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ABSTRACT

To accelerate the path towards 5th generation wireless system, high-performance
antennas as the interface between the external environment and radio system are
playving an important role. They are required to provide efficient wireless com-
munication of high-speed data, high definition video, cloud application and so on
by future wireless smart devices.

There are two sections in this project. The first section is the design, simulation,
optimization and fabrication a low-cost quasi-Yagi antenna, which can operate
at G0GHz wireless band. The second section is doing the basic wireless link
performance measurement. Through experiment to demonstrate the influence
of transmitter power level, antenna gain and transmission distance on received
power in 60GHz point-to-point wireless transmission. Furthermore, through mea-
surement results analysis fo prove high-gain electromagnetic bandgap resonator

antenna (ERA) can improve the wireless communication efficiency.
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Chapter 1

Introduction

An antenna, which converts electric power into radio waves or converts radio waves into
electric power, is an electrical device and generally used with a radio transmitter or ra-
dio receiver. In transmission, a transmitting antenna radiates the energy from a radio
transmitter, which supplies an electric current oscillating at radio frequency, as electro-
magnetic waves/radio waves. In reception, a receiving antenna intercepts some of the
power of an electromagnetic wave converts a weak electric voltage at its terminals [48]. A
transmitting antenna and a receiving antenna constitute the wireless communication link
which is the interface between the external environment and radio system. An efficient
antenna system can be achieved by a good performance antenna. A good performance
antenna starts with an appropriate antenna design. In the antenna design, there are many
parameters need to be considered, such as radiation pattern, input impedance, main/side
lobe, radiation efficiency, directivity, gain, bandwidth and front-to-back ratio to match
the system design objectives [10]. Furthermore, the construction of antenna and the cost
for fabrication should not be ignored.

Selecting an appropriate operating frequency before antenna design is very important.
Currently there is considerable demand for spectrum in 2.4GHz band, this lead to 2.4GHz
band becomes quite congested and many Radio Local Area Network (RLAN) system are
expected shift to 5GHz band [1]. However, demand for broadband multimedia appli-
cations as exceed 5GHz band availability has been predicted by Industry Canada [7].
Because digital wireless communications will always require higher throughout than is
available, the Wireless Gigabit Alliance (WiGig) developed and promoted a specification
for wireless communications technology operating in 60GHz band at speeds in the multi-
Gigabit range. WiGig promoted the IEEE 802.11 protocol and announced it in May
2009. In 2010, the IEEE 802.11ad was officially approved by the IEEE [30]. There is 3-7
GHz of bandwidth available worldwide, which has slightly different in different countries.
Compared with other wireless platforms, 60GHz band has a great advantage in frequency
reuse within a very localized region of air space because 60GHz band exhibits a attenua-
tion rate over distance due to walls and oxygen. [18] Furthermore, the advantages of the
60GHz band such as simple fexible transmission rules and lack of incumbent user can
increase the transmission speed in next-generation WiFi, and some indoor point-to-point
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applications for high-definifion video streaming from smart devices and fast files trans-
fer between computers with other smart devices. Based on 2.4GHz and 5GHz band are
congested and the advantages of 60GHz band, an antenna will be designed to operate at
G0GHz band.

Table 1.1: 802.11ad Features

Characteristic Description
Operating frequency range | 60GHz ISM Band
Maximum data rate TGbps

Typical distances 1-10 meter
Antenna technology Uses beamforming

Table 1.2: Worldwide Spectrum Available at 60GHz [15]

Region Allocation(GHz)
Australia 59.40-62.90
USA and Canada | 57.05-64.00
European Union | 57.00-66.00
China 59.00-64.00
Japan 59.00-66.00
South Korean 57.00-64.00

1.1 Project Objectives

1. Review of electromagnetism and antenna technology.

2. Familiars with Computer Simulation Technology (CST) Microwave Studio for an-
tenna design.

3. Understand 60GHz antenna design and know how to optimize it.
4. Familiars with antenna simulation and theoretical analysis.

Setup 60GHz antennas link and measure the performance of antennas.

o

6. Through experiment to demonstrate the influence of transmitter power level, an-
tenna gain and transmission distance on received power.
. .
1.2 Thesis Overview

In this section, a general description of the thesis will be outlined. The project plan, which
contains the project specifications and deliverables, is attached in Table 1.4. This project




1.2 Thesis Overview 3

is supervised by Professor Karu Esselle and Doctor Basit Zeb from the Department of
Engineering, Macquarie University. In order to make sure the problems can be solved in
time, the project is conducting successfully and deliverables are feasible, a regular meet-
ing with academic supervisor each week was setup from the beginning. The consultation
attendance form is attached in the Appendix at the end of the document.

The structure of this thesis is as follow:

Chapter 3 provides the background, fypes and parameters of different kinds of antenna.
In the antenna types, dipole antenna, monopole antenna, array antenna, loop antenna,
aperture antenna and microstrip antenna will be introduced. There are five main antenna
characteristics which are radiation pattern, bandwidth, efficiency, impedance and gain
will be highlighted. Moreover, the basic concepts of extremely high frequency and three
regions of electromagnetic field will be provided in this chapter.
Chapter 4 gives the literature reviews about different kinds of microstrip antenna design
and comparison with microstrip line feeding, coaxial probe feeding, proximity coupled
feeding and aperture coupled feeding. Furthermore, related work will be discussed to find
out an appropriate design for the project.
In chapter 5, a 60GHz quasi-Yagi antenna will be designed, optimized and simulated in
the CST Microwave Studio. Through adjusting the main design parameters of quasi-
Yagi antenna to optimize the antenna characteristics such as reflection coefficient, voltage
standing wave ration (VSWR), gain and radiation pattern is main content of this chapter.
Chapter 6 gives a basic wireless link performance measurement using 60GHz transmitting
antenna and receiving antenna. The experiment principles, equipment set up, procedures,
caleulations and analysis will be provided. Through experiment to demonstrate the in-
fluence of transmitter power level, antenna gain and transmission distance on received
power in 60GHz point-to-point transmission. Furthermore, through measurement result
analysis to prove high-gain electromagnetic bandgap (EBG) resonator antenna (ERA)
can improve the wireless communication efficiency.
Chapter 7 concludes and summarizes the whole project and discuss the potential future
research.

1.2.1 Project Baseline Review

1. Time Budget Review
This project was launched from 1 August, 2016. The report and poster have to hand
out on 7 November, 2016 and 11 November, 2016. The presentation will be held
on 14 November, 2016. The baseline plan was created to utilize all available day
throughout the whole semester 2 of 2016 including the mid-term break, for project
activities.
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Table 1.3: Time Budget Review Summary

Estimated work | 89 days
Relised work 89 days
Complection 100 %

Table 1.4: Detailed Project Time Line

Task Start date End date Days | Completion
Understanding project | 01/08/2016 05,/08/2016 5 100%
scopes and deliverable

Project plan and specifica- | 06/08,/2016 10/08/2016 B 100%

tion

Literature review and rela- | 10/08/2016 04,09/2016 25 100%
tive paper study

Understanding project | 01/08/2016 05,/08/2016 5 100%
scopes and deliverable
CST  Microwave studio | 29/08/2016 04,09/2016 7 100%

study and practice

Antenna Design and opti- | 05/09/2016 17/10/2016 41 100%
mization

Simulation analysis 03/10/2016 17/10/2016 15 100%
Measure equipments study | 18/10/2016 24/10/2016 7 100%
and practice

Antenna fabrication 25/10/2016 28/10/2016 3 100%
Antenna Measurement 25/10/2016 29,/10/2016 5 100%
Thesis draft 25/10/2016 31/10/2016 7 100%
Thesis finalist 1/11/2016 7/11/2016 7 100%
Abstract 8/11/2016 | 11/11/2016 | 4 100%
Poster 8/11/2016 | 11/11/2016 | 4 100%
Presentation 8/11,/2016 14/11/2016 7 100%

2. Financial Budget Review

The project was allocated financial budget of $300. Due to the fabrication com-
plexity, the electronics engineering services in the Macquarie University can not
support small-dimension antenna fabrication. After discussion with supervisors,
this antenna design will be sent to Lintek Australia [25] for fabrication. The cost of
fabrication is $759.

The purchase order form and invoice are attached in the Appendix at the end of
document.




Chapter 2

Background

2.1 Antenna History

In 1886, the first wireless electromagnetic system was built by Professor Heinrich Rudolph.
This system proved the existence of electromagnetic waves predicted by James Clerk
Mazxwell. In 1901, Guglielm Marconi was able to send signal over 200m. From Marconis
inception through the 1940s, antenna technology was mainly focused on wire related ra-
diating elements and frequency up to Ultra high frequency(UHF). In this period, modern
antenna technology was launched and new element such as Yagi-Uda antenna (1920s),
horn antenna (1939) and antenna arrays (1940s) were primarily introduced. While the
Second World War launched a new era in antennas. During 1960s to 1980s, advances
made in computer architecture and technology has made great advance in modern an-
tenna technology. A patch antenna which is the original type of microstrip antenna was
described by John Howell in 1972. This situation lead to an even greater influence on
antenna technology in the 1990s and bevond. In 1992, Marty Cooper led the Motorola
group developed the first portable cell phone [48]. After this a large number of research
focus on making antennas not only smaller but also more efficient, especially apply to
personal wireless communication devices,

2.2 Antenna Types

Antenna can be classified in various methods. Almost every antenna in all over the world
can be understood as some combination or derivative of the antennas listed in this part.

e Dipole Antenna
e Monopole Antenna
e Array Antenna

e Loop Antenna

o
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e Aperture Antenna

e Microstrip Antenna

l \é?g
I i\

(b) Horn Antenan

a) Monopole Antenna

(a) Microstrip Patch Antenna [30]

(¢) Array Antenna

Figure 2.1: Different Tvpes of Antenna

2.2.1 Dipole Antenna

The dipole is one of the simplest and most typical anfenna on a large class of antennas.
A basic dipole antenna has two identical conductive such as metal rods or wires arranged
symmetrically, with one side of the balanced feedline from the transmitter or receiver
attached to each. The half-wave dipole which is the most common type has two resonant
elements just less than a quarter wavelength length. This antenna directive gain can
achieve a small value low to 2.15dBi, practically the lowest directive gain of any antennas.
Yagi-Uda antenna, patch antenna (often used in arrays), log-periodic dipole array antenna
and corner reflector antenna is also a kind of dipole antenna.

