I I .2 to l g.2 mm. It isnecessâry to mention at this point that when the slot is fed
mm), the bandwídth is 51.2g

changesrheoperaringrreque,:r::":;"^:-:;;'Ï":":ïïÏ:'i:";^"

3.5
Frequency (cHz)

Fig 3'r I 
" 

The efect of varying thefeed tÌne position (L) of the srot anrenna ín Fig. 3.gon its return loss. Other paratnetens are kept tle s-ame as in Table 3.1.



Table 3.4: The effect of varying feed line position (Ll on the impedance bandwidth and

operating ft'equency of the antenna in Fig. 3.8

L¡
(mm)

Frequency Limits
(GHz)

Center Frequenc¡
(GHz)

Frequency for min. 
^l77

(GHz)
BW
(%)

0.2 3.16 - 3.75 3.455 3.44 t7%

t.2 3.0 - 3.84 3.42 3.4 24.6%

2.2 2.8 - 4.54 3.67 3.36 47.4%

5.2 2.62 - 4.s 3.s6 3.28 52.8%

4.2 2.59 - 4.41 3.5 3.24 52%

5.2 2.54 - 4.29 3.41s 3.12 51.2%

6.2 2.5r - 4.2 3.355 3.0 sr.4%

7.2 2.5 - 3.4 2.95 2.88 30.5%

8.2 2.48 - 3.27 2.875 2.8 27.5%

3.3.1.4 Effect of Slot Width

As the width ofthe slot changes, the radiation resistance of the slot also changes.

Fig. 3.12 shows the eflect of varying the slot width, while the feed line length (l| is

kept fixed at 18.5 mm and the stub length (Sl) at 6 mm, on its impedance bandwidth. It

reveals that, bandwidth increases from 24%o (2.75 to 3.5 GHz) to 52.4% (2.56 to 4.38

GHz) as ,S¡7 decreases from 11 mm to 5 mm (Table 3.5). But, if it is further decreased,

the bandwidth decreases. Between,Srz= 3 mm to 7 mm, a bandwidth in excess of 48% is

achieved. The reduction in the bandwidth due to the decrease in slot width can be

attributed to reduction in the radiation ¡esistance, hence the impedance bandwidth of the

antenna increases.
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Fig. 3.12: The effect of varying slot width (S¡) of the slot antenna in Fíg. 3.8 on its

return loss. Other parameters are kept the same as in Table 3.1.

Table 3.5: The effect ofvarying slot width (Sw) on the impedance bandwidth and

operating frequency of the antenna in Fíg. 3.8

---*-Sw=2mm
---+-Sw=3mm

Sw=4mm
'--:,i'''Sw = 5 mm
---+-Sw=6mm

-¡-Sw=7mm
-r-Sw=8mm

-Sw= 
I mm

*._Sw = 10 mm

Sw=11mm

Sw
(mm)

Frequency Limits
(GHz)

Center Frequency
(GHz)

Frequency for min. S¡7
(GH?)

BW
(%)

2 3.33 - 4.s 3.915 4.24 29%

3 2.71 - 4.44 3.575 4.t6 48.4%

4 2.61 - 4.4 3.505 3.4 51.1%

5 2.56 - 4.38 3.47 3.28 52.4%

6 2.55 - 4.32 3.435 3.2 515%
7 2.54 - 4.29 3.415 3.12 5t.2%
8 2.56 - 3.56 3.06 3.08 29.2%

9 2.6 - 3.49 3.045 3.08 26.5%

l0 2.65 - 3.46 3.055 3.08 265%
1l 2.75 - 3.5 3.125 3.16 a /lO /



3.3.1.5 Effect of Ground Plane Width

A change in the ground plane width or length means a change in the overall

antenna size. As mentioned earlier, the space available in the ground plane, after the

slot, can be utilized for the electronio circuitry, the ground plane size is an important

factor. Moreover, the ground plane size has an effect on the radiation pattem of the

ântenna. For this reason, the effects of varying the ground plane width and length are

studied next. Fig, 3.13 shows the effect of varying ground plane width, Gw whíle

keeping,St = 6 mm and/ = 18.5 mm. When Gry is increased from 40 mm to 60 mm, the

-10 dB retum loss bandwidth enhances from 25.8%o (2.74 to 3.55 GHz) to 55.2%o

(2.44 to 4.3 GHz). If it is inc¡eased further, the bandwidth goes down. In the range

Gv = 50 mm to 60 mm, bandwidth in excess of 5l%o can be achieved but at the expense

of increasing the frequency (from 3.12 to 3.96 GHz) for minimum .i¡¡. It should be

mentioned here that the lower end frequency limit of the anterma goes down from

2.54 GHz to 2.44 GHz in the above-mentioned range.

Frequency (GHz)

Fig. 3.l3: The effect of varying ground plane width (G¡y) of the slot antenna in Fig. 3.8

otx its return loss. Other paranteters øre kept the same as in Table 3.1,
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Table i.6: The effect of varying ground plane width (Gw) on the impedance bandwidth

and operating frequency of the antenna in Fíg' j'8

Gw

Qnnt)

FrequencY Limits

(GHz)

Center FrequencY

(GHz)

Frequency for min. Sr¡

(GHz)

BW

(%)

40 2;14 -3.55 3.r45 3.08 2s.8%

45 2.62 - 3.58 3.1 3.04 31%

50 2.54 - 4.29 3.415 3.12 5r.2%

55 2.49 - 4.33 3.41 3.16 s4%

60 2.44 - 4.3 3.3'7 3.96 55.2%

65 2.8 - 4.22 3.51 3,84 40%

'70 2.88 - 4.16 3.52 3.8 363%

75 2.94 - 4.07 3.505 3.tL 32%

3.3.1.6 Effect of Ground Plane Length

The influence of varying ground plane length (G¿) is shown in Fig' 3'14 with

,9¡ = 6 mm andl = 18.5 mm. It Shows that from G¿: 50 mm to 90 mm, the impedance

bandwidth is always greater than 40%, indicating less effect of varying the ground plane

length on the bandwidth.
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9"0
6 -rs
rì
3 -zo

b
d--

-30

2 2'5 t 
""ou"tå 

to'"' 
o

Fig. 3.14: The effect ofvarying ground plane tength (G) of the slot antenna in Fig' j'8

ott its teturn loss' Others parameters ate kept the søme as in Table 3'l'

m
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Table 3.7: The effect of varying ground plane length (G¿) on the impedance bandwidth

and operatíng frequency of the antenna in Fig. 3.g

GL
(mnt)

Frequency Limits
(GHz)

Center Frequency
(GHz)

Frequency for min. 57¡
(GHz)

BW
(%)

50 2.67 - 4.1 3.3 85 2.98 42.20/n
55 2.65 - 4.05 3,35 2.92 4t.8%
60 2.6 - 3.99 3.295 2.88 42.2%
65 2.57 - 3.89 ).25 2.84 40.9%
'70 2.55 - 3.8 3.175 2.84 39.4%
75 2.55 - 4.34 3.445 3.2 52%
80 2.54 - 4.29 3.415 3.12 5t.2%
85 2.55 - 4.21 3.38 3.08 49.r%
90 2.55 - 4.1 3.325 3.04 46.6%

From rable 3.7, it is found that, with GL= 75mm, a bandwidth of 52% (2.55 to

4.34 GHz) is achieved. In the range Gt = 75 to g5 mm, more than 49To impedance

bandwidth is achieved. The variation in the frequency for the minimum,sT¡ is not that

much significant.

3.3.1.7 Effects of Dielectric Substrate permittivity

High permittivity substrate materials are not good for radiation, because they

trap the electric fields inside the substrate. They also have the effect on the impedance

bandwidth of microstirp antenna. Keeping St = 6, fl = 1g.5 mm and rest of the

parameters fixed as in table 3.1, the effect of varying only q. on the impedance

bandwidth of the antenna under consideration is shown in Fig. 3.15. A bandwidth in

excess of 490lo is achieved with €,, =2.5 to 4.5. with €, = 4.5, 51.2% (2.54 to 4.29 GHz)
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bandwidth is found. If ¿, is increased furlher, the bandwidth goes down. The frequency

for the minimum S¡¡ goes down from 3.68 GHz to 2.76 GHz when ¿j" is increased from

2.5 to 10.2.

