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ABSTRACT

The thesisis concerned with the development of a planar quasi-optical amplifier
antenna system for use in wireless local area networks (WLANS) at 10GHz. Its prime
requirements are conformability and beam steering capability. Therefore, thisthesis
utilised the technology of microstrip antennas incorporated with alow-noise HEMT
(High Electron Mobility Transistor) intended for X-band operation to design an active
antenna array used in the reflection mode relay station.

The multi-layer aperture coupled feeding configuration is used for the design of
microstrip antenna patch in an attempt to provide increased impedance bandwidth
over conventional single layer structures. Indeed, from both the simulation and
experiments, this theory has been proven correct. Compared to the typical bandwidth
of single layer edge fed construction (generally 4-5%), the patch antenna in this thesis
demonstrated a ssmulation bandwidth of 21.5% under the CAD software Ensemble,
and obtained 17% from the tests of the experimental patch.

The use of millimeter wave frequency has the negative effect of low solid-state device
power characteristics. Therefore, by utilising an array structure and employing the
highly efficient technique of quasi-opticall power combining, this thesis has
demonstrated the capabilities of a 2x2 4-element array amplifier in areas of improved
gain, directivity and beam steering.

The actual dimension of the 4-element array measures only 88.9mmx61mm (WxH),
the experimental measurements show a gain of 27.021dB and derived from this, a
patch gain of 5.5dB. Its radiation pattern provided a—-3dB HPBW of 16° with mgor
grating lobes of —3dB level at an offset of 31° and 58°.

Furthermore, the gain of 2-elements within the 4-element array was exactly 3dB down
at 24.021dB, which demonstrates the 100% power combining efficiency of the quasi-
optical power technique.
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CHAPTER 1
INTRODUCTION

1.1 INTRODUCTION

Today, the world lives in a completely dependent environment where the use of
mobile telephones and other wireless data services are becoming essential in everyday
routines. In particular, the field of wireless communications is experiencing
unprecedented market growth, evident by the rapid increase in the size of cellular
cordless telephone, paging, mobile data, and Wireless Local Area Network (WLAN)
industries. This growth will become more apparent as the 21% century approaches,
where the widespread deployment of wireless networks are going to revolutionise the
concept of communication and information processing for business, professional, and
private applications. Currently, there is an enormous shift in the computer industry
toward integration of high performance distributed computing and portable devicesin
a mobile computing environment. This has led computer and telecommunication
companies traditionally involved in wired services and product development, to
rapidly invest in wireless communications to include mobile computing and
networking features into laptop, palmtop, notepad, and other portable computing
devices. Large corporations, playing the role of end-users, are also including wireless
components in the infrastructure of their networks to extend the computational power
of their networks to their field service personnel. Furthermore, military agencies are
developing personal wireless devices for use in tactica environments, as well as
portable devices providing extensive computational power for soldiers. All these
factors reinforces the belief that the world of communications is experiencing a
dramatic shift from a technology previously relied on wires to an era of networks
largely based on wireless techniques.
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1.2 MOTIVATION AND IMPORTANCE OF WORK

Within this communications revolution, even traditional wireless information
networks, which include cordless cellular telephones, paging systems, mobile data
networks and mobile satellite systems, have experienced enormous growth over the
last decade, therefore the new concept of wireless LANs (WLANS) has emerged.
WLAN is the direct result of an ever-increasing demand for portable information
sharing in a wireless-networking environment from computer users. It facilitate
ubiquitous, anytime, anywhere communications offering the user a degree of mobility
never thought possible in a conventional LAN environment. A WLAN is a flexible
on-premise data communication system implemented as an extension to, or as an
aternative for, a wired LAN which substantially reduce the need for wired
connections, hence making new applications possible. Although reliable links of high
data-rates can be achieved using wired technologies, such as coaxial cable and optical
fibre, WLAN has the unique advantage in providing a ssimple and cost effective
solution when it comes to reconfiguration and upgrade, which conventiona LAN
finds very difficult and costly in atypical building environment. It is estimated that,
for a new LAN installation consisting of software, hardware, and cabling, the
investment in cabling alone can cost up to 40% of the installation [1.1]. Statistics
have aso shown that in 1990 alone, the total cost of relocating LAN terminals in the
United States was US$5.6 billion, approximately half of the year’s 12 billion dollar
LAN maintenance market [1.2, 2.4]. Although WLAN is still at its early stage of
development, achieving US sales of only US$57 million in 1993, it is rapidly growing
with a projected US$900+ million in 1998 [1.3]. Furthermore, the Y ankee Group, a
market research firm, predicts a sixfold expansion of the US wireless LAN market by
the year 2000, reaching more than US$1 hillion in revenue [1.4]. These figures
suggest the importance for many great engineers, computer science specialists, and
multi-talented managers to rapidly educate themselves in an area of technologies with
which they are somewhat or totally unfamiliar.
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1.3 PREVIOUS DEVELOPMENT

Currently, wireless spread spectrum radio technique is the most widely used
transmission technique for WLANS. It was initially developed by the military to
avoid jamming and eavesdropping of the signal. Thisis done by spreading the signd
over a range of frequencies, which consist of the Industrial, Scientific, and Medical
(1SM) bands of the electromagnetic spectrum. The ISM band includes the frequency
ranges at 902MHz to 928MHz and at 2.4GHz to 2.484GHz, which do not require a
FCC (Federal Communications Commission of United States) license. The major
drawback in this technology is the limited achievable data rate of only 2Mbps in the
902MHz band and 8Mbps in the 2.4GHz, as opposed to the 100Mbps obtainable in
wired LAN structures [1.7]. The limited bandwidth and low data transfer rates of
such commercia technologies presents a challenge for engineers to come up with
innovative solutions in antenna designs for interfacing between wired and wireless
portions of a system. As aresult, there has been a push towards the millimetre wave
frequencies to avoid the fierce competition for available spectrum in the congested RF
band, which is mostly occupied by established commercial applications such as
cellular networks and radio broadcasting. In Australia, the Radiophysics Division of
CSIRO in Sydney plans to develop a millimetre wave WLAN system with
transmission rates of up to 100Mbps [1.5]. One mgor obstacle with the use of
millimetre wave frequency is the limited power achievable with solid state devices at
such high frequency. A practica antenna system design proposed in [1.6] has
provided a solution to this by utilising the highly efficient quasi-optical power
combining technique. However, due to the narrow bandwidth nature of feeding
mechanism (Edge Fed) used, the proposed design falled to provide attractive
bandwidth desirable for WLAN applications. Consequently, this thesis aims to
provide improvements over the existing design by employing aperture coupled
feeding in an attempt to increase bandwidth.
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1.4 OVERVIEW AND AIM OF THESIS

Chapter 2 will provide an overview of WLAN structures including some of the basic
concepts, properties and requirements essential in such a system. It will include a
discussion on technology options currently available for wireless LANs, which in
effect forms the basis for development of this project.

Chapter 3 gives an introduction to microstrip antenna designs; it discusses the
advantages and disadvantages associated with the various feeding mechanisms. A
subsection of the chapter will be devoted to explore the concept of the highly efficient

guasi-optical power combining technigue for use in millimetre wave frequencies.

The theory and design method of the quasi-optical antenna amplifier is outlined in
Chapter 4, it describes the procedures involved in designing and incorporating
transmitting, receiving antennas with single active amplifier stage to form a unit cell.
It includes the computer simulation results from various leading microwave CAD
softwares. Furthermore, the design of a four-element array is also included to
illustrate the practicality of the quasi-optical concept.

Chapter 5 consists of the experimental results, as well as a discussion on the
suitability of such an antenna system for use in a practica WLAN environment.
Conclusions, along with possible future development will be the main subject of
Chapter 6.
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CHAPTER 2
WIRELESS LAN SYSTEM

2.1 WIRELESS LAN VS LAN

Conventional local area network provides fast and reliable connection for desktop
computer to share information via wire, coaxial cable and optical fibres, which
involves costly instalations. In recent years, the rapidly increasing market of portable
persona computers has led to the creation of a new type of LAN, known as wireless
LAN. The WLAN serves the same purpose as that of awired or optical LAN, that is,
to convey information among the devices attached to the LAN. However, with the
lack of physical cabling to tie down the location of a node on a network, the network
is much more flexible. As opposed to the large amount of labour required adding or
moving the cabling in any other type of network, WLAN has offered a solution to
overcome the difficulties associated with installing, maintaining and upgrading wired
networks in typical building environments. With the use of wireless connections, it
enables portable computers to retain its portability without sacrificing the advantages
of being connected to a network. A graphical comparison between a wired and

wireless LAN is shown in Figure 2.1.
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Fig 2.1. (a) Communication with server
over standard LAN. (b) Communication (1:,:,
with server over wireless LAN [2.1].
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2.1.1 ADVANTAGES OF WLAN

With wireless LANS, users can access shared information without looking for a place
to plug in, and network managers can set up or augment networks without installing
or moving wires. In summary, wireless LANs offer the following productivity,
convenience, and cost advantages over traditional wired LANS:
Mobility — Wireless LAN systems can provide LAN users with access to real-time
information anywhere in the access coverage, therefore supporting productivity
and service opportunities not possible with wired LANS.
Installation Speed and Simplicity — Installing a WLAN system can be fast and
easy and can eliminate unnecessary setting up of cables through walls can
cellings.
Installation Flexibility — Wireless technology allows the network to go where wire
cannot reach.
Reduced Cost-of-Ownership — While the initial investment required for WLAN
hardware can be higher than the cost of wired LAN hardware, overal instalation
expenses and life-cycle costs can be significantly lower. Long-term cost benefits
are greatest in dynamic environments requiring frequent movements, additions,
and changes.
Scalability — WLAN systems can be configured in a variety of topologies to meet
the needs of specific applications and instalations. Configurations are easily
changed and range from peer-to-peer networks suitable for a small number of
users to full infrastructure networks of thousands of users that alows roaming
over abroad area.

2.1.2 DISADVANTAGES OF WLAN

Currently, the magjor drawbacks associated with wireless LAN are:
Slow throughput rate — Factors that affect throughput include airwave congestion
(number of users), propagation factors such as range and multipath, as well as the
latency and bottlenecks on the wired portions of the WLAN. The common
throughput rate for WLAN is about 1-10Mbps, whereas for a typical wired LAN,
throughput rates of up to 100Mbpsis possible [2.1]. Hence, a WLAN is suitable

7
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when dealing with text files or e-mail files, but if the use of multimedia graphics

and sound is essential, conventional LAN setup is currently still the better choice.
Higher initial cost — The initial cost for wireless LAN is about three times more
expensive than that of cable LAN [2.2]. The infrastructure costs depend primarily
on the number of access points deployed, where the number of necessary access
points typically depends on the required coverage region and/or the number and
type of users to be serviced. Studies have shown that a typical company can
recoup the investment for awireless LAN system in about one and a half yearsif a
couple of moves are required during that period [2.2]. This amazingly quick
capital recovery period is the result of two features offered by WLAN. Firstly,
WLAN eliminates the direct costs and labour associated with installing and
repairing the network. Secondly, the indirect costs of user downtime and
administrative overhead are reduced during network relocation period.

