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Synopsis

The two most widely used frequencies for WLAN and Wireless
communication applications around the world in recent years are the 1.8 GHz and the 2.4
GHz bands due to the giobal rise in the industry of cellular networks. Most wireless
communication devices manufactured today are using monopole antennas owing to it
simple structure, omni directivity and its small size. However, these factors limit its
signal strength because of the low gain. This is particularly apparent in the 2.4GHz band.

A solution for this problem lies within the printed circuit technology, for its compact and

‘cost effective nature. This document involves determining the most suitable printed

circuit board antenna to use, designing it, simulating a suitable antenna array and testing

it for the purpose of 2.4 GHz wireless application .The design project will include

understanding the principle theories and properties of antenna, microstrip, balun

(balanced to unbalanced transformer) .These important factors were acknowledged and
understood before design procedures take place. After studying different types of
antennas, desigring of PCB dipole antennas were proposed due to its appropriate nature,
these being omni directional, compact and cost effective. As a dipole antenna needs a
balun to be compatible for connection to a co-axjal cable, hence balun designs were also
proposed. An important objective of this thesis was to provide a solution to the setback of
having low antenna gain in mobile wireless devices. The proposed solution is to design a

suitable antenna to increase antenna gain, and at the same time retaining the omni

directivity desired.




The design procedure includes the following:

I. Study and understanding of the design, properties and radiation patterns of microstrip
dipole antenna.

2. Understanding of microstrip synthesis line equations.

3. To obtain suitable dimensions for structure parameters.

4. To implement the design through software.

wh

. To make suitable modifications, by using recommended methods, so that the design
obtained finally gives required result including the required gain and radiation pattern.
Conclusions were drawn from the test results, indicating that the antenna
built is satisfactory and have achieved the objective set for this thesis, which is to design
and build a high gain omni directional microstrip dipole antenna operating at 2.4 GHz.

Recommendations are then made on the improvements, future testing methods. Further

research and testing on the current antenna has also been proposed.
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Chapter 1
Introduction

This document describes the design, construction and testing of microstrip dipole

antennas operating at 2.4GHz.

1.1 Background

In recent years the two most widely used frequencies for radio
communications around the world are the 1.8 GHz and the 2.4GHz bands due to the
global rise in the industry of cellular networks. Yet as we progress through this rapidly
growing market, one important factor that has immense potential to improve is the signal
strength of the cellular devices that we carry. Most wireless communication devices that
have been marketed today are using monopole antennas due to it simple structure, omni
directivity and its small size. It is due to these factors that its signal strength is limited by
the low gain of these antennas, this is especially apparent in the 2.4 GHz band. As these
commercial devices evolve, the demands for better performance will rise, yet these
products must still keep its limitations within the boundaries of being easy to implement,
cost effective and physically small.

A solution for this problem lies within the microstrip technology, for its
improved performance and cost effective nature. This thesis involves determining the

most suitable microstrip dipole antenna to use, its design and simulation.

1.2 Micro strip dipole Antennas

Microstrip antennas dates back to the early 19507s, but due to the
lack of good low cost microwave substrates the developments of these antennas were
limited over the next 15 years. A rapid development in PCB antennas started in the
[970°s as thin, low cost antennas were needed for missiles and spacecrafts. PCB or

micro strip antennas are an extension of the microstrip transmission line. A basic

microstrip structure contains a thin substrate between 2 metal sheets which are usually




copper. Microstrip line is then formed by etching away the necessary metal on top
surface in so forming a strip. As long as the physical dimension of the strip and the
relative dielectric constant remains unchanged, virtually no radiation will occur. By
shaping the microstrip line into a discontinuity, power will radiate off from an abrupt end

in the strip line.

1.3 Antenna Array

A single antenna element is often limited to many applications because of
its low gain and wide beam width. Where a higher gain, narrower beam width and
“increased range are required, an array of antenna is to be implemented. In physical terms,
an antenna array would be multiple elements of antennas, in a linked configuration placed

equal distances apart to achieve the desired higher gain.

1.4 Objectives

The OBjectives of this thesis are:
* To determine the best suited PCB antenna for cellular devices.
+ To test and analyze the suitability of this antenna using the CST microwave software.