2.2.2 Monopole Antenna

A monopole antenna, which is a class of radio antenna, consists a single conductor such
as a metal road. It usually be mounted perpendicularly over some type of conductive
surface. One side of the feedline from the receiver /transmitter is connected to the lower
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end of the monopole antenna, and the other side is connected to ground, which is often
the Earth, or the artificial ground plane. Monopoles antenna are used for coverage of an
area, because they have an omnidirectional pattern and vertical polarization. Therefore,
large monopole antennas are used in Medium Frequency (MF), Low Frequency (LF) and
Very Low Frequency (VLF) bands for broadecasting and small monopole antennas are used
in High Frequency (HF), Very High Frequency (VHF) and Ultra High Frequency (UHF)
bands as nondirectional antennas on portable radios.

Whip antenna, mast radiator antenna, T and inverted L antenna, inverted F antenna and
umbrella antenna is a kind of monopole antenna.

2.2.3 Array Antenna

In Array Antenna, there are multiple antenna working together as a single antenna. It
has arrays of identical driven elements and dipoles fed in phase normally, giving increased
gain over that of a single dipole.

Collinear antenna, reflective array antenna, phased array antenna, curtain array antenna,
batwing antenna and microstrip antenna is a kind of array antenna.

2.2.4 Loop Antenna

A loop antenna is a radio antenna consisting a loop or coil of wire, electrical conductor
(e.g. tubing) with its ends connected to a balanced transmission line. There are two
different antenna designs within this physical description. One is large resonant loop
antenna with circumference of a wavelength. Its operation is similarly to the half-wave
dipole. The other one is small loop antenna, also called a magnetic loop antenna, which
is much smaller than a wavelength. It is not sensitive to nearly electrical noise when it
interacts directly of radio wave magnetic field. Meanwhile, it has a low radiation resistance
(much smaller than the loss resistance), this lead to it is not desirable and efficient for
transmitting. Therefore, small loop antenna is used as receiving antenna at low frequency
and for direction finding antenna.

2.2.5 Aperture Antenna

Aperture antenna which is mainly used at microwave frequency, has a small dipole or a
loop feed antenna inside a three-dimension guiding structure [31]. It can be used over
a wide frequency range through tuning or replacing the feed antenna bhecause its non
resonant structure.

Parabolic antenna, horn antenna, slot antenna and dielectric resonator is a kind of aper-
ture antenna.
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2.2.6 Microstrip Antenna

Microstrip antenna was conceived around 1950s and it can be fabricated as a kind of
printed or patch antenna. It has a radiating patch on one side of dielectric substrate such
as printed circuit board (PCB) and a continnous metal layer which forms a ground plane
on the other side [13]. The shapes of radiating patch are diverse, they can be rectangular,
square, circular, equilateral triangle and any continuous shape. In order to simplify design
and performance prediction, the regular patch shapes are used in a large number of design.
Typieally, the dielectric constants of substrate are from 2.2 to 12 and the conductors are
copper or gold [35].

Recently, microstrip antennas are getting more popular and be used in a wide range of
application because they are relatively easy to design and advantage in fabrication from
the two dimensional physical geometry. Furthermore, they are relatively light weight,

thin profile configurations, low volume and low fabrication cost. However, there are some
disadvantages of themselves which are large ohm loss in the feed structure of arrays,

high value dielectric constant substrate leads to narrow bandwidth and poor efficiency,

excitation of surface waves, somewhat lower gain and poor end-fire radiator [35].

Some of these limitations can be minimized and the performance of antenna can be
improved by using some special techniques, for example, using array configuration to
increase the gain of antenna.

2.3 Antenna Parameters

2.3.1 Radiation Pattern

S5 o Main Lobe
[ siae~® g B e T
‘Lobes " f \
\ Side | \ Slﬂe
150 ’,_/’, ,//\[ -.30 10, : Lobes'l ; l.
: ”_,.F-w ~ Back Lobe Jl Bar.lt Lobe
r/ |/ E -20\ ﬁ ' l |ll| \ -’\,\/
:::kl. I. m{ﬁ;?bl?_ f ll
ck Lol | ~
2 ‘u' \'él\‘-—fj /30 |
\, - } Id& /
g Lobes .~ -40
e 480 420 -60 O 60 120 180
(a) Pattern in Polar Coordinates {b) Pattern in Cartesian Coordinates

Figure 2.2: Radiation Pattern [9]

The radiation pattern of an antenna is a graphical depiction of the relative field
strength transmitted from or received by antenna at different angles.




2.3 Antenna Parameters 9

It is usually represented by polar plots of horizontal and vertical cross sections or a three-
dimensional graph. The radiation patiern of ideal isofropic antenna is equally in all
directions which looks like a sphere. Some nondirectional antennas such as dipole anten-
nas and monopoles antennas, emit equal power in all horizontal directions and the power
reducing at higher or lower angles. Their omnidirectional pattern looks like a torus. In a
directional antenna, its radio waves are in a particular direction and lobe in this direction
is bigger than other direction which is named main lobe. The other lobes of directional
antenna are called side lobes which usually represent unwanted radiation.

An example radiation pattern image is shown on Figure2.2, which is represented in Carte-
sian and polar coordinates.

2.3.2 Bandwidth

The range of frequencies within which the performance of the antenna, with respect to
some characteristic, conforms to a specified standard, this is the defines of bandwidth by
IEEE [28].

In definition, bandwidth is overall effectiveness of an antenna through a range of frequen-
cies. In practice, bandwidth is typically quoted in terms of Voltage Standing Wave Ratio
(VSWR). The frequency range determines the VSWR bandwidth where it is less or equal
to 1.5. 3dB return loss is another frequently used value which can be used to characterize
bandwidth for resonant antenna.

2.3.3 Efficiency

Antenna efficiency is the ratio of power actually radiated from an antenna to the electrical
power it receives from another antenna. Efficiency can be defined as the ration of radiated
power to the total power used by antenna.

e o Prudiuft.'rf 21
Ep = Pi { ' )
totalpower

where
£ is antenna efficiency
Pradiated 18 antenna radiated power [W)]
Piotalpower 15 antenna total power [W]

-'Dtoraipnww = -Pmdmfcd + P:’n:z:r {2'2)

where
Piataipower 15 antenna total power [W]
Piadiated 15 antenna radiated power [W]
Pioss is antenna loss power [W]
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gr = My X gg (2.3)

where
er is antenna total efficiency
M is antenna loss due to impedance mismatch
£ is antenna radiation efficiency

The higher efficiency antenna means there is more power present at its input radiated
away. On the other hand, the power efficiency antenna, there is more power absorbed as
losses within itself or mismatching with impedance.

2.3.4 Impedance

Normally, there are two categories for anfenna impedance, which are 5002 and 752, A
mismatching antenna will not radiate power, therefore, a well-matched antenna is playing
an important role in wireless communication. The specification of impedance is input
reflection coefficient (S11) or Voltage Standing Wave Ratio (VSWR). For a well-matched
antenna, its input reflection coefficient should less or equal to -10dB and VSWR should
less or equal to 2:1.

2.3.5 Directivity and Gain

In the antenna parameters, the directive and gain of antenna are playing an important
role.

The directivity of antenna, which is a component of its gain, is a figure of merit in elec-
tromagnetics. In mathematically, the equation for directivity is:

1
D=t p— . (2.4)
1= Jon JLIF (8, 6)|?sin fdfdo

where
D is the directivity of antenna
F(#,9) is the normalized radiation pattern of antenna.

The gain or power gain of an antenna can be defined as the ratio of antenna radiation
intensity in a particular direction (typically the direction of peak radiation) to the radia-
tion intensity of an isotropic antenna. In most of cases the unit of gain is dBi (decibel over
isotropic). An antenna with higher gain will radiate most of its power preferentially in
particular directions, but a low-gain anfenna will emit radiation in all directions equally.
The antenna with high value of gain has the advantage of better signal quality and longer
range in particular, but must be careful when matching another antenna.

