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Abstract

Wireless communications have been growing with an astonishing rate over the past
few years and wireless terminals for future applications are required to provide
diverse services. This rising demand prompts the needs for antennas able to cover

multiple bandwidths or an ultrawide bandwidth for various systems.

Since the release by the Federal Communications Commission (FCC) of a bandwidth
of 7.5 GHz (from 3.1 GHz to 10.6 GHz) for ultra wideband (UWB) wireless
communications, UWB has been rapidly evolving as a potential wireless technology
and UWB antennas have consequently drawn more and more attention from both

academia and industries worldwide.

Unlike traditional narrow band antennas, design and analysis of UWB antennas are
facing more challenges and difficulties. A competent UWB antenna should be
capable of operating over an ultra wide bandwidth as assigned by the FCC. At the
same time, a small and compact antenna size is highly desired, due to the integration
requirement of entire UWB systems. Another key requirement of UWB antennas is
the good time domain behaviour, i.e. a good impulse response with minimal

distortion.

This thesis focuses on UWB antenna miniaturisation and analysis. Studies have been
undertaken to cover the aspects of UWB fundamentals and antenna theory. Extensive
investigations are also conducted on three different types of miniaturised UWB

antennas.



The first type of miniaturised UWB antenna studied in this thesis is the loaded
orthogonal half disc monopole antenna. An inductive load is introduced to broaden
the impedance bandwidth as well as the pattern bandwidth, in other words, an

equivalent size reduction is realised.

The second type of miniaturised UWB antenna is the printed half disc monopole
antenna. By simply halving the original antenna and tuning the width of the coplanar

ground plane, a significant more than 50% size reduction is achieved.

The third type of miniaturised UWB antenna is the printed quasi-self-complementary
antenna. By exploiting a quasi-self-complementary structure and a built-in matching

section, a small and compact antenna dimension is achieved.

The performances and characteristics of the three types of miniaturised UWB
antennas are studied both numerically and experimentally and the design parameters
for achieving optimal operation of the antennas are also analysed extensively in order

to understand the antenna operations.

Also, time domain performance of the Coplanar Waveguide (CPW)-fed disc
monopole antenna is examined in this thesis to demonstrate the importance of time

domain study on UWB antennas.
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Chapter 1 Introduction

1.1 Introduction

With the advent of the information era, numerous advanced communication
technologies have arisen during the past two decades, which, have greatly influenced
and benefited every field of human society. The first-generation (1G) mobile
communication technology only enabled analogue voice communication while the
second-generation (2G) technology achieved digital voice communication. Currently,
the third-generation (3G) technology can offer a wide range of high speed mobile
services, including video calling, internet access, messaging, e-mail and information
services. In the near future, the fourth-generation (4G) technology will be able to
provide a comprehensive IP (Internet Protocol) solution where voice, data and
streamed multimedia can be offered to users anytime and anywhere, and at higher
data rate than former generations.

In the past few years, wireless personal area network (WPAN) has been
attracting considerable interest and undergoing rapid development worldwide. A
WPAN is a network for interconnecting devices around an individual person’s
workspace in which the connections are wireless. The future WPAN aims to achieve
seamless operation among home or business devices and systems. In addition, fast
data storage and exchange among these devices will also be realised. This demands a
data rate which is much higher than what has been achieved in currently existing
wireless technologies.

The maximum available data rate, or capacity, for the ideal band-limited

additive white Gaussian noise (AWGN) channel is linked with the bandwidth and
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signal-to-noise ratio (SNR) by Shannon-Nyquist criterion [1, 2], as given in equation
1.1.

C = Blog,(1+ SNR) (1.1)
where C represents the maximum transmission data rate, B denotes the channel
bandwidth.

Equation 1.1 illustrates that the transmission data rate can be raised by
enlarging the bandwidth or amplifying the transmission power. Nevertheless, the
signal power can’t be easily increased as many portable devices are powered by
battery and the potential interference with other radio systems should be also
suppressed. Therefore, a huge frequency bandwidth will be the solution to realise a
high data rate.

In 2002, the United States Federal Communications Commission (FCC)
adopted the First Report and Order that validated the commercial operation of ultra
wideband (UWB) technology [3]. Since then, UWB technology has been swiftly
evolving as one of the most promising wireless technologies that provide the high
bandwidth required by the latest and future portable home and office devices for

multiple digital video and audio streams.

1.2 Review of the State-of-Art

Research and development on UWB systems have been progressing greatly. At the
Freescale Technology Forum 2005, Freescale and Haier demonstrated a UWB-

enabled LCD (Liquid Crystal Display) digital television and digital media server.
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Figure 1.1: Haier’s UWB-enabled LCD digital television and digital media server [4].

As shown in figure 1.1, the Haier television is a 37-inch, LCD HDTV (High-
Definition TV). The Freescale UWB antenna is embedded inside the television and is
invisible to the user. The UWB antenna is a flat planar design etched on a single
metal layer of common Flame Retardant 4 (FR4) circuit board material. No extra
equipment is required and consumers only need a power supply for the actual
television. The digital media server presents a size of a standard digital video disc
(DVD) player but includes personal video player (PVP) functionality, a DVD
playback capability and a tuner, as well as the Freescale UWB solution to wirelessly
stream media to the HDTV. The digital media server can be placed as far away as 20
metres from the actual HDTV, providing plenty of freedom in home theatre
configuration and the transmission data rate is up to 110 megabits per second.

At the International Consumer Electronics Show in Las Vegas in January
2006, Belkin demonstrates its new CableFree USB (Universal Serial Bus) Hub, the
industry’s first USB Hub that does not need a cable to connect to the computer [5].
This hub allows people to place their laptop in the room while still maintaining
wireless access to their USB devices, such as printers, scanners, hard drives, and

MP3 (MPEG-1 Audio Layer 3) players. The CableFree USB Hub’s wireless
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functionality is enabled by Freescale Semiconductor’s Ultra-Wideband technology.

Figure 1.2: Belkin’s four-port CableFree USB Hub [5].

The Belkin’s four-port hub, as shown in figure 1.2, is capable of high-speed
wireless connectivity for any USB device without requiring software. The CableFree
USB hub provides desktop computer users the freedom to put their USB devices in
the room without running long cables. Laptop users benefit from the freedom to
roam wirelessly with their laptop around the room while still retaining access to their
stationary USB devices.

Recently, Time Domain Corporation, a world leader in ultra wideband
product development, has introduced the thinnest active wearable UWB badge tag
for real-time location system (RTLS) applications [6]. As displayed in figure 1.3,
with a thickness of 6.8mm, height of 75mm and width of 37mm, the vertically-
oriented, LED (Light Emitting Diode)-enabled PLUS (Precision Location Ultra-
Wideband System) 2.0 Badge Tag can be easily attached to the collar, shirt pocket,
lanyard or the belt. Users can confirm their arrival and status at a location or

interaction with another person or equipments by the PLUS 2.0 Badge Tag, which
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features a four-year battery life.

ol L
3 PLUS

Figure 1.3: Time Domain’s PLUS 2.0 Badge Tag [6].

1.3 Motivation

The UWB technology has undergone remarkable achievements during the past few
years. In spite of all the promising prospects featured by UWB, there are still
challenges in making this technology fulfill its full potential. One particular
challenge is the UWB antenna.

In recent years, many varieties of UWB antennas have been proposed and
investigated. They present a simple structure and UWB characteristics with nearly
omni-directional radiation patterns. However, for some space-limited applications,
UWB antennas need to feature a compact size while maintaining UWB
characteristics. Therefore, miniaturisation of UWB antennas becomes an interesting
research topic and deserves a comprehensive investigation and analysis.

In this thesis, three different miniaturisation approaches are applied to UWB
antennas and all the miniaturised UWB antennas are investigated in detail in order to

understand their operations. Furthermore, some quantitative guidelines are obtained
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for designing these miniaturised UWB antennas.

In addition, a competent UWB antenna should also have good time domain
characteristics. Unlike traditional narrow band systems, UWB systems usually
employ short pulses to convey information. In other words, a huge bandwidth is
occupied. In this case the antenna parameters will have to be treated as functions of
frequency and will impose more significant impacts on the input signal. Moreover,
successful transmission and reception of UWB signals entails minimisation of
ringing, spreading and distortion of the pulses in the time domain. Therefore, it is
indispensable and important to study antenna characteristics in the time domain. In
this thesis, a Coplanar Waveguide (CPW)-Fed disc monopole antenna is exemplified

to evaluate its time domain behaviour.

1.4 Organisation of the Thesis

This thesis is organised in eight chapters as follows:

Chapter 2 gives a brief introduction of UWB technology. The history and
concept of UWB technology are reviewed. Its advantages as well as applications are
also addressed. In addition, current regulations and standards are discussed.

Chapter 3 illustrates the principal requirements for a competent UWB
antenna. A variety of widely-used and effective miniaturisation techniques for
antennas are also discussed in this chapter.

Chapter 4 describes a study on a loaded orthogonal half disc monopole
antenna. A pair of loading strips is introduced to broaden the bandwidth at the lower
band. The key parameters that determine the antenna performance are investigated
both numerically and experimentally to derive the design rules.

Chapter 5 addresses a design of printed half disc monopole. The operation
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principle of the antenna is illustrated based on the investigation of the antenna
performance and characteristic. The antenna configuration evolves from a CPW-Fed
disc monopole antenna.

Chapter 6 presents novel and simple designs of printed quasi-self-
complementary antennas. Printed on a dielectric substrate and fed by a 500 coaxial
cable without using an extra matching circuit, planar antennas with the half disc self-
complementary structure have been studied. The performance and characteristics of
the antenna are investigated both numerically and experimentally to generate the
design rules. In addition, an evolution of the proposed antenna is depicted to
demonstrate the mechanism of the built-in CPW-like matching section.

Chapter 7 evaluates the time domain behaviour of the CPW-Fed disc
monopole antenna. The performance of antenna system is analysed. Antenna
response in both transmit and receive modes are studied. Furthermore, the received
waveforms are assessed by the pulse fidelity.

Chapter 8 concludes the researches that have been undertaken in this thesis

and some potential future works are also given in this chapter.
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UWB technology has been applied in aspects of radar, sensing and military
communications during the past 20 years. Considerable research attention has been
drawn since February 2002, when the FCC ruled that UWB can be used for data
communications as well as radar and safety applications [1]. Since then, UWB
technology has been swiftly progressing as a promising high data rate wireless
communication technology for diverse applications.

This chapter presents a brief overview of UWB technology and elaborates its
fundamentals, including UWB definition, advantages, applications, current

regulations and standards.

2.1 Background

The concept of UWB was developed in the early 1960s through research in time
domain electromagnetics, where impulse measurement techniques were adopted to
characterise the transient behaviour of certain microwave networks [2]. In the late
1960s, impulse measurement techniques were employed for the design of wideband
antennas, resulting in the development of short-pulse radar and communication
systems [3]. In 1973, the first UWB communications patent was granted for a short-
pulse receiver [4]. Through the late 1980s, UWB was referred to as carrier-free,
baseband or impulse technology. The U.S. Department of Defence is believed to be
the first to use the term ultra wideband in late 1980s. By 1989, UWB theory,
techniques and many implementation methods had been developed for a broad range

of applications, including radar, communications, positioning systems and so on.
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However, most of the applications and development of UWB occurred in the military
area or were funded by the U.S. government under classified programs [5, 6]. By the
late 1990s, UWB technology had appeared more commercialised and its
development had advanced greatly. Companies like Time Domain [7] and
XtremeSpectrum [8] were founded around the idea of consumer communications
using UWB.

A substantial change in UWB history took place in February 2002, when the
FCC issued UWB rulings that provided the first radiation limitations for UWB
transmission and allowed the operation of UWB devices on an unlicensed basis.
According to the FCC rulings, UWB is defined as any wireless scheme that occupies
either a fractional bandwidth greater than 20% or more than 500 MHz of absolute

bandwidth. The fractional bandwidth is defined as BW/ f,, where BW = f,, - f,
represents the -10 dB bandwidth and f, =(f,, + f,)/2 denotes the centre frequency.
Here f,, and f, indicate the upper frequency and the lower frequency, respectively,

measured at -10 dB below the peak emission point. The FCC has also permitted the
UWRB radio transmissions in the unlicensed frequency band from 3.1 GHz to 10.6
GHz with a restricted transmit power of -41.3 dBm/MHz [1].

A UWB signal occupies extremely large bandwidth where the RF (Radio
Frequency) energy is spread over an enormous spectrum. It is wider than any
incumbent narrowband wireless system by orders of magnitude and its emitted power
seen by other narrowband systems is a fraction of their own power. If the whole 7.5
GHz band is optimally utilised, the maximum achievable power to UWB transmitters
is approximately 0.556 mW or less. This is barely a fraction of available transmit
power in the industrial, scientific and medical (ISM) bands such as the WLAN

(Wireless Local Area Network) IEEE (Institute of Electrical and Electronics
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Engineers) 802.11a/b/g standards. This effectively confines the UWB scheme to
indoor and short-range communications at high data rate or mid-range
communications at low data rate. Applications such as wireless USB and WPANs
have been proposed with hundreds of Mbps to several Gbps with distances ranging
from 1 to 4 metres. For ranges beyond 20 metres, the achievable data rate by UWB is

inferior to existing WLAN systems such as IEEE 802.11a/b/g [9].

2.2 UWB Transmission Schemes

Generally, UWB transmission schemes can be categorised into two main approaches:
single-band and multiband.

A traditional UWB technology is based on single-band schemes adopting
carrier-free or impulse radio communications [10, 11]. Impulse radio refers to the
generation of a series of impulse-like waveforms, each of duration in the order of
hundred of picoseconds. Each pulse spans a bandwidth of several gigahertz that must
comply to the spectral mask requirements. The information is modulated directly into
the sequence of pulses. Typically, one pulse carries the information for 1 bit. Data
could be modulated using either pulse amplitude modulation (PAM) or pulse position
modulation (PPM). Figure 2.1 shows a sequence of impulse-like waveforms, where

T, is the frame interval, also known as the pulse repetition time, and 7, is the
duration of a monocycle. Typically, 7, is 100 or 1000 times longer than the pulse

width 7. Multiple users can be supported using the time-hopping or direct-sequence

spreading approaches. This type of transmission does not require the use of
additional carrier modulation, as the pulse will propagate well in the radio channel.

The technique is therefore a baseband signal approach. However, the single-band
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system faces a challenging problem in building RF and analog circuits and in

designing a low-complexity receiver that can capture sufficient multipath energy [12].

[ / N
U V V

Tf TW

k)
T

Figure 2.1: Pulse train with a low duty cycle, where 7| is pulse repetition time and
T, is pulse duration.