2 2'5 t 
,r"ou"lJ, 1o,.¡ 

o 4s 5

Fig. 3.15: The effect ofvarying the substrate permittivity (e,) of the slot antenna in Fig'

3.8 on its return loss, Other paranteters are kept the same as in Table 3'l '

Tabte 3.8: The ffict of varying the substrate pennittivity (e) on the impedance

bandwidth and operating frequency ofthe antenna in Fíg' 3'8

(mnt\
Frequency Limits

(GHz)
Center Frequency

(GHz)
Frequency for min. ,917

(GHz)
BW
(%)

2.5 3.08 - 5.13 4.105 3.68 s0%

3.3I 2.75 - 4.57 3.66 3.32 49.7%

4.5 2.54 - 4.29 3.415 3.12 51.2%

t0.2 2.03 -3.04 2.52 2.76 40%
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3.3.1.8 Effects of Dielectric Substrate Height

The impedance bandwidth of microstrip antenna is sensitive to the height of the

dielectric substrate. kr Fig. 3.16, the effect of using dielectric substrate materials of

different height (å) is shown. Here also, ,t/ = 6 mm and, fl = 19.5 mm. When h = 0.8128

mm or higher, the impedance bandwidth is 47 .2% (2.67 to 4.32 GHz) or more. But with

h : 0.609 6 mm, the bandwidth is only 1 9.9% (2.63 to 3.21 GHz).

22.533.544.55
Frquency (GHz)

Fig. 3.16: The ffict of vary¡ng îhe substrate height (h) of the slot antenna in Fig. 3.8 on

íts return loss. Other parameters are kept lhe same as in Table 3.1.

Table 3.9: The effect ofvatying the substrate height ft) on the impedance bandwidth

and operating frequency of the antenna ín Fig. 3.8

h
(ntnt\

Frequency Limits
( GFIz\

Center Frequency
(GHz.\

Frequency for min. S¡1
(GHz\

BW
( o/"\

0.6096 2.63-3.21 ) o') 2.76 199%

0.8128 2.s4-4.29 3.415 3.12 51.2V.

1.2192 2.67-4.32 3.495 3.44 47.2%

l--+-h=0.60961.tt
-r- h=0.81281tl, _h=1.21921



From the above parametric study, it is apparent that this microstrip-line fed slot

antenna is potentially a very wide band antenna. For each of the parameters, -10 dB

refum loss bandwidth above 50o/o is achieved. Moreover, any desired bandwidth,

ranging from l0% to 53%, can be found only by changing these parameters. Among

these, stub length (St), feed line length (I) and its position (L¡) appear to be the most

vital parameters.

ln the Smith chart study for all these cases, it was found that the input

impedance locus for each case traces one or multiple loops, which is a representation of

wide band property of this antenna. These smith charts are not íncluded here for

brevity, but for cefiain cases, these will be added later. For a given slot size, the loop

diameter on the smith chart is increased when the feed line position (z) is increased,

This specifies that, the coupling between the feed line and slot is less when the feed line

is close to the shorted end of the slot. The stub length changes the reactance ofthe slot

antenna. Therefore, stub can be used to rotate the loop on the Smith chart.

Since, for each parameter, the peak bandwidth is 50% or larger, as mentioned in

the previous discussion, we can expect that ifthose parameters are chosen, an optimum

antenna design can be obtained which will have an impedance bandwidth of 50% or

more. For S¡z = 3 mm, Gw= 50 mrn, GL = 80 mm, the stub length (Sl), feed line length

(fl) and feed line position (Z) are varied according to the parametric study to get an

optimum design. With ,tl : I mm, fl = 18.5 mm and Lr : 15 mm, an impedance

bandwidth of 56.17%o (2.42 to 4.31GHz) is achieved, which is larger than that of any of

the cases in the parametric study. The simulated retum loss for this optimized case is

shown in Fig. 3.17(a).
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Fig. 3.17: Simulaîed (a) retutn loss and þ) ínpedance plot of the antenna in Fig 3 8

wíth Sw=3ttnt, L¡lSmn, fl=]8 Sntnt' St=8 mm' Other paranteters are the same

as in Table 3' I '



h Fig 3 r7(b), the input impedance of this antenna is shown on a smith chart.

The presence of multiple loops, close to the center of the smith chart, indicates

wideband and good impedance matching of this antenna to tho 50., sMA probe. It

should be noted that here ,Sl = 0.U"¿ and fl = 0.4.1¿ where .L¿ is thewavelength in the

dielectric at center frequency.

The radiation characteristics are important for any antenna. The radiation

pattems for the above-mentioned antenna are simulated using HFSS g.0. The simulated

gain pattems at 3.6 GHz for two principal planes are demonstrated in Fig. 3.1g. In

/ = 0o plane, shown in Fig. 3. 18(a), E 6 is the co-polarized component and radiates arong

b¡oadside direction. The radiation is maximum at g = 0o and 1g0o, which is a

representation of bi-directional radiation as expected for the slot. _Er component is the

cross-polarized component in this plane and it has peak radiation is along 0 = +9f and

-90o. As this is a wide slot, .Ðc component is also strong due to the surface cur¡ents

along the width of the slot as shown in the cunent distribution plot in Fig, 3.19.

Both Es and, E6 in the çl = go plane are symmetric as the slot is symmetrically

placed in the ground plane. The induced currents in the ground plane are also

s)'rnmetric. It is known that the surface current density is higher around the slot. These

cunents are the main source of radiation. In the /= 90o plane in Fig, 3.1S(b), E¿ is the

co-polarized component and this is due to the cur¡ents along the slot side. From the

figure it is clear that it has omni-directional radiation pattem. since the srot length is

monopole, this radiation pattem is expected. The gain is greater than 0 dBi in the whore

0 variation with peak gain of 2.6 dBi along 0= 1700.
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Fig. 3.18: Simulated gain pattern at 3.6 GHzfor the antenna in Fig. 3.8 reith Sv= 3mm,

L¡= 1Srnn,fl : l\.Smnt, St: I mm at (a) þ: f and þ)þ= 9f .

Other parametet's are the sante as in Table 3.1 .



Fig. 3.19: Simulated surface current distributiôn on the ground plane at 3.6 GHz for the

antenna in Fig. j.8 with Sw= 3mm, L¡= l5mm,fl : 18.5tnm, St: I mm. Other

parameters are the same as ín Table 3.L

If the dielectric substrate permittivity and height are changed, the width of feed

line will have to be changed for 50O characteristic impedance of the feed line. ln the

parametric study, tho effects of using different substrate material and height were

studied with a fixed feed line vvidth. For a given slot size, it was found that the same

impedance bandwidth and radiation characteristics can be obtained for different

substrate materials, if the same electrical lengths of stub and feed line are used. Earlier

it was demonstrated that in FR-4 substrate (e, = 4.5, h : A.8128 mm and tan6 = 0.02),

an impedance bandwidth oî 56.17Yo (2.42 lo 4.31 GHz) was achieved with St = 0.22¿

andfl 
= 

0.M.¿, where ).¿ is the wavelength in dielectric at center frequency. The width of

the microstrip line is chosen such that its characteristic impedance is 50O on FR-4

45



substrate. Now, when the dielectric material is changed (q = 2.5, h : 1 .57 mm and tan6

:0.02), the electrical length of the feed line and stub is kept same as the previous case,

that means St = 0.21,¿ anð, fl = 0.44¿, where l¿ is the wavelength in new dielectric at

center frequency. The width of the microstrip line is also changed such that its

characteristic impedance is 50O on this substrate. The simulated ¡eturn loss and input

impedance for this antenna are shown in Fig. 3.23(a) and (b) with the parameters ofthe

antenna. The bandwidth for -10 dB retum loss of this antenna is 58.8% (2.46 to 4.51

GHz), which is very close to the bandwidth of the antenna on FR-4 substrate. In the

input impedance plot, the loop is at the center of the Smith chart. It means that this

antenna is matched well to the 50Q SMA probe in this frequency range.

F¡equency (GHz)

Fíg. 3.20(a)
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Fig. 3.20 contd.

Fig. 3.20þ)

Fig. 3.20: Simulated (a) return loss and (b) input impedance plot of the antenna ín

Fig. 3.8 with S¡y: 3mm, L¡= ISnun, fl = 24mm, St = 1l on a substrate with ê,= 2.5,

h = 1.57 mm and tan6 = 0.001. Microstríp feed line and SMA probe are of 50d)

The simulated gain pattern at 3.6 GHz, in principal planes, are shown in

Fig. 3.21 (a) and (b) for the anten¡a on a substrate with ¿": 2.5, h = 1.57 mm and

tqn6 = 0.001 . Like the antenna on the FR-4 substrate, it shows a bi-directional radiation

in the p = 0o plane. h the ø: 90o plane, E¿ component is the co-polarized component,

and here also, it shows an omni-directional radiation pattem. In this plane, the

cross-polarized component is E¿ and its level is slightly up compared to that in

Fig. 3.18(b) because of the increased substrate height. It can be stated at this point that

this study can be applied for the use ofany substrate material with different heights. Of

course, for good radiation, low-permittivity materials should be used.
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Fig. j.2l: Símulated gain pattern at 3.6 GHzfor the antenna in Fig. 3.8 with Syy= J¡¡7¡,

Ly= ISnun,fl:24mm, St = ll on a substrate with e,= 2.5, h = 1.57 nmandtan6=

0.001 at (a) þ: 0' and þ)þ = 9f . Microstrip feed line and SMA probe are of 50e.
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3.4 Experimental Verification

ln order to confirm the simulation results, the antenna discussed at the

end of previous section was chosen for fabrication. The dielectric substrate used has

relative permittivity, e, = 2.5, height, h = L57 mm and loss tangent, tan6 = 0.00I.