* To draw conclusions and make recommendations on how the PCB antenna built can be

improved over the present design for the suitability of wireless communication devices

at 2.4GHz.




1.5 Source of Information

The information and knowledge on which this report was based upon
was acquired from Prof. Tapas Chakravarty, sites from the internet, Documents from

the various Universities websites and some of the e-books.

1.6 Plan of Development

The report covers the following sections in the following order:

* Principles and concept involved in determining and constructing of a suitable PCB
antenna.

* Proposed designs of the chosen antenna.

* Methods used in design and fabrication of antennas.

-+ Test performed and error analysis on the built antennas.

+ Make conclusions and recommendation on the suitability of the antenna and suggestions

of improvements.




Chapter 2
Literature Review J
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This chapter goes through the theories and propetties of antenna, microstrip,
and balun. These important factors were needed to be acknowledged, understood and

practiced for this thesis.

2.1 Antenna Properties

This section describes the important properties of antennas, all of which
crucial when determining and designing antennas for applications. Since this is a

practical project, there was no attempt to present more fundamental antenna theory.

2.1.1 Impedance

The characteristic impedance of the transmission line that is connected to
the antenna must equal input impedance of the antenna. Antenna resistance is also called
radiation resistance. This factor is defined as the resistance that would dissipate as much
. power as the transmission line for which it is connected to. Antenna resistance is defined:

R=P/I?

Where R is the antenna resistance
P is the power dissipated

I is the current drawn from the antenna,

2.1.2 Wavelength

The frequency at which the antenna operates at is dependant upon its
wavelength. The following equation describes this relationship:
h=c/f

Where A is the wavelength

c is the speed of light ((3+10:8y m/3)

Jis the operating frequency of the antenna.




2.1.3 Gain
This antenna property is used to compare differences in antenna radiation
characteristics, both directivity and efficiency needs to be taken into account when
determining antenna gain. This comparison is done by using a reference antenna of
known gain, generally either a monopole antenna or a dipole antenna. Therefore when we
talk about a gain of an antenna, it is meant the gain for which the antenna improves
beyond the reference antenna. The gain of an antenna can be expressed as a
Power ratio:

A(db) =10 log (o(P;/ P))

Where A is the gain
P2 is the power of the reference antenna

P1is the power of the actual antenna

The power received by an antenna through free space can be expressed as:

Pr= P G:Gr NY(16 Tr2d%)

Where Pris the power received
Piis the power transmitted

Gr:is the transmitting antenna gain
-Gris the receiving antenna gain

A is the Wavelength in meters

d is the distance between the antennas, in metres

2.1.4 Effective Area

Effective area of an antenna can be said to be the measure of the
effective transmitting or receiving area presented by an antenna. [t is normally
proportional, but less than, the physical area of the antenna. Effective are can be
expressed as a relationship to gain by:
Ae=GV A n
Where Aeis the effective area

‘G is the gain of the antenna

A is the wavelength in meters




2.1.5 Directivity

Directivity is the term used when measuring how focused an antenna
radiation pattern is. Directivity can be divided into two classes, Omni-directional and
directional .Omni-directional antennas radiate and receive signals from ali directions at
the same time with the trade off of having a limited gain. Where directional antennas
radiate and receive signals at a beam width that directed outwards from the antenna,
either at one or opposite directions with a higher gain than omni-directional antennas. For
any antenna, the directivity can be related to its effective area:

D=4mAl/ N
Where D is the directivity, and
‘Aeis the effective area

A is the wavelength in meters

For small Beam width radiation, directivity can be also approximated by:

D=27000/ ( Qo.snorizontal o, sverticar }

Where Q. siorizontat is the horizontal half-power beam width

Qd.5vertical is the vertical half-power beam width

2.1.6 Efficiency
This property is a measure of how much electrical power supplied to an

antenna is transformed into electromagnet and due to losses (imperfect dielectrics. eddy
current ete), not all energy transmitted to the antenna is radiated, with this the antenna

efficiency is defined as :
N=_Piransmitted / Pinpur= Rr / (Rr+Ry

Where 1 is the antenna efficiency
Prransmined is the transmitted power
Pinparis the input power

R:is the antenna resistance

Riis the resistance due to losses




2.1.7 Polarization

The electromagnetic wave that is radiated from an antenna is comprised of
electric and magnetic field, These fieids are orthogonal to each other and to the direction
of propagation. The polarization of an antenna is described by the electric field

propagated. In general, all electromagnetic fields are elliptically polarized.