To overcome the disadvantage of single-band approaches, multiband
approaches were proposed [13, 14]. Instead of using the entire UWB frequency band
to convey information, the multiband technique divides the UWB frequency band
from 3.1 to 10.6 GHz into several smaller bands, referred as subbands. Each subband
has a bandwidth of at least 500 MHz to comply with the FCC definition of a UWB
signal. Figure 2.2 illustrates a multiband UWB spectrum. In this example, each UWB
signal occupies 500 MHz of bandwidth and eight of them cover the total bandwidth
of 4 GHz. Each of these signals can be transmitted simultaneously to achieve a high

data rate [12, 15].
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Figure 2.2: Multiband spectrum [15].

The signals can also be interleaved across subbands to maintain the

transmitter power as if the large gigahertz bandwidth is utilised while allowing

multiple users to transmit at the same time. Figure 2.3 depicts a time-domain

representation of multiband UWB signals in which the signals at different centre

frequencies are transmitted at different times. In the figure, the centre frequencies of

the signals relative to the individual bands are shown in the vertical axis [12].
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Figure 2.3: Multiband signals transmitted at different times [15].

With the multiband approach, the information can now be processed over a
much smaller bandwidth, thereby reducing overall design complexity as well as
improving spectral flexibility and worldwide compliance.

A multiband OFDM (MB-OFDM) approach that utilises a combination
multiband approach and orthogonal frequency-division multiplexing (OFDM)
technique was also proposed [16]. The OFDM technique is efficient at collecting
multipath energy in highly dispersive channels, as is the case for most UWB
channels [14]. Furthermore, OFDM allows each subband to be divided into a set of
orthogonal narrowband channels (with a much longer symbol period duration). The
main difference between multiband OFDM and traditional OFDM schemes is that
the multiband OFDM symbols are not sent continually on one single frequency band,

instead, they are interleaved over different subbands across both time and frequency.
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Figure 2.4 illustrates the UWB multiband OFDM spectrum. The available UWB
spectrum is divided into S subbands. Each subband occupies a bandwidth B >500
MHz and the OFDM has N subcarriers. At each OFDM symbol period, the
modulated symbol is transmitted over one of the S subbands. These symbols are
time-interleaved across subbands. Multiple access to the multiband approach is
enabled by the use of suitably designed frequency-hopping sequences over the set of
subbands. A frequency synthesiser can be utilised to perform frequency hopping. By
using proper time-frequency codes, a multiband system provides both frequency

diversity and multiple access capability [12].

S subbands —
f |
1

10.6 f(GHz)

M subcarriers

Figure 2.4: UWB multiband OFDM spectrum [12].

There are many trade-offs in the UWB approaches described above. The
single-band approach benefits from a coding gain achieved through the use of time-
hopping or direct-sequence spreading, exploiting Shannon’s principle to a greater
degree than does the multiband approach, offers greater precision for position
location and realises better spectrum efficiency. However, it has less flexibility with
regard to different worldwide spectral regulations and may be too broadband if other
governments choose to restrict their UWB spectral allocations to smaller ranges than
authorised by the FCC. On the other hand, the multiband approach is advantageous

due to the ability for precise control of the transmitter power spectral density so as to
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maximise the average power transmitted while meeting the spectral mask. It allows

coexistence with flexible spectral coverage and is easier to adapt to different

worldwide regulations. Furthermore, processing over a smaller bandwidth eases the

requirement on analog-to-digital converter sampling rate and consequently facilitates

greater digital processing. A comparison of key features of two UWB transmission

schemes is shown in table 2-A [12, 17].

Table 2-A: Comparison of key features of two UWB transmission schemes.

Single-band schemes

Multiband-OFDM schemes

Great precision for localisation

Flexible spectral coverage and easier to

adapt to different worldwide regulations

High spectrum efficiency

Easier to be built in a single-chip

solution

Does not require the use of additional
carrier modulation, therefore low

complexity

precise control of the transmitter power
spectral density so as to maximise the
average power transmitted while meeting

the spectral mask

Less flexibility with regard to different

spectral regulations

Reduced effects of intersymbol

interference (ISI)

2.3 Advantages of UWB

Owing to its ultra wideband nature, UWB communication systems present unique

benefits that are attractive for radar and wireless communication applications. The

primary advantages of UWB can be summarised as follows [18]:

(1) Potential for high data rate

(2) Multipath immunity

(3) Potential small size and low equipment cost

(4) High-precision ranging and localisation at the centimetre level
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The extremely large bandwidth occupancy of UWB provides the potential of
very high theoretical capacity, yielding very high data rates. This can be

demonstrated by considering Shannon’s capacity equation [19]:
S
C:Blogz(l+ﬁ) 2.1)

where C is the maximum channel capacity, B the signal bandwidth, S the signal
power and N the noise power. Shannon’s equation indicates that the capacity can be
enhanced by either widening the signal bandwidth or increasing the signal power.
Furthermore, it illustrates that capacity enhancement requires linear increases in
bandwidth, while similar channel capacity enhancement would need exponential
increases in signal power. Therefore, it can be seen from Shannon’s equation that the
UWRB system exhibits a great potential for high-speed wireless communications.

Delivering information with ultra-short duration waveforms, UWB signals
have low susceptibility to multipath interference. Multipath interference occurs when
a modulated signal arrives at a receiver from various paths. Combining signals at the
receiver can cause distortion of the signal received. The ultra-short duration of UWB
waveforms provides a fine resolution of reflected pulses at the receiver. Therefore,
UWRB transmissions can resolve many paths and thus are rich in multipath diversity.

In single-band UWB scheme, no up / down-conversion is required at the
transceivers, with the potential benefit of reducing the cost and size of the devices. In
MB-OFDM UWB scheme, MB-OFDM technology is designed specifically to be
built in low-cost CMOS (Complementary Metal Oxide Semiconductor)
semiconductor processes. Single-chip CMOS integration of a UWB transceiver
contributes directly to low cost, small size and low power.

The ultra-short duration of UWB waveforms gives rise to the potential ability

of high-precision ranging and localisation. Together with good material penetration
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properties, UWB signals offer opportunities for short-range radar applications such

as rescue and anti-crime operations as well as in surveying and in the mining industry.

2.4 Applications of UWB

As mentioned in the previous section, UWB features some distinctive properties that
make it attractive for various applications.

Multimedia communication is probably the obvious application due to the
capability of high data rate delivery that is frequently acclaimed. The best proper
scenario is likely to be WPANS in order to facilitate wireless devices connections and
high speed image downloads in multipath rich environments. The high data rate
WPANSs can be defined as networks with a medium density of active devices per
room (5 to 10) transmitting at data rates ranging from 100 to 500 Mbps within a
distance of 20 metres [20]. The ultrawide bandwidth of UWB enables various WPAN
applications, such as high-speed wireless universal serial bus (WUSB) connectivity
for personal computers (PCs) and PC peripherals, high-quality real-time video and
audio transmission, file exchange among storage systems and cable replacement for
home entertainment systems. With the UWB technology, a user can bring a mobile
device, such as a portable media player, in proximity to a content source, like a PC,
laptop, or external hard drive. Once authentication and authorisation are completed,
video files can be streamed onto the portable media player for later viewing. Figure
2.5 shows a typical application scenario where PC clusters interconnected through

UWB [21].
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Synchronisation,
internet downloading,
UM content sharing

FastIP access  Storage systems

Figure 2.5: PC clusters interconnected through UWB [21].

Different from conventional radar systems where targets are typically
considered as point scatters, UWB radar pulses are shorter than the target dimensions.
UWRB reflections off the target exhibit not only changes in amplitude and time shift
but also changes in the pulse shape. As a result, UWB waveforms present
pronounced sensitivity to scattering relative to conventional radar signals. This
property has been readily adopted by radar systems and can be extended to additional
applications, such as underground, through-wall and ocean imaging, as well as
medical diagnostics and border surveillance devices [18].

Sensor networks consist of a large number of nodes spread across a
geographical area to be monitored. Depending on the specific application, the sensor
nodes can be static, if deployed for, e.g., avalanche monitoring and pollution tracking,
or mobile, if equipped on soldiers, firemen, or robots in military and emergency
response situations. Key requirements for sensor networks operating in challenging
environments include low cost, low power, and multifunctionality which can be met
by using UWB technology. High data rate UWB communication systems are well

capable of gathering and disseminating or exchanging an enormous quantity of
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sensory data in a timely manner [22, 23].

Wireless Body Area Networks (WBANs) are networks whose nodes are
usually placed close to the body on or in everyday clothing. A WBAN topology
comprises many transmit only sensor nodes, that have to be very simple, low cost
and extremely energy efficient, some transceiver nodes, that afford a somewhat
higher complexity to sense and act, and few high capability nodes, e.g. master nodes
with high computational capabilities and support for higher data rate. Compared to
other wireless networks a WBAN has some distinct features and requirements. Due
to the close proximity of the network to the body, electromagnetic pollution should
be extremely low. Therefore, a noninvasive WBAN requires a low transmit power.
Because of the rather simple hardware implementation and the low transmission
power, UWB has consequently become one promising technology for the use in

WBANS [24-26].

2.5 UWB Regulations and Standards

A. UWB Regulations

As mentioned previously, the UWB systems operate in a very huge bandwidth
necessitating it to share the spectrum with other existing communication systems and
consequently, interference may occur. The regulation of UWB radio spectrum is
therefore necessary to establish a framework where UWB systems can peacefully co-
exist with incumbent systems. For the regulation of UWB around the world there are
many organisations and government entities that set rules and recommendations for
UWB usage. The structure of international radio-communication regulatory bodies
can be grouped into international, regional, and national levels.

The International Telecommunication Union (ITU) is an impartial,
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international body where governments and the private sector work together on issues
pertinent to telecommunication networks. The group that undertakes the work on
UWB was created to study the compatibility between UWB and other
communication systems. Most of telecommunication systems that occupy the
allocated spectrum would prefer to keep UWB out of their frequency range.

At the regional level, the Asia-Pacific Telecommunity (APT) is an
international body that sets recommendations and guidelines of telecommunications
in the Asia-Pacific region. The European Conference of Postal &
Telecommunications Administrations (CEPT) has created a task group under the
Electronic Communications Committee (ECC) to draft a proposal regarding the use
of UWB in Europe [17].

At the national level, the USA was the first country to authorise UWB for
commercial use. In February 2002, the FCC has mandated that UWB radio
transmission can legally operate in the range of 3.1 to 10.6 GHz, with the power
spectral density (PSD) satisfying a specific spectral mask assigned by the FCC. In
general, the spectral mask related with the FCC’s UWB regulation was designed to
prevent other spectrum users from undesirable interference caused by UWB
operations. For wireless communications, the power levels regulated by the FCC are
extremely low (i.e., -41.3 dBm/MHz), which permits UWB technology to overlay
with existing services such as the GPS (Global Positioning System) and the WLAN

[1, 27]. Figure 2.6 shows the FCC’s indoor and outdoor emission masks.
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Figure 2.6: FCC’s indoor and outdoor emission masks.

In the UK, the regulatory body, called the Office of Communications
(Ofcom), opened a consultation on UWB matters in January 2005. The consultation
consisted of 15 questions, asking opinions from those who are affected by the UWB
technology. Ofcom sees UWB as a positive technology that if correctly regulated can
bring economic growth to the UK. On August 13, 2007, Ofcom finally approved the
use of ultra-wideband wireless technology without a license for use in the UK. Until
31 December 2010, 4.2 — 4.8 GHz band is allocated to UWB with no mitigation
techniques required and the permitted transmission limits are -41.3 dBm/MHz. After
31 December 2010, 3.4 — 4.8 GHz band will be assigned to UWB with mitigation
techniques required. A lower emission level of -70 dBm/MHz will be permitted [17,
28].

The regulatory body that set the policy on UWB in Japan is called the
Ministry of Internal Affairs and Communications (MIC). The Japanese UWB

radiation mask for indoor devices has two bands; from 3.4 to 4.8 GHz and from 7.25
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to 10.25 GHz. For the 3.4-4.8 GHz band, it is required to use a technology to reduce
interference with other radio systems. This interference mitigation technology is
called Detect And Avoidance (DAA) [29] to ascertain the coexistence with
incumbent systems and new services such as 4G systems. However, temporary
measures are taken by now to permit the use of 4.2-4.8 GHz band without an
interference reduction technology. It should be noted that no DAA is required for the
band 7.25 — 10.25 GHz. Similar to the FCC mask, the power spectral density is
limited to -41.3 dBm/MHz or lower on both bands [22].

In Korea, Electronics and Telecommunications Research Institute (ETRI)
proposed an emission mask at a lot lower level than the FCC spectral mask. For the
frequency range of 1-10 GHz, the Korean emission level is -66.5 dBm/MHz, which
is about 25 dB lower than the FCC limit [22, 30].

In Singapore, the established UWB Friendly Zone (UFZ) allows test and trial
of UWB technology by developers. The emission mask in the frequency range of
2.2-10.6 GHz is -35 dBm/MHz which is 6 dB higher than the FCC limit [22, 31].

The UWB proposals in Japan, Korea and Singapore against the FCC one are

displayed in figure 2.7 [30].
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Figure 2.7: Proposed spectral masks in Aisa-Pacific (Reproduced from [30]).
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B. UWB Standards

Different standards exist for different kind of technologies and processes. Standards
are defined to provide uniform technical methods, processes, and understanding.
Standards enable multi-vendor interoperability and allow competitive products to
market quickly from different vendors. Especially in wireless communication
systems, standards provide interoperability and interfaces for components and
products from different vendors, so products can co-exist and co-work with each
other without any problem [32].

In UWB matters, the IEEE is active in making standards. Within the IEEE
802 standard, the UWB standardisation activities initiate in the IEEE 802.15 Work
Groups (WGs) for WPAN. The IEEE 802.15.3a (TG3a) and IEEE 802.15.4a (TG4a)
are two Task Groups (TGs) within 802.15 WG that develop their standards based on
UWB technology. The TG4a is focused on low rate alternative physical layer for
WPANSs. The technical requirements for the TG4a include low cost, low data rate,
low complexity and low power consumption. The TG3a is aimed at developing high
rate alternative physical layer for WPANs. The group targeted developing Physical
Layer (PHY) standards to support data rates between 110 — 450 Mbps over short
ranges (i.e., <10m) [32, 33]. There are two competitive proposals for the TG3a, i.e.
the Direct Sequence UWB (DS-UWB) and the Multiband Orthogonal Frequency
Division Multiplexing (MB-OFDM).

As introduced in the previous section, DS-UWB proposal is the conventional
impulse radio approach to UWB communication, i.e. it employs short pulses which
occupy a single band of several gigahertz for transmission. This proposal is mainly
backed by Freescale and Motorola and its proponents have established their own

group, namely, the UWB Forum [34].
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MB-OFDM proposal is supported by MultiBand OFDM Alliance (MBOA)
which merged with WiMedia Alliance in March 2005 and called WiMedia Alliance
[35]. MB-OFDM combines the multiband approach together with the orthogonal
frequency division multiplexing (OFDM) techniques, as described in the previous
section.