A monopole slot of length, Z": 30 mm and width, ,S,r: 3 mm was cut on the finite

ground plane edge. The ground plane size was 50mmx80mm. The slot was fed

electromagnetically by a 50O microstrip line, which was excited by a 50 O SMA probe.

Its simulated retum loss and input impedance plot, obtained using Ensemble 8.0 [37],

were shown earlier in Fig. 3.20(a) and (b). The stub length, feed line length and feed

line position were also mentioned in that figure. The antenna was tested in the Antenna

Laboratory at the University of Manitoba. The retum loss and input impedance were

measured by ÀNRITSU ME7808A Network Analyzer and shown in Fíg. 3.22 (a) and

(b). Its -10 dB retum loss bandwidth from simulation was 58.8% (2.46 to 4.51 GHz),

while the measured bandwidth was found to be 59.97o/o (2.51 to 4.66 GHz).
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Fig. 3.22 contd,

Þ Marker 1

2.51 GHz
Þ Marker 2
4.66 GHz

Fis. 3.22þ)

Fig. 3.22: Measured (a) return loss and þ) input impedance plot of the antenna ín

Fig. 3.8 with S¡v: 3mm on a substrate with e, = 2 5, h = 0.787mm and tanõ = 0.001

using d tuning stub. Other paranrcters dre mentioned in Fíg. 3.20

Since this antenna is ân omni-directional antenna, it radiates in all directions. As

such, the reflections ofthe ¡adiated \ryave occur from the cable, devices and the walls in

the lab. In simulation, these practical issues are not taken into account. For this reason,

while measuring the antenna, a slight mismatch was found at the input of the antenna,

which was compensated for, using a simple tuning stub on the microstrip line.

Considering these practical issues, both the simulated and measured results are in good

agreement.

2.ø01258øøø - 6.ø0øÉZSø00 0Hz
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The radíation characteristics of the fabricated antenna were also measured in the

anechoic chamber in Antenna Laboratory at the university of Manitoba and its gain

pattems at three frequencies, within the frequency band, are compared with the

simulated results, in two principal planes, in Figs. 3.23-3.25. The simulation results

were found using HFSS 8.0. The fabricated antenna was mounted on a dielectric

support to keep it away from the tower. since the antenna is very small in size and it has

a bi-directional radiation property, its interaction with the dielectric support is obvious.

For this reason, some ripples appeared in the measured gain pattems, as can be seen in

Figs' 3 '23-3.25 However, in comparison with the simulated gain pattems, it is apparent

that the measured gain pattems are close to the simulated ones.

In Frg. 3.23, the comparison of the simulated and measured gain pattems of the

ante ra at 3.1 GHz is presented. The peak of the E, component in both cases was

directed along 0 = 00 and 1800 in the /= 00 plane, showed in Fig. 3.23(a), which

represents bi-directional radiation pattem. Measured peak gain was 3.29 dBi along

d= 1800 in this plane. The measured cross-polarized component Eø, in this plane, was

slightly higher compared to that of simulated one. In the ø: 900 plane, in Fig. 3.23(b),

E, ís the co-polarization component and shows omni-directional radiation pattem for

both simulated and measured cases, though, some ripples were present in the measured

results due to the interaction between the antenna and the dielectric support. The

measured cross-polarized component E, was also higher in this plane compared to that

of the simulated one, because of the presence of the dielectric support. Measured peak

gain, in this plain, was 4.13 dBi along 0=1560.



lnFig,3.24, the comparison between the simulated and measured gain pattems

at mid-frequency (3.6 GHz) is presented. In the 6= 00 plane, inFig.3.24(a), measured

¿'d component was lower compared to the simulated one. ln measured cross- polarized

component .E', , the ripples tvere present. ln fhe þ : 900 plane, ín Fig. 3.24(b), E,

component represents an omni-directional radiation pattern for both cases. The

measured gain was in between -1 .56 to +1.6 dBi in the whole d variation. The

measured cross-polarization level \pas higher, in this plane, compared to the simulated

one, again, due to the dielectric support holding the antenna with the measuring system.

At 4.2 GHz, the measured and simulated gain patterns are compared in Fig.

3.25. In the /=0oplane, in Fig. 3.25(a), the measured E, component level was also

higher at this frequency, compared to the simulated one; therefore, the measured E,

component was slightly below the simulated component. In the þ = 900 plane, in Fig.

3.25(b), both measured and simulated Eþ components are representing an

omni-directional radiation pattem. Surface currents along the slot length, on the ground

plane, were responsible for this radiation. The measured À, component was dominant

here also due to the interaction between the antenna and the dielechic support. This

created ripples in the measured radiation pattems.

Measured and simulated retum loss, input impedance and radiation

characteristics agree well with some exceptions due to the small size ofthe antenna, its

bi-directional radiation property, less control on reflection from the nearby objects and

its dielectric support for mounting. Hence, this experimental verification confirms the

accuracy of the simulation results,
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Fig. 3.2j: Measured and simulated gain patterns at 3.1 GHz for the antenna in Fíg. 3.8
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Fig. 3.24: Measured and simulated gain patterns at 3.6 GHz for the antenna in Fig. 3.8

with Sv:3mm on a substrate with 6¡=2.5, h=0.787 mtn and tqn6=0.001 at (a) þ=f
(b) FgCf . Other parantetet's are mentioned in Fig. 3.20
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3.5 Conclusion

In this chapter, microstrip line-fed slot antenna was sfudied extensively.

The theory of microstrip slot antennas was reviewed briefly. A slot in the ground plane

of a microstrip line can be fed centrally. Again, slightly offset feed line or inclined feed

line can be used to feed the slot. Each of these feeding techniques has the effect on the

radiation resistance of the slot. Stub tuning is also a widely accepted technique in

microstrip line-fed slot antenna to match the impedance ofthe slot to the characteristic

impedance of the microstrip feed line. A monopole slot on the center of the ground

plane edge was investigated parametrically. The effects of varying individual parameter

on its impedance bandwidth were discussed. The radiation pattems ofthe antenna were

also studied. A prototype antenna was fabricated and measured. The simulated and

measured results of the antenna for its bandwidth, input impedance and radiation

characteristics were compared, which showed good agreements. Measured impedance

bandwidth of this antenna was about 60% (2.51 to 4.66 GHz) with an omni-directional

radiation pattem.
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CrtAØItEKFoütK

Microstrip L-Slot Antenna for Wideband Operation

4.1 Introduction

This chapter deals with microstrip monopole L-slot antenna. This antenna

exhibits a very wide impedance bandwidth. In chapter three, a straight slot cut at the

center of the ground plane edge was discussed in detail. If the slot is bent, we will get

L-shaped slot, This shape will provide more space in the ground plane to be used by the

electronic circuitry when the overall slot length is kept at a quarter-wavelength.

Moreover, it provides even a wider impedance bandwidth. The position of the feed line,

its length and stub length have immense effects on the impedance bandwidth and

operating frequency of the antenna as was in the straight slot case. These effects are

investigated along with the radiation pattem for different feed line schemes.

Experimental results are also presented at the end ofthis chapter.

4.2 Microstrip Monopole L-Shaped Slot Antenna

The geometry of the antenna is shown in Fig. 4.1. The L-shaped slot is

positioned at one edge of the ground plane and fed by a microstrip line. The slot starts

from the center of the ground plane edge and then tums to its right to resemble an

English letter "L" form. In fact, the L-slot can be considered as one vertical slot of

lengfh L¡ and one horizontal slot of length Z2 connected at their ends. The slot width is

uniform along its length except at the bend. The width of the microstrip feed line is



chosen such that the characteristic impedance of the line is 50 O, based on the relative

permittivity and height of the feed line substrate. The feed line is excited by 50 O SMA

probe as shown in the figure. For the low-cost FR-4 substrate with s,: 4.5, h = 0,8128

mm and tan6: 0.02, the feed line width is calculated to be 1.528 mm,

Fíg.4.1: The geometry of the L-shaped slot antennafed by a 50 Q straight feed line with

the co-ordinate system: Gv = 50mm, Gt = 80mm, Sv=7mm (except at the bend),

Lt = lB.Stnn, Lz= ll.5nm, on a substrate with e,=4.5, h = 0.8128mm and tan6 = 0.02

50 ohm

SMA Þrobs



4.2.1 Straight Feed Line

At first a straight feed line is used to feed the L-slot as was used to feed the

rectangular slot on the ground plane, discussed in chapter th¡ee. Both feed line and stub

lengths, (l/) and (Sl) respectively, are measured from the center of the slot Z¡. By

selecting proper feed line length (/\, feed position (Lr) and stub length (St), the

operating frequency of the antenna can be changed, and an extremely wide impedance

bandwidth can be achieved as well. In fact, by changing these parameters, the

impedance of the slot can be matched with the impedance seen by the feed line. This

ensures less reflection of power at the slolmicrostrip line transition. Wirhfl = 18.5 mm,

,91= 9 mm and, Lt= 11 mm, an impedance bandwidth of 82.1% (2.24 GHz fo 5.36 GHz)

is found. The simulated retum loss is shown inFig.4.2 where the variation of ,S¡ with

frequency is presented.
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Fíg. 4.2 contd.