Direction of pro pagation

Figure 1: Elliptically polarized electromagnetic field

2.2 Printed Circuit Board Antenna

As mentioned before, PCB antennas are relatively simple structures where
primary complicating factor are the relations between microstrip lines, dielectric
substrates and the conducting ground plane Although best accuracy cén *be achieved
through rigorous mathematical and computational approaches, for this project, simpler
and most widely used engineering methods will be used. This section will describe all the

microstrip technology and techniques applied.




2.3 Types of Microstrip Antenna

Two main types of PCB antennas will be considered. Mainly the patch and

dipole the following table shows the characteristics of these antennas at 2.4GHz:

PCB Antennas Efficiency Directivity Physical Dimensions
Patch High Directional Compact
Dipole Medium Omni directional Compact

2.4 Microstrip Line

The following figure shows the physical properties of a microstrip line:
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Figure 2: Microstrip line

The electric field lines are perpendicular to the microstrip line to the

ground plane. Most of the lines are concentrated below the strip where some lines

partially extend into the air space above. These lines are parallel to the conducting




surfaces of the microstrip lines. The magnetic field circles the microstrip line and doing
so also extends into the air space above the strip. Both fields that exist in the air space
above the strip reduce the effective dielectric constant seen by waves propagating along
the line. If the fields above the strip did not exist, then the dielectric constant would the
same as the substrate. The width and height of the microstrip line controls how much the
dielectric constant depends on the substrate, this in term affects crucial microstrip
parameters such as characteristics impedance and phase velocity, making them frequency
dependent. These factors provides us with analysis techniques in calculating and
designing microstrip lines, and hence PCB antennas. The following synthests formula

helps approximate the width of microstrip lines:

A=119.9/\2(Er+1)

B=1/2¢r-1)/( Er+ D n(a/2)+ln(@imyer)

C=In{4h/w+ y (4/hy+2)

D=59.957/YE,

A, B, C, D parameter defined for convenience in applying the design formula

Zy=A(C - B)

Wih=2n ((nD/ Zy- 1 in ((2nD/ 20 - 1)) +

(E -1/ (nE) [ln (nD/Z)-1) +0.293 — (0.517/&))]

where w is the desired width of the microstrip line
/1 is the height of the microstrip line above the ground plane

Zuis the characteristic impedance

gr is the relative dielectric constant




Due to difference in impedance with changing line width,

impedance matching is between two different impedance elements is necessary. This can

be done by placing a matching strip between the elements to be matched. The impedance

of this matching strip can be expressed by:

ZoNZaZ

where Zois the matched impedance

2.5 Discontinuity

Discontinuity is a term for a geometric change in the microstrip line :
‘referring to a gap, notch or a bend in the strip. This physical change alters the electric and
magnetic field distributions of the strip resulting in energy storage and often radiation at
the discontinuity. Due to these factors showing similar characteristics as elements such

as capacitors and inductors, discontinuities can be expressed as the following equivalent

circuits:
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Figure 3: Discontinuity Equivalent Circuit

2.6 Balun

The word balun is a contraction for “balanced to tnbalanced™, where
balanced means that both terminals of the feed must be of the same voltage level
with respect to ground, if not then it is said to be unbalanced. This device is
designed for systems where a centre-fed antenna (dipole for example) which is a
balanced device. is fed to a coaxial line, which is unbalanced. The balance of the system
is then upset as one side of the antenna is connected to the outer shield while the other is
connected to the inner conductor. On the side connected to the shield, a current can flow

across over the outer of the coaxial line. The fields that exist outside cannot be cancelled

by the fields from the inner conductor as the fields within can not escape, and hence the




current flowing outside of the coaxial line will cause unwanted radiation. This is called
line radiation. Baluns manipulate the voltages at the antenna terminals equal in
amplitude with respect ground but opposite in phase, these voltages causes equal

amount of current to flow on the outside of the coaxial line. Since the current are equal
and out of phase with each other, they cancel out and hence reducing the effect of line

current .