After nearly three years of debates on technology and process issues, UWB
PHY standardisation attempt failed in IEEE due to contrast between proposals
supported by WiMedia Alliance and UWB Forum. Due to different basic modulation
techniques of PHY, neither proposal’s radio could communicate with the others, so
both the radios can not co-exist. Finally, TG3a decided to disband the group in 2006
and decided to leave the issue of PHY to market [32]. In March, 2009, the Wimedia
Alliance announced that they would hand over all current and future specification
development of its version of UWB to the Bluetooth Special Interest Group, the

Wireless USB Promoter Group and the USB Implementers Forum [36].

2.6 Summary

In this chapter, a general background of UWB technology is presented and its
advantages, applications and current regulations and standards are also discussed.
The future of UWB is promising and encouraging. However, the majority of the
debate on UWB is around the question of whether it will incur detrimental
interference to other existing systems and services. Wireless communications have
always been regulated to avoid interference between different users of the spectrum.
Since UWB occupies such a wide bandwidth, there are many users whose spectrum
will be affected and they need to be assured that UWB will not cause undue

interference to their existing services. Although UWB devices are restricted to
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operate with a power level compliant with the emission mask, the concern about the
potential interference will persist.

Due to its distinctive advantages, UWB technology can be used in a wide
range of applications. First UWB implementations available in market are Wireless
USB products. Universal Serial Bus (USB) is a very well adopted wired connectivity
technology in PC market. Now, it is used in many consumer electronics devices also.
UWB becomes the vehicle for unwiring USB through Wireless USB. First Certified
Wireless USB products are in the form of dongles, which makes wired USB wireless.
Companies like Alereon, Intel, NEC Electronics, Realtek Semiconductors, NXP
Semiconductors, Staccato and Wisair are the leaders to provide silicon chips for
Wireless USB products [32, 33]. Besides consumer products, UWB technology
manufacturers can also see their products in test and measurement [22, 32] and

medicine [17].
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Chapter 3 UWB Antennas and Miniaturisation

The primary objective of this thesis is to design and investigate miniaturised and
compact UWB antennas. Before the study, it is essential to understand the unique
aspects of UWB antenna designs as well as potential miniaturisation techniques for
UWB antennas. In this chapter, the main requirements and challenges for a
competent UWB antenna are firstly discussed and then some general approaches of

UWRB antenna miniaturisation are presented.

3.1 Requirements and Challenges of UWB Antennas

Over the past few years UWB communications have received much attention.
Research and development of UWB communications has been advancing rapidly due
to promising communication and ranging capabilities of this technology as well as
the recognition of significance of UWB technology by the FCC and other regulatory
bodies. The major step in the development of UWB technology for wireless
communications is the antenna. As in the case of conventional wireless
communication systems, an antenna also plays a vital role in UWB systems.
However, due to the enormous bandwidth occupied by the UWB system, there are
more challenges and difficulties in designing a UWB antenna than its narrow band
counterpart.

Firstly, the ultra wide frequency bandwidth is the main factor distinguishing a
UWB antenna from other antennas. According to the FCC, a UWB antenna should
possess an absolute bandwidth greater than 500 MHz or a fractional bandwidth of at

least 20% [1, 2].
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Secondly, the performance of a UWB antenna is required to be consistent
across the whole operational band. Ideally, antenna impedance matching, radiation
patterns and gains should be stable over the entire band [3, 4]. Sometimes, it is also
desired that the UWB antenna offers the band-notched characteristic to co-exist with
other narrow band devices and services occupying the same working band [5-8].

Thirdly, directional or omni-directional radiation characteristics are
demanded depending on different situation and application. Omni-directional
patterns are normally desirable in mobile communications [9-12]. For radar and other
directional systems where high gain is required, directional radiation properties are
preferred [13-16].

Fourthly, a suitable antenna should be small and compact enough to be
embedded in UWB terminals especially in mobile and portable devices [17, 18]. It is
also highly preferred that the antenna features low profile and compatibility for easy
integration with printed circuit board (PCB) construction. Additionally, compact and
miniature antennas are particularly imperative in UWB WBANS applications [19-22].

Fifthly, a good antenna design should optimise the overall system
performance. For instance, the antennas need to be designed properly in order to
make the overall device (antenna and RF front end) complies with the power

emission mask regulated by the FCC and offer a low return loss (.S,,) so maximising

the power usage [3, 23, 24].

Finally, a UWB antenna should have good time domain characteristics. For
the narrow band case, it is approximated that an antenna has the same performance
over the relative narrow bandwidth and the basic parameters, such as gain and return
loss, vary little across the operational band. In contrast, UWB systems usually

employ short pulses to deliver information. In other words, a huge bandwidth has
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been occupied. Thus the antenna can’t be treated as a “spot filter” anymore but a
“band-pass filter”. In this case the antenna parameters will have to be treated as
functions of frequency and will impose more significant impacts on the input signal.
Furthermore, a successful transmission and reception of UWB signals entails
minimisation of ringing, spreading and distortion of the pulses in the time domain.
Therefore, it is indispensable and important to study antenna characteristics in the

time domain [25-30].

3.2 Miniaturisation of UWB Antennas

3.2.1 Fundamental Limitations for Electrically Small Antennas

An electrically small antenna is the one which fits inside a sphere of radius r =1/k
where k is the wave number and equal to 27/ 4. The limits on electrically small
antennas are obtained by assuming that the entire antenna structure (with a largest
linear dimension of 2r), and its transmission line and oscillator are all enclosed

within a sphere of radius » [31, 32], as shown in figure 3.1.

Antenna
structure

Figure 3.1: Antenna within a sphere of radius r.
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The fundamental limitations for electrically small antennas were studied first
by Chu [33] and subsequently by Harrington [34], so they are called Chu-Harrington
limitations. Chu’s approach uses spherical wave functions to describe the field and
calculate the quality factor Q.

When kr < 1, the quality Q of a small antenna can be expressed as [35]:

0= 1+ 2(kr)

T T 4 (2 Crad 3.1
(k) [1+ (k)]

where e, is the radiation efficiency of the antenna.

Equation 3.1 shows the relationships between the quality factor Q and the
antenna size as well as the radiation efficiency. Since the Q grows rapidly as the
antenna size decreases, the result relates the lowest attainable Q to the maximum
dimension of an electrically small antenna. Because the antenna fractional bandwidth
FBW is the reciprocity of Q [35], as shown in equation 3.2, the increasing Q with
reducing size r indeed implies a fundamental limitation on the widest achievable
bandwidth FBW.

1
FBW =— 3.2
0 (3.2)

Therefore, the antenna size, quality factor, bandwidth and radiation efficiency are
interrelated and there is no complete freedom to independently optimise each one.
Thus, there is always a compromise between them to obtain an optimal antenna
performance [36].

It has been realised recently that most of UWB monopoles operate in the
resonating modes at low operating frequencies and in the travelling wave modes
supported by the tapered slots at high operating frequencies. The transition from the
resonating modes to travelling waves is achieved through the overlapping of the

resonating harmonics after tuning the feeding and the ground plane [37]. Supporting
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the overlapped multiple harmonics on a UWB monopole is a way to approach the
minimum attainable Q and resulted in a flourish of development of various compact

UWB monopoles.

3.2.2 Approaches of UWB Antenna Miniaturisation

As discussed in the previous section, small and compact size of a UWB antenna is
highly desirable due to their ease of integration into space-limited systems. During
the past few years, some research efforts have been made towards miniaturisation of
UWB antennas and various designs have been proposed to realise a reduction in
antenna size while retaining sufficient antenna performance [38-41].

For example, Zhining Chen et al. design a small swan-shaped UWB antenna
as shown in figure 3.2. By cutting a rectangular notch vertically from the printed
radiator and asymmetrically attaching a strip to the radiator, the antenna has achieved
a -10 dB |Sy;| bandwidth over 2.9 — 11.6 GHz with a small size of 25mmx25mm.
This novel design also features a reduced ground plane effect and therefore mitigates
severe practical engineering problems such as design complexity and deployment

difficulty [38].
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Figure 3.2: Geometry of swan-shaped UWB antenna [38].
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Another miniaturised UWB antenna design is also proposed as depicted in
figure 3.3. The microstrip-fed elliptical monopole is etched on a substrate with

g, =2.3. A top-loading structure on the backside of the substrate is introduced to

provide additional inductance or capacitance to reduce the antenna size. Furthermore,
the shape of elliptical radiator is modified to improve the impedance matching at the
higher end of the frequency band. The final design features a 25mmx26mm physical
size and covers a -10 dB |S;;| bandwidth over 2.4 — 10.6 GHz without exhibiting
significant degradation in efficiency [39].

R e s i S s
L
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L 1

Unit: mil
Figure 3.3: Geometry of top-loading elliptical antenna [39].

Further miniaturisation can be realised by employing substrate with a high
dielectric constant. Although a high dielectric constant substrate is susceptible to
surface wave excitation, which degrades the radiation pattern and reduces the
efficiency of the antennas, it might be suppressed if the electrical thickness of the
substrate is small. An example of such antenna is displayed in figure 3.4. The
radiating element uses the intersection of elliptical structures and is etched on a high

dielectric constant substrate with ¢ =10.2 and thickness of 0.64mm, corresponding

to electrical thickness of 0.03\ at the highest frequency. The antenna presents a

physical dimension of 20mmx26mm and exhibits a -10 dB impedance bandwidth
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from 3.1 GHz to 15 GHz [40].

Figure 3.4: Geometry of high-dielectric constant substrate antenna [40].

Moreover, by applying a Klopfenstein taper on the slot line formed by ground
plane and radiator, a microstrip line fed elliptical card UWB antenna presents a quite
small size of 40mmx20mm, covering a wide impedance bandwidth from 3 GHz to
more than 11 GHz [41]. Also, a feeding mechanism is proposed in this design by
using a microstrip line on the other side of the substrate and connecting the line to
the elliptical element by a via. Figure 3.5 depicts the configuration of the proposed

antenna.

Figure 3.5: Configuration of elliptical card UWB antenna [41].

3.3 Summary

As is the case in narrowband systems, antennas also play a vital role in UWB
systems and face more strict requirements.

Several techniques have been proposed to miniaturise UWB antennas.
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Dielectric loading is an effective way to reduce antenna size but at the expense of
surface wave excitation and high Q which will degrade the antenna efficiency and
bandwidth. Reactive loading can bring down the lowest frequency by increasing the
effective length of the antenna but may cause low efficiency due to loading loss.
Topology optimisation can to some extent reduce the antenna size without above
mentioned detrimental effects but the miniaturisation factor is limited and the
procedure is not generic.

Undoubtedly, the other aspects of the UWB antenna performance, such as
radiation pattern, phase linearity, group delay and time domain characteristics should
be also taken into account in different applications. These issues impose further
constraints to the UWB antenna design and there often exists some tradeoffs between
them and the antenna size. There is thus a need for a comprehensive study of UWB

antennas, both in design for compactness and for wideband pulse performance.
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Chapter 4 Loaded Orthogonal Half Disc
Monopole Antenna

As mentioned in chapter 3, UWB antenna design and analysis are confronting more
challenges and difficulties than its narrow band counterparts. Firstly, UWB antennas
should have ultra wide impedance bandwidth and stable patterns across the
bandwidth. Secondly, UWB antennas should feature a small and compact size in
order to make it suitable for portable devices. Thirdly, UWB antennas should possess
an omni-directional radiation pattern across the entire frequency band for mobile
communications. In this chapter, a loaded orthogonal half disc monopole antenna is
studied. A pair of loading strips is introduced to broaden the bandwidth at the lower
band. The loading effects as well as the ground plane dimension on the antenna
performance and characteristics are investigated both numerically and
experimentally. It is demonstrated that a massive 68.8% equivalent size reduction in
volume can be realised in the loaded orthogonal half disc monopole antenna. Good

agreement has been obtained between the simulation and the measurement.

4.1 Introduction

For antennas to fulfil UWB technology requirement, various monopole-like UWB
antennas have been proposed due to their attractive merits of simple configuration
and ease of fabrication and numerous techniques have been exploited to broaden
their bandwidth as well as improving their performance. The square planar monopole
with symmetrical bevelling [1], the diamond-like vertical monopole antenna [2] and

the circular disc monopole [3] can all achieve impedance bandwidths covering the
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entire UWB band, i.e. from 3.1 GHz to 10.6 GHz. However, they all exhibit
physically large dimensions and suffer radiation pattern distortions at higher
frequencies with about 10 dB gain variation in the azimuthal plane.

P.V.Anob and K.P.Ray constructed an orthogonal square monopole antenna
with a semi-circular base [4], which not only features a wide impedance bandwidth
but also shows an omni-directional pattern across the whole frequency band. This
antenna also presents a physical size of 450mm x450mmx46mm in volume.

In this study, three main objectives are to be achieved. Firstly, an antenna
which has both the ultra-wide impedance and the radiation pattern bandwidth is to be
designed. Secondly, the impedance bandwidth as well as the pattern bandwidth is to
be further broadened by exploiting the loading technique in order to meet the
requirements defined by the FCC. Finally, the antenna’s physical size is to be
miniaturised by shrinking the ground plane so as to make it more suitable for
portable devices.

This chapter will be organised as follows. An original orthogonal half disc
monopole antenna fed by a 50Q coaxial cable is firstly studied. It can yield a -10 dB
measured impedance bandwidth from 4.6 GHz to 11 GHz. In order to cover the
entirce UWB band allocated by the FCC, i.e. 3.1 GHz to 10.6 GHz, a loading
technique is then introduced to increase the bandwidth at the lower band. The loading
effects on the antenna performance and characteristics are investigated both
numerically and experimentally. It has been shown that an improvement on the
antenna performance can be achieved by using this loading method. In addition, it is
also found that the size of the ground plane can be largely reduced. The loaded
orthogonal half disc monopole antenna exhibits an impedance bandwidth from 2.99

GHz to 11.05 GHz while its radiation patterns remain omni-directional across the

62



Chapter 4 Loaded Orthogonal Half Disc Monopole Antenna

entire band.

4.2 Original Orthogonal Half Disc Monopole Antenna

4.2.1 Antenna Geometry

The original antenna studied in this chapter consists of two orthogonal half circular
copper discs, a ground plane and a coaxial cable feeding, as shown in figure 4.1. r is
the radius of the half disc, W and L denote the width and the length of the ground
plane, respectively. 4 is the feed gap between the half discs and the ground plane. In

this study, a 50Q coaxial cable is used to feed the antenna.

(a) The coordinate system

V4
4
h Y
SMA
(b) Side view

Figure 4.1: Geometry of the original orthogonal half disc monopole antenna.
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4.2.2 Performance and Characteristics

The simulations are performed using the CST Microwave StudioTM package, which
utilizes the Finite Integration Technique (FIT) for electromagnetic computation. It is
found in simulations that », A, W and L are the key parameters that influence the
antenna’s performance. These parameters can be optimised to achieve a maximum
bandwidth. A prototype of the orthogonal half disc monopole antenna with original
design, i.e. =12.5mm, A=0.7mm, W=L=100mm, was built and tested, as shown in
figure 4.2. The return loss was measured in an anechoic chamber by using a HP

8720ES network analyser.