Fig. a.2þ)

Fí9. 4.2: Simulated (a) return loss (S ¡ ¡ vs. frequency) and þ) input itnpedance plot

for L-shaped slot antenna ín Fig. 4. L L¡= I I mtn, fl = I8.5mm, St = 9mm. Other

parameters are the same as in Fíg. 4.1

The impedance bandwidth is much g¡eater than that of a rectangular straight

monopole slot case, discussed in chapter th¡ee. In a straight slot case, the coupling

between the feed line and slot excites several modes and two of them are dominant.

They are indicated by a single loop on the Smith chart and two nulls on the retum loss

plots, as shown in Figs. 3.20(a) and (b). Fig.4.2(a), however, shows four nulls on the

retum loss plot and three loops in the Smith chart in Fig. 4.2(b). Thus, an L-shaped

monopole slot shows four dominant resonances. It appears, therefore, that the two

orthogonal arms of the slot act as separate and tightly coupled resonators and their

mutual coupling displaces their resonances towards lower and higher frequencies, as

shown in Fig. 4,2, This phenomenon enlarges the bandwidth significantly.



The cunent distribution of the microstrip slot antenna at 4.1 GHz is provided

next which will give a good insight for the radiation pattem and polarizatíon. Since slot

is present on the ground plane, current dishibution is not uniform on the ground plane.

Rather, the current is very strong at the slot edges, and its density is higher around the

slot than that in other regions of the ground plane. The circulating currents around the

slot are the main source of radiation and the rest of the induced ground plane cuffents

will only aid the main radiation from the slot. Hence, the electric field across the slot

has both x- and, y- components (refer to Fig. 4.1 for co-ordinate system), which is

evident in the radiation pattern plots in Fig. 4.4.

Fíg. 4.3: The current distributíon at 4.I GHz of the antenna in Fig. 4.1 . L¡= I I mm, fl =

I8.5mm, St: 9¡nm. Other parameters are the same as in Fig. 4.1
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From Fíg. 4.4(a), ít is apparent that the slot antenna has a bi-directional

radiation. In the þ = 0o plane, .Ðp is the x-polarized component and has the peak

radiation al 0: 0o and 180o. This radiation is from the Z2 slot along the.x- axis. Again,

for the Z7 slot, the Jr-component or E, component is dominant. Since, the geometry of

the slot is asymmetric, both E¿ and .Eø components are asymmetric in this plane, ln the

ç = 90o plane in Fig. 4.4(b), y-directed currents radiate effectively so that almost an

omni-directional radiation pattem is found which is represented by Er. The gain is

greater than 2 dBi in the range 0 = 450 to 1400, and greater than 0 dBi along the entire g

variation. Compared to straight slot case [see Fig. 3.21(b)], the.x-directed component.Ee

is higher in this plane. The reason behind this is, once again, the presence ofthe ¿2 slot

along the.r- axis.
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Fig. 4.4 contd,

-180 -135 -90 -45 0 45 90 135 180

Theta (deg¡ees)

Fig. a.aþ)

Fíg. 4.4: Simulated gain patterns at4.l GHzfor the antenna shown in Fig. 4.1 at

(a) þ = 0" and þ) þ = 90o planes. The parameters are given in Figs. 4. t and 4.2

4.2.2 lnclined Feed Line

The use of an inclined feed line is common for feeding microstrip slot antennas.

An inclined microstrip feed line is introduced here to excite the L-shaped slot in its

ground plane. The slot length, shape and width are kept the same as earlier. The stub

length (Jt) is measured from the center of the slot at the bend toward the open end ofthe

microstrip feed line, as shown in Fig. 4.5. With/ = 16.5 mm, St:7.5 mm, -10 dB

retum loss bandwidth is75.7% (2.48 to 5.5 GHz). The variation of ,S71 with frequency is

shown in Fig. 4.6, which also shows strong excitation of th¡ee resonances in the slot.

Hence, a wide impedance bandwidth is found for this antenna with inclined feed line,

but slightly less than that (82.1%) ofthe case, discussed in section 4.2.1.



50 ohm

SMA

Fig. 4,5: The L-shaped slot antennafed by an inclined 50 d) microstrip feed line.

fl = 16.5nun, St = 7.5mm. Other parameters are the same as in Fig. 4.1

The impedance bandwidths of the L-shaped slot antenna, fed by two different

feed lines, are close. The slight reduction in the bandwidth, of the later case, is due to

the inclination of the feed line. The stub length has a similar effect on the operating

frequency of the antenna for both cases. However, the inclined feeding system has the

advantage from fabrication point of view. It will be easier to excite the inclined feed

line by connecting the 50O SMA probe than to excite the straight feed line from side on

the upper part of the antenna. This is because, the bottom part of the ground plane can

be used for the electronic circuitry, therefore, simpler to excite the feed line from this

side.
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Fig. 4.6: Simulated return loss of the L-shaped slot antenna in Fig. 4.5. fl = 16.5mm,

St = 7.Smm. Other parameters are the same as in Fig. 4.I

Fig. 4.7: The simulated surface current at 4. I GHz distribution of the antenna in

Fig. 4.5 fl = I6.Stnm, St = 7.smm, Other parameters are the same as in Fig. 4.I



The surface current distribution ofthe antenna with inclined feed line excitation

at 4.1 GHz is shown ín Fig. 4.7. This is very similar to the current distribution of the

antenna when excited using a sfraight feed line, except that the origin of the surface

cunents is changed according to the probe position. There is a strong presence of

surface cunents along the þ = 450 plane.

In Fig. 4.8, the simulated gain pattems of the L-shaped antenna with an inclined

feed line is shown. They are very similar to those in Fig. 4.4. Its bi-directional radiation

property is apparent iî the ø= 0o plane shown in Fig, 4.8(a). The peak gain is 2.5 dBi

along e : 00. ln the e = 90o plane in Fig. 4.8(b), it is evident that, the .8, component is

omni-directional in nature, due to the magnetic current across the slot apeÉure. Because

of the presence of the Lz slot along the x-axis, the.r-directed component, Ep level is

higher in this plane, as was in Fig. 4.4(b).
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Fíg. 4.8 contd.
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Theta (degress)

Fíg.4.8(a)

Fig. 4.8: Sitnulated gaín patterns at 4.1 GHzfor the antenna shown in Fig. 4.5 at

(a) ó = Cf and þ) þ = 90o planes. The parameters are given in Figs. 4.6 and 4.7

4.2.3 Bent Feed Line

Instead of the inclined straight feed line, a bent feed line is introduced here to

investigate its effect on the impedance bandwidth and the radiation characteristics of the

antenna. The geometry is shown in Fig. 4.9. The L-slot length is kept the same as the

previous two cases; only the inclined feed line used in Fig. 4.5, is bent at the comer of

the L-slot, where the slot starts bending. In other words, the feed line is bent at the

joining point of slots Z¡ and L2. In this figure, stub length is measured from the L-

shaped slot center, at its bending point, toward the open end of the microstrip line. The

feed line length is measured from the slot center, at the bend ofthe L-shaped slot, to the

probe position,
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Fig. 4.9: The L-shaped slot antenna fed by a bent 50 12 mícrostrip feed line. fl = 17mm,

St = 7.5mm. Other parameters are the same as in Fig. 4.1
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45 5 55 6

Fig. 4.l0: Sitnulated St t vs. frequencyfor L-shaped slot antenna of Fig. 4.9

fl = 17mnt, St = 7.5mm. Other parameters are the same qs in Fíg. 4,1
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When the stub length (St) is kept the same as it was in the inclined feed case

(7.5mm), an impedance bandwidth (&¡ = -10 dB) of 67.2% (2.47 to 4.97 GHz) is

achieved for Jl : 17 . Due to the bending of the feed line, the coupling between the slot

and the feed line reduces resulting in a reduction in the impedance bandwidth.

The current distribution and radiation characteristics are similar to those of the

microstrip slot antenna, fed by an inclined feed line. Therefore, these are not included

here for brevity.

4.3 Effects of Varying SIot \ilidth

Since the slot width of a micrsotrip slot antenna is an important parameter, for the

L-shaped slot antenna also, its effects on the the impedance bandwidth are analyzed,. Il

was shown in the previous section that an L-shaped slot, fed by microstrip line, is a

wideband antenna. The variation in the slot width changes the impedance bandwidth,

which was also revealed in chapter three for the straight slot case. For the L-shaped slot,

changing the slot width also changes the overall slot length. Here, the slot length is

always kept the same, i.e, the sum of slots Zi and Lz to be 30 mm. The straight feed line

is used for this analysis which is excited by a 50Q SMA probe.