G=egxD (

[¥)
wD
—
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where
G is th gain of antenna
D is the directivity of antenna
£p is antenna radiation efficiency

2.4 Extremely High Frequency (EHF)
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Figure 2.3: Electromagnetic Frequency Spectrum Ranges

Extremely high frequency is the International Telecommunications Union (ITU) des-

ignation for the band of radio frequencies in the electromagnetic spectrum from 30 to
300 gigahertz. Radio waves in this band are named millimeter band or millimeter wave
(mmW), have wavelengths from 10 to 1 mm. It is longer than infrared waves or x-rays,
but shorter than radios or microwaves.
Radio waves in EHF band have high atmospheric attenuation and free space loss com-
pared to lower bands. Therefore, they are a short range and can only be used over few
kilometers. However, the short wavelength is useful for densely packed communications
network especially suitable for indoor personal area networks. Millimeter waves allow high
digital data ratios which can reach 10Gbit/s and more. Their propagation characteristic
let them useful in a variety of applications, specially for large amounts data transmis-
sion. In microwave frequencies and below, the wireless data ratios are limited to around
1Gbit/s which is much less than the millimeter wave. What is more, short wavelength
makes very small antennas necessary and possible while Integrated circuits(1Cs) keep the
circuitry small. A small antenna can steer and focus the energy for greater power, gain
and range [49].
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Advantages of EHF

e Higher transmission rate.

e MNore Bandwidth is available.

s Reduces hardware size

e The radio spectrum is still undeveloped.
Disadvantages of EHF

e Higher costs in manufacturing.

e Extremely high frequencies have significant attenuation.

Table 2.1: Comparison of Different Frequency and Their Applications

Name Frequency | Wavelength | Main Application
(Hz)

Very low fre- | 3-300k 10-100km | Navigation.time standards

quency(VLF)

Low fre- | 30-300k 1-10km Marine and aircraft navigation

quency(LF)

Medium fre- | 300k-3M 100m-1Km | Meinm-wave broadcast(ANM)

quency({MF)

High fre- | 3-30M 10-100m Ship and aircraft communica-

quency(HF) tions, short-wave broadcasting,
amateur radio

Very high fre- | 30-300M 1-10m TV broadcast, Land mobile

quency(VHF)

Ultra high fre- | 300M-3G 10cm-1m Aircraft radar.cell phones and

quency(UHF) mobile radio, Personal-area net-
works

Super high fre- | 3-30G 1-10cm Radio astronomy and space re-

quency(SHF) search, Satellite broadeast, Elec-
tronic communications for public
and private sectors

Extremely high | 30-300G Imm-lem | Various radars for satellite com-

frequency(EHF) munications, Terrestrial commu-
nications, Millimeter wave relay
for public use
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2.5 Three Regions of Electromagnetic Field

Typically, there are three regions of space around the antenna which are reactive field,
radiating near-field and radiating far-field.

1

Reactive field

The extent of reactive field is 0 < d < 2

5= where d is the distance between trans-
mitting antenna with receiving antenna and X is the wavelength. In this region
the relation between the strengths of the E and H field is very intricate. In order
to calculate the reactive field power, both E and H field need to be measured and
phase relationship and the angle between them must be know. Therefore, it is too
complex to find out the power density in this regions.

. Radiating near-field

% <d< "—';-1 where D is the largest dimension

Compared with the reactive field, the E and H field relation is
more predictable, but still complex not only in measurement and calculation but
also exist unanticipated conditions.

The extent of radiating near-field is
of the antenna.

Radiating far-field

Typically the radiating far-field is defined as the distance around the antenna is
r > %)2 The radiation pattern of the antenna under test is essentially independent
of the distance of the source antenna in this region. Therefore, a large number of

antenna performance such as gain, radiation patterns can be measured in this field.
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Figure 2.4: Three Regions [51]
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Chapter 3

Literature Review

3.1 Feeding Techniques

There are four most popular microstrip feeding techniques which are microstrip line feed-
ing, coaxial probe feeding, proximity coupled feeding and aperture coupled feeding [5].
These four feeding techniques can be classified into two main categories, microstrip line
feeding and coaxial probe feeding are in contacting methods, proximity coupled feeding
and aperture coupled feeding are in no-contacting methods.

Contacting methods are pretty widely used in a large number of antenna design [47]
because they are not only easy to design and analyze but also easy to fabricate. Com-
pared with contacting methods, non-contacting methods are relatively complex in both
design and analysis. When using these methods, designers have to consider dielectric
constant and thickness of two substrates, effects of the coupling capacitor between the
pateh and feeding line. However, using aperture coupled feeding technique can achieve
wider bandwidth.

Table 3.1: Comparison of Four Feeding Methods

Characteristics Microstrip line | Coaxial  probe | Proximity cou- | Aperture  cou-
feeding feeding pled feeding pled feeding

Feed radiation More More Minimum Less

Reliability Better Poor Good Good

Impedance Easy Easy Easy Easy

matching

Fabrication Easy Soldering  and | Alignment Alignment

drilling needed required required
Bandwidth 2-5% 2-5% 2-5% 13%
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(b) Coaxial probe feeding
(a) Transmission line feeding

{e) Proximity coupled feeding

(d) Aperture coupled feeding

Figure 3.1: Four Feeding Methods

3.1.1 Transmission Line Feeding

Printed transmission lines are widely used in the microstrip antenna design, because
of they are reality light weight, high efficiency, more reliable, easy for fabrication and
low cost [42] [32]. There are six different transmission lines, which are microstrip line,
stripline, suspended stripline, slotline, coplanar waveguide and finline, are generally used
in the design. Therefore, get the knowledge about the basic principles of transmission
liens are very useful for the further anfenna design.

Microstrip Line

Microstrip is one of the most popular structure used in microstrip antenna design and
development because of it is very easy in fabrication and troubleshooting. It can be mod-
ified to suspended microstrip line, inverted microstrip line and shielded microstrip line.
They can support low to high radiation. Their impedance range is from 20 to 120 and
quality factor (Q factor) is from 100 to 250.

s Advantages:

1. Smaller size
2. Easy to mamufacture

3. Easy to tune and troubleshoot
e Disadvantages:

1. Higher loss

2. Unwanted radiation
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Stripline

Stripline looks like a sandwich structure, its ground planes exist on both side of the sub-
strate and the metal strip lies at the middle. Compared with the microstrip line structure,
stripline structure provides medium for electromagnetic waves. The impedance range they
can support is from 35 to 25082 and guality factor of them is around 400.

e Advantages:

1. Good electromagnetic waves shielding
2. Low attenuation loss
3. Wider bandwidth
4. Better isolation

e Disadvantages:
1. Complex and expensive in manufacture
2. Complex in tuning and troubleshooting

3. Compare to microstrip line, stripline trace width is smaller in same impedance
and height

Suspended stripline

Suspended stripline structure is enclosed, strip inside is etched out on a thin substrate.
Shielded high-quality suspended stripline, shield suspended stripline and shielded sus-
pended double-substrate stripline are a kind of suspended stripline. They have low radi-
ation and their impedance range is from 40 to 150f). However, the quality factor them
offer is very high which is up to 500.

o Advantages:

1. No spurious radiation
2. Low attenuation loss
High Q) factor

4. Wider bandwidth of operation
e Disadvantages:

1. Complex and expensive in manufacture

2. Complex in tuning and troubleshooting
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Slotline

Slotline is a kind of planar transmission line. Small narrow slot is etched out on one side
of the dielectric substrate, but no metallic on the other side. In this design. the slotline
characteristic impedance depends on the slotline width. As the increase in slotline width,
the impedance will increase as well.

Slotline can be modified to antipodal slotline and bilateral finline. In slotline, the radia-
tion is medium, quality factor is around 100 and impedance is from 60 to 200€2.

s Advantages:

1. Can be efched along with microstrip line on same PCB
2. Easy to manufacture

3. Easy to tune and troubleshoot
e Disadvantages:

1. Can not be used in broadband circuit designs

Coplanar waveguide

Coplanar waveguide has a conductor strip between two ground planes which are on one
side of substrate [20] [41]. The conductor strip and the space between the strip and ground
planes determine the coplanar waveguide characteristic impedance. The impedance will
decrease along with the increase in the strip width.

In symmetrical coplanar waveguide and shielded coplanar waveguide, the radiation is
medium, quality factor is about 150 and impedance is from 20 to 250€2.

e Advantages:

1. Low dispersion
2. Easy to achieve due to etching on one side
3. Good broadband performance

e Disadvantages:

1. Expensive in manufacture

2. Relative thick substrate
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Finline

o

Finline can be modified to bilateral slotline, antipodal finling and antipodal overlapping
finline. They can support transverse electromagnetic (TEM mode). Therefore, radiation
of finline is zero. However, they can support 10 to 400} impedance range and the quality

factor is around 500.

e Advantages:

1. Low dispersion
2. Broader bandwidth

3. Easy for isolator and circulator design
e Disadvantages:

1. Complex in assembly

2. Complex and expensive in manufacture
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Figure 3.2: Types of Printed Transmission Line
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3.1.2 Coaxial Probe Feeding

In coaxial probe feeding, a 500 coaxial cable and N type coaxial connector [39] can easy
to match 5002 input impedance. The N type coaxial connector is located on the ground
plane of microstrip antenna. Meanwhile, the center connector of the coaxial is passed
through the substrate and soldered to the patch on the other side of substrate.

3.1.3 Proximity Coupled Feeding

Two substrates are required in proximity coupled feeding. The patch is located on the top
of upper substrate, feeding line is located between two substrates and the ground plane
is on the bottom of lower substrate.

3.1.4 Aperture Coupled Feeding

In aperture coupled feeding, there are two substrates as well. Unlike the proximity coupled
feeding, the ground plane of aperture coupled feeding is located between two substrate
and has a rounded or rectangular aperture. The patch is located on the upper substrate
and the feeding line is on the bottom of lower substrate.