Figure 4.2: Photo of the orthogonal half disc monopole antenna with original design.

Figure 4.3 illustrates the simulated and measured |S;;| curves. The measured
|S11| curve agrees very well with the simulated one in the entire frequency band range.
It is shown that there is an obvious local minimum occurring at around 6 GHz in
both the simulation and the measurement. Generally speaking, the -10 dB impedance
bandwidth spans a wide frequency range. The simulated bandwidth ranges from 4.4
GHz to 11.3 GHz and it is confirmed in the experiment, with only a slight deviation,

from 4.6 GHz to 11 GHz.
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Measured (original design)
Simulated (original design)

__‘_‘

(ap) " sl

Frequency (GHz)

Figure 4.3: Simulated (red line) and measured (blue line) |S;;| curves of the original
antenna design.

The measured and simulated radiation patterns at 4.4 GHz, 6.03 GHz, 8 GHz

and 11 GHz are plotted in figure 4.4, figure 4.5, figure 4.6 and figure 4.7,

(b) x-y plane

respectively.

Figure 4.4: Simulated (red line) and measured (blue line) radiation patterns at 4.4
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(a) z-y plane (b) x-y plane

Figure 4.5: Simulated (red line) and measured (blue line) radiation patterns at 6.03
GHz.

(a) z-y plane (b) x-y plane

Figure 4.6: Simulated (red line) and measured (blue line) radiation patterns at 8 GHz.

(a) z-y plane (b) x-y plane

Figure 4.7: Simulated (red line) and measured (blue line) radiation patterns at 11
GHz.
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In the z-y plane (figure 4.4 (a), figure 4.5 (a), figure 4.6 (a) and figure 4.7 (a)),
the patterns have large back lobes at lower frequencies. With the increase of the
frequency, the back lobes become smaller and split into minor ones. In the x-y plane,
the patterns are omni-directional at low band and mid band (as shown in figure 4.4
(b), figure 4.5 (b) and figure 4.6 (b)) and slightly distorted at high band (as displayed
in figure 4.7 (b)). The simulated peak gain of the original antenna is displayed in

figure 4.8, it is seen that a satisfactory gain level is achieved across the whole band.
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Figure 4.8 Simulated peak gain of the original antenna.

4.3 Improved Design with One Loading Strip

4.3.1 Antenna Geometry

As the bandwidth of the original orthogonal half disc monopole antenna does not
fully satisfy the requirements defined by the FCC, i.e. 3.1 GHz — 10.6 GHz, a loading
strip is introduced to improve the |[S;| performance at the lower band. The
configuration of the improved antenna design with one loading strip is shown in

figure 4.9.
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(a) The coordinate system

..

—
2]

(b) Side view
Figure 4.9: Geometry of the improved antenna design with one loading strip.

The loading is a copper strip inserted between the semi-circular disc and the
ground. The loading strip is featured by two major parameters, i.e. width ¢ and
position ¢, respectively. It has been shown in the simulation that the operating
bandwidth of the modified antenna with one loading strip is critically dependent on
the strip width a and the position ¢, so both parameters should be optimised for a
maximum bandwidth. Also, the ground plane size on the antenna performance will

be evaluated.

4.3.2 Effect of Loading Strip Position

Figure 4.10 displays the simulated |S;;| curves for different loading strip positions

(=3, 5, 7, and 9mm) when both W and L are fixed at 100mm, a at 0.5mm, r at

68



Chapter 4 Loaded Orthogonal Half Disc Monopole Antenna

12.5mm and /4 at 0.7mm, respectively.

1S, (dB)

Frequency (GHz)

Figure 4.10: Simulated |S;| curves of the improved antenna with one loading strip
for different loading strip positions with a=0.5mm, »=12.5mm, A=0.7mm and
W=L=100mm.

It can be seen in figure 4.10 that the |Sy;| curves have similar overall patterns
for four different loading strip positions. However, the -10 dB operating bandwidth
of the antenna varies dramatically with the variation of the loading strip position c. In
addition, the first local minimum is enhanced with the increase of ¢ up to Smm and
becomes less prominent with the further increase of ¢ and eventually disappears
when c=9mm. The optimal loading strip position is found to be at c=7mm with the
bandwidth spanning an ultra wide frequency range from 2.7 GHz to greater than 12

GHz, much broader than the original design.

4.3.3 Effect of Loading Strip Width

Another design parameter influencing the antenna operation is the width of the

loading strip a. The simulated |S;;| curves with =12.5mm, 4#=0.7mm, W=L=100mm
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and optimal loading strip position ¢ of 7mm for various widths a are presented in

figure 4.11.

1S4 (¢B)

Frequency (GHz)

Figure 4.11: Simulated |S;;| curves of the improved antenna with one loading strip
for different loading strip widths with ¢c=7mm, =12.5mm, #=0.7mm and
W=L=100mm.

It is noticed in figure 4.11 that the |Sy;| curves also feature quite similar
shapes for four different loading strip widths. Nevertheless, the -10 dB bandwidth of
the antenna changes with different a, particularly at the lower frequency band. The
optimal loading strip width is found to be at a=2mm with the bandwidth covering an

ultra wide frequency range from 2.64 GHz to more than 12 GHz.

4.3.4 Effect of the Ground Plane Size

As discussed above, the optimal design so far has been achieved with »=12.5mm,
h=0.7mm c=7mm and ¢=2mm while the ground plane remains an original size of
100mmx 100mm. In this subsection, a ground size reduction will be conducted in

order to make the antenna more compact. The effects of different ground sizes on the
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antenna performance are plotted in figure 4.12.

i i i
— W=L=100mm

— W=L=90mm
W=L=80mm

Ly -

1S 4] (dB)

Frequency (GHz)

Figure 4.12: Simulated |S;| curves of the improved antenna with one loading strip
for different ground plane sizes with c=7mm, ¢=2mm, »=12.5mm and A=0.7mm.

According to figure 4.12, it is evident that the |S;;| performances gradually
deteriorate with the decrease of the ground plane size. The -10 dB operating
bandwidth of the antenna alters significantly with the variation of the ground plane
dimension at the lower end. It is also noted that the first local minimum is shifted up
with the reduction of the ground plane. Therefore, the ground plane exhibits a major
influence on the lower end of the bandwidth. The ground plane size can be at most

shrunk to 80mmx 80mm so as to maintain the bandwidth required by the FCC.

4.4 Improved Design with Two Loading Strips

4.4.1 Antenna Geometry

In the last section, the modified antenna with one loading strip has been analysed.

Some primary parameters that influence antenna performance have been discussed
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and optimised to obtain the maximum bandwidth and an optimal design with
r=12.5mm, ¢=1.5mm, ¢c=7mm, /=0.7mm and W=L=80mm has been achieved. It has
been demonstrated that the loading technique is feasible for the frequency bandwidth
enlargement. However, as can be seen clearly, this configuration is not symmetrical
hence the radiation patterns at higher frequencies will not retain omni-directional
attributes. Consequently, another loading strip will be invited and positioned
symmetrically opposite the semi-circular disc, as shown in figure 4.13.

z
r

.
o/ WY

x/
w

(a) The coordinate system

_—lz
C . C |

U SMA | 5 |
(b) Side view
Figure 4.13: Geometry of the improved antenna design with two loading strips.

With a similar analysis in the last section, a parametric study on the improved

antenna design with two loading strips is performed to acquire the optimal bandwidth.
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4.4.2 Effect of Loading Strip Position

As shown in figure 4.14, when r is fixed at 12.5mm, 4 at 0.7mm, @ at 1.5mm and
both W and L at 100mm, the performance of the improved antenna with two loading

strips is also quite sensitive to the loading strip position c.

1S4 (¢B)

7
Frequency (GHz)

Figure 4.14: Simulated |S;;| curves of the improved antenna with two loading strips
for different loading strip positions with a=1.5mm, »=12.5mm, A=0.7mm and
W=L=100mm.

It is presented in figure 4.14 that the |Sy;| curves again have a shape
resemblance for four different loading strip positions although the -10 dB operating
bandwidth of the antenna fluctuates dramatically with the alteration of the loading
strip position c. In addition, the first local minimum becomes remarkable with the
increase of the loading strip position c¢. The optimised loading strip position is found
to be at ¢=9.6mm with the bandwidth covering an ultra wide frequency range from

3.04 GHz to 11.32 GHz.
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4.4.3 Effect of Loading Strip Width

As the same as the improved antenna design with one loading strip, another design
parameter affecting the antenna’s operation is the width of the loading strip a. The
simulated |Sy;| curves with 7=12.5mm, #=0.7mm, W=L=100mm and optimal loading

strip position ¢ of 9.6mm for different widths a are displayed in figure 4.15.

1S4 (¢B)

Frequency (GHz)

Figure 4.15: Simulated |S;;| curves of the improved antenna with two loading strips
for different loading strip widths with ¢=9.6mm, =12.5mm, #=0.7mm and
W=L=100mm.

It is observed in figure 4.15 that the |S;| curves also feature similar shapes for
four various loading strip widths and the -10 dB bandwidth of the antenna changes
slightly with different a at the lower frequency band. The loading strip width is
optimised to be at a=0.5mm with the bandwidth spanning an ultra wide frequency

range from 2.87 GHz to 11.47 GHz.

4.4 .4 Effect of the Ground Plane Size

As discussed in the previous section, a ground plane size reduction can also be
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realised for the improved antenna design with two loading strips to make the antenna
more compact. The effects of different ground dimensions on the antenna

performance are depicted in figure 4.16.

IS, (dB)

— W=L=100mm

—— W=L=80mm
BO0F--F- -7~k W=L=60mm [
— W=L=40mm

|

|

l
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Frequency (GHz)

-70
0

Figure 4.16: Simulated |S;;| curves of the improved antenna with two loading strips
for different ground plane sizes with ¢=9.6mm, ¢=0.5mm, =12.5mm and #=0.7mm.

As can be clearly seen in figure 4.16, the |S;)| characteristics gradually
degrade with the reduction of the ground plane. The -10 dB impedance bandwidth of
the antenna varies little with the variation of the ground plane dimension from
W=L=100mm down to W=L=60mm. However, a significant bandwidth cut is
observed when W=L=40mm. It is also noticed that the first local minimum occurs
around 3 GHz except the scenario of W=L=40mm, where the first local minimum
almost vanishes. Therefore, the ground plane size can be at most decreased to

W=L=60mm so as to retain the bandwidth required by the FCC.

4.4.5 Effect of the Half Disc Dimension

It has been so far established that the loading strip position and width together with
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the ground plane all play important roles on the antenna bandwidth. Besides, an
interesting phenomenon in figure 4.14, 4.15 and 4.16 is noticed that the first local
minimum always appears at around 3.2 GHz for different loading strip positions and
widths, and ground plane sizes when the half disc radius is fixed at 12.5mm. In fact,
the quarter wavelength at the first local minimum frequency (23.4mm) is just close to
the diameter of the half disc.

Figure 4.17 exhibits the simulated |S;;| curves for different dimensions of the
half disc with their respective optimal designs, which are given in table 4-A. It can be

seen that the ultra wide impedance bandwidth can be obtained in all of these designs.

IS, (@B)

Frequency (GHz)

Figure 4.17: Simulated [S;| curves for different disc dimensions of the improved
antenna with two loading strips in the optimal designs.

The relationship between the half disc diameters and the first local minimums
is also listed in table 4-A. It is demonstrated that the first local minimum frequency is
determined by the radius of the half disc as well as the perimeter S of the closed loop
formed by A-B-C-D-A, as shown in figure 4.18, which approximately corresponds to

the three tenth wavelength at this frequency. S can be calculated based on the loading
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strip position ¢, as shown in equation 4.1. The optimal loading strip width a is 0.5mm
for all cases and the optimal ground size W is just more than twice the diameter of

the half disc.

)XTXF

c
g™ (- ——
2 2
S = A +c+2h+r—Alrt=c’ 4.1)

180

Table 4-A is thus a good summary of the design rules for achieving the ultra wide

impedance bandwidth in a loaded orthogonal half disc monopole antenna.

z

Figure 4.18: Closed loop formed by A-B-C-D-A.
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Table 4-A: Optimal design parameters of the loaded orthogonal half disc monopole
antenna and relationship between the diameter as well as perimeter S and the first
local minimum frequency.

Diameter 2r
15 25 30 50
(mm)
First local
5.04 3.26 2.9 1.7
minimum f, (GHz)
Wavelength 1 at
59.52 92.02 103.45 176.47
fi (mm)
2r/A 0.25 0.27 0.29 0.28
Optimal S 18.61 26.43 30.26 42.46
S/ 0.31 0.29 0.29 0.24
Optimal a
0.5 0.5 0.5 0.5
(mm)
Optimal W
45 60 60 110
(mm)
Wi 0.76 0.65 0.58 0.62

4.4.6 Performance and Characteristics

A prototype of the improved antenna with two loading strips with optimal design, i.e.
r=12.5mm, ¢=9.6mm, ¢=0.5mm, A=0.7mm and ground size W=L=60mm, was
fabricated and tested in the Antenna Measurement Laboratory at Queen Mary,
University of London, as shown in figure 4.19. It is noticed that the ground size has
been diminished from W=L=100mm to W=L=60mm, thus the physical size reduction

in volume is 64%.
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Figure 4.19: Photo of the improved antenna with two loading strips with optimal
design.

Figure 4.20 displays the simulated and the measured [S;i| curves. The
measured |Sy;| curve again agrees well with the simulated one across the whole
frequency band range. It is clearly shown that apart from the local minimum at
around 6 GHz there is another obvious local minimum occurring around 3.2 GHz
due to the loading. This local minimum is optimally enhanced and hence leads to the
broadened frequency bandwidth at the lower end. Generally speaking, the -10 dB
bandwidth spans a wide frequency range in both the simulation and the measurement.
The simulated bandwidth ranges from 2.99 GHz to 11.05 GHz. This UWB
characteristic of the improved antenna is confirmed in the experiment, with a slight

variance, from 2.91 GHz to 11.86 GHz.
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Measured
Simulated ||

IS, (dB)

Frequency (GHz)

Figure 4.20: Simulated (red line) and measured (blue line) |S;| curves of the
improved antenna design with two loading strips.

The measured and simulated radiation patterns at 3.1 GHz, 5.97 GHz, 7.88
GHz and 11 GHz are plotted in figure 4.21, figure 4.22, figure 4.23 and figure 4.24,

respectively.

(a) z-y plane (b) x-y plane

Figure 4.21: Simulated (red line) and measured (blue line) radiation patterns at 3.1
GHz.
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(a) z-y plane (b) x-y plane

Figure 4.22: Simulated (red line) and measured (blue line) radiation patterns at 5.97
GHz.