Table 4.1 : Inpedance bandwidth of the L-shaped antenna þr different slot widths

SIot ll/ídtlt

(sr)

Slot Length Stub Length

(sÐ

Feed Positiot,

(Lt)

Frequency Rønge

(GHz)

BW

(nL I (mtn L2(mm)

5 17.5 t2.5 1l 12 2.15-s.24 83.7

7 i 8.5 I 1.5 9 l1 2.24-5.36 82.1

9 r9.5 t 0.5 7.5 10 2.37-5.50 79.5
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Fig. 4.11; Simulated return loss of the L-shaped antenna in Fíg.4.1for different slot

widths. Gyy= 50nun, GL: 81tntn, e,= 4.5, h = 0.8128 and tdn6:0.02.

Other parameters are labulated in Table 4.l

The influence of varying slot width of the L-shaped slot antenna, fed by a

straight feed line is shown in Fig. 4.11. The variation in the slot width changes the

impedance bandwidth of the antenna as the radiation resistance of the slot changes.

With different slot widths from 5 mm to 9 mm, an impedance bandwidth around 80%

can be achieved by selecting appropriate stub lengths. Keeping the feed line length

ftxed (fl = 18.5 mm) for all the tbree cases, the feed line position and stub length are

changed to get a maximum bandwidth for each slot width. The maximum bandwidth

achieved is 83,7% (2.15 to 5.24 GHz) for .l¡r = 5 mm. As the slot width increases, the

maximum impedance bandwidth, by adjusting the stub length properly, decreases. The

results are summarized in table 4.1. It is interesting to notice here that these maximum

bandwidths are achieved when the feed line is positioned right over the junction ofZl

and Z2 slots comprising the L-shaped slot.
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4.4 Experimental Verification

In order to check the accuracy of the simulation results, an L-shaped slot

antenna fed by a straight microstrip feed line (Fig. a.1) was fabricated on a substrâte

material with a dielectric constant e, = 2.5, h : 0.787 mm and tanõ = 0.001.

The microstrip feed line was excited by a 50Ç2 SMA probe. The monopole L-shaped

slot was positioned at one edge of the ground plane. L¡ arm of the slot is at the center of

the ground plane width (Gw) and at the end of Z7 slot, to its side, Z2 arrn was cut,

The remaining dimensions of the antenna are stated inFig.4.12, where the simulated

retum loss and input impedance plot of the L-shaped antenna, obtained using Ensemble

8.0, is depicted, From the simulated retum loss plot, -10 dB retum loss bandwidth ofthe

antenna is 82% (2.42 to 5.78 GHz).
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Fig. 4. 12 contd.

Fíg. a.12 þ)
Fig. 4.12: Simulated (a) return loss (S¡ 1 vs. frequency) and þ) input inpedance plot for

the L-shaped slot antenna in Fig. 4.1 withfl = 23mm, St: I lmm on a substrate with

€,=2.5, h =0.787mm and tanõ =0.001. Other parameters are the same as ín Fig. 4.1

The retum loss and input impedance plot of the fabricated L-shaped slot antenna

was measured by ANRITSU network analyzer, and is shown in Fig. 4.13. Measured

-10 dB retum loss bandwidth is 83.7% (2.41 to 5.88 GHz) which is very close to the

bandwidth obtained from simulation. As discussed in chapter three, due to a lesser

control on reflections of elechomagnetic wave from the objects, all around this omni-

directional antenna during measurement, the measured retum loss plot has some

differences from that of simulated result, so as the Smith chart, In fact, for a slight

change in the position of the antenna, a great difference in the retum loss and input

impedance plot was found because of the omni-directional nature of this antenna, but

the bandwidth did not change. A simple stub was also used here on the microstrip feed



line to compensate for the effects of measuring cables, which was not considered during

the simulation. However, considering the bandwidth, the measured result agrees well

with the simulated one.

2.øø125øøøø - 6,000625000 tHz

(b)

Fig. 4.13: Measured (a) return loss (S t t vs. fi'equency) þ) input impedance plot for the

fabricated L-shaped slot antenna. The geometry is shown in Fíg. 4.1 and dimensions

øre stated ín Fig. 4.I 2
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The radiation characteristícs of the fabricated wideband L-shaped slot antenna

were measured in the anechoic chamber in Antenna Laboratory at the university of

Manitoba. Its gain pattems at three frequencíes are compared with the simulated results

in Fig. 4.14-4.16. The fabricated antenna was mounted on a dielectric support to keep it

away from the tower, as was done in the case of straight slot. However, some ripples

still are present in the measured radiation pattems, due to the interaction between the

dielectric support and the antenna itself.

In Fig. 4.14(a), the comparison of the simulated and measured gain pattems of

the antenna at3.l GHz is presented. As),rnmetric radiation pattems were found for both

simulated and measured results in the þ:00 plane,shown in Fig.4.14(a). The measured

peak gain of the -Ð, component, in this plane, was 3.56 dBi and was directed along

e : 1760. The radiation is bi-directional for this L-shaped slot antenna also. The

measured cross-polarized component Er, in this plane, has numerous ripples. In the

ó= 900 plane, in Fig, 4.14(b), ð, is the co-polarizatíon component and shows omni-

directional radiation pattem for both simulated and measured cases. The measured gain

was greater than 1,5 dBi along the most ávariation, except from g: -1550 to 00.

In Fig. 4.15, the comparison between the simulated and measured gain pattems

at 4.1 GHz is shown. In the 6 = 00 plane, in Fig, 4. 15(a), the measured -8, component

was lower compared to the simulated one, but peak of both were directed along

d = 1800. This is due to the increase in the cross-polarized component in this plane. In

the þ: 900 plane, in Fig. a. 15(b), E, is the co-polarized component, for both simulated

and measured cases, and represents an omni-directional radiation pattem. The measured



peak gain was 3.2 dBi along 0= 900. The measured cross-polarization level was higher,

possibly due to the dielectric support holding the antenna with the measuring system

and the long cable, connected to the probe. The probe, in the L-slot antenna case, is very

close to the slot edge and the SMA connector, connected to the probe, obstructs the

radiation from the slot, when measurement \ryas done. Consequently, there were some

differences in the co- and cross-polarization components, when compared with the

simulated ones. Some dips were also found in the measured E, patTem.

At 5.4 GHz, the measured and simulated gain pattems are compared in Fig.

4.16. At this higher ÍÌequency, the E, component is strong in both planes, and was

found in both measured and simulation results. In the þ= ggo plane, in Fig. 4.16(b),

both measured and simulated .8, components are omni-directional in nature. Ripples

were also present in all the measured gain pattems.

Comparing the measured radiation characteristics, conducted in the A¡tenna

Laboratory at the University of Manitoba, with the simulated results, presented in Figs.

4.14-4.16, good conformity was found. Since, this L-shaped slot antenna is very small

and possesses bi-directional radiation pattem, a dielectric support was used to mount the

antenna on the measuring tower. Again, due to the close proximity of the probe to the

slot edge, the long cable connected to the probe was responsible for the scattering of the

radiated energy. Therefore, the cross polarization levels we¡e found to be higher in both

I = 0" and I = 90 o planes compared to those in simulation results, especially at higher

frequencies. The interaction between the dielectric support and the anteûta resulted in

some ripples appearing in the radiation pattems. Neglecting these effects, the measured



radiation pattems were in good agreement with those obtained by simulation, Thus, the

accuracy of simulation results is verified for the L-shaped slot antenna,
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Fig. 4.14: Measured gain patterns at 3.I GHz for the L-shaped antenna shown in

Fig. 4.1 at (a) þ= f and þ) þ= 90o planes on a substrate with €r= 2.5, h = 0.787mm
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4.5 Conclusion

Using L-shaped slots cut on the ground plane and excited by a microstrip feed

line, higher impedance bandwidths could be achieved, compared to those of straight

slots of the same length and width. This was because of the excitation of resonant

modes in the slot. The bandwidth was also dependent on the proper selection of the feed

line lengfh, stub length and the feed line position. These issues were discussed carefully

in this chapter. For achieving a wide impedance bandwidth, the feed line should be

placed over the junction ofthe two arms of the L-shaped slot. It was important to notice

that, the feed line shape had a significant effect on the impedance bandwidth of the

L-shaped slot antenna. But, the current distribution on the ground plane was mainly

dependent on the slot shape, cut on the ground plane. Therefore, the radiation

characteristics changed much less, due to the change in the feed line shape. Rather,

radiation pattems were dependent on the shape of the slot. Moreover, additional space

was available in the ground plane, to be used by the electronic circuitry, which can be

fabricated on the substrate, when an L-slot was used instead ofa straight slot.