Higher potential for electrical interference — The unlicensed nature of radio-based
WLAN means that other products transmitting energy in the same spectrum can
potentially induce some level of interference. This interference is one of the
factors that can cause degradation in throughput.

No set standard in industry — At present time, there is still no wireless LAN
standard that caters for the interoperability between equipments from different
manufacturers. Although products from different vendors employing the same
technology and implementation usually permit compatibility, there is no guarantee
that the equipment will work together. However, the standardization of the IEEE
802.11 specification is current under way for transmission rates of 1 and 2 Mbps
and is expected to be published in September 1997 [2.3]. The standard does not
specify technology or implementation but simply specifications for the physical
layer and Media Access Control (MAC) layer for manufacturers to build
interoperable network equipment. In this respect, the WLAN industry is
considered relatively primitive when compared to the more matured wired
networks which have long conformed to specifications such as 802.3 (for
CSMA/CD based Ethernet networks) or 802.5 (for token ring networks).
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2.2 TECHNOLOGY OPTIONS

The achievable data rate is generally an important aspect in the design of a WLAN,
and therefore the transmission channel characteristics and the application of signal
processing techniques are important considerations. Access methods and network
topologies used in WLANSs are much the same from one system to another, but the
transmission technologies are different. Efficient design of these systems requires
evaluation of various transmission techniques and an understanding of the
complexities of indoor electromagnetic propagation. Currently, WLANs employ the
use of electromagnetic airwaves to establish wireless communication link between
two points, and the competing approaches are either infrared radiation (IR) or radio

(RF) waves in microwave or millimetre wave bands.

2.2.1 IR VERSUS RF

Infrared system carries data using high frequencies; its region of operation includes
the lower portion of visible light in the electromagnetic spectrum and the shortest part
of the microwave portion. Since IR has similar properties to light in that it cannot
penetrate through opague objects, its implementation is restricted to either direct line-
of-sight (LOS) or diffuse technology. Inexpensive directed systems provide very
limited range and are typically used for Personal Area Networks (PANS) but are
occasionally used in specific WLAN applications. High performance directed IR is
impractical for mobile users and is therefore used only to implement fixed
subnetworks. Diffuse (or reflective) IR WLAN systems do not require LOS, but cells
are limited to individual rooms. Currently, the most practical infrared system utilising
diffuse IR technique have demonstrated raw transmission rates of up to SOMbps in
cells of few metres in radius [2.8]. However, the prospect of economically achieving
reliable transmission rates over 10Mbps in a truly portable terminal is poor for the
foreseeable future. Thisis primarily due to the difficulty in satisfying the high power
requirements for acceptable signal to noise ratio when the diffusely received signals
suffer delay spread and intersymbol interference (I1SI) from multipath fading and
dispersion, as well as environmental noise due to background light sources sharing the
spectrum.  Another common obstacle in IR links is its vulnerability towards human
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movements, which can only be avoided by positioning transmitter and receiver

sufficiently high in order not to be obstructed. Weather conditions such as dust and
fog also affect performance of IR optical systems. Despite the negative properties
associated with infrared technology, the use of IR links can provide the following key
advantages:

Restricted optical transmission within a room resulting from low power level and

LOS requirement offers greater data security.

No need for a frequency assignment plan to avoid crosstalk, therefore eliminating

FCC licensing and other regulation requirements.

Well suited to environments with high degree of electromagnetic interference as it

is not affected by electrical noise.

Most importantly, it is cheaper than RF equipment.

On the other hand, although RF WLAN designs are generaly more expensive and
complex than IR alternatives, it offers the major advantage of full mobility required in
atruly portable network. Radio Frequency also provides greater data throughput rate,
which offers the ability to accommodate more users and multimedia traffic. Research
[2.8] has shown that by moving towards millimetre wave frequencies, where the
spectrum is sufficient to accommodate link speeds of hundreds of Mbps, a cellular
approach with approximate range of 10 metres has demonstrated link rates of up to
185Mbps. Although RF provides coverage to areas without direct LOS to the
transmitter, it suffers greatly from multipath signa reception, which induces
significant destructive and intersymbol interference. Nonetheless, radio technology
utilising millimetre wave has an enormous potential to succeed in indoor WLANS
since there is virtually unlimited and unregulated spectrum available to offer near
LAN peformance. A comparison between IR and RF implementations is
summarised in Table 2.1.

10
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Infrared (IR) Radio Frequency (RF)
Cost Low High
Interference Light spectrum (Sunlight, Electromagnetic Radiation,
Florescent, Incandescent Multipath Destructive,
light), Human movement, Intersymbol (1SI)
Intersymbol (1S])
Coverage LOS, Diffused Non LOS
Mobility Wesk Full
Regulation No License for m& mm-waves
Performance Low (10Mbps) High (185Mbps)
Future Potential Poor Promising

Table 2.1. Comparisons between IR and RF

2.2.2 RF REQUIREMENTS

While the choice of radio technology is greatly dependent upon the application and
cost factors. For WLAN use, the magor requirements are frequency allocation,

interference and multipath effects, and possible RF power outputs.

2.2.2.1 FREQUENCY ALLOCATION

The major and never-ending problem facing RF communications industry is the
fundamental limitation on availability of frequency spectrum. Table 2.2 shows the
most commonly used frequency bands for commercial WLAN applications. As can
be seen, the frequency bands that may be considered for awireless LAN system range
from UHF to millimetre wavelengths. In particular, the unlicensed Industrial,
Scientific, and Medical (ISM) bands at 900MHz, 2.4GHz and 5.7GHz presents a
convenient solution common to WLANSsS. However, while ease of multi-user access
can be gain from the unlicensed nature of these spectrums, performance degradation
Moreover, the

limited achievable bandwidth associated with ISM bands also suggests a need to

IS inevitable when careless users cause unnecessary interference.

11
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develop WLAN equipment using higher frequencies to enhance bandwidth required

for future growth. As aresult, a vast number of worldwide researches on high-speed
WLANSs have focused on millimetre wave frequencies to improve performance as
well as to avoid the fierce competition for the small amount of unallocated spectrum
in the lower microwave bands [2.7,2.8, 2.9,2.10].

FREQUENCY RANGE DESCRIPTION
902-928MHz Unlicensed spread spectrum band in the USA typical

datarates of 9600-250,000bps

1850-1970MHz New USA Persona Communication System (PCS)
bands. Datarateis yet to be determined

1880-1990MHz Digital European Cordless Telephone (DECT) systems
1.152Mbps gross data rate over the air

2400-2483MHz Unlicensed spread spectrum band in USA

2400-2483MHz Unlicensed spread spectrum band in Europe

2471-2497MHz Unlicensed spread spectrum band in Japan
Typica datarates of 9600bps-2Mbps

5.2GHz 10Mbps data rate HIPERLAN systemsin Europe

5725-5850MHz Unlicensed spread spectrum band in USA and Europe

Typical data rates 5SMbps+
18-19GHz Licensed band in USA used by Motorola Altair

Table 2.2. Most commonly used frequency band for WLAN applications

2.2.2.2 MULTIPATH EFFECTS AND INTERFERENCE

The major technical obstacle still to be overcome in the RF WLAN industry is the
data rate limitation caused by the multipath characteristics of radio propagation. The
multipath phenomenon is illustrated graphically in Figure 2.2. As the RF signal take
multiple paths to reach the receiver from transmitter, it suffers many reflections
causing the received signal to become stronger or weaker, therefore affecting data
throughput. Such multipath and blockage results in intersymbol (1SI) and destructive

(subtractive) interference that significantly limits available bandwidth and induce

12
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broadband fading noise. Hence, a robust modulation and error correction-coding

scheme is essential to overcome ISl, while antenna diversity in the form of spatial or
angle (beam steering) is imperative to combat destructive interference. Spatid
diversity can be achieved by placing antennas a fraction of wavelength apart, which is
feasible a millimetre wavelengths with the use of arrays. Accomplishing beam
steering at these wavelengths is also quite practica by similar arraying format
utilising the quasi-optical approach. Due to the unlicensed nature in some frequency
spectrums, RF WLANSs experiences another source interference. Because RF signals
can penetrate walls, which enables open office environment, it also greatly increases
the possibility of undesired interference from neighbouring WLANS transmitting
energy in the same frequency spectrum. By moving towards the higher millimetre
wave frequencies again provides a solution to this. At these frequencies, propagation
IS quasi-optical which has low penetration of walls, therefore signal transmission is
confined within a room. At the same time, the wider bandwidth obtainable at such
high frequencies from spectrum regulatory agencies will reduce the chance of

overlapping frequency use from separate networks.

!

WLAN

Transmitier

WLARM
Recaivar

Fig 2.2. Radio Signals Travelling over '
Multiple Paths

2.2.2.3 POSSIBLE RF POWER OUTPUTS

The output power of wireless LAN systems is very low, especially in RF system
because radio waves suffer rapid fading and significant multipath effects over
distance. Since WLAN is intended for office environments, RF systems' low power
output characteristics can be beneficial for safety reasons to produce acceptably low
room radiation intensity in order to meet stringent government and industry safety
regulations. At low frequency, the power output can easily be increased when

13
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necessary by well-established semiconductor technologies for long wavelength

operation. However, when designing WLANSs in the higher sub-millimetre and
millimetre frequencies, such limited achievable power levels create some serious
concerns. Within the millimetre wave band, some windows of frequencies suffer
large atmospheric attenuation. Figure 2.3 shows this attenuation as a function of
frequency in atypical atmosphere. Even though this helps to reduce interference with
distant sources, it presents a challenge to achieve adequate power over operating
range of the network. The major problem exists for poor solid-state device power
capability at these high frequencies compared with those of longer wavelengths. A
comparison of average power for several common active sources is shown in Figure
2.4. It can be seen that vacuum technology in general provides much greater output
power than solid state devices. To overcome this, the power from many devices can
be combined in an array by technigue known as power combining. However,
conventional circuit based combining approaches when used for millimetre wave
designs often leads to bulky structures with high losses. Currently, the most
promising method suitable for millimetre wave is quasi-optical solid state power
combining where power is combined in free space with low loss. This technique will
be discussed in chapter 3.

Aumrags Ouiplt Powar, Wadls
- : . .

Fig 2.3. Typical atmospheric attenuation [3.5] ) - s s ke
Fig 2.4. Power Handling capacity of

various mm-wave sources [3.5]
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2.3 WHY USE MILLIMETRE WAVES?

Currently, cellular communications, satellite TV, police radar, etc. are rapidly
occupying the little available VHF, UHF, and low microwave region. As a result,
there have been considerable advances in millimetre wave technologies for
communication links to overcome this overcrowding of the lower microwave
spectrum. With virtually unlimited and unregulated spectrum available at millimetre
wave frequencies, systems promise large bandwidths and significant reduction in size
and weight compared to existing microwave electromagnetic systems. Therefore,
millimetre wave systems has strong potential for use in indoor wireless
communications such as WLAN, or other environments subject to severe multipath
distortion where the increased bandwidth is required to maintain robust
communication links. The larger bandwidth available can also accommodate high
data-rate systems to provide link speeds up to hundreds of Mbps where multiple fixed
channels can be allocated using frequency division multiplexing in conjunction with
spread spectrum techniques to help combat multipath fading. Furthermore, compact
conformable antenna systems required by WLAN are made possible by the small
component sizes associated with millimetre wavelengths. Other desirable features
associated with millimetre wave includes

Easier arraying to provide narrow beamwidth and electronic beam steering

capabilities ideal for angular diversity used in WLANS.