(a) z-y plane (b) x-y plane

Figure 4.23: Simulated (red line) and measured (blue line) radiation patterns at 7.88
GHz.

(a) z-y plane (b) x-y plane

Figure 4.24: Simulated (red line) and measured (blue line) radiation patterns at 11
GHz.

It is observed that in the z-y plane (figure 4.21 (a), figure 4.22 (a), figure 4.23 (a)

and figure 4.24 (a)), the patterns have a donut-like shape at lower frequencies. With
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the increase of the frequency, the back lobes again become smaller and split into
minor ones. In the x-y plane, the patterns are omni-directional at low band and mid
band (as shown in figure 4.21 (b), figure 4.22 (b) and figure 4.23 (b)) and slightly
distorted at high band (as depicted in figure 4.24 (b)). Figure 4.25 depicts the
simulated peak gain of the improved antenna. It is noticed that a satisfactory gain

level is achieved across the whole band.

Gain (dBi)

Frequency (GHz)

Figure 4.25 Simulated peak gain of the improved antenna.

Figure 4.26 shows the comparison of simulated |S;;| curves of the original
antenna of figure 4.1 and the improved antenna with two loading strips. As can be
seen clearly, with the loading technique applied, the lower end of the bandwidth has
been brought down from 4.4 GHz to 2.99 GHz while maintaining the same disc
dimension. In other words, the electrical dimension of the antenna has been
miniaturised from 0.37 4 x0.374 x0.194 t0 0.254 x0.254 x0.13 A, where A is the
lower end of the bandwidth, therefore the equivalent size reduction in volume is

68.8%.
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Bandwidth enlargement

IS,,| (@B)

Original design (simulated)
Improved design with two loading strips (simulated)

|

|

:

1 1 1 1 1 1 1 1 1 1

2 3 4 5 6 7 8 9 10 11 12
Frequency (GHz)

Figure 4.26: Comparison of |S;;| curves of the original antenna design and the
improved antenna design with two loading strips.

To gain some insights into the loading technique, an input impedance
characteristics comparison between the original design and improved design with
two loading strips is illustrated in figure 4.27. For a straightforward contrast purpose,

the ground plane dimension remains W=L=100mm, same with the original one.
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Improved design with two loading strips

Original design

Frequency (GHz)

250

(wyo) aouepadw|

Stay around 50 ohm

(a) Resistance R

Improved design with two loading strips

Original design

(GHz)

Frequency

200

(wyo) aouepadw|

Inductive loading

(b) Reactance X

Figure 4.27: Comparison of simulated input impedance curves of the original

antenna design and the improved antenna design with two loading strips.

As shown in figure 4.27, the input resistance R is close to 50Q while the

input reactance X is far from zero at 3.25 GHz for the original design, therefore the
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input impedance is mismatched to 50Q . When loading strips applied to the original
design, the input reactance X varies from previously -50Q to around 0Q at 3.25
GHz, which means a resonance is generated at this frequency. In contrast, the input

resistance still stays around 50 Q when loading strips added, as shown in figure

4.27 (a), hence the resonance is enhanced with a 50Q) coaxial cable feed and leads
to the broadened frequency bandwidth at the lower end.

The typical current distributions on the original design and the improved
design with two loading strips close to the first local minimum frequencies are

plotted in figure 4.28.

=
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(b) Current distribution at 3.2 GHz of the improved design with two loading strips
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]

(c) Current distribution at 3.2 GHz of the improved design with two loading strips in
vector plot

Figure 4.28: Simulated current distributions of the original design and the improved
design with two loading strips.

Figure 4.28 (a) shows the current pattern near the first local minimum at 6
GHz of the original antenna. It is clearly seen that the current is primarily distributed
along the edges of two orthogonal half discs and part of the ground plane only close
to the feeding region, which indicates the viability of the ground plane reduction.
Figure 4.28 (b) illustrates the current distribution near the first local minimum at 3.2
GHz of the improved design with two loading strips. It is evident that apart from
current paths on the fringes of two orthogonal half discs, a strong current flowing is
also spotted along two loading strips. This validates the effectiveness of the loading
technique, which prolongs the current flowing route. In addition, it is found in figure
4.28 (c) that the introduction of loading strips forms a closed-loop current flowing,
whose circumference approximately corresponds to the three tenth wavelength at this

frequency, as stated in subsection 4.4.5.

4.5 Summary

This chapter has presented an investigation into the operation of the loaded
orthogonal half disc monopole antenna. It has been shown that the loading strip
width a, position ¢ and ground size are the three major parameters that determine the

performance of the loaded orthogonal half disc monopole antenna. The ground plane
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can be appropriately decreased in order to make the antenna more compact. The
enhancement of the first local minimum due to the loading technique leads to the
broadened bandwidth at the lower frequency band. Both simulation and measurement
have demonstrated that the loaded orthogonal half disc monopole antenna can
achieve an ultra wide bandwidth, covering the FCC defined UWB frequency band. It
is also observed that the radiation patterns are omni-directional over the entire
operating band. Most importantly, the loaded orthogonal half disc monopole antenna
has achieved 68.8% equivalent size reduction in volume compared with the original
design. The results have proved that this loaded orthogonal half disc monopole

antenna is suitable for future UWB applications.
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Chapter 5 Printed Half Disc Monopole
Antenna

In chapter 4, a loaded orthogonal half disc monopole antenna has been proposed and
studied. It is revealed that the antenna miniaturisation can be achieved by applying
the loading technique. In this chapter, a printed half disc monopole antenna is
investigated. The configuration of the antenna has evolved from a printed CPW-Fed
circular disc monopole antenna. By simply halving the original UWB circular disc
antenna and adjusting the coplanar ground width, the ultra wide impedance
bandwidth can be retained. Interestingly, it is found that an even wider impedance
bandwidth at the lower end is obtained in the half disc monopole antenna design. The
important parameters that influence the antenna performance and characteristics will
be studied both numerically and experimentally. It is manifested that a 65% physical
size reduction in area compared to the original antenna design can be realised using a
printed half disc monopole antenna. The mechanism of the miniaturised antenna is

also illustrated to understand its operation.

5.1 Introduction

During the past few years, considerable progresses have been made towards
miniaturisation of UWB antennas. In [1], a LTCC (Low Temperature Co-fired
Ceramic) based bevelled planar monopole antenna which exploits its structural
symmetry can achieve a -10 dB bandwidth of 8.25 GHz and a significant 40%
reduction in size is realised. In [2], an E-plane cut dual layer part-shielded strip line

fed UWB monopole is constructed by removing a symmetrical section of a
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previously developed design. The antenna has a dimension of 34.25mmx 12.5mm
with its -10 dB bandwidth featuring more than the 3 GHz — 10.6 GHz needed for the
UWB communication systems and a noticeable 42% size reduction from the original
antenna has been achieved.

In this chapter, a novel design of printed half disc monopole antenna is
proposed for UWB applications. The geometry of the antenna has stemmed from an
original printed CPW-Fed circular disc monopole antenna. The original antenna
design is firstly described and it can offer a -10 dB impedance bandwidth covering
the entire UWB band allocated by the FCC, i.e. 3.1 GHz — 10.6 GHz. By simply
halving the original design and tuning the width of the coplanar ground plane, a
wider impedance bandwidth at the lower end can be achieved. Main parameters that
affect the antenna performance are investigated both numerically and experimentally.
Also, the mechanism of the printed half disc monopole antenna is illustrated to gain

some insights into its operation.

5.2 Original Printed CPW-Fed Disc Monopole Antenna

5.2.1 Antenna Geometry

The original printed CPW-Fed disc monopole antenna has a single layer-metallic
structure, as shown in figure 5.1. A circular disc monopole with a radius of » and a
50€2-CPW are printed on the same side of a dielectric substrate. /¥, is the width of
the metal strip and g is the gap between the strip and the coplanar ground plane. W
and L, represent the width and the length of the ground plane, respectively, /4 is the
feed gap between the disc and the ground plane. In this study, a dielectric substrate

with a thickness of /=1.6mm and a relative permittivity of &,=3 was chosen, so W,
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and g are fixed at 4mm and 0.33mm, respectively, in order to obtain 50 impedance.

w

€ »

z

L.y

—>3|<—

o

X

50Q coplanar. _’| W g|<— |

waveguide \ ground plane
X
.

Figure 5.1: Geometry of the CPW-Fed circular disc monopole antenna.

5.2.2 Performance and Characteristics

The simulations are performed using the CST Microwave StudioTM package, which
utilizes the Finite Integration Technique for electromagnetic computation. A
prototype of the CPW-Fed circular disc monopole antenna with optimal design, i.e.
r=12.5mm, 4/=0.3mm, W=47mm, L=40mm and L,=10mm, was built and tested in
the Antenna Measurement Laboratory at Queen Mary, University of London, as
shown in figure 5.2. The |S;;| were measured in an anechoic chamber by using a HP

8720ES network analyser.
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Figure 5.2: Prototype of the CPW-Fed circular disc monopole with 7=12.5mm,
h=0.3mm, W=47mm, L=40mm and L;=10mm.

Figure 5.3 displays the simulated and the measured |S;;| curves. The
measured |S;;| curve agrees reasonably with the simulated one across the whole band.
Generally speaking, the -10dB bandwidth occupies an ultra wide frequency range in
both the simulation and the measurement. The measured bandwidth of the CPW-Fed

circular disc monopole antenna spans from 2.73 GHz to 15.4 GHz.

Simulated
Measured []

1841 (48)

Frequency (G

Figure 5.3: Simulated (red line) and measured (blue line) |Sy| curves of the CPW-
Fed circular disc monopole with 7=12.5mm, #=0.3mm, W=47mm, L=40mm and
L1:101’1’]l’1’1.
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The measured and simulated radiation patterns at 3 GHz, 5.6 GHz, 8.8 GHz

and 10.6 GHz are plotted in figure 5.4, figure 5.5, figure 5.6 and figure 5.7,

respectively.
z X
| /wriﬁl 330 - 30 !
X 30 [ 60
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Figure 5.4: Simulated (red line) and measured (blue line) radiation patterns of the
CPW-Fed circular disc monopole at 3 GHz.

(a) z-y plane (E-plane) (b) x-y plane (H-plane)

Figure 5.5: Simulated (red line) and measured (blue line) radiation patterns of the
CPW-Fed circular disc monopole at 5.6 GHz.
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(a) z-y plane (E-plane) (b) x-y plane (H-plane)

Figure 5.6: Simulated (red line) and measured (blue line) radiation patterns of the
CPW-Fed circular disc monopole at 8.8 GHz.

(a) z-y plane (E-plane) (b) x-y plane (H-plane)

Figure 5.7: Simulated (red line) and measured (blue line) radiation patterns of the
CPW-Fed circular disc monopole at 10.6 GHz.

As shown in figure 5.4 — figure 5.7, the measured radiation patterns are
similar with those obtained in the simulation. The E-plane (z-y plane) patterns have
large back lobes at lower frequencies. With the increase of the frequency, the back
lobes become smaller, splitting into many minor ones, while the front lobes start to
form humps and notches. It is also noticed that the H-plane (x-y plane) pattern is
omni-directional at low frequency (3 GHz) and only distorted at higher frequencies
(the gain relative to the peak radiated signal direction being reduced less than 10dB
in most directions). So the radiation patterns are generally omni-directional over the

entire band, like a traditional monopole antenna.
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5.3 Printed Half Disc Monopole Antenna

5.3.1 Antenna Geometry

As displayed in figure 5.8, the printed half disc monopole antenna is obtained by

simply halving the full circular disc monopole antenna, as shown in figure 5.1.

| W »!
T -
Ly
L L,
4
h
T
1) A
g&W,
ground plane !

Figure 5.8: Geometry of the printed half disc monopole antenna.

It has been observed in the simulation that the operating bandwidth of the
printed half disc monopole antenna is primarily dependent on the ground plane width
W and the half disc size r, so both parameters should be optimised for a maximum

bandwidth.

5.3.2 Effect of Ground Plane Width

Figure 5.9 displays the simulated |S;| curves for different ground width (W=23.5, 20,

16, and 14mm) when r is fixed at 12.5mm.
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Figure 5.9: Simulated |S;;| curves of the printed half disc monopole antenna for
different ground widths with »=12.5mm.

It can be seen in figure 5.9 that the alteration of the ground plane width shifts
all the resonance modes across the entire frequency band and the -10 dB operating
bandwidth of the antenna changes dramatically with the variation of the ground plane
width W. It is interesting to notice that the -10 dB bandwidth is reduced when the
width of ground is either too wide or too narrow and W=23.5mm is a special scenario
when the original design is just simply chopped in half. The optimal ground plane
width is found to be at W=16mm with the bandwidth covering an ultra wide
frequency range. This phenomenon can be explained when the ground plane width is
either decreased or increased from its optimal dimension, consequently the current
distribution on the upper edge of the ground plane also changes. This corresponds to
a decrease or increase of the inductance of the antenna if it is treated as a resonating
circuit, which leads to the first resonance mode either up-shifted or down-shifted in
the spectrum. In addition, this variation of inductance causes the higher frequency

harmonics to be unequally shifted. Hence, the change of the ground plane width
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makes some resonances become not so closely spaced across the spectrum and
weakens the overlapping between them. Therefore, the impedance matching is worse

in these frequency ranges.

5.3.3 Effect of Half Disc Dimension

It is also observed in simulations that the antenna’s performance is quite sensitive to
the size of the half disc 7, or alternatively can be represented as an overall length L, ,
as shown in figure 5.8. Figure 5.10 exhibits the simulated [S;;| curves for different
dimensions of the half disc with their respective optimal designs, which are given in

table 5-A. It can be seen that the ultra wide impedance bandwidth can be obtained in

all of these designs.
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Figure 5.10: Simulated |S;,| curves for different disc dimensions of the half circular
disc in the optimal designs.

The relationship between the half disc diameters 2r, overall length L, ,

ground plane width W and the first local minimums is also listed in table 5-A. It is
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demonstrated that the first local minimum frequency is determined by the ground
plane width W plus the overall length L,, which approximately corresponds to the
half wavelength at this frequency. It is also found that the optimal overall length L,
is just around twice the ground plane width W. Table 5-A is therefore a good
summary of the design rules for achieving the ultra wide impedance bandwidth in a

printed half disc monopole antenna.

Table 5-A: Optimal design parameters of the printed half disc monopole antenna and
relationship between the diameter 27, overall length L,, ground plane width # and
the first local minimum frequency.

Diameter 27
15 25 30 50
(mm)
Optimal L,
26.7 353 40.8 60.8
(mm)
Optimal W
12 16 18 31
(mm)
First local minimum
3.6 2.96 2.67 1.9
f, (GHz)
Wavelength at f,
83.33 101.35 112.36 157.89
(mm)
L,/ A 0.32 0.35 0.36 0.38
Wia 0.14 0.16 0.16 0.19
(L,+W) /A 0.46 0.51 0.52 0.57
L,/ W 2.23 2.21 2.27 1.96
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5.3.4 Antenna Performance

A prototype of the printed half disc monopole antenna with optimal design, i.e.

r=12.5mm, L,=35.3mm and W=16mm, was fabricated and tested in the Antenna

Measurement Laboratory at Queen Mary, University of London, as shown in figure

5.11.