3.2 Quasi-Yagi Antenna Design

A typical Yagi-Uda antenna has a driven element, a reflector and one or more direc-
tors [22]. It can generate end-fire beam through matching appropriate phase and ampli-
tude conditions (opposite phase and equal amplitude) for the closely-spaced driven dipole,
reflector and director [19]. In the Yagi-Uda antenna a few elements are fed directly, there-
fore some other elements are used fo receive their excitation by near field coupling. For
example, reflector and director are design to change the pattern through feed. Compared
with some other designs the microstrip Yagi-Uda Antenna has more advantages such as
relatively high gain, easy to fabricate and low manufacture cost [43]. It can be used
in HF, VHF and UHF. microstrip Yagi-Uda antenna has been designed through wire
dipole or print dipole anfenna, until 1991, the first microstrip Yagi-Uda antenna were
presented by John Huang [17]. Recently, because of relatively good performance of mi-
crostrip Yagi-Uda antenna, it has drawn much attention. It was not only presented [32]
but also optimized [21] in millimeter-wave band.

According to literature review study, the shapes of microstrip Yagi-Uda antenna are di-
verse [52] [24]. In order to achieve a better performance or meet the special requirements,
in the quasi-Yagi antenna, the driven dipole and directors can be placed on both sides of
the substrate [53], using the truncated ground as the reflector [32] [8] or even no reflec-
tor [27].

1. Simplified feed for modified microstrip Yagi antenna design
In the simplified feed for modified microstrip Yagi antenna design [53], on the top
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layer of substrate are a microstrip line, one of the parallel lines, one arm of the
printed dipole antenna (driven dipole) and the director element. On the other side of
substrate, there are a ground plane acts as a reflection element, another parallel line
and the other arm of the dipole antenna (opposite direction driven dipole). In this
design, the driven dipole is fed by an uni-planar microstrip-to-coplanar strip(CPS)
transition as a broadband balun which is achieve by matching T-junction through
extend the microstrip line by a half wavelength. The geometry of the antenna is
shown on Figure 3.3. In some other design [10], a half wavelength long delay line
is designed to create an unbalanced condition of the antenna operation. However,
this kind of design will affect the antenna radiation pattern within matching band-
width [53].

This Yagi-Uda Antenna was design on Rogers Dourid/RT6010 substrate which di-
electric constant is 10.2 and thickness is (0.635mm. Its dimensions are shown on
Table 3.2.

frant

W

b Top layer ¢ Bottom layer

Figure 3.3: Geometry of Simplified Feed for Modified Printed Yagi Antenna [53]




22 Chapter 3. Literature Review

Table 3.2: Parameter Values of the Simplified Feed for Modified Printed Yagi Antenna

[53]

Parameter | Values(mm)
Wi, 0.9523
LI‘E‘ i 16
Lr:: f2 16
Woat 0.4442
W 0.4442
Sref1 7.5
If‘""rr: 2 ? . 5
Wi 0.6
Wair 0.6
Sir 2.58
Lair 2.84
i
.
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Figure 3.4: Reflection Coefficient of Modified Printed Yagi Antenna [53]
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Figure 3.5: Radiation Patterns of Modified Printed Yagi Antenna at 10 GHz [53]

After the simulation and measurement, the 10dB return loss bandwidth of the an-
tenna over 40% in the range from 7 to 14GHz. At 10GHz, its radiates end-fire
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patterns with cross-polarization level was around -20dB and front-back ration was
about 15dB.

2. Slot-line-fed Quasi-Yagi antenna design

In Slot-line-fed Quasi-Yagi antenna design [44], all elements are located on the top
layer of the substrate. The antenna contents a slot line as the feed, a ground plane
which is used as a reflector, a driven element and a director. In this design, the feed
line impedance is lower than the input impedance at the driven element. In order
to improve the impedance matching, the authors extend the distance between two
feed lines step by step. The configuration of the anfenna is shown on Figure 3.6.
This Yagi-Uda Antenna was design on Rogers Dourid/RT6010 substrate which di-
electric constant is 10.2 and thickness is 0.635mm. Its dimensions are shown on
Table 3.3.

Figure 3.6: Configuration of Slot-line-fed Quasi-Yagi Antenna [44]

Table 3.3: Parameter Values of Slot-line-fed Quasi-Yagi Antenna [44]

Parameter | Values(mm)
T 10

L 20

Lo 9.5

W, 2

W, 1

s 1

g 0.14

h 0.2

g2 0.3

According to the simulation and measurement result, the 10dB return loss band-
width of the antenna was approximately 55% and its front-to-back ratio is higher
then 18dB. Furthermore, the gain of antenna in operating band width was between
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4.9 with 5.6dBi1.
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Figure 3.7: Reflection coefficient of Slot-line-fed Quasi-Yagi Antenna [44]
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Figure 3.8: Radiation patterns of Slot-line-fed Quasi-Yagi antenna [44]

3. Simple broadband planar CPW-Fed Quasi-Yagi Antenna design
In simple broadband planar CPW-Fed Quasi-Yagi Antenna design, all elements are
on the one side of substrate. This antenna has two directors, a driven element, two
parallel strips and a ground plane acts as a reflector. These two strips are connected
to the driven element on one end and on the other end, one strip is connected to the
feed and the other strip is connected to the ground. In this antenna, balun design
is not necessary but both sides of the substrate must be etched.
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This Yagi-Uda Antenna was design on Rogers Dourid /RT6010 substrate which di-
electric constant is 10.2 and thickness is 0.635mm. Its dimensions are shown on

Table 3.4.

Director elements

| —Driven element

CPW feed

Reflector

Figure 3.9: Configuration of CPW-Fed Quasi-Yagi Antenna [20)]

Table 3.4: Parameter Values of CPW-Fed Quasi-Yagi Antenna [20)]

Parameter

Values(mm)

L

19.2

W

29

Ldii'

3.37

Szh'rl

0.96

S{ffrZ

0.96

Wair

0.96

Wair1

0.96

Wira

0.96

L’dri

11.5

Wi

1

Ly

7.61

L

8.61

Srd

9.69

Sref

5.69

According to the measurement result, the gain of this antenna was between 3.4
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with 7.4dBi from 8-12GHz and the peak gain appeared at 10GHz. Furthermore,
this antenna achieved 44% 10dB return loss bandwidth.

o ] "

L B ] i ]
Iruqnay, G [

Prs b porf s of ths s Messured guancf (b wivens

Figure 3.10: Simulation and Measurement Results of CPW-Fed Quasi-Yagi Antenna [20)]

Through background learning and literature review, the antenna basics were famil-
iarize. In this chapter, there are three antenna designs were provided. Although the
slot-line-fed quasi-Yagi antenna can provide high bandwidth, its structure is relatively
complex. Therefore, my quais-Yagl antenna design will start with simplified microstrip
line feeding.




Chapter 4

Antenna Design

In this chapter, a 60GHz quasi-Yagi antenna design, optimization, simulation and fab-
rication is presented. This antenna elements design is based on the classic Yagi-Uda
dipole antenna which contains driven element, reflector and one or more directors. The
driven element is fed by a microstrip line and a parallel coplanar strip lines (CPS) on
opposites sides of the dielectric substrate. The antenna design, optimization and simu-
lation are achieved by using Computer Simulation Technology Microwave Studio (CST
MWS) which not only provides a variety of functions and tools for each stage of antenna
design but also has different simulation methods to meet the needs. Due to fabrication
complexity, the antenna had to be sent outside to fabricate.

4.1 Design Procedure

4.1.1 Inmitial Design

At the beginning of design, a suitable substrate for 60GHz frequency band is pretty im-
portant. A low-loss Rogers RT/Duroid 5880 substrate is used in many 60GHz microstrip
design [0] [16]. It is high frequency laminate which is used in microstrip and stripline
circuits, millimeter wave applications, point-to-point digital radio antennas and so on.
The dielectric constant of this substrate is 2.2 and the standard substrate thickness is
0.254mm. The substrate data sheet is attached in Appendix. 18-microns-thick copper
will be used as quasi-Yagi antenna elements.

Secondly, the microstrip line need fo be designed to match 5082 impedance. The microstrip
line width can be caleulated through the formula below [26] [14]:

87 5.98H
s (S ew T (4.1)

where
Zy is the impedance []
£, 18 the substrate dielectric constant
H is the substrate thickness [m]
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W is the width of microstrip line [m]
T is the patch thickness [m]

In the design, the substrate thickness is 0.254mimn, substrate dielectric constant is 2.2,
thickness of patch is 18um and the impedance required is 50{). After calculation, the
width of microstrip line is 0.75mm.

This quasi-Yagi antenna feeding network does not need anyv additional devices such as
CPS balun, microstrip-to-slot transition or T-junction. Because in this antenna, there is
a UPS line between the microstrip line and driven element, acts as a quarter wavelength
transformer. By using this feeding structure, the antenna is operating in the odd-mode
at all frequency. [53].

The quasi-Yagi elements have to design after the feeding structure was determined. In
classic Yagi-Uda antenna there are three main elements, which are driven element, reflec-
tor and one or more directors. The length of these three elements and the spacing between
each others can influence the gain, radiation pattern, VSWR and other characteristics.
According to the Yagi-Uda antenna design guidelines [13]. The driven element is slightly
less than half wavelength, which typically between 0.45 with 0.49 wavelength.

The reflector is located behind the driven element which reflect and help to transmit the
energy in a particular direction and play an important role in determine the antenna
front-to-back ratio. Typically, the length of reflector is 0.5 to 0.55 wavelength, approxi-
mate by 5% longer than the driven element.