Low room radiation intensity required for safety of WLAN use.

Signal confinement within operation zone to provide greater data security and

reduced interference with distant sources.

Small wavelength and high gain possibilities with narrow beamwidth are ideal for

high angular resolution and low probability of intercept systems.

Currently, the main disadvantage of millimetre wave wireless LANSs is the relatively
high cost associated with the technology compared with that of lower frequency and
optical systems. The most promising solution to cut down the cost appears to be the
technique of monoalithic integration [2.10], whereby manufacturing integrated circuit
chips on a large scale, cost can be significantly reduced. Recent advances in the
development of gallium arsenide (GaAs) based monolithic microwave integrated
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circuit (MMIC) extending its operation into millimetre wave suggests little doubt that

monolithic millimetre wave integrated circuit (MMMIC) are the only cost effective
solution to the future of millimetre wave technology [2.7].

Another magjor drawback associated millimetre wavelength designs is the limited
power capability available from solid state devices at these high frequencies as
described in the previous section. Nonetheless, this should not be of much concern as
low power levels can be overcome by innovative power combining techniques such as

guasi-optical power combining.

Table 2.3 shows a summary of millimetre wave features and common application
systems.

Features Advantages Applications

Short Wavelength

Component downsizing
Narrow beamwidth
Low diffraction
Large Doppler shift

Wide Bandwidth

Wide modulation band
Narrow pulse width
Multi-frequencies
Wide reception band

Propagation

High rectillnearity
Fog, water-vapour loss
Molecule absorption bands

Satellite communication
Airplane communication
Mobile communication
Indoor communication
High speed communication
Doppler radar
Short pulse radar
Atmospheric sensor

Table 2.3. Millimetre wave features and applications
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24 WLAN SYSTEM ARCHITECTURES
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with Access Point as Repeater
to Extend Range [2.1]

The simplest form of a WLAN configuration is shown in Figure 2.5. In this setup, an
independent network can be achieved anytime two or more PCs with wireless
adapters are within range of each other. When a transmitter/receiver (transceiver)
device, known as an Access Point is added to this network (Figure 2.6), it functions as
a repeater, which effectively extends the range of the LAN by doubling the distance
between the wireless PCs.
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Fig 2.7. WLAN Infrastructure [2.1]

The infrastructure of a WLAN is presented in Figure 2.7, multiple access points are
connected at a fixed position to the wired portion of the network via standard cables.
The duty of the access point is to receive, buffer, and transmit data between the
WLAN and the wired network infrastructure, as well as mediate communication
between wireless network traffic in the immediate neighbourhood (ie. between access
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points). The antenna attached to the access point is usualy mounted high, usually

ceiling, but may be positioned anywhere that is practical to ensure desired radio
coverage. However, the need for installation of cables through walls and ceilings to
establish connections between base station and access points can be complicated and
expensive. Such limitation is particularly apparent in large indoor areas such as
warehouses, shopping malls, and stock exchange halls, where ceilings are typically
not designed to provide a space for distribution of wiring. A new feeding approach
presented in [2.5] has provided a solution to this problem by the introduction of no-

wiring relay stations.

In this design, communication between the WLAN and wired network is still
accomplished via the base station, however, signa is fed forward and backward by
means of directional antennas on the base station and multi-beam antenna on each
relay station. The multi-beam antenna serves the purpose of connecting each remote
termina within the cell to the network; hence a fast directional steerable antenna
system is essential. The multi-path effects degrading throughput described previously
can also be minimised with the use of such a steering scheme.

The difficulty now lies in devising a low cost antenna system to provide the fast
steering required. A possible solution may be the use of phase shifter arrays [2.6];
however, the inclusion of relatively large phase shifters will significantly increase the
antenna circuitry, which is inappropriate for the conformal nature of this project.
Mechanical steering is also unacceptable as it is far too unresponsive compared to the
travelling speeds of the signals. Therefore, the only feasible antenna option is the

guasi-optical amplifier array, and its operation principle will be explain in Chapter 3.
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Furthermore, because wireless communication is limited by the distance for a signal

at given power output, cells known as microcells, similar to that of a micro-cellular
mobile telephone system are employed to extend the range of wireless connectivity.
This concept is illustrated graphically in Figure 2.8. At any point in time, a remote
terminal is associated with only a single access point and its microcell’s area of
coverage. Individual microcells have small portions, which overlaps to alow
continuous communication by handling low power signals and “hand off” users as

they roam through a given geographic area.

Relay Station 2
(Repeater)

Relay Station 3
(Repeater)

Relay Station 1
(Repeater)

|

Base Station
WLAN Terminal

Remeote Termummals

Fig 2.8. Typical cellular WLAN structure

In addition, it should be noted that the wireless part of the network cannot exist on its
own, connections to external telecommunications network and between microcells
can only be accomplished through the wired system via the base station. In fact,
practical systems suggest a combination of wired and wireless LANs is likely to be
adopted. In this, the machines that require relative mobility will be connected
wirelessly, while the stations that are presumably permanent are connected through
cable [2.7]. This approach not only take advantage of technology used in well-
established LAN systems, it aso permits high-capacity links with the use of optical
systems. However, to ensure an overall high-speed system, the antenna used to
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interface between the wired and wireless parts of the network will require innovative

solution, which is the objective of thisthesis.
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CHAPTER 3
ANTENNA SYSTEM FOR
WIRELESS LAN

3.1 INTRODUCTION

In order to achieve a reliable, efficient, and high-speed WLAN, the antenna system
used for interfacing between the wireless and the wired portions of the system must
provide the following characteristics:
Electronically beam steerable for quick switching between terminals, and to
minimise multipath effects.
Wide bandwidth to accommaodate high throughput rates.
Sufficient power capabilities to ensure adequate transmitted and received power
levels maintaining constant robust communication link. However, radiated power
intensity must not exceed safety limits.
Narrow beamwidth to permit angle diversity usage.
Small, lightweight, low profile and conformable to flat surfaces for suitable use in
relay stations.
Provides ssimple and flexible setup with minimum usage of wire connections to
fixed structures such as walls and ceilings.
Withstand interference from human movement and noise from other network
sources.
Suitable for use with higher millimetre wave frequencies.

Low cost is essential.

This chapter describes an antenna system that may be used efficiently in RF wireless
LAN operating at millimetre wave frequencies.
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3.2 MICROSTRIP ANTENNAS

Grownd Plane

Fig 3.1. Microstrip antenna

Shown in Figure 3.1 is the simplest form of a microstrip antenna. It consists of a
sandwich of two parallel conducting layer separated by a single thin low-loss
insulating material, called dielectric substrate. The underside conduction functions as
aground plane, while the upper conductor operates as a radiating patch. If monolithic
integration is employed, the upper layer will aso include the feed network consisting
of lumped components (resistors, capacitors, inductors, semiconductor, and ferrite

devices) which can be added directly into the circuit.

Microstrip antennas radiate best at their resonant frequency, to achieve this resonant
frequency, they are typically half a guided wavelength long and therefore the patch
radiates a rather broad beam pattern.

The use of microstrip antennas can be considered as the ideal candidate for low-
signa-level wireless LAN applications due to their numerous uniquely desired
properties of :

Low weight/volume/profile, thus easily incorporated into any package.

Reduced cost with simple photolithography process eliminating the machining of

complicated parts.

Ease of installation and with the use flexible substrates, conformity onto flat or

gently curved surfaces is made possible.
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- Mass production capability.

Since it appeared as a by-product of microstrip circuits, therefore, the design and
realization takes advantage of well-established techniques developed for
microstrip circuits and substrates.

L ow scattering cross section.

Dual-frequency operation possibilities offering extensive flexibility to provide the
finest construction of any shape.

Direct integrability with microwave circuitry where feed lines and matching
networks are fabricated simultaneously with the antenna structures to form
microwave integrated circuits (MICs).

Simple polarization (linear, circular) change by easy aterations of feed position.
Compatibility with modular designs permits the fabrication process for smple
series production of circuits and antennas. That is, lumped circuit and active solid
state devices can be directly added to the antenna substrate board and combined

with sections of transmission line.

Together with the rapidly increasing usage of the millimetre wave spectrum and the
technological developments in millimetre wave components/circuitry, the requirement
for new concepts in millimetre wave microstrip antenna has also expanded. Hence,
significant advances have been made in the development and fabrication of
microwave and millimetre wave monolithic circuits (MMICs and MMMICs) utilising
microstrip antenna's ease of integration in the hope to provide an eventual low cost
technology comparable with that of lower frequencies. In conjunction, it is optimistic
that the use of integrated chips will lead to a more compact and reliable construction

with reduced external connections.

However, like any developing technology, there are some limitations associated with
the use of microstrip antennas, and can be listed as follows:

Narrow bandwidth (Commonly 2-5% for single layer, 30% for multi-layer)

Low gain (<18dB) and inherently low directivity.

Higher loss.

Half-plane radiation.

Poor end-fire radiation performance.
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- Low power-handling capability.

Poor isolation between the feed and the radiating elements results in spurious
radiation in the form of surface waves, which leads to high feed losses, poor
radiation pattern and low efficiency.

Difficulty to control sidelobe levels due to narrow bandwidth and spurious
radiation.

Nonetheless, many of these limitations can be overcome by carefully choosing the
substrate material and applying different design techniques for feeding, arrays and
power combining. Such design considerations will be the subject of the next section.

3.2.1 DESIGN CONSIDERATIONS

The use of microstrip and printed circuit antennas at microwave and RF has matured
somewhat, whereas at millimetre wave frequencies there remain many issues to be
addressed with the need for further research and development. While it is convenient
to use simple scaling procedures and to derive millimetre wave antennas from the
microwave counterpart in the case of reflecting antennas or horns, slotted waveguide
arrays. However, this approach is not always practical with microstrip antennas due
to the reduction in size and tighter fabrication tolerances that arise. There are also
severe limitations and problems due to substrate losses, feed requirements, and
surface wave phenomena. Furthermore, the trend toward miniaturisation and use of
integrated circuits, particularly utilising millimetre wave, does not support the use of
scaled conventional antennas, as these would still be too large physically and difficult
to integrate or conformably used. Thus specia design considerations and procedures
must be implemented if these antennas are to be used in the millimetre wave band.

3211 SUBSTRATE MATERIALS

The dielectric substrate is the mechanical backbone of the microstrip antenna/circuit
and ensures components are properly located and firmly in place. It aso fulfills the
electrical function of concentrating the electromagnetic fields and preventing
unwanted radiation in circuits. Hence its permittivity and thickness governs
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microwave electrical characteristics of the antenna. Nonetheless, the dependence of

dielectric constant on frequency is know to be reasonably low for frequencies up to
110GHz, where microstrip antennas are typically used [3.1].