Figure 5.11: Photo of the printed half disc monopole antenna with optimal design.

Figure 5.12 displays the simulated and the measured [S;;| curves. The
measured |Si;| curve agrees reasonably with the simulated one across the whole
frequency band. The minor discrepancy is due to the effect of the feeding cable since
the antenna size is small. The measured -10 dB |S;;| bandwidth of the miniaturised

antenna ranges from 1.94 GHz to 11.6 GHz.
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Figure 5.12: Simulated (red line) and measured (blue line) |S;;| curves of the printed
half disc monopole antenna.

The measured radiation patterns at 2.45 GHz, 5.64 GHz and 10 GHz are
plotted in figure 5.13, figure 5.14 and figure 5.15, respectively. It is observed in
figure 5.13 that the E-plane (z-x plane) pattern has a large back lobe while the H-
plane (x-y plane) pattern is close to omni-directional. In figure 5.14 and figure 5.15,
it is noticed that in the H-plane the pattern is distorted due to the asymmetrical
structure of the antenna. Figure 5.16 plots the simulated peak gain of the printed half
disc monopole antenna, it is seen that the antenna has achieved a satisfactory gain

level across the band.
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(a) z-x plane (b) x-y plane

Figure 5.13: Measured (red line) and simulated (blue line) radiation patterns of the
printed half disc monopole antenna at 2.45 GHz.

(a) z-x plane (b) x-y plane

Figure 5.14: Measured (red line) and simulated (blue line) radiation patterns of the
printed half disc monopole antenna at 5.64 GHz.
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(a) z-x plane (b) x-y plane

Figure 5.15: Measured (red line) and simulated (blue line) radiation patterns of the
printed half disc monopole antenna at 10 GHz.
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(b) Simulated input impedance curve of the optimal design of the antenna

Figure 5.17: Simulated |S;;| curve of the optimal design of the antenna and its
corresponding input impedance.

As shown in figure 5.17, the first local minimum emerges at around 2.92 GHz,
the second local minimum at 6.53 GHz and the third one at 11.32 GHz. The
overlapping of these local minimums which are closely spaced across the spectrum
leads to an ultra wide -10 dB bandwidth.

The |S;| or input impedance can only depict the performance of an antenna as
a lumped load at the end of the feeding line. The elaborated electromagnetic
behaviour of the antenna can only be revealed by examining the current distributions
or radiation patterns. The typical current distributions on the antenna close to the
local minimum frequencies are displayed in figure 5.18.

Figure 5.18 (a) exhibits the current pattern near the first local minimum at
2.92 GHz. The current distribution near the second local minimum at 6.53 GHz is
plotted in figure 5.18 (b), representing approximately a second order harmonics.

Figure 5.18 (c) presents the third order harmonics at 11.32 GHz. These current
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distributions support the standpoint that the overlapping of closely spaced resonance
modes results in the UWB characteristic of the antenna. The resonances are clearly
seen on the edges of both the ground plane and the half circular disc at these three

frequencies.

A/m

20.9

16.8 -
15.8 -
13.2 -
11.3 -
9.491
7.65 -
5.82 -

3.98
2.14—]'
4]

(a) at 2.92 GHz (b) at 6.53 GHz

(c) at 11.32 GHz

Figure 5.18: Simulated current distributions of the optimal design of the printed half
disc monopole antenna.

The simulated 3D radiation patterns close to these local minimums are
illustrated in figure 5.19. The radiation pattern resembles a donut, similar to a dipole
pattern, at the first resonance frequency, as shown in figure 5.19 (a). At the second

harmonic, the pattern exhibits an asymmetrical pinched donut with the gain increase
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around @ =45 in figure 5.19 (b). At the third harmonic, the pattern is squashed in x-
direction and becomes more irregular with maximum gain forming around z-
direction, as shown in figure 5.19 (c). It is also noticed that the H-plane patterns are
almost omni-directional at lower resonance (1* harmonic) and become distorted at

the higher harmonics (2™ and 3™ harmonics).

2] a
-nHl v -l mm s

(a) at 2.92 GHz (b) at 6.53 GHz

a
-zl Tl s

(c)at 11.32 GHz

Figure 5.19: Simulated 3D radiation patterns of the optimal design of the printed half
disc monopole antenna.

5.3.6 Operating Principle

It has been demonstrated that the overlapping of closely spaced resonance modes in
the printed half disc monopole antenna results in an ultra wide -10 dB bandwidth.

At the low frequency end (the first local minimum) when the wavelength is
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larger than the antenna size, the input / receiving signal can easily ‘couple’ into the
antenna structure hence it behaves in an oscillating mode, i.e. a standing wave. With
the increase of the frequency, the antenna begins to operate in a hybrid mode of
standing and travelling waves.

At the high frequency end, the travelling wave appears more influential to the
antenna operation since the EM wave needs to travel down to the antenna structure
which is large in terms of the wavelength.

For the printed half disc monopole antenna, the slot formed by the bottom
edge of the disc and the ground plane (as shown in figure 5.20 Region A) with an
appropriate size can support travelling wave quite well. Therefore an optimally
designed printed half disc monopole antenna can present an ultra wide -10 dB
bandwidth. The operation principle of printed half disc monopole is depicted as the

schematic shown in figure 5.21.

L,

Region A

Figure 5.20: The slot (Region A) formed by the bottom edge of the disc and the
ground plane.

105



Chapter 5 Printed Half Disc Monopole Antenna

Standing wave Travelling wave

»
»

f f. f: Frequency

Figure 5.21: Operation principle of printed half disc monopole antenna.

Interestingly, it is also noticed that the printed half disc monopole antenna has

an even wider impedance bandwidth than its full disc counterpart at the lower band

in both the simulation and the measurement. The reason for this phenomenon will be

investigated as follows.

Firstly, the circular disc monopole antenna is just simply chopped in half, as

shown in figure 5.22 and a |S;| comparison is displayed in figure 5.23.

z V4

L., [

(@) (b)

Figure 5.22: (a) Full disc monopole and (b) Simply chopped half monopole.

106



Chapter 5 Printed Half Disc Monopole Antenna
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Figure 5.23: |S;)| of the full disc and half disc monopole antenna.

As can be seen in figure 5.23, the first local minimum is shifted down from
3.1 GHz to 2.46 GHz despite overall return loss pattern being degraded. The
deviation of the first local minimum is caused by the increase of the effective current

path (from L, to L,), which is illustrated in figure 5.22. For the full disc case, the

current is mainly distributed along the edge of circular disc and its first local

minimum is approximately determined by the diameter L, (= A/4). For the half disc

monopole case, apart from a clear current flow on the left-hand side circular disc

edge, another obvious current path is also excited along the length L, (= A/4),
which is a bit longer than L, as depicted in figure 5.22 (b). For clarity, a current

distribution plot is employed to illustrate the phenomenon.
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Figure 5.24: Current distribution (a) Full disc monopole antenna and (b) Half disc
monopole antenna.

It is seen in figure 5.24 that an additional current path is introduced due to the
removal of the right-hand side ground plane for the half disc monopole scenario.
However, for the full disc monopole case, there is a regular CPW transmission line
mode and no extra current route is generated.

To further verify this mechanism for the improvement at the lower end of the
impedance bandwidth of the half disc monopole, a ground plane on the other side of

disc is gradually introduced in different length L., as shown in figure 5.25.
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Ly

I

Figure 5.25: The sweep of the ground plane.

A |S11| comparison is given in figure 5.26, red, green and blue curves standing
for Ly=4mm, L,=31.3mm; L;=7mm, L, =28.3mm; and L,=10mm, L, =25.3mm,
respectively. It is noticed that with the increase of the ground length L., the first

local minimum also increases as listed in table 5-B. So, when the added ground plane

length is levelled with the other half, the first local minimum frequency is close to

that of the full disc.
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Figure 5.26: |S;1| comparison of the ground plane sweep.
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Table 5-B: The relationships between L, Lsand the first local minimums.

Ls=4mm, Ls=7Tmm, Ls=10mm, L=25 mm

L,/~31.3mm L/~28.3mm L,/~25.3mm (full disc)

First local minimum

2.72 GHz 2.76 GHz 2.84 GHz 3.01 GHz
Ji
Wavelength A at f; 110.3mm 108.7mm 105.6mm 99.7mm
Lyl A 0.28 0.26 0.24 0.25

5.4 Summary

This chapter has presented an investigation into the printed half disc monopole
antenna. It has been shown that a significant 65% physical size reduction can be
achieved for the printed disc monopole antenna for UWB systems by simply halving
the original antenna and tuning the width of the coplanar ground plane. The
miniaturised half disc monopole antenna features an even wider impedance
bandwidth at the lower band. It has been revealed that the prolonged current path due
to the removal of the right-hand side ground plane contributes to the wider
impedance bandwidth at the lower end. The results show this half disc monopole is a

good candidate for the future UWB applications.
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Chapter 6 Printed Quasi-Self-Complementary

UWB Antenna

In chapter 3 and 4, a loaded orthogonal half disc monopole antenna and a printed half
disc monopole antenna have been proposed and investigated. It is demonstrated that
the antenna miniaturisation can be achieved by either applying the loading technique
or exploiting original antenna’s symmetry. In this chapter, printed quasi-self-
complementary UWB antennas are studied for size reduction. Printed on a dielectric
substrate and fed by a 50 QQ coaxial cable, planar antennas with a half disc
complementary structure have been exhibited to offer an ultra wide -10 dB
impedance bandwidth with reasonable radiation properties. The performance and
characteristics of the proposed antennas are investigated both numerically and
experimentally. Good agreement is achieved between the simulation and the
measurement. It is also manifest that a massive 74% equivalent size reduction in area
can be realised in the printed CPW-Fed quasi-self-complementary antenna compared
with the original CPW-Fed disc monopole design. For the microstrip line-fed quasi-
self-complementary antenna, it features both physically and electrically small
dimensions with 16mmx25mm in physical size and 0.24A in electrical size,

respectively.

6.1 Introduction

The self-complementary antenna (SCA), firstly proposed by Mushiake [1, 2], has
claimed a broad impedance bandwidth. Theoretically, a self-complementary antenna

possesses the constant input impedance 188.5 Q2 , independent of the source
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frequency and the antenna configuration. To briefly demonstrate the principle of
SCA, consider the slot antenna shown in figure 6.1 (a) and the complementary dipole

antenna shown in figure 6.1 (b).

7

Slot

/ Z
@

Figure 6.1: Slot antenna (a) and complementary dipole antenna (b).

(b)

The terminals of each antenna are denoted by FF, and it is assumed that they
are separated by an infinitesimal distance. It is also assumed that the slot and dipole
are cut from an infinitesimally thin, plane, perfectly conducting sheet.

Put a generator connect to the terminals of the slot. The driving-point

impedance Z, at the terminals is the ratio of the terminal voltage V, to the terminal
current / . Assume E_ and H are the electric and magnetic fields of the slot at any
point P. Then the voltage V, at the terminals FF of the slot is given by the line

integral of E_ over the path C, (Figure 6.1 (a)) as C, approaches zero. Therefore,
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VS = lim ES -dl (6.1)

C,—»0Jd¢
where dl is the infinitesimal vector element of length dl along the contour or path C,.

The current 7 at the terminals of the slot is:

I =2lim | H_-dl (6.2)

C,—09G,
The path C, is just outside the metal sheet and parallel to its surface. The factor 2

enters because only half the line integral is taken, the line integral over the other side
of the sheet being equal by symmetry.
As for the complementary dipole antenna, place a generator connect to the

terminals of the dipole. The driving-point impedance Z, at the terminals is the ratio
of the terminal voltage V, to the terminal current /,. Assume E, and H, are the

electric and magnetic fields of the dipole at any point P. Then the voltage at the

dipole terminals is:

Vo=lm) E,-dl (6.3)
and the current is:
[,=2lim) H,-dl (6.4)
However,
lim | E,-dl=Z,lim | H,-dl 65)
and

lim [ H,-dl=——tlim| E -di

G096 ZO C,—09C (6.6)

where Z, is the intrinsic impedance of the surrounding medium. Substituting (6.2)
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and (6.3) in (6.5) yields:
Vy= 701 s (6.7)
Substituting (6.1) and (6.4) in (6.6) gives:
Z
V, = 70 1, (6.8)

Multiplying (6.7) and (6.8) yields:

VYV _Z
Is Id

4 6.9)
or.
Z 2
ZZ,= TO (6.10)

Equation (6.10) indicates that the terminal impedance Z_ of a slot antenna is equal to
quarter of the square of the intrinsic impedance of the surrounding medium divided
by the terminal impedance Z, of the complementary dipole antenna [3].

It is seen in (6.10) that the product of the impedances of two complementary
antennas is the constant Z,” /4. If the antenna is its own complement, frequency-

independent impedance behaviour is achieved. This is the self-complementary
property, in which the antenna and its complement are identical. A self-
complementary structure can be made to exactly overlay its complement through
translation and / or rotation. The value of impedance follows directly from (6.10), as

noted by Mushiake:

7 =7 :Zd=70=188.5§2 (6.11)
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Therefore, self-complementary antennas have the constant input impedance 188.5Q,
independent of the source frequency and the antenna structure.

During the past few years, the concept of SCA has been applied to create
wideband antennas and subsequently research efforts have been made towards SCA
designs and analysis. A self-complementary antenna formed by a monopole and a
slot has been proposed and investigated in [4] and a printed self-complementary
spiral antenna was presented in [5]. In spite of all the promising prospects provided
by these SCAs, it has to be noted that a matching network is essential to transform
the input impedance from 188.5Q to 50Q2 in order to integrate the antenna with the
RF front end. This has constrained the bandwidth of this type of antenna. For
instance, Wong [6] proposes a broadband printed quasi-self-complementary antenna
which is excited by a mini 50 Q coaxial line, thus avoiding the bulky matching
circuit. However, the bandwidth of this antenna is only appropriate for 5.2 / 5.8 GHz
WLAN operation but not for ultra-wideband applications.

In this chapter, a novel design of printed quasi-self-complementary antenna
fed by a 50Q2 coaxial cable without an extra matching network is proposed for UWB
applications. The parameters that affect the performance of the antenna are analysed
both numerically and experimentally in order to understand the operation of the
antenna. Also, an evolution of the proposed antenna is depicted to demonstrate the
mechanism of the built-in CPW-like matching section. It has been illustrated that the
optimal design of this type of antenna can yield an ultra wide impedance bandwidth
with reasonable radiation properties. In addition, a microstrip line-fed quasi-self-
complementary antenna is also proposed and studied. This antenna features an even

smaller size, |6mmx25mm in physical size and 0.24X in electrical size, respectively.