The director of Yagi-Uda antenna is the shortest element which length is fypically about
0.4 to 0.45 wavelength approximate by 5% shorter than the driven element. However, the
length of director will vary depending on the director spacing and the number of direc-
tors. Better result of gain and directionality can be achieved when additional directors
are added. As the number of directors is increased, the effect of adding director will de-
crease and levels out after 12 directors. At the same time, more directors in a quasi-Yagi
antenna will lead to larger size and higher fabricating cost. Therefore, in most of the
cases, the number of directors is 6 fo 12, The distance between directors is around 0.15
to 0.4 wavelength.

The printed Yagi antenna operating band covers from 57 to 63GHz, the center frequency
is 60GHz where wavelength of quasi-Yagi antenna is about 3.37mm. According to the
Yagi antenna design guidelines the initial parameters of quasi-Yagi antenna can be ob-
tained. The geometry of quasi-Yagi antenna is shown on Figure 4.1.




4.1 Design Procedure

29

Subatrate width

E

L
; 1 ﬂ u
—

fod Wi disectol

ap

Coplanas strip fine width = |

1 line bemgih

Ihirector wdth

000+
Disector length
4

Subsst eate lemgih

Irver wikth

Figure 4.1:

Table 4.1:

Parameter Values(mm)
Wavelength 3.37
Substrate width 10
Substrate length 25
Microstrip line width 0.714
Microstrip line length 9
Ground plane length 9
Coplanar strip line width | 0.3
Coplanar strip line length | 2.3
Driven element length 1.58
Director length 1.35
Driver and director width | 0.3
Gap between directors 0.674

4.1.2 Design and Optimization

Top Layer

Bottom layer

Geometry of Quasi-Yagi Antenna

Parameters of the Initial Design

In order to improve the quasi-Yagi antenna performance, the microstrip length, CPS
length, CPS width, driven element length, directors length, the widths of the driven
element and directors and the directors spacing, which are the variation of antenna char-

acteristics, are investigated one by one in frequency range from 57 to 63 GHz.

Each antenna parameter will be modified as follow:
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10.

. Substrate width increased from 6 to 10mm in increment of lmm. (6, 7, 8, 9, 10mm)

. Substrate length increased from 20 to 30mm in increment of 2mm. (20, 22, 24, 26,

28, 30mm)

Microstrip line width increased from 0.6 to 0.8mm in increment of 0.05mm. (0.6,
0.65, 0.7, 0.75, 0.8 mm)

Microstrip line length increased from 7 to 11lmm in inerement of lmm. (7, 8, 9, 10,
11mm)

CPS width increased from 0.1 to 0.4dmm in increment of 0.1mm. (0.1, 0.2, 0.3, 0.4,
0.5mm)

CPS length increased from 1 to 4mms in increment of lmm. (1, 2, 3, 4mm)

The widths of the driven element and directors increased from 0.1 to 0.5mm in
increment of 0.1mm. (0.1, 0.2, 0.3, 0.4, 0.5mm)

Driven element length increased from 0.45 to 0.49 wavelength in increment of 0.01
wavelength. (0.45, 0.46, 0.47, 0.48, 0.49 wavelength)

Directors length increased from 0.4 to 0.45 wavelength in increment of 0.01 wave-
length. (0.4, 0.41, 0.42, 0.43, 0.44, 0.45 wavelength)

Directors spacing increased from 0.1 to 0.5 wavelength in increment of 0.1 wave-
length. (0.1, 0.2, 0.3, 0.4, 0.5 wavelength)

After that two or more related parameters will be combined together into three dif-
ferent groups which are substrate size, fransmission line and quasi-Yagi elements.
Substrate size group contains substrate length and substrate width. Microstrip line length.
CPS length and CPS width are three variable parameters in the transmission line group.
In quasi-Yagi elements group, there are three variable parameters which are the width of
the driven and directors, directors spacing and directors length.

These three groups will be modified as follow:

L.

2.

Substrate size:

¢ Substrate width was varied from 7 to 9mm in steps of 0.5mm. (7, 7.5, 8, 8.5,
9mm)

e Substrate length was varied from 26 to 30mm in steps of 1lmm. (26, 27, 28, 29,
30mm)

Feeding line:
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e Microstrip line length was varied from 7 to 9mm in steps of 0.5mm. (7, 7.5, 8,
8.5, 9mm)

e CPS width was varied from 0.3 to 0.5mm in steps of 0.05mm. (0.3, 0.35, 0.4,
0.45, 0.5mm)

e CPS length was varied from 1 to 3mm in steps of 0.5mm. (1, 1.5, 2, 2.5, 3mm)
3. Quasi-Yagi elements:

e The width of the driven and directors was varied from 0.2 to 0.4mm in steps
of 0.05mm. (0.2, 0.25, 0.3, 0.35, 0.4mm)

e The directors gap coefficient was varied from 0.2 to 0.4 wavelength in steps of
0.05 wavelength. (0.2, 0.25, 0.3, 0.35, 0.4 wavelength)

e Directors coefficient was varied from 0.42 to 0.44 wavelength in steps of 0.005
wavelength. (0.42, 0.425, 0.43, 0.435, 0.44 wavelength)

The Yagi-Uda antenna was optimized after simulation and the parameters of it are
shown on Tabled.2,

Table 4.2: Parameter Values of the Initial Design and Optimized Design

Parameter Initial Design (mm) | Optimized Design (mm)
Substrate width 10 8
Substrate length 25 30
Microstrip line width 0.714 0.714
Microstrip line length 9 8
Ground plane length 9 8
CPS width 0.3 0.34
CPS length 2.3 2.05
Driven element length 1.58 1.58
Director length 1.35 1.42
Driver and director width | 0.3 0.34
Gap between directors 0.674 0.674
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4.2 Simulation Results and Analysis

4.2.1 Simulation Results
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Figure 4.2: Simulation Results of Initial Design
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4.2.2 Results Analysis

There are three characteristics are interest in a quasi-Yagi antenna, which are reflection
coefficient, VSWIR and gain.

1. Substrate width

Table 4.3: Simulation Results of Different Substrate Width

Substrate width(mm) | Reflection coefficient(dB) | VSWR | Gain(dBi)
G -8.378 2.231 | 7.390
7 -9.814 1.954 | 7.568
8 -10.750 1.817 7.198
9 -9.246 2.052 | 6.014
10 -8.621 2177 5.755

According to the simulation result of different substrate widths, when substrate
width is 6mm, 9mm or 10mm, the reflection coefficient and VSWR are increasing in
the frequency from 57 to 63 GHz. In 8mm-width substrate, both reflection coeffi-
cient and VSWR remain stable from 57 to 59GHz and rise sharply from 59 to 63GHz.
In Tmm-width substrate, reflection coefficient and VSWR wvalues maintain steady
between 57GHz with 61GHz, and go up moderately after 61GHz. From reflection
coefficient and VSWR simulation results, when the substrate width is 9mm, the rate
of increase is the most significantly. Conversely, when substrate width is Tmm, the
rate of rise is relatively stable. In 60GHz, Tmm-width substrate can achieves the
highest gain which is 7.56dBi. At the same frequency, the 8mm-width substrate is
7.19dBi. Therefore. both Tmm-width and Smm-width subsirate are feasible options,

2, CPS width

Table 4.4: Simulation Results of Different CPS Width

Coplanar strip line width(mm) | Reflection coefficient(dB) | VSWR | Gain(dBi)
0.1 -6.135 2.948 | 6.274
0.2 -8.538 2.119 | 6.834
0.3 -10.750 1.817 | 7.198
0.4 -12.408 1.630 | 7.409
0.5 -12.582 1.614 7.490

When CPS width is varied from 0.1 to 0.3mm, reflection coefficient and VSWR
values are increasing from 57 to 63GHz. When CPS width is 0.4mm or 0.5mm,
reflection coefficient and VSWR drop from 57GHz and then reach the bottom near
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60GHz. After that the values will increase with the frequency increase. As is shown
clearly from the gain result of different CPS widths in Figure 4.7, wider CPS width
can achieve higher gain. The gain value of 0.5mm-CPS width and 0.4mm-CPS width
in 60GHz are 7.49dBi and 7.41dBi. In conelusion, 0.5mm is the most suitable width
for CPS width.

3. CPS length

Table 4.5: Simulation Results of Different CPS Length

Coplanar strip line width(mm) | Reflection coefficient(dB) | VSWR | Gain(dBi)
1 -3.950 4.472 11.283

2 -22.381 1.164 | 8.1898

3 -4.029 4.388 9.155

4 -8.943 2111 | 9.094

From the simulation results of different CPS length, the trend of reflection coef-
ficients, VSWRs and gains are very different for these four different CPS lengths.
In the reflection coefficient results, the value of 2mm-CPS length is -22.38dB in
60GHz, where 1mm-CPS length is -3.95dB, 3mm-CPS length is -4.02dB and 4mm-
CPS length is -8.94dB. Meanwhile, VSWR of 2mm-CPS length is lower than the
other three CPS lengths. Although the gain for 2mm-CPS length is less than oth-
ers, 2mm-CPS length is still most-suitable for this design because it has significant
advantage in reflection coefficient and VSWR.

4. Driven Element and Director Width

Table 4.6: Simulation Results of Different Driven Element and Directors Width

Driven element and directors width(mm) | Reflection coefficient(dB) | VSWR | Gain(dBi)
0.1 -10.622 1.834 | 7.166
0.2 -10.729 1.819 | 7.521
0.3 -10.750 1.817 | 7.198
0.4 -9.157 2.069 | 7.524
0.5 -7.801 2374 | 7.806

According to the simulation results of different driven element and director width,
when driven element and director are 0.2 wavelength or 0.3 wavelength, the re-
flection coefficient and VSWR increase gradually, when they are 0.4 wavelength or
0.5 wavelength, the reflection coefficient and VSWR rise sharply. The trends of 0.1-
wavelength width in reflection coefficient and VSWR are quite different with others,
reflection coefficient and VSWR drops from 57GHz and then reach the bottom near
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6.