The criteria for substrate selection for millimetre wave microstrip antenna is as

follows:

l. Surface wave excitation possibility.

. Effects of dispersion on the dielectric constant and loss tangent of the
substrate.

1. Magnitude of copper loss and dielectric loss.

V. Possibility of anisotropy in substrate.

V. The environmental effects of temperature, humidity, and aging.

VI. Mechanical requirements, such as ease of conformability, machineability,
solderahility, vibration effects on circuit dimensions, antenna weight, and
ability to withstand gravitational forces.

VII. Most importantly, the cost.

From the above, only I, II, and Ill have particular significance to millimetre wave

designs.

Due to the presence of an air-dielectric boundary in microstrip antenna, a large
number of discrete surface wave modes are excited in the structure, with the number
of modes generated being proportional to the thickness of the dielectric slab. Surface
waves are undesirable effects that take up a portion of the signals energy, which leads
to reduced signa amplitude and hence decrease antenna efficiency. Furthermore,
surface waves presents spurious coupling between circuit and antenna elements,
therefore degrading performance of microstrip filters as such interaction reduces the
isolation in the stopbands. In array configurations, the high losses created by surface
waves can significant affect the radiation pattern with very uncontrollable sidelobes
and crosspolarization levels. Finally, due to resonance excited by surface waves
arises the phenomenon known as blind spots which leads to particular directions in an
array to neither transmit nor receiver. Thus, it can be seen that surface waves
contribute mostly negative effects, so it must be significantly suppressed.
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The undesirable effect of dispersion has significant dependence on dielectric constant
and loss tangent, where the former decreases with frequency and the latter increases
with frequency. Dispersion results in a variation of signal velocities within the
frequency spectrum where the high frequency components travel faster than the lower
frequency ones hence leading to severe distortions, particularly in broadband signals.
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Fig 3.2. Effects of surface roughness and frequency on
conductor and dielectric losses.

Figure 3.2 is the plot showing the dependence of conductor and dielectric losses on
surface roughness and frequency. At high frequencies, the effect of surface roughness
has a great influence on conductor loss. On the other hand, dielectric loss is relatively
independent of surface roughness, but has a strong dependence on frequency. As a
result, conductor loss is generally higher than that of dielectric. The dielectric loss
can be minimised by choosing a low loss material having a moderately low dielectric
constant, whereas copper loss, due to its strong dependence on frequency and surface
roughness, it can only be reduced by choosing a substrate material which alows
deposition of a mirrorlike conductor pattern. As a rule of thumb, surface roughness
should be preserved at less than one-fifth of skin depth, and in millimetre
wavelengths, is a roughness of approximately 0.1nmm [3.1].

In genera, in order to design a broadband microstrip antenna, the most effective
method is to increase the substrate thickness and reduce its permittivity. However, an
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increase in thickness would lead to higher losses and the generation of surface waves,

therefore microstrip lines can no longer be directly connected on the same substrate.
At the same time, models derived from microstrip line theory are no longer valid, as
they assume the use of thin substrates. Due to such limitations, it is essential to devise
a microstrip antenna system that alows the optimization of radiating conditions for
antenna element independent of providing a thin feed structure to favour propagation
properties for the circuit. Clearly, a single layer design cannot achieve such
conditions; therefore recent microstrip antenna development has move in the direction

of multi-layer structures.

3.2.2 FEEDING METHODS

There are currently four main types of feeding methods for microstrip antennas, three
of which utilises a single layer design, while aperture coupling by adopting multi-
layer configuration, appears to have enormous potentials for improving on the
impedance bandwidth obtainable in single layer designs. This section describes the
various characteristics of each feeding method with their respective advantages and
disadvantages.

3221 EDGE FED

In the edge fed structure shown in figure 3-3,
the feed line is attached directly to the
radiating element, the structure take the
advantage of being monolithic and provide
good polarization characteristics. However,
a the same time, it suffers from spurious
radiation from feed network, and the need for
Fig 3.3. Edge fed an inset or transformer to match impedance.

3.2.2.2 PROBE FED

Probe feeding shown in figure 3.4 makes use of a probe through the ground plane
passing the substrate to connect to the radiating patch. This can effectively provide
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impedance matching by means of probe location, which can also selectively excite
additiona modes, and when used with plated vias, multi-layer circuits can also be
achieved. Nonetheless, it has the disadvantage of exciting cross polarization and the

problem of highly inductive impedance when thick substrates are used.

e

Fig 3.4. Probe fed Fig 3.5. Proximity coupling

3.2.2.3 PROXIMITY COUPLED FED

The main advantage of proximity coupled fed shown in figure 3.5 is that there is no
DC contact between feed and radiating patch exists, hence all coupling is achieved
electromagnetically. This feeding configuration suffers from direct radiation of
coupling region, as well as constraint in dimensional tolerance.

W=7z e

Fig 3.6. Aperture Coupling
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3.2.2.4 APERTURE COUPLED FED

An improved version of aperture coupled fed microstrip antenna is shown in figure
3.6. With this feeding mechanism, coupling is accomplish through an aperture in the
ground plane sandwiched between the radiating and feed network substrates. This
geometry offers the ability of choosing radiator and feed substrates independently, as
well as virtually eliminating spurious radiation from feed network without the need of
via connectors as in probe fed. Generally, when a thick substrate is used for the
radiating patch, there exist excess reactance where a tuning stub can be employed to
adjust the inductive offset. At the same time, a double tuning effect can be
accomplished by either bringing slot close to resonance or by introducing the stack
configuration. The only maor disadvantage of this is requirement of the complex
multi-layer fabrication process, which often increase the cost.

3.2.3 EDGE, PROBE FED VS APERTURE COUPLED FED

Edge fed has the mgjor limitation in that the feed line has to be negligible in size in
comparison to the radiating patch to ensure minimum surface wave excitation on the
common antennal/feed substrate.  This makes edge fed configuration very
inappropriate at high frequencies, where the resonant with of patch significantly
decreases while feed remains essentialy constant. On the other hand, probe fed does
not have this problem, but the coaxial probe arrangement has an associated series
reactance, which is dependent on the thickness and frequency, and creates more
mismatching at high frequency ranges. Although shifting the location of the probe
can reduce this mismatch, a shift would lead to a reduced bandwidth of the element.
The key advantage that aperture coupling has over these single layer methods is the
tremendous increase in bandwidth achievable through this feeding mechanism. While
the bandwidth of single layer feeding structures such as edge and probe fed are
limited to maximum of around 5%, aperture coupled elements can achieve up to 15%
in standard configuration and up to an impressive 50% when stacked in multi-layers.
The main reason for this improvement is the extra degrees of freedom offered by stub
length and coupling aperture size. The bandwidth enhancement is also a direct result
of the ability to independently choosing antenna and feed substrate, where an increase
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in height of patch layer is permitted without affecting feed layer. By selecting thick

antenna substrate with low permittivity, surface wave excitation is better controlled,
therefore providing flexibility with regard to eliminating scan blindness. The
selection of low permittivity substrate increases the bandwidth and puts the scan blind
point far from boresight, thus enhancing the maximum scan coverage sector. In
contrary, by making feed substrate thin with high permittivity, spurious forward
radiation can be greatly reduced causing it to be virtually isolated from the radiating
element. Additionally, the use of common ground plane provides shielding to further
suppresses the feed' s forward radiation, at the same time isolating backward radiation
from the antenna. This isolation provides better control of the cross-polarization level
in arrays. Other benefits gained from the use of aperture coupling over single layer
designs are:
Eliminates the problems of reactance such as those associated with probe feeding.
Considerable increases in substrate space for antenna elements and feed network.
Feed circuitry layer can be separately integrated by modular approach leading to
convenient integration for active arrays.

3.2.4 BANDWIDTH ENHANCEMENT TECHNIQUES FOR
APERTURE COUPLED MICROSTRIP ANTENNAS (ACMA)

As previoudly stated, the most effective method in enhancing bandwidth of ACMA is
by increasing the thickness of the antenna substrate. However, the thickness of the
substrate can only be increased to a point where the generation of higher order surface
wave modes and increase in feed losses becomes intolerable. Therefore, other

techniques must be employed to further improve on the performance of ACMA.

In the previous section, it was described that the isolation of spurious radiation
between radiator and feed circuit is greatly suppressed due to the ground plane used in
ACMA. However, the use of large ground plane aperture for better coupling can have
negative effects leading to an increase in both forward and backward spurious
radiation. Therefore, to maintain good impedance bandwidth, it is undesirable to
reduce slot size for achieving better isolation. Altering the shape of the dot to
enlarged end-loaded shapes such as dog-bone, bow tie or H-shaped apertures provides
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a solution to this by significantly improving coupling without reducing isolation. This

technique is ultilised in the design of figure 3.6.

It is apparent that the characteristics of microstrip antennas can be significantly
improved by using multi-layer structures with thick substrates and low permittivity
materials. Therefore, included in the design of figure 3.6 is the addition of low-
dielectric-constant foam material instead of a thick antenna substrate. Because of its
very low permittivity and remarkable mechanical properties, a significant reduction in
the likelihood of producing surface wave is achieved, thus offering enhanced
impedance bandwidth, as well as lower fabrication cost. The bandwidth is optimized
through the adjustment of the foam thickness. Nevertheless, the addition of foam
aters the impedance of the antenna, and since the input impedance is controlled by
the size and position of the aperture, an increases in the aperture length is required to
provide matching to 50W feed line, therefore leading to the undesirable effect of
antenna back radiation. In thisinstance, the dog-bone geometry can be effectively
applied to give same impedance bandwidth with appropriate reduction in aperture
length.

3.3 ANTENNA ARRAY

In WLAN systems, an almost-omnidirectional antenna is required for the terminal to
stay mobile, while for the relay station; a directional antenna system is preferred to
achieve angle diversity. Since this project concerns with the design of the relay
station antenna, narrow beam operation is required.

Individual planar elements suffer from limited power and are inherently low-
directivity radiators with radiation patterns very similar to dipoles. To provide the
desired characteristic of narrow beamwidth and increased directive gain required for
electronic beam steering, two antennas (transmitter & receiver) can be combined in
opposite polarization with an active stage for power gain to form a unit cell (figure
3.7), which is used to assemble an array structure. The purpose of the array is to
arrange a number unit cells into a regular pattern so that the radiated fields combine
along the desired direction and cancel out elsewhere. However, once arrayed, there
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are concerns with the radiation pattern suffering grating lobes for unit cell dimension

that is larger than free space wavelength resulting in array element spacing larger than
awavelength. One solution to eliminate the grating lobes is by sub-arraying el ements
into a larger unit cell and setting the element and unit cell spacing so that the grating
lobes of each sub-array is cancelled by the nulls of other. Therefore minimising
possibilities of grating lobes by satisfying the criteria of achieving unit cell spacing
d<| (wavelength).