The effects of varying the L-shaped slot width, quarter-wavelength in length,

were also presented. Due to the increase in the radiation resistance with the increase in

slot ',vidth, the impedance bandwidth decreases. The simulation result was confirmed by

comparing those with the measured one, obtained testing a fabricated L-shaped slot

antenna, fed by a 50O microstrip feed line, on a dielectric substrate with €r = 2.5,

h : 0.787 mm and tan6 = 0.00l.Its measured impedance bandwidth was found to be

83.7%, in good agreement with the simulated ¡esults. The measured radiation

characteristics also showed good agreement with the simulated results.
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Microstrip Inverted T-Slot Antenna and Polarization Diversity

5.1 Introduction

The geometry of the slot in microstrip slot antenna plays a significant role on the

performance of the antenna. Starting with a straight slot, discussed in chapter three, an

L-shaped slot antenna was presented in chapter four, which exhibited very wide

impedance bandwidth. The idea is extended in this chapter and an inverted T-shaped

slot antenna is studied. ln some applications, for example, in mobile communications,

polarization purity is not a major issue; where the T-shaped slot antenna will find

application, which will be clear when the radiation characteristics of this antenna is

discussed, The T-shaped slot is then divided into two parts and separately excited by

two bent feed lines. The radiation pattems of this antenna are investigated to achieve

polarization diversity.

5.2 Microstrip Inverted T-Shaped Slot Antenna

The geometry of the antenna is shown in Fig. 5.1. The slot has two parts: the

vertical slot Z¡ is added to the center of the horizontal Z: slot. These two slots form the

inverted T-shape slot. The feed line is placed over the junction of the vertical and

horizontal slots and excited by a 50Q SMA probe. Hence, this is almost like the L-slot

except that here the configuration is symmetric. The sum of slots Z7 and Z2 is 30 mm,

i.e. it is monopole in length in free space wavelength. Using FR-4 substrâte (e, = 4.5,

h = 0.8128 mm and tan6 = 0.02), the slot is cut at the center of ground plane at its upper

edge. The size of the ground plane is 50mm x 80 mm.



Microsrip
Fsed ¡ine

SMA probe

Fíg. 5.I : The geometry of the inverted T-shaped slot antenna fed by a microstrip feed

line with the co-ordinale system: Gyy = 50mm, Gt = 80mtn, S¡y=7mrn, Lt:7, Lr=23¡n*,

on a substrate with e, =4.5, h=0.8128mtn and tanõ: 0.02

The simulation result for the retum loss and impedance plot are shown in Fig.

5.2 with fl = 22.5 mm,,S¡ : 10 mm. The antenna shows an impedance bandwidth of

78% (2.56 to 5.8 GHz). It is evident in the plot that tkee resonances are excited here,

two ofthem are dominant, appeared in the Smith chart as loops, and these are combined

by properly selecting stub length and feed line length. The stub length (.$) has

important effect on the lower end frequency limit while the feed line length (/) has

influence on the upper end frequency limit.

ohm
probe
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Fig. 5.2: Símulated (a) return loss (S ¡ ¡ vs. frequency) and þ) impedance plot for the

inverted T-shaped slot antenna in Fig. 5.1. L¡= 7mn fl = 22.5mm, St = l)mm.

Other parameters are menlioned in Fig. 5,1



Fig. 5.3: The current dístribution at 4.1 GHz of the antenna in Fig. 5.1

The simulated antenna gain pattem at 4.1 GHz is shown in Fig. 5,4.

The radiation characteristics are very similar to those of the L-shaped slot antenna,

presented in chapter four. From Fig. 5.4(a), it is evident that the T-shaped slot antenna

is radiating bi-directionall¡ as the main peak of the E, component is along d = 00 and

1800, in the þ =go plane, with peak gain of 3.53 dBi along d = 00. Due to the

symmetric configuration of the T-shaped slot antenna, the radiation pattem is also

symmetric, which is evident in the surface current distribution in the ground plane, as

mentioned in Fig. 5.3. The density of surface current is higher at the edges. In this

plane, the gain pattems were not symmetric in the L-shaped slot antenna case, The E/

component level is higher in this plane, compared to that of the L-slot antenna, which

can be found in Fig. 4.4(b). This is because the length Z2 of slot, along the.r-axis is

longer for the inverted T-slot than for the L-shaped slot antenna. In the / = 900 plane,



in Fig. 5.4(b), the E, component is the main polarization component and the cause of

radiation. This shows an omni-directional radiation pattem having a gain greater than 0

dBi through the entire dvariation in the space.

-45 0 45

Theta (degrees)

(")

-30
-180 .135 .90 -45 0 45 90 135 180

lheta (degrees)

(b)

Fig. 5.4: Sítnulated gain patterns at 4.1 GHz for the antenna shown in Fig. 5.1 at

(a) þ = 0" and þ) þ : 90o planes. The paratneters are given in Fígs. 5.1 and 5.2



In tems of space availability on the ground plane to be used by the electronic

circuitry as electrical ground, which may be fabricated on the substrate, the inverted

T-shaped slot antenna is advantageous. For slot width ,9,n: 7 mm, in the straight slot

case, discussed in chapter three, the slot is occupying 37 5% of the ground plane length,

Gr; the L-shaped slot, presented in chapter four, is occupying23%, whlle the T-shaped

slot is occupying only l7 ,5o/o of the ground plane length. Thus, more space is available

for this case to be used by the electronics, which is very important in present trend of

compactness.

5.3 Two-L-SIot Array for Polarization Diversity

Electromagnetic waves are composed of oscillating electric and magnetic fields,

which are perpendicular to each other. Both of them are also at right angle to the

direction of propagation of the wave. The polarization ofan ântenna in a given direction

is usually the polarization of the wave [1], and is defined by the direction of the electric

field only. It describes the behavior of the electric field with time [38]. A linearly

polarized wave has an electric field vector tracing a straight line with time. Linear

polarization may be vertically or horizontally oriented, depending on the line traced by

the electric field. The polarization can also be circular or elliptical.

Signal fading in mobile communication systems causes severe reception

problems. Therefore, antenna diversity techniques are employed to reduce the fading

effects. The antenna diversity can be of any forms: space diversity, polarization

diversity and directivity diversity. ln polarization diversity schemes, two orthogonal

polarizations are needed, which increases the overall average received signal power,



hence, reducing the overall fading effect. This scheme also allows the use of low

transmit power.

To explain the principle of polarization diversity, a mobile communication

system is considered comprising of a base station and a mobile unit. In this system, two

different polarizations, verlical and horizontal, from the two antennas carry two signals

on one radio frequency. ln wireless radio environment, strong mutual coupling is

present. This means that, after signal propagation tkough the mobile radio medium, the

signal energy in the vertically polarized wave can be cross-coupled into the horizontally

polarized wave and vice-versa. In Fig. 5.5, a schematic of a mobile communication

system is depicted. It has two collocated vertical and horizontal antennas in its base

station, In the mobile unit also, there are two antennas, vertical and horizontal,

collocated at the same spot. For this system, the following terms are defined [39]:

1,, : Transmit vertical, receive vertical

f,, = Coupling vertical into horizontal (from base to mobile)

fr, : Coupling horizontal into vertical (from base to mobile)

fr, = Transmit horizontal, receive horizontal

V = Vertical Polarization

I I ., I lorizont¡l Polarizorion

Fig. 5.5: Vertical and horizontal polarization sÌgnøls in a mobile communica,tion system



The two differently polarized waves (8, and E, ) received by dual polarization

antennas, at the mobile unit, can be expressed as [39]

E, =lr,+l^
E, =lr, +f ,,

(5.1)

Since the principle of reciprocity is applied to polarization components, the two

differently polarized waves, Et and Eto, arriving at the base station, can be expressed

as:

E/, =lr,+1,
Et, =l ,, +l 

^

(s.2)

Cross-coupled energy is very small compared to the main stream; i.e, f,, ) f,,

and fr, > fr, . Therefore, from equations (5.1) and (5.2), it can be found that E, o Et,

and En o Et* By measurement, also it was found that E, x E, [39].

In polarization diversity, it is evident that two ofihogonal polarizations are

present. To receive both polarizations, in present compact mobile units, two separate

antennas with different polarizations must be used [40]. But this will cause an overall

increase in the antenna volume. It will be very useful, if one antenna can generate

different polarizations.

ln L- and T-shaped slot antennas discussed earlier, two slots, one vertical and

another horizontal, are present which can generate both horizontal and vertical

polarizations. ln order to get an effective radiation, to be used in polarization diversity

scheme, the two L-shaped slots are cut, opposite to each other, on the ground plane

separated by a distance, So, as shown in Fig. 5.6. In other words, the T-shaped slot is

divided into two parts and separated from each other by a distance, Sr. This distance



should be fairly large to reduce the coupling between the two slots. Again, both ends of

each slot are kept open, in this case, to achieve an effective radiation and reduce

coupling. Both slots are excited using two identical bent feed lines shown in the Fig.