2.7 Antenna Array

In some antenna applications, higher gain and narrower beam width is
required to increase range and to reject interference. Antennas can be arrayed to produce

these characters. In this section, array theory and architecture is discussed.

2.8 Design Consideration

As our aim in this project is to determine and design a suitable antenna for
the mobile cellular technology, the following important factors are considered:
* Antenna designed needs to be omnidirectional for effective reception on a mobile
device.
* Array design and configuration needs to have the potential for simple implementation
and installation.

* The antenna needs to be compact in physical dimension for compatibility in the mobile

cellular industry.




Chapter 3

Proposed Design

As the antenna design needed to perform the requirements of the
design consideration mentioned in the last chapter, we chose to design PCB dipole
antennas due to its appropriate characteristics, these been omnidirectional, compact. cost
effective, Mentioned in the last chapter, a dipole antenna needs a balun
to be compatible for connection to a co-axial cable, hence balun designs were also

proposed.

3.1 Proposed PCB Dilﬁole Radiator Design

The following radiator design was proposed:

The half-wave PCB dipole design, as to all half-wave dipole, has two
quarter-wavelength radiating elements. The radiating elements are connected to a ground
patch by two quarter-wavelength strips, these strips  provide the ground plane for the
balun element on the other side of the substrate.

This radiator design is the “ground sheet” of the whole dipole antenna,
where it is connected to the ground/outer conductors of the co-axial cable. The copper
sheet on the other side of the substrate will be the balun, where it is connected to the
feed/inner conductor of the coaxial cable. These two sheets including the substrate in the

middle will form the whole PCB dipole antenna design.

L

Poution x

Figure 4: Groundsheet design
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3.2 Proposed Balun Design

There are two balun designs implemented. One is the short circuit
design and the other is the physically connected design. The following illustration
describes the two designs:

In design “a”, the quarter-wavelength strips leading to the ground patch
on the radiating sheet mentioned acts as a ground plane for the balun microstrip line. This
microstrip line effectively has a gap in the ground plane between the two radiating
element, this gap is terminated by an open circuit a quarter wavelength away at position
y. The combination of these elements provides the balanced to unbalanced
transition and the necessary impedance needed.

In design “b”, position z is physically connected to position x. This
design is fundamentally similar to design “a”, except in this case it does not need to
provide an open circuit quarter-wavelength away to terminate the gap, it is already

physically terminated.

Postnon v
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Figure 5: Balun design
The 45" diagonal chamfered (or metered) bends on the microstrip lines shown in the

figure above greatly minimizes the discontinuity reactance that would normally occur on

a bend, as these chamfered bend are electrically shorter than the physical distance of the




bend path. In an even more understanding perspective, a chamfered bend seems though if

it is guiding the signal traveling through the path.

3.3 PCB Dipole Antenna

The figure below explains illustratively how the previously

mentioned designs in this chapter are associated:

Plysical connection between two sheers

| [ |

Design "a” Design "b"

Figure 6: Basic microstrip antenna design
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This chapter describes the design procedures taken in assisting linking
knowledge between the theoretical understandings. and the practical fabrication of

antennas.

4.1 Design Procedures

The following design procedures were implemented, taking into consideration the time
and cost constraints:

* Design and building of prototype microstrip dipole antennas.

« Analyzing the performance of prototype antennas in helping designing the etched PCB
dipole antennas.

* Design and fabrication of required PCB dipole antennas.

4.2 Building and Testing of Prototype Microstrip Antennas

The reason for building these initial antennas are so that the relationship
between antenna theory and practical antenna building could be more understood before
going ahead in designing the final PCB antennas. Further, it is possible to “tune” these
antennas by trimming the copper strip conductors and adjusting the dimensions. Three
prototype antennas were built using difterent dimensions and methods. this assists in
determining which type would be more feasible for further design. All three antennas

were fabricated using 0.5mm copper plate as conductive sheet and 1.66mm FR-4

substrate.

-




4.3 Prototype Designs

The width the microstrip lines to be used in these antennas will be
calculated using the microstrip line synthesis equation with the known dimensions and
the lengths of the dipole- arm strip and the micro strip balun are all approximately a
quarter wavelength.