Fig 3.7. Amplifier antenna unit cell

In theory, the radiation pattern of the array is the original pattern of a patch multiplied
by an array factor, which accounts for the geometrical positioning of the patches and
the amplitudes and phases of the currents fed to them. However, in practice, patches
interact with one another by phenomenon known as mutual coupling due to proximity
with adjacent elements. With mutual coupling, currents are induced in surrounding
patches and hence, provide coupling between the ports of the radiators (on the feed
side) and additional radiation (on the antenna side). This causes significant effect to
the radiation pattern and the input impedance depending on the location of the patch
within the array, so careful arrangement of unit cells is essential to ensure a feasible
design.

Commonly, arrays using single layered structures have their unit cells organized in a
diamond shape to minimise space. However, the drawback with this arrangement is
that only three elements can be realised in the unit cell. This problem is solved with
the use of ACMA as radiating element [3.4]. Since separate antenna and feed
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network substrates are used, considerable space can be saved in the unit cell amplifier

dimensions, which significantly helps to reduce development of grating lobes. The
dimension of the array can be further reduced with the use of a single dua feed
aperture coupled patch antenna instead of separate transmitting and receiving antenna.
Nevertheless, a major problem with this approach is the poor isolation between the
feeds, especialy near resonance where significant feed coupling exists through
aperture; this undesirable effect restricts the active stage gain due to the development
of feedback oscillation.

3.4 QUASI-OPTICAL POWER COMBINING

As stated earlier, athough millimetre wave frequency applications are advantageous
for smaller and lighter antennas at a given directive gain compared to lower
frequencies. There exists the maor problem of poor solid-state device power
capability at these high frequencies compared with those of longer wavelengths. To
overcome the lack of power generated, the power from many devices in an array can
be combined by technique known as Power combining.

Power combining techniques for microwave and millimetre wave frequency range can
be separated into five main groups, Chip-level, Circuit-level (resonant cavity, non
resonant), Spatial (Quasi-Optical belongs here), Multiple-level (combination of chip,
circuit, and spatial), and other minority combiners [3.7,3.8].

Previoudly, classical cavity or conventional waveguide power combiners for use with
microwave were limited in power, efficiency when applied a millimetre wave
frequencies primarily due to:
Higher conductor feeding losses.
Tight constraints on manufacturing dimensions to within the same order
wavelength so to achieve acceptable mode separation and to avoid multi-mode
operation [1.6].

Quasi-optical power combiner, with the characteristics of forming array using large

number of solid-state devices giving large linear dimension compared to wavelength,
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has provided a solution to the problem. Figure 3.8 contrasts between the methods of

conventional corporate circuit transmission line feeder/combiner and spatial quasi-
optical active array. It can be seen that distributed power is transmitted and received
in free space without the need of feed/combining circuitries.
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Fig 3.8. a) Circuit fed/combined array using corporate structure
b) Spatial combiner using circuit fed active array
c) Spatially fed/combined quasi-optical combiner [3.5]

Active quasi-optics promises great power increase from solid-state devices by
combining the outputs of many devices with low loss in free space. In fact, quasi-
optical technique is renowned for its ability to provide 100% power combining
efficiency [1.6]. Quasi-optical amplifiers are multi-mode devices that can amplify
beams at different angles, beams of different shapes, and even severa beams
simultaneously making them ideal for use with WLAN relay stations. A quasi-
optical unit cell and 4-element planar amplifier antenna designed for operation at
10GHz is shown in figure 3.9 and 3.10, respectively.
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Fig 3.10. 4 element quasi-optical amplifier

Quasi-optical circuit operates by using distributed circuits effects, the same as that
used in conventional microwave circuit, as well as using leakage and radiation from
circuit as direct input/output ports. As a result, the open structure of quasi-optical
combiner reduces the conductor losses by completely eliminating high loss feed
networks. The quasi-optical combiner circuit is ideal for WLAN applications as it
takes a planar geometry that can be easily integrated into MMMIC (monolithic
millimetre wave integrated circuits). At the same instance, offering a compact system
with single printed structure without the need for separate antenna, active stages and
interconnecting lines. Further improvements can be achieved when individual quasi-
optical unit cells are arranged in an array of appropriate size and spacing, some of the
advantages provided are:

1) Increased output power due to signal combining in free space.

2) Increase gain due to higher directivity.

3) Frequency multiplication.

4) Angular diversity in arrays reduces fading in multi-paths.

5) Graceful degradation rather than catastrophic as devices fails because of intrinsic

redundancy.
Finally, with the use of quasi-optical power combining, beam steering can be

achieved [1.6,3.6] by activating specific array elements to provide directive and active
gain in the desired direction.
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CHAPTER 4
THEORY AND DESIGN METHOD

4.1 INTRODUCTION

This chapter is concerned with the theory and methods the author used in designing a
10GHz planar quasi-optical amplifier antenna intended for operation in wireless LAN
environment. This amplifier antenna is to be mounted on the reflection mode relay
station mounted on the ceiling and it serves the purpose of interfacing between mobile
PC terminals with the network via the base station. The power gain of the amplifier is
achieved through the use a HEMT (High Electron Mobility Transistor) intended for
operation in X-band (8-12.4GHz). The design of this antenna consists of three
discrete stages, they are:

1) Antenna patch design

2) Single stage amplifier design

3) Quasi-optical array design

Each quasi-optical unit cell will consist of two antenna patches (one for receiving and
one for transmitting), connected on input and output side of a single stage amplifier
which is used to provide gain.

In the design process, various advance computer aided drawing and simulation
softwares were used. First, the design dimensions of the antenna patch were
optimized to 10GHz according to simulations under the Ensemble produced by
Boulder Microwave Technologies. Then for the single stage amplifier, designed
matching circuits were simulated under PUFF to ensure feasibility and adjustments to
the circuits were made where appropriate. Next, the DC-biasing circuitry were drawn
together with finalised matching circuit in HP-EEsof Touchstone (Series 1V) produced
by Hewlett Packard, and simulated. Touchstone was then used to perform
optimization on various circuit parameters, once accomplished Touchstone layout
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generated the layout of the unit cell for fabrication. At last, Touchstone Layout was

again employed to arrange the unit cell into a 2x2 array and fabrication mask
generated. An important note to be aware of is that external microstrip feed line
connections for both antenna patch and amplifier are design on 50W impedance to
eliminate the need for extra matching circuitry when combining into an unit cell, and

ultimately the 2 x2 array.

4.2 ANTENNA PATCH DESIGN

The am of this thesis is that to use aperture coupled feeding mechanism for
increasing the impedance bandwidth on previous design utilisng edge fed
configuration. As described in chapter 3, this is due to the flexibility offered by
multi-layer structure, which provides independent substrate selection for antenna and
feed network. Therefore, choosing the ideal substrate is crucial for maximum
performance and substrates used for this design are listed in Table 4.1 along with their
respective permittivity and thickness.

LAYER SUBSTRATE NAME | PERMITTIVITY | THICKNESS
ANTENNA Rogers Duroid 5880 2.2 1.57mm
FOAM SPACER Eccofoam 1.03 1.3mm
FEED Rogers Duroid 6010 10.2 0.635mm

Table 4.1. Substrates used for antenna design

With the above parameters entered into Ensemble’s database, design process can
begin on determining various dimensions to provide operation at 10GHz. For
ACMA, different trends can be realised with variation in a number of material and
dimensional parameters, and these can be summarised in Table 4.2.

By altering the various dimensional parameters, the simulations for the s-parameter
Su1 (input reflection coefficient) can be obtained in different forms of plots. These
plots are:

1) Input return losson dB log scale.

2) Voltage stand wave ratio (VSWR).
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3) Smith chart with S;; impedance locus.

LEVEL PARAMETER TREND
ANTENNA Antenna dielectric constant Affects bandwidth and radiation efficiency,
lower it is, wider the bandwidth
Antenna substrate thickness Affects bandwidth and coupling level, thick it
is, less coupling for a given aperture size
Patch Length (L) Determines the resonant frequency
Patch Width (W) Affects the resonant resistance, wider it is,
lower resistance. Should avoid square path to
reduce cross-polarization
Patch position relative to aperture | Max coupling centred over dot. Moverelative
to ot in H-dir has little effect, while move
towards E-dir will decrease coupling
GROUND Aperture Length (L) Determines coupling level, and back radiation
PLANE level, therefore made no longer than required
for impedance matching
Aperture Width (W) Affects coupling level to aless degree
compared to length, ratio of typically 1/10
FEED Feed dielectric constant Select for good circuit qualities, range 2-10

Feed substrate thickness

Thinner has less spurious radiation from feed,

but higher loss, compromise bet 0.01-0.02|

Feed Line Width (W)

Control characteristic impedance and coupling

to dot, thinner couple more strong

Feed position relative to aperture

Max coupling with feed line right angle to dot.
Skew feed from dot reduces coupling, as will

positioning feed towards slot edge

Tuning stub length (L)

Tunes excess reactance, typically dightly less
than | ¢4 in length, shortening stub will move
impedance locus in capacitive dir on Smith

Char, lengthening will move towards inductive

Table 4.2. Effects on variation of design parameters
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Through examining the responses of these graphs, appropriate adjustments were made

to the antenna design in order to obtain a 50W match with resonant frequency at

10GHz. A good result is determined by meeting the eventual goal of:

1) Obtaining maximum negative dB value at resonant frequency on input return loss
plot and having as much of the spectrum under —10dB as possible to achieve good
bandwidth.

2) Similarly for VSWR plot, a minimum must be achieved at resonant frequency and
having as much of the spectrum below 2 as possible.

3) The point of the locus representing 10GHz in the Smith chart should run through
the centre and intersecting the constant VSWR circle of 1.

The final design layout of the ACMA is shown in Figure 4.1. The key parameters to

note in this design are:

1) The patch length of 9mm since it is the maor determining factor of 10GHz
resonant frequency.

2) Thetuning stub length of 1.8mm as it tunes the excess reactance.

3) The aperture area as it has the greatest influence on the level of coupling between
feed and radiator.

. Patch Width (13.585mm) g
Aperture ITuni ng Stub
Length length Patch
Dog-bone L
ength
Length (3mm) (9mm)
Aperture h|(8.8mm)
Dog-bone
width Feed line Length |
(1.34mm) v (5.766mm)

dh Feed line Width (0.5963mm)
Fig 4.1. ACMA patch design layout
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The simulated results of input return loss, VSWR, and Smith Charts are given in

Figure 4.2, 4.3, and 4.4, respectively.

The figure of merit for input return loss and VSWR in figure 4.2, and 4.3 is the

percent of impedance bandwidth achieved, and they are determined by the following:

1) For the S;; input return loss plot, the region of frequency that lies below —10dB
divided by the resonant frequency is the percent impedance bandwidths obtained.

2) Likewise, the same percentage should be obtained for the region of frequency
enclosed by the intersection points at VSWR of 2.

The equation is therefore given by

PercentBW = fhf—f' 100%

0

4.1

where fy and fi, represents the intersection frequencies, and f, being the resonant
frequency.