5,6, The ¡eason behind using this type of feed line is that, it will be easy to excite them

by 50O SMA probes, from this portion of the ground plane. The width of the feed line

is chosen such that its characteristic impedance is 50O on a substrate having a dielectric

constant, e, = 4.5, height, h = 0.8128 mm and tan6 = 0.02. Other parameters are

mentioned in Fig. 5.6.

Fig. 5.6: The antenna geometry with ttvo L-shaped slots on the ground planefed by

microstrip feed lines, with the co-ordinate system: G¡y=51mm, Gt=80mm, So=24mm,

Sw=3mm, Lt =24mm, L2:l1mnt on a substrate wíth e,=4.5, h=0.8128mn & tan6=0.02



The simulation results were obtained by exciting one of the slots, while

terminating the other feed line with a short circuit. The simulated retum losses are

shown in Fig. 5.7(a), ,S¡ when port 1 is excited, ,!z: when port 2 is excited and isolation

,S¡z between the two ports, when both are energized. When port I is excited, its -10 dB

retum loss bandwidth is 87% (2.52 to 6.4 GHz), while in the case of port 2, it is 86.2%

(2.52 to 6.34 GHz) with good impedance match, depicted in Fig. 5.7(b). The coupling

between the two ports, which is also called isolation, is below -15 dB in almost the

entire frequency range, except from 2.52 to 2.8 GHz Therefore, this antenna exhibits a

very wide impedance bandwidth, with good isolation between the ports necessary for

applications in polarization diversity.
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Fig. 5.7 contd

Fig. s.7þ)

Fig. 5.7: Simulated (a) return loss for each of the slots, while terminating the other, and

isolatîon between them (511, 522, S¡2 vs, frequency) and þ) impedance plots for fhe slot

antenna in Fig. 5.6. fl =l4nun, St =9mm. Other paratneters are the same as ín Fig. 5.6

The polarization diversity property of the antenna can be visualized by

examining its radiation characteristics. Il Fig. 5.8, its gain pattems at 4.5 GHz arc

presented at four different planes, when pott I is excited. Since, the left slot is excited,

in the ø = 00 plane, in Fig. 5.8(a), a partial omni-directional radiation pattem is found

for the E, component. From d = -1800 to 00, the gain is between -0.5 to 1.77 dBi.

Again, from Fig. 5.9(a), it can be seen that, due to the excitation of the right slot by

energizing port 2, using a 50O SMA probe, .8, component shows a partial omni-

direction pattem in the / = 6o plane for d: 00 to 1800 variation. Thus, in the þ = 6o

plane, a complete omni-directional radiation pattern is found with the .8, as the main



radiating component, ',vhen both ports are excited altematively. When the left slot is fed

by exciting port 1, in the þ= 9go plane, in Fig. 5,8(c), the gain is greater than 0 dBi in

the ranges d=-1800to -1200, e= -500 to 350 and 0:1400 to 1g00, with the E, as the

co-polarized component. Similarly, when right slot is fed by exciting port 2, the same

range of 0 vaúation, in the 6= 900 plane, has reasonable gain for the E, component, as

it can be seen in Fig. 5.9(c), due to the symmetrical positioning of the two slots.

Since, both slots are L-shaped, or one vertical slot is connected to a horizontal

slot, the radiation along þ= 450 and þ= 1350 planes is significant. Hence, the computed

gain patterns are included in Figs. 5.8 and 5.9, when port I or port 2 is excited,

respectively. From Figs. 5.8(b) and 5.9(b), it is clear thar in the þ= 450 plane, the E, is

the co-polarization component showing partial omni-directional radiation pattem from

d= -1800 to 00 variation, when port I is excited and from d= 00 to 1800 variation, when

port 2 is excited. Therefore, in the ó= 450 plane, the E, component shows an omni-

directional radiation pattem with gain level between -0.5 to 2.9 dBi.

Again, in the /: 1350 plane, partial omni-directional radiation pattem is found

ftom 0:00 to 1800 variation when port 1 is excited tFig. 5.8(d)l and from d=-1800 to

00 when poft 2 is excited [Fig. 5.9(d)], with the E, as the co-polarization component.

Thus, the .Ec component shows an omni-directional radiation pâttem in the þ =11350

plane also by altemately exciting two ports. The gain level is in between -0.5 to 2.9

dBi, from 0: 00 to 3600 in this plane, It can be concluded at this point that, by exciting

the two L-shaped slots altemately, omni-directional radiation pattems can be found with

fhe E, as the co-polarized component in the two orthogonal planes. The E,



components, in these planes, are filling the nulls created by the Ei component. As a

result, there will be less signal-fading problem. The above discussion suggests that, the

two-L-slot array antenna can be used as a polarization diversity antenna.
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5.4 Experimental VerifÌcation

An inverted T-shaped slot, cut on the ground plane of a micrsotrip line, was

fabricated on a substrate vvith a díelectric constant e,: 2.5, h = 0.78i mm and

tan6= 0.001. The measured results were compared with the simulation results in order

to veriSr the accuracy of the computation ¡esults. The ground plane size was, once

again, 50 mm x 80 mm. The T-slot was placed at the center of the ground plane width,

at its upper edge. The slot comprises of the vertical slot Z¡ and horizontal slot ¿2, as

shown in Fig. 5.1. The slot was electromagnetically fed by a microstrip feed line,

excited by a 50O SMA probe. Remaining dimensions of the antenna are stated in

Fig. s.10.

The simulated retum loss and input impedance plot of the inverted T-shaped slot

antenna, obtained using Ensemble 8.0, are shown in Fig. 5.10. From this plot, its -10 dB

retum loss bandwidth was found to be 80% (2.74 o 6.4 GHz). The measured bandwidth

was 80.5% (2.74 to 6.43 GHz), as can be found in Fig, 5.11(a). The measurement was

done using an ANNTSU Network Analyzer in the Antenna Laboratory at the

University of Manitoba. In order to compensate for the cable effect and reflection from

objects, all around this omni-directional antenna, a simple tuning stub was used on the

microstrip feed line to achieve a good impedance match. The measured input

impedance of the antenna is shown in the Smith chart in Fig. 5.11(b). It is clear that the

reflections were found in the retum loss and input impedance plot, and can be seen in

the figure. Otherwise, the measured retum loss was in very good agreement with the

simulated one.

94



^ _10
f0!

tt

'/i ^^
oJ

a)É"^

Fig. 5.10: Sinulated (a) relurn loss (S¡ ¡ vs. frequency) and (b) input impedønce plotfor

the inverted T-shaped slot antenna in Fig. 5.1. Gv = 50m¡n, Gt: 80mm, Sw= 7nm,

L 1 = /, !,t = 2 3mm, L¡= 7mtn, fl = 23. SmnL St : I 0mm on a substrate with €r : 2.5, h =

0.787mm and tan6 = 0.001
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Fig. 5. I 1 : Measured (a) return loss (S 11 vs. frequency) and þ) input irnpedance plot for
the fabricated inverted T-shaped slot antenna. The geonetry is shown in Fig. 5.1 and

dí¡nensions are stated ín Fig. 5.10



The simulated and measured gain pattems of the fabricated inverted T-shaped

slot antenna are compared in Figs. 5.12-5.14 at three frequencies. The simulation results

were found using HFSS 8.0 and measurement was done in the anechoic chamber in the

Antenna Lab. Like the straight and L-shaped slot antennas, here also a dielectric support

was used to mount the compact-sized antenna on the measuring system. The interaction

of the antenna with the dielectric support appears in the measured radiation pattems in

the form ofripples, as can be seen in the figures. Since, the slot edge is very close to the

SMÀ probe, like the L-shaped slot antenna, the long cable, connected to the probe, was

also in the close proximity of the slot while measuring, causing obstruction to the

radiation from the slot. In Fig. 5.12, the comparison of the simulated and measured gain

pattems of the antenna at 3.1 GHz is presented in the two principle planes. The peak of

the E, component, in both cases, is directed along á =00 and 1800 in the / =00 plane,

shown in Fig, 5.12(a), which represents a bi-directional radiation pattem. The measured

peak gain is 3.8 dBi, along á =1800 in this plane. In the ¿=9go plane, in Fig. 5.12(b),

the -8, is the co-polarization component and shows an omni-directional radiation

pattem for both simulated and measured cases. The measured E, component level is

slightly higher in this plane, compared to the simulated one. The gain is greater than 2

dBi from 0:00 to i 800 in this plane.

kr Fig. 5.13, the comparison between the simulated and measured gain pattems,

at 4.5 GHz, is presented. At this higher frequency, the presence of the long cable,

connected to receive signal from the antenna under test, causes severe scattering of the

radiated wave, resulting in higher cross-polarization. The measured Ercomponent is

higher, compared to the simulated case, in the þ = 00 plane, in Fig. 5.13(a).