GOGHz. After that the values will increase with the frequency increase. The lowest
gain value in 60GHz is 7.16dBi in 0.1-wavelength width driven element and director.
The highest gain in 60GHz can be achieved when driven element and director are
0.5 wavelength, which value is 7.8dBi. What driven element and director width will
be used in the final design needs further experiments.

Directors Length

Table 4.7: Simulation Results of Different Directors Length

Directors coefficient(x A) | Reflection coeflicient(dB) | VSWR | Gain(dBi)
0.4 -10.523 1.845 | 6.858
0.41 -10.366 1.832 | 7.023
0.42 -10.750 1.817 7.198
0.43 -10.862 1.802 | 7.337
0.44 -10.859 1.802 | 7.436
0.45 -9.534 1.846 | 7.557

According to the simulation results of different directors length, the trend of reflec-
tion coefficient and VSWR in different director lengths are similar. When director
lengths are from 0.4 wavelength to (.44 wavelength, reflection coeflicient and VSWR
will inerease with the frequency increase between 57 with 63GHz. When director
length is 0.45 wavelength, the reflection coefficient and VSWR values increase from
57GHz and reach the top around 62.5GHz, after that both of characteristics will de-
crease with the frequency increase. The gain values of director length from 0.4 wave-
length to 0.45 wavelength are between 6.85 with 7.55dBi and longer director length
can achieve higher gain. Although 0.45-wavelength-length director can achieve the
best gain, its gain drops significantly after 60GHz. Through analyzing the reflection
coefficient, VSWR and gain of different director lengths, 0.41-wavelength-length
and 0.42-wavelength-length director are two most appropriate lengths for director
because they are relatively stable from 57 to 63GHz.

Directors Spacing

Table 4.8: Simulation Results of Different Directors Spacing

Directors gap coefficient( x A) | Reflection coefficient(dB) | VSWR | Gain(dBi)

0.1 -9.947 1.933 7.305
0.2 -10.750 1.817 7.198
0.3 -11.034 1.780 6.929
0.4 -11.271 1.751 6.590

0.5 -11.751 1.697 | 6.013
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From the simulation results, when the spacing between two directors are 0.1, 0.2, 0.3
and 0.4 wavelength, the trend of reflection coefficient, VSWR and gain are same.
Reflection coefficient and VSWR will increase along with the frequency increase
in the frequency from 57 to G3GHz. When space between two directors is 0.5
wavelength, its reflection coefficient and VSWR are relatively stable between 57 with
63GHz. The gain of directors spacing from 0.4 wavelength to 0.45 wavelength are
between 6.01 with 7.3 dBi and small gap between directors can achieve higher gain.
Through analyzing the reflection coeflicient, in order to balance reflection coefficient,
VSWR and gain of different spacing between two directors, 0.3 wavelength spacing
is the most appropriate distance between two directors.

. Substrate Length, Microstrip Line Width, Microstrip Line Length and Driven Dle-

ment Length.

Table 4.9: Simulation Results of Different Substrate Length

Substrate length(mm) | Reflection coefficient(dB) | VSWR | Gain(dBi)
20 -10.730 1.819 6.901
22 -10.668 1.827 | 7.068
24 -10.665 1.828 | 7.181
26 -10.724 1.820 | 7.277
28 -10.782 1.812 | 7.334
30 -10.763 1.815 7.403

Table 4.10: Simulation Results of Different Microstrip Line Width

Microstrip line width(mm) | Reflection coefficient(dB) | VSWR | Gain(dBi)
0.6 -11.916 1.679 | 7.154
0.65 -11.362 1.740 | 7.166
0.7 -10.804 1.799 | 7.191
0.75 -10.364 1.870 | 7.201
0.8 -9.917 1.937 | 7.229

Table 4.11: Simulation Results of Different Microstrip Line Length

Microstrip line length{mm) | Reflection coefficient(dB) | VSWR | Gain(dBi)
T -10.762 1.815 | 6.955
8 -11.108 1.771 | 7.664
9 -10.750 1.817 | 7.198
10 -10.875 1.800 | 7.332
11 -10.768 1.814 | 7.486
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Table 4.12: Simulation Results of Different Driven Element Length

Driven element length (< A) | Reflection coefficient(dB) | VSWR | Gain(dBi)
0.45 -9.533 2.001 | 7.169
0.46 -9.828 1.952 | 7.177
0.47 -10.137 1.903 | 7.190
0.48 -10.430 1.861 | 7.203
0.49 -10.750 1.817 | 7.198

From the simulation result, different substrate lengths, microstrip line widths, mi-
crostrip line lengths and driven element lengths do not affect the trends of antenna
reflection coefficient, VSWR and gain. The different values of these four parameters
just slightly affect the values of reflection coefficient, VSWR and gain. The simu-
lation result shows that wider microstrip widih can achieve better performance in
antenna reflection coefficient, VSWR and gain. However, once the thickness and
dielectric constant of substrate is fixed, changing the value of microstrip line width
will severely impact the impedance. Therefore, the microstrip is fixed in this design.
By comparing the simulation result, the most appropriate substrate length is 30mm,
microstrip line length is 8mm and driven element length is 0.49 wavelength.

8. Combined Parameters

Table 4.13: The Best Simulation Result of Feeding Line Combinations

Simulation | Microstrip | CPS CPS Reflection | VSWR Gain(dBi)
Number line width(mm) | length{mm)| coeffi-
length(mm) cient(dB)
56 7 0.35 2 -26.610 1.097 8.437
6 7 0.35 1 -4.198 4.216 12.111

Table 4.14: The Best Simulation Result of Quasi-Yagi Elements Combinations

Simulation | Director coef- | Directors gap | Driven  ele- | Reflection | VSWR | Gain
Number ficient (wave- | coefficient ments  and | coeffi- (dBi)
length) (wavelength) | Directors cient(dB)
coefficient
(wavelength)
119 0.44 0.35 0.35 -31.35 1.057 8.278
87 0.435 0.3 0.25 -22.785 1.156 9.589
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Table 4.15: The Best Simulation Result of Substrate Size Combinations

Simulation Substrate Substrate Reflection co- | VSWR Gain(dBi)
Number length(mm) width(mm) efficient(dB)

2 26 7.5 -21.897 1.174 8.287

23 30 8 -21.249 1.189 8.821

By comparing and analyzing the combined parameter results, the CPS length, the
size of directors and their spacing are playing an important role in antenna perfor-
mance. The length of CPS has a large effect on front to back ratio. The size of
director and spacing between directors can serious influence radiation in the end-fire
direction. Therefore, CPS length, size of director and their spacing are the most
critical parameters in quasi-Yagi antenna design.

9. Optimized Design

Figure 4.14: Geometry of Optimized Design with Connector in CST

naranr

(a) Top Layer

sl

(b) Bottom Layer

Table 4.16: Simulation Results of Initial Design and Optimized Design

[tem Reflection coefficient(dB) | VSWR | Gain(dBi)
Initial Design -8.911 2117 | 4.063
Optimized Design | -17.711 1.200 7.629

By comparing the simulation result of the initial design and optimized design, the
realized gain has been inereased near 90% which from 4.063 to 7.63 dBi at 60GHz.1It
provides 11.2% of 10dB return loss bandwidth. The impedance bandwidth covers
the frequency from 57.28 to 64GHz, which means this quasi-Yagi antenna can fully
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cover the 60GHz licence-free band in Australia and China, and covers more than
95% in USA, Canada and South Korean.

4.3 Antenna Fabrication

Due to the fabrication complexity and the electronics engineering services in the Mac-
quarie University can not support small-dimension antenna fabrication, this antenna will
be sent to Lintek Australia [25] for fabrication.




Chapter 5

Wireless Link Performance
Measurements

5.1 Introduction and Objectives

When the project started, the plan was to purchased a 60GHz transmitter and receiver
development system to test antennas performance. There are two development systems
which can support various wireless applications such as point to point millimeter wave
(mm-wave) radio development, high resolution imaging and high definition video trans-
mission. One is the 60GHz development system (PEMO009-KIT) from Pasternack [29]
and the second one is 60GHz transceiver evaluation kit (EK1HMCG350) from Analog De-
vices [11]. Both of the development systems have 60GHz transmitter motherboard, 60GHz
receiver motherboard, USB cable, power supplies, evaluation software and some cables,
The system setup and interconnection of these two systems are similar. The transmitter
and receiver boards are connected with PC using USB as the interface. Various control
parameters such as synch frequency, IF attenuation level and IF bandwidth, of the trans-
mitter and receiver boards can be set up through software on the PC. The transmitter
and receiver boards are connected with signal generator and spectrum analyzer separately.
While, there are two antennas, one is connected to transmitter board and the other is
connected to the receiver board, are used to transmit and receive signal from signal gen-
erator to spectrum analyzer. Through signal generator, customized vector modulation (I
and () baseband) and standard modulation formats such as Binary Phase-shift Keying
(BPSK) and Quadrature Phase-shift Keying (QPSK) can be generated. According to
compare the signal different between the signal generator with spectrum analyzer to find
out the performance of different antennas.

Unfortunately, unlike traditional 2.4GHZ and 5GHz, 60GHz development systems and
other related produets in the market are very expensive. While, the local sales and dis-
tributors are only in charge of marketing and can not provide neither detailed information
about products capability and specification or after-sale technical support.