Magrnitude (JEI

-sa i i i i
g.0 5.5 ENc 2.5 19.@ 18,5 11.@ 11.5 1z.@
Frequency (GHz)

Fig 4.2. Sy input return loss plot for ACMA
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Fig 4.3. Sy; voltage standing wave ratio plot for ACMA

Impedarce Matching

Fig 4.4. Sy; Smith Chart for ACMA
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From the simulations, the antenna patch demonstrates an achievable impedance

bandwidth of 21.5% with an input return loss of —47dB at its resonant frequency, this
is a good indication of a well matched, correctly dimensioned patch design.
Furthermore, the designed 50W feed line enables direct connection with single stage

amplifier designed with the same characteristic impedance.

4.3 SINGLE STAGE AMPLIFIER DESIGN

The procedures involved with the design of a single stage amplifier are:
1) Stability.

2) Maximal Transducer Power Gain.

3) Input and Output Matching Circuits.

4) DC Bias.

4.3.1 Stability

The stability of an amplifier is very important consideration in microwave circuit
designs. The characteristic of the amplifier is determined by its S-parameters. With
the use of the S parameters, the synthesized source, and the load impedances, the
circuit’s resistance to oscillation can be determined. Figure 4.5 shows block diagram
of a single stage amplifier circuit with matching networks and reflection coefficients
at various points.

; & Output Matchi
Illp-“t h.i—ah:lhnlg o 4 ||1]]11: vAALC 'I.|'I?

MNetwork A S Network
Active Device

Gs Gn Gout G

Fig 4.5. Block diagram of single stage amplifier circuit with matching networks
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Oscillations are possible in a two-port network if either the input or output port, or

both have negative resistance or when either |[Gn| > 1 or |Gu| > 1. This occurs if |Sy]
or S| are greater than unity for a unilateral case (|Si2] = 0). Nevertheless, an
amplifier with negative resistance might still be stable.

To calculate stability, the S-parameters provided by manufacturer’ s data sheets on the
Mitsubishi packaged low noise MGF1302 HEMT are used. These data sheets can be
found in Appendix A.

For an unconditionally stable microwave transistor amplifier, the magnitudes of S,
S22, G, and Gyie must be less than unity, while the following requirements for stability
factor (K) and the determinant of the scattering matrix (D) must also be satisfied.

2 2 2
1+|D| - |S - 1S
P LT PN 7Y

1
) (4.2)
23819571 |

|D=1S11S90 - S19591 K1 (4.3)

As a result, the stability circles can be plotted directly on a Smith Chart which
separates the output or input planes into stable and potentially unstable regions. A
stability circle plotted on the output plane indicates the values of all loads that provide
negative real input impedance (ie. |G, > 1), thereby causing the circuit to oscillate.
Similarly, a stability circle plotted on the input plane indicates the values of al loads
that provide negative real output impedance (ie. |G > 1), and again causing
oscillation. The regions of instability occur within the circles whose centres and radii
are expresses by:

*

I,
1Sy I - |DF|

c, (centreof G circle) = (4.9
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- IC, |
c,(centreof G circle)=————— (4.5)
IS, [ - [DF|
r.(radiusof G circle) :% (4.6)
ul -
r_(radiusof G circle) = 1SuSal (4.7)
] IS, I - IDF| |
22
where
C, =35, - D5, (4.8) C . =5,-D5, (4.9)

In summary, for unconditional stability any passive source and load impedance in a
two-port network must produce the stability circles completely outside the Smith
chart. However, if either of the stability circles overlap with the Smith Chart, the
stability of the system is conditional.

Shown in figure 4.6 is the complete schematics of the single stage amplifier, its Smith
chart ssimulation (figure 4.7) shows that the stability circles lies (denoted by sguare
and circle) completely outside the Smith Chart, therefore, the circuit used is
unconditionally stable within its frequency of operation in X-band. The chart also
includes constant gain circles, which will be focus of next section.
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Fig 4.7 Smith chart showing stability circles (Squares & Circles) and constant gain circles
(Triangles)
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4.3.2 Maximal Transducer Power Gain

The unilateral transducer power gain Gr is the forward power gain in a feedback
amplifier having its reverse power gain set to zero (ie. |S;2|=0) by adjusting a lossless
reciprocal feedback network connected around the microwave amplifier [4.1]. Thisis

given by
L G|’ 5, g|°
1- GG|" T - S.G[°
_1-jgf 5,0 b G/ (4.10)
L-s,G|" 7 - G.G [
=C;SCBOCEL

Hence the transducer’s gain is the combination of gains obtain from input matching
circuit, active device, and that of output matching circuit. It can be seen that for a
particular HEMT, G, is fixed, therefore the transducer’s gain is completely relied
upon the changes in the matching circuits.

The maximum transducer power gain Grmax that can be realised is the forward power
gan when the input and output of the amplifier are simultaneously conjugate
matched. By thisit is meant that the source and load reflection coefficients G, G_ is
egual to the conjugate of input and output reflection coefficients G, Gt respectively
(ie. G=Gn, G.=Gou ). The optimal reflection coefficients Ggw, G.w for source and
load can be found by

B, ++/B2 - 4C,|° B,+.,B2-4C |’
G, = — 21C 4C (4.11) G, =— 22C 4C4 (4.12)
1 2

B, =1+|S,|"- S, - [O° (413 B, =1+[S,,|"- [Su[* - [D]° (4.14)

The power gan Gs or G then forms constant gain circles on the Smith Chart

according to the match, where any solution of Gsand G along a specific gain circle
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would result in power gain of that amount of specific decibels. The constant gain
circlesfor the single stage amplifier is shown in figure 4.7, denoted by triangles.

4.3.3 Input and Output Matching Circuits

To achieve conjugate matching (G=Gn', G.=Gout ), Gn and Gou calculated from S
parameters in manufacturer’s data sheets are plotted on the Smith Chart. Then 50W
lines of appropriate lengths can be used in both series and shunt configuration to
transform the mismatch of the amplifier to characteristic impedance of 50W. In this

design, single stub tuning was utilised to save circuitry space as well as providing a
more simplistic approach.

FZ . PLOT F1 @ LAYOUT
Points 151

Smith radius 1.88

f 18.8888 GH=z

05811 -48.644B 146.5°
¥ 821 1A.1A4dB-136.5"
<812 -17.424B-179.6"
+522 -56.484B 88.9°

W

F3 : PARTS
a device mgf138Z 4mm
b t1 98% 26.964° file : mgfi382
c t1 98t 61.992° : : .
d t1 98% 18.332° 15.88
e t1 580 56.916"°

[l =R

|8
F4 @ BOARD —— dB
=zd S58.888 @
fd 18.888 GH=

er 18.2688

h B.633 mm

= 25.488 nn

c 8.888 mm

Tah microstrip —-66.8

g ' ' TF GHz ' ' 1z
Fig 4.8. Active stage with matching circuits under simulation in PUFF

The theoretically devised matching circuits were then simulated under PUFF to
ensure feasibility and adjustments were made where appropriate to achieve perfect
impedance matching. The simulation results are shown in figure 4.8.
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4.3.4 DC Bias

The design of dc-biasing circuits for microwave amplifiers is as important as the
design of the matching networks for the amplifiers because the amplifiers' high gain,
high power, high efficiency, and low noise also depend on the dc-biasing circuits.
The purpose of dc-biasing circuit design is to provide a proper quiescent point and
hold that point constant over temperature and device-parameter variations.

For the design of the biasing circuitry, it is important to recognise the biasing
conditions for which the adopted design S-parameters were measured. Hence, for the
single active stage, the recommended biasing conditions (V¢s=3V, 13=10mA) were
implemented according to the manufacturer’s data sheets given in Appendix A. This
is the same biasing conditions used to determine the S-parameters apply in other

sections of this design.

The bias circuitry is shown as the bottom part of figure 4.6. It is connected to both the
gate and drain, while the source remains ground. This source grounding technique is
employed for the purpose of reducing instability problems associated with excess
inductance between source and ground. Each biasing construction consists of a
guarter-wavelength open circuit radial stub has the effect of making the DC-RF T-
junction intersection realising effectively a short circuit. This RF choke serves the
purpose of isolating RF signals from DC to prevent signals being grounded through
dc-biasing line. The remaining RC network is design to provide low frequency
stability for the network, it consists of a parallel capacitor (10nF) configuration with
one branch in series with resistor of value 47W, these values were chosen deliberately

so the amplifier realises an open circuit at near dc frequencies.

The complete amplifier design was then drawn into the schematic of HP-EEsof
Touchstone (Series 1V), where the CAD software performed optimization on various
key parameters of the circuit until desired S-parameter responses were achieved and
physical layout of the circuit generated. Shown in figure 4.9 is the simulation result

of the amplifier's 2-port S-parameters.
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Observation of figure 4.9 reinforces the expectation of a very good matching circuit

achieved through PUFF and Touchstone, with input reflection coefficient (Sp1)
providing —10dB impedance bandwidth of 11.3% and 23.7dB input return loss at the
10GHz design frequency. The gain (S1) isat 10.2dB with —3dB bandwidth of 30.4%.
Isolation (S;2) is reasonably low at —19.3dB while output reflection coefficient (Sy)
achieved an output return loss of —18.8dB and bandwidth of 16.3%. These results
suggest good gain characteristics obtainable from the HEMT amplifier at the design
resonant frequency.

[Jhemi2-2-2_1h Qhernl3-3-2_1h WV hemi2-2-2_1h Aherni3-2-2_1b
F141 SlJ4 S142 S1J3
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Frequency 1.0 GHz/DIV

Fig 4.9. Touchstone Single Stage Amplifier S-parameter simulation

4.4 QUASI-OPTICAL UNIT CELL & ARRAY DESIGN

Presented in figure 4.10, 4.11 are the quasi-optical unit cell and 2x2 array amplifiers
in their actual sizes, respectively. The unit cell measures 38.1mmx25.4mm(WxH),
while the 2x2 array occupies only 88.9mmx61mm(WxH) of space. The unit cell is
the combination of two ACMA patches (transmitter and receiver in opposite
polarization) with the single active stage forming a transceiver structure. Direct
connection of feed lines was made possible by the fact that all microstrip line widths

were design upon the characteristic impedance of 50W, hence, there was no need for
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extra matching circuitry. This simple and straightforward integration process not only

provide significant reduction in space, it also saves time and cost incurred in the

designing process.
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Fig 4.10. Actual size representation of Fig 4.11. Actual size representation of quasi-optical
quasi-optical unit cell amplifier 2x2 4-element array amplifier

The 2x2 4-element array layout was created using Layout function in Touchstone. [t
serves the purpose of increasing directive gain to produce narrower beamwidth, as
well as to provide improved power handling capabilities to overcome the low-power
characteristics common to microstrip antennas. By introducing feeding and
combining in free space, this quasi-optic method eliminates much of the feed losses in
conventional circuit and waveguide combiners. However, due to the relatively large
size of the unit cell, element spacing requirement of less than one wavelength (d<l )
could not have been achieved. Therefore an increase in grating lobes will be definite;
the only real solution that may be applied to rectify the problem is by arraying into
larger structures to reduce spacing distance.