The specifications for the design of the prototype antennas are as follows:
o Operating Frequency: 2.4 GHz.
o For all the designs we have used a dielectric of thickness 1.6 mm and relative
permittivity of 2.2 and the height of copper strip on both sides of dielectric is 0.5
mm.
o Now by assuming impedance for quarter wavelength strips and balun we can

obtain their respective width. i

In our designs we have used following notations:
‘Ground plane:

a) Length=1L,

by Width =W,

Micro strip balun
a) Length =Ly
b) Width = Wf

Quarter wavelength strips
a) Length =1L,
b) Width =W,

¢) Gap between two strips =g|

Dipole arm (radiating element)

a} Length = Ly b
by Width = W, i

¢) Gap between two strips =gz r;iz
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Design A: Short Circuit Design ‘ lf'.
if;‘?
The dimensions for this prototype design are as follows: iwﬁ
L, =39.5mm

\
Je
I
Wy =350 mm :l
|
i

L, =40mm i

Wy = Imm !

Ly =40mm

We= lmm ;
|

Ly = 6mm

W4 =39.5mm

g2 = 5mm

The above dimension when plotted in software results in following structure
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Design B: Short Circuit Design

The dimensions for this prototype design are as follows:
Le=10mm
W, = 15mm

L, =19 mm
W, =5mm

Ly =34 mm
Wr=3 mm

Lg=6 mm
Wy=19mm

g> = 3mm

The above dimension when plotted in software results in following structure:
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Design C: Physically connected

The dimensions for this prototype design are as follows:

i
Ly= 10 mm : \

W,=15mm . ‘

a

Ly =19 mm !

W, =5mm

Ly =34 mm
Wi=3 mm

g =6mm
Wy =19 mm

g>» = 3mm

In this design there is a physical connection between ground sheet and balun via hole,

of radius r = 0.375 mm (taken from theory of micro strip antenna)

The above dimension when plotted in software results in following structure
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Figure 11: Groundsheet of prototype design C
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4.4 What is S1,1 Reading ? ' ]

Before using S!, | reading as our basis to determine the most appropriate

|
antenna let’s have a basic understanding of it. f i

The |S11] reading shown on the network analyzer determines how i
well the impedance is matched on the component that it is connected to. The test is an |
indicator of the reflected power which analyzes whether the component is radiating at

the correct frequency and its radiating bandwidth.

4.5 Prototype Performance |

The antenna performances below were taken from the S1,1 readings on the

CST microwave software.




Design A
% dipole2 - CST MICROWAYE STUDIO

FleEdtb‘mWCSGnesObpctsMSﬂveReﬂsﬂmos}bb

| i 0 £ el £ »lm mom Bt
, ’é‘:lﬂ?@ LR R AR Y LOBRERE S

.l élw if:ﬂ : T (%
_ . Q4 é B A , Free vi/ /000 /S L Lfﬁ)
el LA s R e o A

= £ Components

=45 oonparent
6 sid i e

9 i S-Parameter Magritude in &8

{3 solid3 5 23872

9 st :. : ] :

G soids . Si1:-248 .

(@ sold : \ {

@ sohd? ‘

ﬂ dﬁbﬂ -'Mb“_ll‘-‘u‘\gﬂf“’d;k“-;}w:

H @ soid8

() sohd

# __] Materials "

J Curves

) wes

(] Wires

(] Lumped Elements A0 '

&1 Plone Wave N IR e e e S
® ] Paits : !
1 (] Excitation Signals
{1 Field Monitors ; :
() Puobes ! )
=3 1D Results
# (] Potsins
# (] Sl fnear X0
=/ 36ld

g s
® (] adS)
# (1§ polar
® (L] Smith Chat .
# (] Bdance 0 i
w ] Enaigy
(1] 20430 Results
(] Faifields

o
—
—

o E

Frequency / Gz

Open an exstingmodedesripion e (Ct0) T ez e e s | ] ]
Wistor] [bocbtheor | E)oi o2 | dpole2 - CSTMICRD. Pason | Do i B0 1w

Figure 13: |S11] of prototype design A




Design B
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Figure 14: |S11]| of prototype design B




Design C
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Figure 15: [S11] of prototype design C




From the result shown above, we can sec that neither the design A nor

design B had the satisfactory result; hence the designs for etched PCB antennas will be

implemented using design C.