116



Chapter 6 Printed Quasi-Self-Complementary UWB Antenna

6.2 CPW-Fed Quasi-Self-Complementary Antenna

6.2.1 Antenna Design and Performance

The quasi-self-complementary antenna studied in this section has a single layer-
metallic structure, as displayed in figure 6.2. A half circular disc and a half circular
slot are printed on the same side of the dielectric substrate (in this study, the substrate
of thickness 1.6mm and relative permittivity 3.0 was used). L and W denote the
length and the width of the dielectric substrate, respectively. In addition, a CPW-like
matching section is added to connect the half circular disc with the SMA
(SubMiniature version A) coaxial connector. The dimension of the half circular slot
is chosen to be the same as the half circular disc with a radius of 7=12.5mm. 4 is the
height of the feed gap between the bottom of the half circular disc and the ground. s
represents the spacing between the central strip and the slotted ground. The
simulations are performed using the CST Microwave Studio™ package for

electromagnectic computation.

W, s /4

-

Figure 6.2: Geometry of proposed quasi-self-complementary antenna.
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A prototype of the quasi-self-complementary antenna with optimal design, i.e.
r=12.5mm, Ah=03mm, W=51.5mm, L=40mm, W, =20.7mm, W, =28.77mm,
L,=10mm, s=2.03mm and d=2mm, was built and tested in the Antenna Measurement

Laboratory at Queen Mary, University of London, as shown in figure 6.3. The [Sy|

were measured in an anechoic chamber by using a HP 8720ES network analyser.
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Figure 6.4: Measured and simulated |S;;| curves of the quasi-self-complementary
antenna with its optimal design.

As illustrated in figure 6.4, the measured |Si;| curve agrees well with the
simulated one in the entire UWB frequency band. The measured -10 dB |Sy

bandwidth of the quasi-self-complementary antenna ranges from 1.3 GHz to 13.1
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GHz. Most importantly, it is also noticed that the antenna size (footprint width W) at
the lowest frequency (1.3 GHz) is 0.22 4. Comparing with current UWB antenna
designs published in the literature, this quasi-self-complementary antenna offers a
rather small size, for example, 36 % reduction in area compared to [7].

The radiation patterns of the antenna at the frequencies close to the local
minimums have been measured inside an anechoic chamber. The measured and
simulated radiation patterns at 1.47 GHz, 2.63 GHz, 4.64 GHz, 8.1 GHz and 9.83
GHz (the theoretical local minimums) are plotted in figure 6.5 — figure 6.9,

respectively.

<

Figure 6.5: Measured (red line) and simulated (blue line) radiation patterns of the
quasi-self-complementary antenna at 1.47 GHz.

Figure 6.6: Measured (red line) and simulated (blue line) radiation patterns of the
quasi-self-complementary antenna at 2.63 GHz.
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Figure 6.7: Measured (red line) and simulated (blue line) radiation patterns of the
quasi-self-complementary antenna at 4.64 GHz.

Figure 6.8: Measured (red line) and simulated (blue line) radiation patterns of the
quasi-self-complementary antenna at 8.1 GHz.

Figure 6.9: Measured (red line) and simulated (blue line) radiation patterns of the
quasi-self-complementary antenna at 9.83 GHz.

It is noticed that the measured patterns agree well with those obtained in the
simulation. The H-plane (x-y plane) patterns are nearly omni-directional in the half

circular disc hemisphere whereas their slot hemisphere counterparts get distorted.
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The measured E-plane (z-y plane) patterns are also close to the simulated ones. They
exhibit irregular shaped patterns due to the complicated current distributions on the

antenna.

6.2.2 Antenna Characteristics

In the theory, self-complementary antennas should exhibit the constant input
impedance, i.e. 188.5Q and they tend to be frequency-independent. However, it is
found that practical SCAs still have impedance variations with frequency due to the
finite size of the structure [8]. Therefore, instead of a constant value, less variable
input impedance characteristic will be expected. Figure 6.10 presents the simulated
input impedance of the proposed antenna. It is clearly seen that the real part of the
input impedance exhibits a small variation around 50Q within the 1.3 — 12 GHz
frequency band. The imaginary part of the input impedance shows a similar trend
with a small variation around 0 Q. The matching issue is considered in detail later in

this chapter.

100
‘

I I
90+ Real part -7 !
Imaginary part | — v - - - - - -

Impedance (ohm)

Frequency (GHz)

Figure 6.10: Simulated input impedance curve of the quasi-self-complementary
antenna with the optimal design.
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The simulated Smith Chart curve of the quasi-self-complementary antenna is
plotted in figure 6.11. It is seen that the input impedance loops around impedance
matching point within the circle of voltage standing wave ratio (VSWR)=2, which

demonstrates the minor fluctuation of the input impedance of the antenna.

S-Pararneter Smith Chart

Figure 6.11: Simulated Smith Chart of the quasi-self-complementary antenna with
the optimal design.

The simulated current distributions at different frequencies for the antenna
with optimal design are shown in figure 6.12. Figure 6.12 (a) displays the current
pattern near the first local minimum at 1.47 GHz. The current pattern near the second
local minimum at 2.63 GHz is given in figure 6.12 (b) while figure 6.12 (¢) and
figure 6.12 (d) illustrate more complicated current patterns at 4.64 GHz and 8.1 GHz,

respectively. Current distribution at 9.83 GHz is depicted in figure 6.12 (e).
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Figure 6.12: Simulated current distributions of the quasi-self-complementary antenna
with the optimal design.

As shown in figure 6.12, the current is primarily concentrated on the edges of
both half circular disc and half circular slot as well as on the CPW-like matching
section. However, with the increase of the frequency, less current is observed in half

circular slot part. It is also noticed that a strong current flow distributes on the CPW-
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like matching section across the entire frequency band. Therefore, the performance
of the antenna is pivotally dependent on the matching section. In addition, since the
current is not symmetrically spread on the antenna, with majority of the current
dwelling on the half circular disc part, hence results in the asymmetry of radiation
patterns.

Figure 6.13 illustrates the simulated peak gain of the quasi-self-
complementary antenna with the optimal design across the UWB frequency band. It
is shown that when the frequency increases from 1.3 GHz to 6 GHz, the gain rises
from -4.132 dBi to 5.026 dBi; with the further increase of the frequency from 6 GHz
to 9 GHz, the gain reduces from 5.026 dBi to 3.11 dBi and within 9 GHz to 10.6
GHz band, there again shows a climbing trend with gain peaking at 5.004 dBi. Figure
6.14 depicts the orientation of the peak gain with the increase of frequency. It is

noticed that at the low and mid operational band the maximum gains occur at around

©=90" cut plane with a variation of # mainly from 45 to 140" . At the higher

operational band, the peak gains emerge at a range of & mainly from 5 to 25 with

@ ataround 260 cut plane.

Gain (dBi)

Figure 6.13: Simulated peak gain of the quasi-self-complementary antenna with the
optimal design.
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Figure 6.14: Simulated peak gain orientation of the quasi-self-complementary
antenna with the optimal design.

6.2.3 Design Parameters

In this subsection, the important parameters that determine the antenna performance
will be analysed to generate some design rules.

The first parameter is the matching section width ;. As shown in figure 6.15,
when r is fixed at 12.5mm, W,=28.77mm and s=2.03mm, the performance of the
quasi-self-complementary antenna is quite sensitive to ;. It is observed that the [Sy|
curves have similar shape for the four different ##;, but the -10 dB bandwidth of the
antenna varies remarkably with the variation of W;. This is because W, as a part of
the matching section, tunes the input impedance and therefore the operating
bandwidth while it is changed, as shown in figure 6.15. Also, it is noticed that the

variation of W, shifts all the other resonance modes across the spectrum except the
first one. The first local minimum will not be shifted by altering the value of W, but

will be enhanced with the decrease of W, .
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Figure 6.15: Simulated |S;;| curves for different widths of the matching section with

Another design parameter affecting the antenna behaviour is the slotted

rectangular patch width W,. The simulated |S;;| curves with r=12.5mm, W,=20.7mm

and s=

12.77mm
16.77mm

W2
—_— W2

24.77mm | -
28.77mm

W2
W2

2.03mm for different width W, are plotted in figure 6.16.
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Figure 6.16: Simulated |S;;| curves for different widths of the slotted rectangular

2.03mm and »=12.5mm.

20.7mm, s=

patch with 7,

126



Chapter 6 Printed Quasi-Self-Complementary UWB Antenna

It can be seen in figure 6.16 that [S;;| curves again feature similar shape for
the four various W, whereas the -10 dB bandwidth of the antenna changes,
particularly at the lower end. In addition, it is observed that the first local minimum
is slightly moved up with the increase of W,. Therefore, the parameter ¥, presents
an influence on the lower end of the antenna bandwidth.

The simulated |S;;| curves of the quasi-self-complementary antenna for
different s with W,=20.7mm, W,=28.77mm and r=12.5mm are illustrated in figure

6.17.

1S4l (dB)

Frequency (GHz)

Figure 6.17: Simulated |S| curves for different spacings with W;=20.7mm,
W,=28.77mm and r=12.5mm.

It is seen in figure 6.17 that the -10 dB bandwidth varies dramatically with
the change of s. When the spacing s is too narrow, the impedance matching within
the UWB band is disastrous with most of |Si;| values higher than -10 dB. With the
increase of the spacing s, better impedance matching performances can be achieved

and the optimal spacing is found to be at s=2.03mm.
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Furthermore, an intriguing phenomenon is observed in figure 6.15, figure
6.16 and figure 6.17 that the first local minimum always emerges at around 1.47 GHz

for different W,, W, and s when the half disc / slot radius r is fixed at 12.5mm.

Figure 6.18 depicts the simulated |[S;;| curves for various dimensions of the
half disc / slot with their respective optimal designs, which are provided in table 6-A.
It can be seen that the ultra wide impedance bandwidth can be achieved in all of

these designs.

18441 (@B)

Frequency (GHz)

Figure 6.18: Simulated |S;| curves for different disc dimensions of the quasi-self-
complementary antenna in the optimal designs.

128



Chapter 6 Printed Quasi-Self-Complementary UWB Antenna

Table 6-A: Optimal design parameters of the quasi-self-complementary antenna and

relationship between the diameter and the first local minimum.

Diameter 2r 15 25 30 50
First local
minimum f; 2.36 1.47 1.27 0.77
(GHz)
Wavelength A
127.12 204.08 236.22 389.61
at f, (mm)
2r/ A 0.118 0.123 0.127 0.128
Optimal W,
12 20.7 25 41
(mm)
w,/2r 0.8 0.828 0.833 0.82
Optimal W,
18.47 28.77 34.97 52.97
(mm)
W,/ 2r 1.231 1.151 1.166 1.06
Optimal W 32.5 51.5 62 94.5
w/2r 2.17 2.06 2.07 1.89
Optimal s 2.03 2.03 2.03 1.43

The relationship between the disc diameters and the first local minimums is

also listed 1n table 6-A. It is demonstrated that the first local minimum relates to the

half circular disc / slot with an approximate relationship of 2r=1/8, where 1

corresponds to the free space wavelength of the first local minimum. Furthermore, it

is observed that the optimal width of the matching section W, is just less than the
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diameter of the disc / slot, ranging from 0.8 to 0.833, while the counterpart of the
slotted ground W, is just more than the diameter of the disc / slot, spanning from
1.06 to 1.231. Also, it is noticed that the optimal footprint width of the quasi-self-
complementary antenna W is just about twice the diameter of the disc /slot while the
optimal spacing s remains 2.03mm for »=7.5mm, »=12.5mm and 7=15mm scenarios,
which is close to the central strip width d (2mm), and only with a slight variation to
1.43 for the 7=25mm scenario.

6.2.4 Evolution of the Printed Quasi-Self-Complementary Antenna

To clearly demonstrate the mechanism of the built-in CPW-like matching section, an
investigation into the impedance matching evolution of the printed quasi-self-

complementary antenna is performed.

(a) (b) ()
Feed point q P
Feed point Feed point
T — T — g~ T T T T T T T
) i T T ) | Lo
AN T T TIT I T T A0~ /M CT
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—— Fed by 50ohm : : : : : — Fed by 50ohm Ll
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Figure 6.19: Impedance matching evolution of the quasi-self-complementary antenna.

The evolution of the printed quasi-self-complementary antenna is illustrated
in figure 6.19. As the starting point, no matching section is attached to the self-
complementary structure in figure 6.19 (a). A discrete port which locates over the
bottom end of both the disc and slot is used to excite the antenna in the simulation.

For the comparison purpose, the antenna is fed by 188.5€2 and 50 Q) characteristic
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impedance, respectively. It is evident from the |S;| curves in figure 6.19 (a) that the
impedance is mismatched to the 50Q feed, but well-matched to the 188.5Q feed
over the wide bandwidth. With a central strip of the matching section adhered to the
half circular disc in figure 6.19 (b), the impedance matching to the 50 QQ feed
becomes better, however, the matching to the 188.5Q feed gets degraded. Finally,
with the entire CPW-like matching section attached in figure 6.19 (c), the |S;| curve
shows a good impedance matching to the 50 Q2 feed over the UWB band. That is due
to the fact that the slot formed by the lower edge of the half disc and the ground
plane can support a travelling wave well in this antenna, which has been addressed in
the previous chapter. Therefore, this results in an ultra wide -10 dB bandwidth and

verifies the effectiveness of the built-in matching section.

6.3 Microstrip Line-Fed Quasi-Self-Complementary

Antenna

In the last section, the printed CPW-Fed quasi-self-complementary antenna has been
investigated and it exhibits an ultra-wide -10 dB impedance bandwidth as well as
reasonable radiation properties. However, it presents a relatively large physical size
which still could be a challenge for integration into space-limited systems.

In this section, a very-small-size printed quasi-self-complementary antenna
fed by a microstrip line is studied. A triangular slot is inserted on the ground plane to
enhance the impedance matching of the antenna. It has been shown that the optimal
design of this type of antenna can offer an ultra wide impedance bandwidth with
satisfactory radiation properties. Key parameters that influence the performance of

the antenna are investigated. Most importantly, the proposed antenna features both
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physically and electrically small dimensions, 16mmx25mm in physical size and

0.24A in electrical size, respectively.

6.3.1 Antenna Design and Performance

The proposed small printed quasi-self-complementary antenna is shown in figure

6.20.

Ly

Microstrip line ground plane

in back

Figure 6.20: Geometry of the proposed micro-strip line fed quasi-self-
complementary antenna.

A half circular disc with a radius of » and its complementary magnetic
counterpart are printed on the different side of the dielectric substrate (in this study,

the substrate of thickness HA=1.6mm and relative permittivity & =3.0 was used). L

and W represent the length and the width of the dielectric substrate, respectively. In
addition, a triangular notch is cut on the ground plane in order to improve the
impedance matching. W, and L, denote the width and height of the triangular notch
respectively.