In the design process, there was a need to transform impedances of lines to ensure
correct and equa current distribution to each of the four transistor amplifiers.
Although conventional resistor current divider network could have achieve this, it
would have led to a bulkier and heavier design. Therefore, a unique impedance-

dividing network was utilised; the concept of isillustrated graphically in figure 4.12.
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4R
2R | ———
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= ' 4R >
I 2R, [
= - —
Fig 4.12. Impedance dividing network

With this method, lines of different widths were used to represent the impedance
required. Asaresult, to distribute equal current of 10mA to each amplifier, atotal of
40mA has to be fed from the source.
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CHAPTER 5
RESULTS ANDDISCUSSION

This chapter is concerned with presenting experimental results, discussing them by
comparing with simulations and to justify the discrepancies observed by relating to
the theory and concepts the design originated from. The results will be discussed in
the following order:

1) ACMA patch S;; input return loss measurement.

2) Single active stage amplifier 2-port S-parameter measurements.

3) 2 x 2 array quasi-optical amplifier gain measurements.

4) 2 x 2 array quasi-optical amplifier far-field radiation measurement.

The measurement techniques adopted were very similar to that described in C. H.
Wong's thesis [1.6], the reason for this is so that a close comparison can be obtained
between these two projects to show the improvements gained from using ACMA as
opposed to edge feeding single layer antenna. However, due to equipment shortages,
the task of performing some experiments was impossible, despite this, the majority of

experiments were undertaken and promising results were obtained.

The setup apparatus used in measuring each of the prototypes are as shown in figure
51-54. In al experiments, results were generated on the display of Hewlett
Packard’s 83651A 8360 series synthesized sweeper. For the testing of antenna patch
input return loss and single active stage amplifier 2-port S-parameters, Hewlett
Packard’s model 8530A microwave receiver vector network analyser (VNA) and
model 8517A s-parameter analyser were employed as shown in figure 5.1&5.2. With
the measurement of the quasi-optical amplifier gain, beside the inclusion of two horn
antennas, an added power source (either battery pack or power supply) is required to
provide dc biasing and power to transistor. The use of far field absorbers as shown in
figure 5.3 is dso necessary to eliminate unwanted energy reflection from surrounding

environment. While the above measurement requires relatively no insulation to
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Fig 5.1. ACMA patch under test with HP VNA

Fig 5.2. Single Stage Active amplifier under test with VNA
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Fig 5.3.Experimental setup for quasi-optical amplifier gain measurement

AL

Fig 5.4. Experimental setup in anechoic chamber for radiation pattern measurement
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surrounding environment, when measuring the far field radiation pattern, the

additional use of anechoic chamber is essential to produce the best results, the test
setup for thisisillustrated in figure 5.4.

5.1 ACMA PATCH S;; MEASUREMENT
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. Fig 5.5b. Patch Sy; simulation
Fig 5.5a. Patch S;; measurement

For the measurement of S-parameters using the Hewlett Packard setup, it is necessary
to calibrate the port(s) of interest, irrespective of the use of either port 1 or 2 or both.
Thisis to ensure the equipment is tune to produce optimal results within the operating

range of frequency. The actual experimental setup is shown in figure 5.1.

Figure 5.5 a & b shows a comparison between the measured S;; characteristics with
that obtained through Ensemble simulation. The measured result gave a bandwidth of
amost 17% with input return loss of —45.918dB at a resonant frequency of 10.22GHz,
this is very similar to the simulated figures of 21.5% and —47dB return loss. Such
results can be considered very good with the only noticeable differences being 4.5%
BW reduction and frequency shift of 0.22GHz. The most likely reasons to account
for such discrepancies are probably related to manufacturing errors and misalignment
of the dielectric substrate layers. With the alignment of three substrate layers
(antenna, foam, and feed) totally relied upon alignment holes, imperfections are
bounded to occur due to human inaccuracies in both drilling and aigning the holes.
Other factors that would have added to the negative effect of this are:
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Air gaps due to substrate imperfections.

Poor soldering connections causing mismatch.

Probe connector losses.

Nevertheless, the promising experimental result reinforces the theory that aperture
coupling has strong ability to greatly enhance bandwidth.

5.2 SINGLE STAGE 2-PORT S-PARAMETER MEASUREMENTS
For the single active stage measurement, the VNA required a full 2-port calibration.

The setup for measurement of the active stage is shown in figure 5.2. The

experimental plot for various 2-port parameters are shown in fig 5.6 a—d.
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Fig 5.6a. Single stage S;; input return loss Fig 5.6b. Single stage S;, reverse
transmission coefficient
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Fig 5.6¢c. Single stage S;: gain (forward Fig 5.6d. Single stage S,, output return loss
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The results from the S-parameter plots of figure 5.6, together with those from the

simulations of Touchstone are summarised in table 5.1.

S-parameter Measured Value at % Impedance/
Frequency frequency -3dB BW

(GH2z) (dB) (Gain)
Experimental Sy 9.94 -37.768 5.2
measurements S, 9.94 -21.092 NA

S 10 10 -

Sy 10.48 -17.548 24

Simulation St 10 -23.7 11.3
results S 10 -19.3 NA
S 10 10.2 30.4

Sx» 10 -18.8 16.3

Table 5.1. Summary of figures obtained in experiment and simulation

The experimental result for S;1 showed figures that was alittle disappointing, not only
was there a decrease in input return loss at a -0.06GHz frequency shift, the impedance
bandwidth almost halved that of expected. The output reflection coefficient suffered
similar degrade in performance leading to a relatively large frequency shift of
0.48GHz, but with a surprising increase in impedance bandwidth of 7.7%. While the
isolation and gain remained in relatively close agreement with the simulations
demonstrating the desired characteristics, the author was unable to obtain an analysis
of the absolute isolated gain to compare with that of smulated. This was due to an
unfortunate incidence where electrostatic charge damaged the HEMT amplifier a
short time after obtaining the first set of results. Nonetheless, the relative gain graph
demonstrates the practicality of achieving the theoretical 10dB gain achievable with
the active stage. The most probable reasons that contributed to the poor measured
results are:

Poor soldering connections causing mismatch.

Dielectric substrate imperfections.

Overlapping between transistor legs (gate and drain) with the relatively tiny

matching circuits. Therefore, although perfect matching circuits were design, the

microscopic nature of microstrip circuitry makes establishing perfect connections

very difficult.
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- Variations of S-parameter values between manufacturer’s data sheets and that of

the actual device used, where the difference in test environment may also account
for some disagreement.

Basically due to unavoidable human error within the fabrication process.

5.3 2 X2 ARRAY QUASI-OPTICAL AMPLIFIER GAIN

The experimental setup for a quasi-optical amplifier is somewhat different to that used
for the active stage in figure 5.2 because the feeding and combining activity takes
place in free space, thus eliminating the use of conventional measurement approach
whereby probes are connected to input and output via physical connectors. Therefore,
a technique similar to that used in radar systems is employed, where a signa is
transmitted towards the antenna amplifier, and measurements are obtained through the
amplified signal reflected to a receiver. The experimental test setup is presented in
figure 5.3. It should be noted that transmitter and receiver horns utilises opposite
polarizations (vertical and horizontal) to match the orthogonal polarization used in
antenna patches on the quasi-optical amplifier, the purpose of this is to reduce the
level of cross polarization.

As describe in earlier sections, quasi-optical technique when employed in an array

structure, it provides two key advantages:

1) 100% power combining efficiency significant increase gain from individual solid
state devices. Therefore, gain is increased by the factor equal to number of unit
cells used.

2) Due to intrinsic redundancy of individua elements in the array, graceful
degradation is observed rather than catastrophic failure when performance of the
devices deteriorates.

In order to demonstrate the effect of quasi-optics in an array, the 2x2 quasi-optical
amplifier circuit was first switched off to provide again plot for zero element. Then a
similar plot was obtained to show the contribution of two elements by switching on
the array with half of the four elements blocked off by absorbers. The final step was
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to measure the gain with all four elements exposed. The gain plot obtain is given in

figure 5.7 and the results from these experiments are summarised in table 5.2.

l-% log MAG FREERER L 0
-50.8 8
‘b i0.0 8- 82,838 oa
—82.8%3 o8
BT I R Bt i T ! 1 1 | WMARRER 1)

L. i 1 : . 1 i ezl
START B.000000enD Gk T o7 Fes B8
ETOP 12, DOODDICOD GHz L BLi36E3

Fig 5.7. Gain plot for 2x2 array amplifier with 0, 2, 4 elements switched on

Elements on 0 2 4

Measured Gain relative to zero 0 24.021 27.021
element (dB) at 10GHz

Table 5.2. Experimental measurements for 2x2 array quasi-optical amplifier with 0, 2, 4 elements
exposed.

The concept of quasi-optical amplifier is demonstrated with 2 element gain being
exactly 3dB (half power) below the 4element configuration, therefore 100% power
combining efficiency is verified. At the same time, the theory of intrinsic redundancy
within array element is also experimentally proven, by simply covering up half of the
array, there was no sign of any effect upon the exposed portions, and operation was as
usual with expected gain being halved from the full array. Hence, in practise, quasi-
optcal technique is highly feasible, and certainly lives up to its expectations in
providing its theoretical advantages of both 100% combining efficiency and graceful
degradation rather than catastrophic failure.
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It was shown in section 5.2 that the measured gain from the single active stage

transistor (without the transmitting and receiving patch antennas) is 10dB. Thus the
gain from each patch antenna can be easily calculated by:

Total Measured gain (Gueas) = no. of unit cells x Gamp X Grx X Grx (5.1)

Since the transmitting and receiving patch are identical, therefore Gry and Ggy are the
of equal value and thus modifies equation 5.1 to:

Total Measured galn (GM&s) = no. of unit cells x Gamp X GPATCH2 (52)
IndB > 27.021dB = 10Iog 4+ 10dB + Z[GPATCH]dB [dB]
[GraTcH]lae = 5.5dB

To explain why the patch gain does not closely match with the 8dB shown in the
simulation of figure 4.2, there are numerous possible factors:
The most influential being the increased number of transistors leading to
additional soldering, and hence the possibility of mismatches was severely
elevated. As shown in the active stage, this mismatching can seriously degrade
the performance of the outpuit.
The 8dB gain obtain in the simulation was never actually tested experimentally
due to equipment incapabilities. Thus, one cannot be certain that the experiment
test patch can actually produce that level of gain from the ssmulation.
The overall gain could have been reduced due to the inefficiency in the test
environment setup, for example, the misalignment between the transmitting and
receiving horns with the planar antenna amplifier can result in rather significant
gain reduction.
The mutual coupling between the horns is difficult to avoid or eliminated when
being so close in distance with each other, this could have again led to
discrepancies in the measured results. Mutua coupling of patches could have
added effects to this aso.
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Nonetheless, the important aim of this experiment was to verify the concept of quasi-

optical combining, which was very successfully demonstrated by achieving double
power in the 4-element array with respect to 2-element array.

However, there are concerns for erroneous combining efficiencies considerably over
100% when such high combining efficiencies cause impedance variations leading to
undesired reflections in both source and load of the transistor amplifier [5.2].