4.6 Desipn of PCB_Antenna

The design of the PCB antenna in this section are developed from
design C of the prototype antenna, which proven to be the best balun configuration. At
this stage, the aim is to design the best suited antenna which fulfills the condition of
required pattern, directivity and resonating frequency as close as possible to 2.4 GHz.

From the S1,1 reading above and far field pattern shown below ( see

the gain of 2.2 dBi) it is clear that the Design C prototype is giving result very much

closer to the required result.
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Figure 16: Abs component farfield

So in the next chapter we will be using Design C prototype antenna and

frequency correction techniques to implement our final, required antenna.




Chapter 5

Design and Analysis of required antenna

5.1 Frequency Correction on Design C

We know that the operating frequency of the antenna is dependent

on the length and the width of the quarter-wave matching strip as well as on the length of

the radiating element.

In our case we have decreased the width of the quarter-wave matching strip. Hence by,
trial and error, decreasing the width of these two matching strip near the radiating strip,
we obtain following dimension.

The dimensions for this design are as follows:

Lg =10 mm
W, =15 mm

Ly =16 mm
Ly = 3mm
WiL=5mm

where Ly, is the length of decreased width of the quarter-wave matching strip.

Ly =34 mm

W =3mm
Ly =6 mm
Wyq=19 mm
1, = 3mm

Via — hole radius r=0375 mm

2= lmm.
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Figure 17: Groundsheet for desired antenna
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Figure 18: Balun for desired antenna




The S1,1 reading obtained for above design as obtained on software is shown below:
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Figure 19: |S11| reading obtained for desired antenna




In the figure above, although the reflected power is lower than the original,
the center frequency has been corrected to 2. 42 GHz, which is close enough for 2.4 GHz
applications.

Although the antenna showed the expected characteristics, it is not operating
at the ideal frequency of 2.4GHz. This error can arise from the possible inaccurate
information on the value of the dielectric permittivity, inexact etching, and the reflected
loss at the connectors.

The polar radiation test result shown below indicates that the antenna
designed omni directional and due to the ground plane located behind the radiating element,

it has a lot less back radiation as expected:
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Figure 20: Abs component farfield
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Figure 21: Phi component farfield
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Figure 22: Theta component farfield




Chapter 6

Conclusions and Recommendations

This chapter discusses the conclusions that have been drawn from the results
of tests conducted on the antenna array. Recommendations are then made with regard to

the conclusions.

6.1 Conclusions

The results from the tested antenna are satisfactory and have achieved the
objective set for this thesis, which is to design and build a high gain omnidirectional
printed circuit board dipole antenna array operating at 2.4 GHz. The S1, 1 test indicates
that the tested antenna is closely matched to 2.4 GHz at 2.42 GHz, with an excellent

radiated power.

6.2 Recommendations

The following recommendations on the improvements, testing and possible
applications of the antenna have been made from the drawn conclusions. Further

testing on the current antenna array has also been proposed.

6.2.1 Improvements on the Antenna Array

The following recommendations are made to improve the peffommnce of the
antenna array: |
Instead of printing designs on CST microwave software, rather implement
the software form of the design on more advanced and improved software which are
capable of more accurate designing. This will greatly improve the precision of etching.
hence reducing the impedance mismatches that will occur.
Improvement on the gain by using antenna array antenna array. In some
antenna applications, higher gain and narrower beam width is required to increase range

and to reject interference. Antennas can be arrayed to produce these characters. In this

section, array theory and architecture is discussed.




6.2.2 Antenna Testing Recommendations (for hardware testing)

The following should be implemented to improve accuracy of the test results:
o An anechoic chamber will greatly improve the accuracy of radiation tests
conducted on antennas, as reflections are reduced.
o An automated stepping turn table would help with taking polar radiation

readings, as each reading taken will be stepped at an accurate angle.

6.2.3 Possible Antenna Array Application

As the antenna array built is omnidirectional with high gain in the

vertical region, it could be implemented in the case where ground to air communications

were needed at 2.4 GHz.
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