Based on these reasons, commercial 60GHz development system was not considered. Af-
ter discussion with Prof. Karu and Dr. Basit, we decided to do basic wireless link

=
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performance measurement using G0GHz transmitting and receiving antenna. Through
experiment to demonstrate the influence of fransmitier power level, antenna gain and
transmission distance on received power in 60GHz point-to-point transmission.

Figure 5.2: Typical HMCG300 and HMCG301 60 GHz Radio Link

5.2 Method

5.2.1 Frris Transmission Equation

The Friis transmission equation was derived by Harald T. Friis in 1945. This equation is
used to calculate power fed into the transmitting antenna at its input terminals and power
received at the output terminals of the receiving antenna. It gives the amount of power
that receiving antenna received in ideal conditions form transmitting antenna. Therefore,
in this equation, both antennas must be in far field and in unobstructed free space and
bandwidth is narrow enough that a single wavelength can be assumed, [12]. Through this
equation, the relationship between transmitter power level, antenna gain, transmission
distance and received power in the same frequency can be caleulated. Therefore, the
experiment will be done base on this equation.

_ GG,P A

F = W (5.1)
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where:
P, is received power [dBm]
P, is transmit power [dBm]
G, is gain of the receiving antenna [dBi]
( is gain of the transmitting antenna [dBi]
A is free space wavelength [m]
d is separation distance between transmitting antenna and receiving antenna [m]

Or the Friis fransmission formula in logarithmic form

L. =Li+ g + g- — 2010g,4 %d (5.2)
where
L, is the signal level of the receiving antenna at the output terminals [dB]
Ly is the signal level of the transmitting antenna at the input terminals [dB]
gy is the logarithmic value of G,
g 1s the logarithmic value of Gy

Considering the misalignment of transmitting antenna and receiving antenna positing
and polarization, the Friis transmission equation can be modified as:

3.G P2

Pr = Gi(61,91)G 0y, OrJW

Where:
G(By, ) is the gain of transmitting antenna in direction (8, o)
G.(8,, ¢.) is the gain of receiving antenna in direction (6,,¢,)

5.3 Measurement Setup

Our plan was to use the designed guasi-Yagi antenna as the transmitting antenna. But
due to fabrication complexity. The antenna had to be sent outside to Lintek Australia [25]
for fabrication. As of this writing, the prototype has not arrived. As alternatives, this ex-
periment will use the 60GHz horn antenna from Commonwealth scientific and industrial
research organization (CSIRO) as a transmitting antenna. [38].

The aims of this experiment are demonstrating the influence of transmitter power level,
antenna gain and transmission distance on received power at the same frequency. There-
fore, the accurate gain of each antenna is not necessary in this experiment.

5.3.1 Transmitting and Receiving Antenna Used

Two antennas will be used as transmifting antenna and receiving antenna in this experi-
ment.
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1. 60GHz horn antenna

In the transmitter, a 60GHz horn antenna from CSIRO is fed by a WR15 waveguide
to 1.85mm connector. The gain of pyramidal horn antenna can be estimated by
following equation:

G=—-¢ey (5.4)

where:

G is the gain of pyramidal horn antenna [dB]
A is the physical aperture [rmm?]

A is the wavelength [min]

¢4 is aperture efficiency

By measurement, the height and width of the pyramidal horn antenna is 7.5mm
and 11mm. The range of aperture efficiency is between 0.4 to 0.8 in practical horn
antenna [50]. Lets take a conservative value, the aperture efficiency of this antenna
is 0.7. The gain of the horn antenna at 60GHz will be:

4x314dx7.5x%x11
X
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G = log,( 0.7) = 15d Bi

—
[y ]
o
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. Electromagnetic bandgap resonator antenna (ERA)

On the receiver, an electromagnetic bandgap (EBG) resonator antenna (ERA) [3] [4].
designed by researchers in the Department of Engineering, Macquarie University.
This antenna consists two parts: EBG superstructure and waveguide-fed slot an-
tenna which is shown in Figure 5.3. According to the research [3], when only slot-
antenna is used, the gain is about 4dBi in the 60GHz band, and when EBG super-
structure is placed on the top of the slot feed (to form an ERA), the gain increase
to aronnd 15dBi.

EBG Superstructure Slot Antenna

¥

Hefm Antenna WR15 Waveguide

¥

(a) 60GHz horn antenna - (b) ERA

Figure 5.3: Transmitting and Receiving Antenna Used
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5.3.2 Test Equipments

1

o

Signal Generator

The Anritsu MG3690B broadband signal generator [2] in Macquarie University En-
gineering Laboratory can provide 2GHz to 7T0GHz radio frequency(RF) and mi-
crowave frequencies. Furthermore, both carrier signal and pulse with modulation
can be generated through this signal generator.

Spectrum Analyzer

The Rohde and Schwarz FSUGT Spectrum Analvzer [34] in Macquarie University
Engineering Laboratory can receive signal in the frequency range from 20Hz to
67GHz.

Flexible mm-wave Cable
Two flexible mm-waave cables from Totoku [46] will be used in this experiment.
These cables have 1.85mm female connector at both ends and available to transmit
the signal up to 67TGHz.

Radiation Absorbent Material (RAM)

Radiation absorbent material is a material to absorb RF radiation. However, RAM
cannot absorb radar for all frequencies [45] and the RAM in Engineering Department
cannot absorb the frequency higher than 30GHZ. Therefore, the experiment will be
done in the normal indoor environment.

Custom holders
Two wood holders are used to hold the transmitting and receiving antenna. The
custom holders have clamps and their height is 50cm.

Tubular spirit level and ruler

In order to enhance the accuracy of the measurement and improve positioning sys-
tem accuracy, alignment should be given enough attention. Tubular spirit level and
ruler can be used in experiment to not only support the system alignment process
but also validate the positioning system accuracy and repeatability. [23].
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(a) Signal Generator [2]

(f) Cable

S|
(g) Tubular spirit level

(¢) Radiation absorbent material

Figure 5.4: Measurement Equipments

5.4 Link Budget Calculation

In the wireless network, communication link performance can be determined using link
budget calculation. Therefore, to establish a link budget is one of the most important
part in this experiment. The received power in a communication link is typically depends
on transmit power, transmitting antenna gain, receiving anfenna gain and path loss. Pass
loss is an electromagnetic wave power density reduction through space in the signal trans-
mission. It depends on free-space loss, reflection, refraction, diffraction and absorption.
Meanwhile, it is influenced by location, distance and height between the fransmitting and
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receiving antennas. In addition to the free space atfenuation, oxygen attenuation is a
unique property to 60GHz band which limits space of its link. According to the research
by ITU [33], the peak oxygen absorption at sea level in mm-wave is near 60GHz, which
around 16dB/km. Therefore, the oxygen attenuation should not be ignored when doing
the 60GHz link budget caleulation.

To make sure the link is viable, the power, which minus the free space loss, transmitter
losses and miscellaneous losses of the link path, must greater than the minimum received
signal level. The link margin, which value is positive and should be maximized, is the
different between the actual received power and minimum received signal level.

Power in a wireless system

=|

l Tx Rx
| radio ’—{ cable IJ [ pathion ] i
L EIRF
R poar

§ g
.
R ponsithvity

distance
Figure 5.5: Link Budget [37]
A link budget equation might look like:
Ppx = Prx + Grx — Lrx — Lps — Lu + Grx — Lrx (5.6)

Where:
Prx is received power (dBm)
Pry is transmitter output power (dBm)
Gy is transmitter antenna gain(dBi)
Loy is transmitter losses (eg. coax, connectors) (dB)
Lpg is pass loss, usually free space loss (dB)
Ly is miscellaneous losses (eg. body loss fading margin, polarization mismatch) (dB)
G py is receiver antenna gain (dBi)
Lpx is receiver losses (eg. coax, connectors) (dB)
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5.4.1 Free Space Path Loss (FSPL)

FSPL is the loss between two antennas where the distance and frequency are known. It
defined as the loss between two isotropic antennas in free space, expressed as a power ratio
and there are no obstacles surrounding produce diffraction or reflection. The formula of
FSPL is:

FSPL =324+ 20log,,(f) + 201og,,(d) (5.7)

where:
f is measured frequency [MHz|
d is the distance between two antennas [km]

Table 5.1: FSPL for the Distance from Imm to 1m at G0GHz

Distance (cm) | Free space path loss (dB)
1 27.86
2 33.88
5 41.84
10 47.86
20 53.88
50 61.84
100 67.86

The FSPL is a logarithm function, along with the distance increase, the FSPL will
grow rapidly at the beginning and then grow slowly at the fixed frequency.

5.4.2 Cable Loss

From the insertion loss (S21) diagram shown on Figure 5.6, the loss of cable is around

5.9dB at 60GHz.
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Figure 5.6: Cable Insertion Loss from 40 to 67TGHz [16]
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5.4.3 Transmitter and Receiver Loss

The signal generator was connected to spectrum analyzer by the cable, the output power
on signal generator was set to OdBm. From the spectrum analyzer. the received power
value was -24.81dBm with 15dBm attenuation. The fransmitter and receiver loss is:

(8) SRR 13 A
s s e

Mo =it uk Res Lo ub =BT 100w ¥

Figure 5.7: Transmitter and Receiver Loss Measurement

Lrxandrx = Prx — Ppx = Po=A=0-(-24.81) -6 - 15 = 381 (5.8)

Where:
Lrxanarx 1s the transmitter and receiver loss
Pry is transmitter output power (dBm)
Ppry is received power (dBm)
P. is cable loss
A is attenuation

5.4.4 Link Budget Estimation

The signal generator can generate the power form +30dBm to -20dBm at 59GHz. In
order to reduce the experimental error, the power range will be used is from +15dBm to
-15dBm. The receiver sensitivity is -80dBm with 15dBm attenuation at 60GHz, therefore
the received power level have to higher than -80dBm. Before the experiment, we estimated
the longest distance that the signal can be received by spectrum analyzer with the -15d B
output power from signal generator.