Consequently, the measured .ðd component level is lower, compared to the simulated

one. In the ø: g0o plane, in Fig. 5.13(b), the ¿ø component represents an omni-

directional radiation pattem for both cases, but their level is different, due to the higher

cross-polarization.
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Fig. 5.l2: Measured and simulated gain patterns at 3.I GHz for the inverted T-shaped

antenna shown in Fig. 5.1 at (a) þ= t A (Ð ø= 90o planes on a substrate with

e,:2.5, h=0.787rnnt &. tan6=0.001. Other parameters are given in Fígs. 5.10 ønd 5,11
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Fig. 5.13: Measured and sitnulated gain patterns at 4.5 GHzfor the inverted T-shaped

antenna shown in Fig. 5.1 at (a) þ: f e (Ð ó:90o planes on a substrate with

Er=2.5, h=0.787tnm & tan6=0.001. Other paratneters are given in Figs. 5.1 0 and 5.I I
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Fig. 5.14: Sitnulated and nteasured gain patterns at 6 GHz for the inverted T-shaped

antenna shown in Fig.5.l at (a) þ=f e(Ð ø = 90' planes on a substrate wíth

e,:2.5, h=0.787mm & tan6:0.001. Other paratneters are gíven in Figs. 5.10 and 5.11



At 6 GH4 the measured and simulated gain pattems are compared in Fig. 5.14.

The effects of the presence of the dielectric support and the long sMA cable, close to

the slot edge, are detrimental at this higher frequency. Therefore, in the ø = 00 plane,

the measured ã, component level is higher compared to the simulated one, and the

measured E, component is slightly below the simulated component. ln the þ : 900

plane, in Fig. 5.1aþ), measured .8, component level is lower than the simulated one.

The measured ^8, component is dominant here also, due to the reason mentioned above.

This also created ripples in the measured radiation pattems.

5.5 Conclusion

In this chapter, a monopole invefed T-shaped slot, cut on the ground plane ofa

microstrip line, was studied. It showed a wide impedance bandwidth and good radiation

characteristics. when the feed line was placed over the junction of the vertical and

horizontal arms of the inverted r-shaped slot, a wide impedance bandwidth was

achieved. An inverted r-shaped slot was fabricated and tested in the antenna

Laboratory. An impedance bandwidth of 80% was measured for the T-shaped slot

antenna. The measured radiation characteristics were quite similar to the simulated

ones. Here, 17.5%o of the ground plane length is occupied by the slot at the upper

portion of the ground plane. Thus, the space available is the ground plane, after the slot

is cut, is more than that in the case of straight and L-shaped slot. This available space

can be used by the ground plane for electronic circuitry.



For the microstrip inverted T-slot antenna, it was found that both E, and E,

components of the electric field are dominant. So the T-shaped slot was divided into

two parts and placed back to back, separated by a distance and excited individually by

two 50o bent feed lines, to achieve a polarization diversity reception. This polarization

diversity antenna showed a bandwidth of 87%o for each of its slots. Investigation of the

radiation characteristics of the antenna, in different planes, suggested that, this antenna

could be used for polarization diversity applications with wide impedance bandwidth.
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Conclusion

6.L Summary

In this thesis, microstrip slot antennas were studied. A monopole slot was cut on

the ground plane edge, and fed by a microstrip feed line, and is excited by a 50O SMA

probe. Due to the coupling between the slot and its feed line, several modes were

excited in the slot. By varying different parameters of the antenna, such as, the slot

width, feed line length, its position over the slot, the stub length, these modes could be

combined to achieve a wide impedance bandwidth. The effects of these parameters on

the impedance bandwidth were investigated. Moreover, the influence of varying the

dielectric substrate permittivity and height was studied, while analyzing the radiation

characteristics, it was found that monopole slot antenna had an omni-directional

radiation pattem. In order to connirm the analysis, a monopole slot antenna was

fabricated and tested in the Antenna Laboratory at the university of Manitoba. The

measured impedance bandwidth of the antenna was 60%. The radiation characteristics

were in good agreement with the simulated results.

The size of the ground plane was only 50 mm x 80 mm, and as the slot was cut

on the ground plane, there would be a reduction in the overall antenna weight, Thus,

this monopole slot antenna is lightweight and compact in size, with a significantly wide

impedance bandwidth.

It was found that different slot geometries give rise to the impedance bandwidth,

with similar radiation characteristics. In addition, more space could be available in the



ground plane to be used by the electronics, which may be fabricated on substrate,

separating the ground plane and the microstrip line. Therefore, two other shapes of the

slot were studied, keeping the slot length fixed, to save space on the ground plane. The

L-shaped slot antenna exhibited an impedance bandwidth of $.i%, and the inverted T-

shaped slot antenna shows an 80.5%o, when measured using a network analyzer. The

radiation characteristics were also investigated and a good agreement was found,

between the simulated and measured results, ln the inverted T-shaped slot antenna,

82.5%o of the ground plane length was free, to be used by the electronics.

Polarization diversity reception is very important in present mobile

communication systems. The inverted T-shaped slot antenna was splitted into two parts

and placed with some spacing between them and fed separately using two 50e bent

feed lines. The simulated result showed an impedance bandwidth of about 87% for both

the ports. The isolation between the ports was also satisfactory. The polarization

diversity was achieved by altemately exciting the slots. The gain achieved by this

antenna was suitable for mobile communication systems.

Miniaturized, lightrveight, as well as wide impedance bandwidth, are the

antenna requirements, to be used in the mobile communication systems. The microship

slot antennas, investigated in this thesis, have all these properties with acceptable

radiation characteristics.
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6.2 Future Research

This work still has several scopes for future research. They can be

summarized as follows:

o More detailed study of both L-shaped slot and inverted T-shaped slot microstrip

antennas,

o Study of other geometries to achieve even wider impedance bandwidths with

good radiation characteristics.

o Detailed study of the effect of increasing or decreasing ground plane size,

keeping the slot locations and dimensions fixed.

o Improving the gain of the microstrip slot antenna.

o More experimental verification to confirm the accuracy ofthe simulated results.
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A(WENØIX

Theoretical design method of quarter wavelength patch (short-circuit patch):

A quarter wavelength shorted patch has a very high impedance at its

radiating edge. So, regardless of the feeding method, either probe or microstrip line, the

feed point should be slightly inside of the radiating edge. In the figure below, an inset

fed quarter wave patch, shorted on one of its sides, is shown with its equivalent circuit

[13]:

Driving-
point

Fig A.1 : (a) Microstrip quafier-wavelength patch, þ) Equivalent

transmission line model

Here, it is considered that the patch is a short-circuited length of

transmission line. Yo is the characteristic admittance of the microstrip þatch)

transmission line. The feed point is located a distance x from the short-circuit plane and

d from the radiating edge. The patch resonant lengJh x+d is somewhat less than a

quarter-wavelength in the transmission line due to the fringing field extension beyond

the physical edge of the patch. Looking into the right-hand side of the transmission line

from the feed point, the admittance, assuming a loss less line, is given by,

Shorl-
c¡rcuìt Râd¡åtlng
plate edgelt{|s-t Ir-dlÌ-rJ 

-r

J .rr \
I I $ Mi$ostrip
{-------l feed llne
lLt

(a)

Short-
circuit
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Here, )/o is the aperture admittance of the radiating edge, which is made up of the

radiation conductance G, and the susceptance 8". B is the propagation constant at the

operating frequency.

The short circuit to the left of the feed point simply presents a shunt susceptanca

of value - jYocolbx. To proceed further, G,.,, is set equal to the desired driving point

admittance G¿, aT lhe center frequency (p= B), and equation A. 1 is then solved for d.

d=1,un'l-Bt!^tu'-qcl
þo L 2 2' I

-2G, B v^
Here B = ----------:!--:-:-

GoolY"l' - G,Yo'

^ ro'(co, -c")
' = 

Gr,ly.l' -c"Yr'

On evaluation, pod is then inserted into eq. ,A..2 to obtain 8,1,. Resonance occurs,

when the shunt susceptance to the left of the feed point cancels that to the right; i.e.

when

-iYocot Box = -iB ,,

or. x =!s.1-r 4"
'þnYo



The patch resonant lenglh x+d is thus obtained, together with the feed position

relative to the short circuit plane. An expression for characteristic impedance Zo=l/Yo

of the microstrip þatch) transmission line is [13]:

z 
" 

= 
12: 

" I 
y- 

* t.3e3 + 0.667 h( ( * r.ooo\1''J'*ln [å )]

*¡"r"Y' =L*'''s L( r*rn'hl t, w >!¡rnh h 7r hl t) " 2

und 
" ^ =', *1 *e, -l(, *tzh\-t''
'' 2 2 [ W)

Here, ll'is patch width, l¡ is the substrate thickness, ¡ is the conductor thickness

and 4 is the substrate dielectric constant. An expression for aperture conductance is

given by:

c *(t*koh\ w 2ø
' \. 24 ) 120'2'0' 

ko = 
i ' d: free space wavelengfh
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