5.4 2 X2 ARRAY FAR FIELD RADIATION PATTERN

The radiation pattern provides useful radiation characteristics of the antenna in terms
of its directivity, which is extremely important for suitability in WLAN applications.
The mechanical setup for positioning the array amplifier and receiving horn is
illustrated in figure 5.4. In this configuration, the horn rotates with the amplifier in
full 360° to obtain the radiation pattern. Another stationary horn (not shown in
picture) acting as transmitter is positioned severa metres away to provide signal to
the amplifier. The use of far field anechoic chamber with electromagnetic absorbers
is essential to eliminate the unwanted stray radiations.

21

START —-180.00a
8ToR 180, 0.

Fig 5.8. Radiation pattern of 2x2 array quasi-optical amplifier
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The measured radiation pattern is shown in figure 5.8. A —3dB half power beam

width (HPBW) of 16° is observed with two major grating lobes of —3dB level offset at
31° and 58°. From the theory section, it was expected that significant side lobe levels
would occur due to the unavoidable element spacing of greater than one wavelength
apart, and because only four elements are arrayed, it was very difficult to completely
eliminate side lobe occurrence. However, this can be overcome by construction of
larger arrays by utilising a 4-element sub-array as the unit cell, which provides
increase space and flexibility to implement closer spacing. A larger array will not
only considerably reduce side lobe levels to an acceptable level, it will also result in a
narrower main beam with improved directive gain. This is very desirable in WLAN
use as it permits closer spacing between remote terminals where the reduced sidelobe
amplitudes will minimise crosstalk within nearby stations. The experimental result
suggests that the current design has the ability to accommodate remote terminas
within a range of 16° spread, however, this will greatly improve as the array size
increases to provide a more directive beam. In effect, the network’s capacity will

increase as it can accommodate more users per microcell.

Another reason for the high level of side lobes could again be due to experimental
flaws. For instance, in can be seen from the setup of figure 5.4 that the receiving
antenna’s vertical position is in very close proximity to the signa path from
transmitter to amplifier. This could cause quite a significant level of coupling
between the transmitter and receiver when the experiment is being conducted, and
thus resulting in higher levels of side lobes. To minimise this, one could have placed
the receiver a a lower level than that shown in figure 5.4, but this is not aways
possible due to equipment constraint and will result in asignal decrease at the receiver
due to angle offset. Another solution would be to place extra absorbers surrounding
the receiver horn to minimise the level of coupling between it and the transmitter.
The mutual coupling between patches on the array may also account for some of the
effects shown in the radiation pattern, the only solution to this is by careful
arrangement of antenna patches on the array during the design stage. Beside this
however, there is very little that one can do to completely rectify this problem.
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Nevertheless, the 4-element array showed very promising results for potential use in

WLAN applications, although current array size is unsuitable due to high level of side
lobes, alarger array will definitely provide areal compelling solution.

66



A steerable planar antenna system for Wireless LAN

The University of Queensland
REFERENCES

[1.6] Wong C. H.,, “A Steerable Planar Antenna System for Wireless LAN”,
University of Queensland, 1996. (Specifically  re-referenced to conduct

replicated measurement for comparison)

[5.2] Zurcher J. F., “Broadband patch antennas’, Norwood: Artech House, 1995

67



A steerable planar antenna system for Wireless LAN

The University of Queensland

CHAPTER 6

CONCLUSIONS AND FUTURE
DEVELOPMENTS

6.1 CONCLUSIONS

A 10GHz quasi-optical planar array antenna, designed for conformal use on a
millimetre wave wireless LAN reflection-mode relay station was proposed. The
motivation for this came from the ever-increasing demand of mobile terminals within
a local area network. Therefore the design of this antenna system is intended to
significantly cut down expensive cabling and labour costs commonly associated with
WLANS.

The trend towards sub-millimetre and millimetre wave frequency operation is to
provide considerable increase in bandwidth from these unregulated spectrums. Along
with the bandwidth increment comes the advantages of higher data throughput rate
and robust communication link, which are essential for WLAN applications. The use
of high millimetre wave frequency is also advantageous for smaller component sizes
and better antenna arraying characteristics favourable for antenna use in WLAN relay
stations.

Nonetheless, the maor limitation with the use of millimetre wave exists for low
power handling capabilities of solid state devices. Therefore, a technique known as
power combining is utilised in an attempt to boost the output power level obtainable
from many of these devices. Furthermore, due to high conductor feed losses
associated with conventional combining method, a new approach must be devised.

This has led to the use of quasi-optical power combining technique in this thesis.
With this new method, power is fed and combined in free space with 100% efficiency.

It also offers the advantages of providing higher directivity and narrow beamwidth
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ideal for angle diversity used for electronic beam steering in a WLAN environment.

It also provides the desirable characteristic of graceful component degradation as
opposed to catastrophic failure, which is an excellent feature for WLAN use, as
sudden total collapse in a network environment would lead to enormous loss in any

business.

In order to produce a conformal product, conventional antenna structure cannot be
employed, because at such high frequency there are many constraints with
manufacturing tiny structures of such shapes. Even if fabrication process permits the
assembly to be formed, it would not be flexible nor would it be flat enough to

conform on near flat surfaces. Hence the use of microstrip antennais required.

Although microstrip antenna has many of the ideal characteristics for WLAN such as
low profile/size/weight and low cogt, it suffers from narrow bandwidth and high
losses. Thus, in the design of the antenna system, effective microstrip structure and
innovative amplifying approach is essential.

The antenna design used in this thesis utilised aperture coupling architecture due to its
renowned reputation of bandwidth enhancement. Also employed in this design was
the use of low noise HEMT (High Electron Mobility Transistor) to provide the
required gain. The combination of these forms a unit cell, which is used to implement
larger arrays that takes advantage of the use of quasi-optical power combining to
provide efficient output in order to overcome the low power of individual unit cells.

The design process for determining various dimensiona parameters on the antenna
patch and amplifier matching circuits was heavily computer involved. The software
used includes Ensemble by Microwave Boulder technologies for designing of patch,
PUFF was used for designing the preliminary matching circuits due to its simplicity
and simulation speed, finally both patch and amplifier are integrated into a single
structure with HP-Eesof Touchstone by Hewlett Packard.

For the measurement of the antenna patch, a 17% impedance bandwidth was achieved
with input return loss of —45.918dB at resonant frequency of 10.22GHz. These results
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match very closely to that obtained from Ensemble simulation of 21.5% and —47dB at

10GHz. Thus, the theory of improved bandwidth through aperture coupling does live
up to its expectation when compare to previous edge fed design of only 4%
achievable impedance bandwidth.

The resultant 4-element array amplifier measures only 88.9mmx61mm(WxH) while
the unit cell structure occupies 38.1mmx25.4mm(WxH). Its measured gain at 10GHz
was 27.021dB with calculated patch gain of 5.5dB, and its radiation pattern provided
a—3dB HPBW of 16° with magjor grating lobes of —3dB down offset at 31° and 58°.

The practicality of quai-optical power combining technique was demonstrated by
having a portion of the array blocked off and leaving only 2-element exposed for
measurement. The gain achieved from this was 24.021dB, exactly 3dB down from
that of 4-element array, suggesting only half of the power, and therefore provided
experimental proof of the quasi-optical technique’s 100% power combining efficiency
and graceful degradation characteristics.

Although the current 4-element design is still quite impractical for use in a practical
WLAN environment due to the large level of side lobes, the concepts used and the
results obtained suggests very high potential for such a design. If the drawbacks can
somehow be eliminated, the proposed design would provide an extremely feasible and
compelling solution to the WLAN market.

6.2 FUTURE DEVELOPMENTS

The most obvious and required future development to continue this project would be
the formation of a larger 16x16 array. In accomplishing this, the side lobe levels
would be greatly reduced, enabling the design to achieve good angular diversity for
beam steering in WLAN applications. In doing so, the gain would also increase
proportionaly; the increase in directivity would also lead to narrow beams so
accommaodating more users expanding the network’ s capacity.
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It has been illustrated in this thesis that a multi-layer configuration can considerably

increase bandwidth over single layer structures. Hence one can take this approach
further by adopting a stack construction. It has been shown in many other
experiments that a stack configuration can improve bandwidth of aperture coupled
microstrip antennas to even 50%, primarily due to the double tuning effect introduced
[6.1,6.2,6.3,6.4]. With the increase in bandwidth, a more robust and higher
throughput channel can be achieved.

Instead of dual polarization, one might like to employ the use of circular polarization
as it provides better penetrating property [6.5]. Thus the negative effects of multipath
propagation can be significantly reduced, which again helps to provide better data
throughput favour in WLAN.

Furthermore, instead of having separate transmitting and receiving patch antennas to
achieving orthogonal polarization, the use of adual polarized can be employed to save
more precious substrate space. Thiswould provide a solution for the spacing problem
encountered in this thesis as the spacing distance between adjacent antenna patches
can be significantly decreased. However, this configuration suffers from the problem
of limited isolation between transmitting and receiving feed [3.6].

Finally, the current status of the 4-element array cannot provide steering control by
itself due to the lack of microprocessor controller. Although not in the field of
microwave technology, it needs to be addressed, as the antenna cannot operate in any
environment without it. Therefore, the development of a protocol for steering control
is essentia for this antenna system. Moreover, an efficient multiple access method

must also be devised to control the large amount of user traffic [1.6].
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APPENDIX B
COMPUTER SIMULATION
RESULTS

Aperture coupled microstrip antenna layout in Ensemble

ACMA patch S;; input return loss with gain characteristics smulated in Ensemble
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Voltage Standing Wave Ratic (YSHRY

I
&.@ 6.5 o.a a.5 10. 3 10.5 11.@ 1 1z.@
Frequency (GHz)

ACMA patch VSWR plot simulated in Ensemble

Impedance Matchimg

ACMA patch Smith chart showing impedance locus ssmulated from Ensemble
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Single active stage transistor amplifier schematics drawn in Touchstone
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Frequency 1.0 GHz/DIV

Touchstone S-parameter simulation for single active stage
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Frequency 8.0 1p 12.0 GHz
Stability (circles and sguares) and Constant Gain (triangles) circles of single active stage

simulated in Touchstone

i

Layout of single quasi-optical unit cell amplifier produced from Touchstone Layout
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Layout of 2 x 2 4-element array quasi-optical amplifier produced from Touchstone Layout
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APPENDIX C
EXPERIMENTAL RESULTS

log MAG HREARER L
=-i2.8 B A8, B2 GH=
H-N-:0g 43,948 <R
Hﬂ 918 48 |
ey T | e oy T T
| ! ! (HMAFRHER 2
: i j L | b |=.78 G
; i —i@, 7S o

[P
-
&

___.____ 5_ _g
&

M3 Fem od
| B@i0 44 |

’E& 12.0 o 1ea Hee s e |
Ha

Single active stage Si; input return loss measurement
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Single active stage S, reverse transmission coefficient (isolation) measurement

Single active stage S; forward transmission coefficient (gain) measurement
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Single active stage S,, output return 10ss measurement
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Measured Sp; gain of 2 x 2 array quasi-optical amplifier with O, 2, and 4 elements
exposed
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Measured far field radiation pattern for 2 x 2 4-element quasi-optical array amplifiér
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