According to the link budget calculation result, in order to get the reliable experimental
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results, the longest distance between fransmitting antenna and receiving antenna should
not over 20mm because in the experiment there are miscellaneous loss which can not be
estimated before experiment.

Table 5.2: Link Budget Estimation Results

Distance | Transmitter| Transmitter| FSPL | Transmitter| Cables | Transmitter| Receiver
{mm) Power Antenna (dB) | and  Re- | loss(dB) | Antenna Power
(dBm) Gain (dbi) ceiver Loss Gain (dBi) | (dBm)
(dB)
1 -15 15 27.86 | 3.81 11.8 4 -39.84
2 -15 15 33.88 | 3.81 11.8 4 -45.50
5 -15 15 41.84 | 3.81 11.8 1 -53.46
10 -15 15 47.86 | 3.81 11.8 4 -59.48
20 -15 15 53.88 | 3.81 11.8 4 -65.50
50 -15 15 61.48 | 3.81 11.8 4 -73.46
100 - 15 G7.84 | 3.81 11.8 4 -79.48
5.5 Procedure

n

. Check the equipment. After connected the signal generator with spectrum analyser

by low loss cable, there are no signal be shown on spectrum analyser when signal
generator generates frequency from 59.01 to 60 GHz. Therefore the frequency for
testing will decrease to 59GHz. To avoid high power destroy spectrum analyzer,
attennation is set to 15dBm in spectrum analyzer.

. Connect horn antenna as transmitting antenna with WRI15 to coax adapter. Fur-

thermore, connect a low loss coax cable between coax adapter with signal generator.

Connect slot antenna as receiving antenna with spectrum analyzer through a low
loss coax cable.

Use two custom holders to hold transmitting antenna and the receiving antenna.

Set the distance between two antenna to 2em and check two antennas are in the
same horizontal plane.

Increase the transmit power from -15 to +15dBm in increment of 5dBm. (-15, -10,
-5, 0, 5, 10 and 15 dBm) and record the received power value on spectrum analyser.

Change the distance between two antennas to bem and check two antennas are in
the same horizontal plane.

Repeat step 6.
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9. Increase the distance between two anfennas to 10em and check two antennas are in
the same horizontal plane.

10. Repeat step 6.

11. Replace the slot antenna with ERA as receiving anfenna and check the location and
position of antenna are same with previous.

12. Repeat step 5 to 10.

Figure 5.8: Measurement Setup
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5.6 Measurement Results and Analysis

Figure 5.9: Measurement Results
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8) 5 -
B i
(8) (h)
Figure 5.10: Measurement Results
Table 5.3: Measurement Results Pictures Caption
Picture | Receiving antenna | TX (dBm) | Distance (cm) | Display RX (dBm) | RX (dBm)
a Slot antenna 15 2 -25.08 -10.08
b ERA 15 2 -19.28 -4.28
c Slot antenna 15 ] -37.23 -22.23
d ERA 15 i -24.47 9.47
e Slot antenna -15 ] -66.33 -51.33
f ERA -15 5 -53.31 -38.31
g Slot antenna 15 10 -41.80 -26.80
h ERA 15 10 -29.83 -14.83

Table 5.4: Receiver Power of Slot Antenna and ERA

in 2cm Transmission Spacing

Transmitter Distance Slot. antenna | ERA Different
Power (dBm) {em) (dBm) {(dBm) (dBm)
-15 2 -39.8 -34.2 5.6

-10 2 -34.4 =294 5

-5 2 -30.5 -24.5 G

0 2 -25.7 -19.6 6.1

b 2 -20.3 -14.2 6.1

10 2 -15.5 -10.2 5.3

15 2 -10.1 -4.3 5.8
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Table 5.5: Receiver Power of Slot Antenna and ERA in 5em Transmission Spacing

Table 5.6: Receiver Power of Slot Antenna and ERA in 10cm Transmission Spacing

Transmitter Distance Slot antenna | ERA Different
Power (dBm) (cm) (dBm) (dBm) {(dBm)
-15 5 -51.3 -38.3 13

-10 5 -45.6 -33.5 12.1

-5 ] -41.5 -28.2 13.3

0 D -36.3 -24.5 11.8

5 5 -31.1 -19.2 11.9

10 5 -25.8 -14.6 11.2

15 5 -22.2 -9.5 12.7

Transmitter Distance Slot Antenna | ERA Different
Power (dBm) (cm) (dBm) (dBm) (dBm)
-15 10 -05.3 -42.7 12.6

-10 10 -50.5 -38.5 12

-5 10 -45.2 -33.6 11.6

0 10 -40.6 -29.3 11.6

5 10 -36.7 -24.6 12.1

10 10 -31.2 -19.7 11.5

15 10 -26.8 -14.8 12

Based on the measurement results, when the spacing between two antennas is 2cm, the
received power different between slot-antenna and ERA is around 6dBm, which is disagree
with the Friis transmission equation. Through analvzing, the reason that canses the error
is 2mm spacing between transmitting antenna with receiving antenna does not meet the
far-field measurement condition. The maximum radiating structure of the antenna is
11mm. Using the far-field criteria: r > % the minimum distance between 2 antennas at
least longer than 4.7em at 59GHz. Therefore, the 2mm-spacing measurement result will
not be taken into account.
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Figure 5.11: Measurement Results

The experimental results reveal high-gain ERA can achieved higher received power
than slot antenna in the same transmission distance with same transmitted power. There-
fore, high-gain antennas can transmit more power to the receiver in the same transmission
distance or increase the transmission distance with the same transmitted power. In con-
clusion, in the 60GHz point-to-point wireless link, a high-gain antenna can increase the
transmission range or reduce the power requirements for transmitter.




66

Chapter 5.

Wireless Link Performance Measurements




Chapter 6

Conclusions and Future Work

This thesis has reported a 60GHz quasi-Yagi antenna design, optimization, simulation
and fabrication. The simulation results shown the quasi-Yagi antenna achieves 7.63dBi
at 60GHz and it provides 11.2% of 10dB return loss bandwidth. It covers more than 95%
60GHz license-free band in USA, Canada and South Korean and complete covers 60GHz
license-free band in Australia and China.

Furthermore, an experiment was done to demonstrate the influence of transmitter power
level, antenna gain and transmission distance on received power in 60GHz point-to-point
transmission. The experimental results not only reveal high-gain antennas can transmit
more power to the receiver in the same transmission distance or increase the transmission
distance with the same transmitted power but also certify high-gain (ERA) can improve
the wireless communication efficiency. Therefore, increasing the gain of antenna can
improve the efficiency in G0GHz point-to-point transmission.

A G0GHz quasi-Yagi antenna was designed and optimized in this project. Due to lack of
antenna design experience, this antenna design was started with simplified microstrip line
feeding. There are some other feeding techniques such as slot line feeding and coplanar
waveguide feeding that was mentioned in Chapter3 can improve the antenna bandwidth
and other characteristics. For further study, [ will use different feeding techniques and
modify quasi-Yagi elements to increase bandwidth and gain, achieve a good front to back
ratio, reduce the size and minimize the manufacturing cost. Furthermore, designing a
EBG quasi-Yagi and modifying it for different applications in higher degree studies.
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Abbreviations

5G 5th Generation
BPSK Binary Phase-shift Keying
CST MWS  Computer Simulation Technology Microwave Studio

EBG electromagnetic Bandgap

EHF Extremely High Frequency

ERA Electromagnetic Bandgap Resonator Antenna
HF High Frequency

IEEE Institute of Electrical and Electronics Engineers
ITU International Telecommunications Union

LF Low Frequency

MF Medinm Frequency

PVB Printed Circuit Board

QPSK Quadrature Phase-shift Keying

RLAN Radio Local Area Network

SWR Standing Wave Ratio

VHF Very High Frequency

UHF Ultra High Frequency

VLF Very Low Frequency

WiGig Wireless Gigabit Alliance
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Purchase Order Form

Ttem Item Descrlpﬁni{_ i Price Per Number of Tatal
No. - Unit Units
’ jqn‘ré'ﬂno\ f;‘l"JfM?bf-’H FPE 75 '? Jl £ 71—: ?
= g ) S
- . &Gem Fomale Fiell epiece D )
" |Z rf?alfﬁ" Fk"'fé’ Moank £7 ;‘26 JF “2{-}?23

Total: | f"-”&{:&

Student Name: TIASHENS HE
Student Number: 6‘-5?—”;? ?‘»L:
Projest Title: E,,M hne 'J:?:; ch J‘«}h-‘:’»/}z@d funeless  Eommin eeaT 0.

Supervisor Name:

Supervisor Signature:

Date: 2{ Fiﬂ ‘2‘:”5

When completed please submiz this form to the Laboratory Manager together with supponting quomtion
information and supplier details. Without this information the purchase order cannot be processed.

Please note thai if the total budget exceeds 3300, the approval of the Head of Department 15 required to
authorise furiher purchuses.
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FACULTY OF SCIENCE DEF OF ENGINEER
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TYPICAL VALUES
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