A prototype of the proposed printed quasi-self-complementary antenna with
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optimal design, ie., r=6mm, W=16mm, L=25mm, W, =6mm, W, =2.4mm,
L,=8.9mm, L,=4.8mm, was constructed in the Antenna Measurement Laboratory, as

shown in figure 6.21. The |S;;| were measured by using a HP 8720ES network
analyser and the radiation pattern measurements were performed inside an anechoic

chamber.

0.24A

(@) (b)

Figure 6.21: The prototype of the proposed micro-strip line fed quasi-self-
complementary antenna (a) Front side and (b) Back side.

Figure 6.22 displays the simulated and the measured |S;;| curves of the
proposed antenna. The measured 10 dB |S;;| bandwidth is from 2.86 GHz to 10.7
GHz, while in simulation from 2.8 GHz to 11.3 GHz. The measurement confirms the
UWB characteristic of the proposed printed quasi-self-complementary antenna, as
predicted in the simulation. The minor discrepancy between the simulation and the
measurement is due to the effect of the feeding cable as the antenna is rather small. It
is also noticed that the antenna size is not only physically small but also electrically

small, only 0.24) at 2.86 GHz.
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Figure 6.22: Simulated (blue) and measured (red) |S;i| curves of the proposed printed
quasi-self-complementary antenna.

The measured and the simulated normalised radiation patterns at 3.07 GHz
and 9.31 GHz are plotted in figure 6.23 and figure 6.24, respectively. The patterns
obtained in the measurement are close to those in the simulation. It is observed that
the H-plane patterns are reasonable over the entire operating bandwidth. The
simulated peak gain of the proposed antenna is plotted in figure 6.25, it is seen that a
satisfactory gain level is achieved through the whole band. Figure 6.26 illustrates the

orientation of the peak gain with the increase of frequency. It is observed that at the

low and mid operational band the maximum gains occur at around ¢ =90  cut plane

with a variation of @ from 80  to 130°. At the higher operational band, the peak

gains emerge at a range of @ from 55 to 80" with ¢ ataround 0" or 130 cut plane.
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(a) (b)

Figure 6.23: Simulated (blue) and measured (red) radiation patterns with the optimal
design at 3.07 GHz (a) E-plane (b) H-plane.

(b)
Figure 6.24: Simulated (blue) and measured (red) radiation patterns with the optimal
design at 9.31 GHz (a) E-plane (b) H-plane.

Frequency (GHz)

Figure 6.25: Simulated peak gain of the proposed antenna.
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Figure 6.26: Simulated peak gain orientation of the proposed antenna.

6.3.2 Effects of Design Parameters

It has been shown in the simulation that the operating bandwidth of the printed quasi-
self-complementary antenna is primarily dependent on the width of the antenna W,

the width of the triangular slot ¥, and the height of the triangular slotZ,. So these

parameters should be optimised for maximum bandwidth.

A. The Effect of Antenna Width W

Figure 6.27 plots the simulated |S;;| curves with different antenna width

(W=15, 16, 20 and 24mm) when W, is fixed at 6mm and L, at 4.8mm, respectively.

It can be seen that the |S;;| curves vary significantly and exhibit various shapes for
the four different . When W is changed, the first local minimum frequency does not
change much, however the higher local minimum frequencies vary dramatically,
leading to the variations of the operating bandwidth of the antenna, as shown in

figure 6.27. The optimal antenna width is found to be at W=16mm.
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IS, (@B)

Frequency (GHz)

Figure 6.27: Simulated |S;;| curves for different widths of the antenna with W=6mm
and L,=4.8mm.

B. The Effect of the Width of the Triangular Slot W,

The simulated |S;;| curves with L,=4.8mm and optimal antenna width W of
l6mm for different triangular slot widths W, are presented in figure 6.28. It is

observed in figure 6.28 that the |S;| curves change substantially with the variation of

W.. When W, increases from 2mm to 6mm the impedance matching of the antenna

N

gets better, however the higher edge of the bandwidth decreases. With the further

increase of W, from 6mm to 8mm the impedance matching of the antenna becomes

worse and the higher end of the bandwidth keeps reducing. The optimised triangular

slot width is found to be at ¥, =6mm.

137



Chapter 6 Printed Quasi-Self-Complementary UWB Antenna

1S441(@8)

Frequency (GHz)

Figure 6.28: Simulated |S;| curves for different widths of the triangular slot with
W=16mm and L,=4.8mm.

C. The Effect of the Height of the Triangular Slot L,

Figure 6.29 shows the simulated |S;;| curves for different triangular height L,
when W=16mm and W, =6mm, respectively. It is observed that the impedance
matching is also greatly dependent on the height of the triangular slot. When L, is

equal to 4.8mm, the -10 dB bandwidth covers an ultra wide frequency band; when

L, decreases to 2.8mm and 0.8mm, the lower edge of the bandwidth increases and
the impedance matching for L, =0.8mm becomes worse. When L, rises to 6.8mm

the lower edge of the bandwidth reduces, however, the impedance matching for mid

band is degraded. The optimal triangular slot height is found to be at L,=4.8mm.
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Figure 6.29: Simulated |S;;| curves for different heights of the triangular slot with
W=16mm and W=6mm.

6.4 Summary

A printed CPW-Fed quasi-self-complementary antenna is firstly investigated in this
Chapter. It is demonstrated numerically and experimentally that the proposed printed
quasi-self-complementary antenna can achieve an ultra wide impedance bandwidth,
from 1.3 GHz to 13.1 GHz. The antenna also exhibits a compact and small
dimension, only 0.22 4 at 1.3 GHz. The important parameters of the quasi-self-
complementary antenna are studied to derive the design rules. It has been shown that
the performance of the antenna is critically dependent on the matching section width

W, , slotted ground width W, , spacing s and the size of the half circular disc / slot .

Furthermore, an evolution of the proposed antenna is depicted to gain some insights
into the mechanism of the built-in CPW-like matching section. In addition, a
microstrip line-fed quasi-self-complementary antenna is also proposed and
investigated. It presents an even smaller dimension, 16mmXx25mm in physical size

and 0.24A in electrical size, respectively. Also, an ultra wide impedance bandwidth
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with reasonable radiation patterns is obtained. The results show that both types of
printed quasi-self-complementary antennas are good candidates for the UWB

applications.
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Chapter 7 Time Domain Behaviour of UWB
Antennas

As described in chapter 2, UWB systems often employ short pulses to deliver
information, in other words, enormous bandwidth is occupied. Therefore the
influence of the antenna on the transmitted signal emerges as a vital issue. The
antenna can not be treated as a “spot filter” any more but a “band-pass filter”. In this
regard, antenna parameters will have to be evaluated as functions of frequency and
some elemental antenna parameters need to be re-addressed or re-assessed within the
UWB definition scope and due to UWB’s unique features, it is essential to study
UWRB antennas from a time domain perspective [1-10]. Ideally, the received UWB
signal should maintain exactly the same shape as the source pulse. Practically, the
signal waveforms reaching the receiver usually do not resemble the input pulse at the
transmitter. The received signals normally are distorted in shape and sometimes
present a long tail termed the “ringing effect”. The antenna, therefore, should be
carefully designed to avoid unwanted distortions and a time domain study of UWB
antennas is indispensable.

In addition, according to the FCC regulations, emission limits should also be
taken into account. The spectra of radiated pulses should abide by the regulation to
evade potential interference between UWB and other existing wireless systems. Thus,
the source pulses also play a pivotal role on the performance of UWB systems.
Appropriately choosing the source pulse shape can maximise the radiated power
within the UWB band and satisfy the required emission limit [11, 12].

In this chapter, the CPW-Fed disc monopole antenna, illustrated in chapter 5,
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is exemplified to analyse its time domain characteristics. Firstly, the behaviour of
this antenna is assessed from a system point of view. Secondly, transmit and receive
responses of the CPW-Fed disc monopole are studied. Thirdly, the radiated power
spectral density of the antenna is examined in contrast to the FCC emission mask.
Finally, a convolution approach is applied to obtain the measured received signals

and the antenna system is evaluated by the “pulse fidelity”.

7.1 Behaviour of UWB Antenna System

7.1.1 Description of UWB Antenna System

Consider a typical transmitting / receiving antenna system in UWB radio systems

[12], as shown in figure 7.1.

{H -G
Zo Antenna Z
Zy Sq11(w) System Sxn(w) Zo
Vi(w) So1(W) | S1a(w) Vi{w)
- -0

Figure 7.1: Schematic diagram of UWB antenna system.

The Friis Transmission Equation relates the received power to the transmitted

power between two antennas [13], as given in equation 7.1.

2 y) 2
AT o

where P, P.:time average input power of the transmitting antenna and time average

P
P

P A A
)GrGt pt.pr

(a-[r/Ha-r,

t

output power of the receiving antenna; I',, I', : reflection coefficient at the input of

the transmitting antenna and the output of the receiving antenna; G,, G, : gain of the

2
transmitting antenna and the receiving antenna; |p,-p,| : polarisation matching
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factor between the transmitting and receiving antenna; A : operating wavelength; and
d: distance between the two antennas.
As UWB systems operate over a huge frequency range, all of the parameters

in equation 7.1 are frequency-dependent. The formula can be rewritten as follows:

2 ﬂ, 2
(mj (7.2)

For reflection and polarisation matched antennas aligned for maximum directional

P (o)
F(®)

= (1|1, (@) (1 -

T, (@))G, ()G, (w)‘ﬁ, (@) p, ()

radiation and reception, equation 7.2 reduces to:

£ ()
£ (@)

A\
= (7 7 6i(0)G, (@) (7.3)

The system transfer function, i.e. S,,, is defined to describe the relation between the

source and the output signal. According to figure 7.1, [V,(w)/2]’ = P(®)Z, ,

V2 (w)/2=P(w)Z,,s0 S, is given by:

S, (@) = V(@) | |B(@) Z, | o) = |5, (@)l
21 I/t(a)) E((()) 4ZO 21
H(0) = 4, () + ¢, (w)+% (7.4)

In equation 7.4, ¢ denotes velocity of light, ¢,(w) and ¢, (w) are the phase variation
related to the transmitting and receiving antennas, respectively.

It is evident in equation 7.2 and equation 7.4 that the transfer function is
determined by the characteristics of both transmitting and receiving antennas, such as
impedance matching, gain, polarisation matching and the spacing between the two

antennas. §,, also integrates all of the important system performance, such as path

loss and phase delay. Thus, it can be used to assess the behaviour of antenna systems.

In addition, the system response can be fully determined when the transfer
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function is known. To repress distortions in the received waveform, the transfer
function should feature a flat magnitude and linear phase response across the

operating band.

7.1.2 Measured Results of UWB Antenna System

The measurements of the antenna system were conducted inside an anechoic
chamber by using a HP 8720ES vector network analyser. The antenna system
consists of two identical UWB antennas, as illustrated in figure 7.2. As UWB
technology will be mainly deployed in short distance communications, thus in the
measurements the transmitting antenna and the receiving antenna are vertically
placed with a separation of d=1.2m. Furthermore, in order to evaluate the system
performances in different directions, the two antennas are measured in two various
orientations, namely face to face and side by side, respectively, as displayed in figure
7.3.

Antenna System

|
L o |
Transmitting Receiving
antenna antenna
Vector Network Analyzer

HP8720ES

Figure 7.2: Antenna system set-up.

| | | d |
| |

Face to Face Side by Side

Figure 7.3: Antenna orientations (top view).

For the CPW-Fed disc monopole antenna, the two discs face to each other in
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“face to face” orientation while in “side by side” scenario, the two CPW-Fed disc

monopoles are aligned along the same line with the two discs facing towards the

same direction.

The measured transfer function of the CPW-Fed disc monopole pair is plotted

in figure 7.4 and figure 7.5, respectively.
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Figure 7.4: Magnitude of measured transfer function of the CPW-Fed disc monopole
pair.
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Figure 7.5: (a) Phase of measured transfer function of the CPW-Fed disc monopole
pair (b) Zoomed in to 2 GHz — 6 GHz.
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Figure 7.6: Simulated gain of the CPW-Fed disc monopole antenna in the x-direction
and the y-direction.

It is seen in figure 7.4 that the magnitude curves of the transfer functions
coincide well with the antenna gain (as shown in figure 7.6). At lower frequency

range (less than 3 GHz), the y-direction (the direction which is parallel to the disc
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radiator) gain is quite close to that of the x-direction (the direction which is normal to
the disc radiator), consequently, the two magnitude curves for both cases, i.e. face to
face and side by side, are almost equivalent. Within the frequency range from 3 GHz
to 6.4 GHz, the y-direction gain gets smaller than that of the x-direction, therefore the
magnitude curve of face to face scenario is slightly higher than that of the side by
side scenario. Nevertheless, at higher frequencies (more than 6.4 GHz), the x-
direction gain declines dramatically with the increase of the frequency, in the
meantime, the y-direction gain rises significantly. So, the magnitude of the side by
side scenario becomes higher than the face to face scenario.

It is also observed that the operating band (-10 dB below the peak) of transfer
function for the face to face case ranges from 2 GHz to 5.8 GHz. Outside this band,
the magnitude curve wanes rapidly. This indicates the signal within the frequency
range of 2 GHz to 5.8 GHz will be received almost intact. For frequencies higher
than 5.8 GHz the frequency components will be further attenuated, which leads to
distortion of the total received signal. The operating band of side by side case is
narrower than the face to face case, from 2 GHz to 5.2 GHz and the magnitude curve
experiences a deep null at around 6 GHz.

As noticed in figure 7.5, the phase curves of the transfer functions for both
face to face and side by side scenarios are very alike. They are nearly linear over an
ultra wide frequency range from about 2 GHz to 6 GHz, as shown in figure 7.5 (b).
The non-linear attributes outside this range will result in distortions of the received
waveforms.

Usually, the radiation pattern, transfer function and gain (single direction) are
used as a metric to evaluate the UWB disc monopoles’ performance. However, these

measures are either taken at specific frequencies (radiation patterns) or at fixed
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directions (transfer functions). Therefore, an overall gain pattern is desired to
facilitate the antenna analysis. With this pattern, the gain is plotted against the angle
and frequency in one figure and it would be more revealing to examine the antenna
radiation behaviour with respect to parameters, i.e. frequency and azimuth angle.

Figure 7.7 depicts the azimuth gain pattern of the CPW-Fed disc monopole
antenna. It is shown in figure 7.7 that at lower frequencies, i.e. from 3 GHz to 5.5
GHz, the radiation patterns at x-y plane are omni-directional. With the increase of the
frequency from 5.5 GHz, non-omni-directional radiation characteristics occurs and
the notch will be firstly formed in the y-direction and eventually generated in the x-
direction. After 6 GHz, the gain starts to go up in the y-direction and it will reach
another peak at 10 GHz. In the x-direction, the gain also begins to rise after around 9
GHz. This behaviour again agrees perfectly with the plot of the transfer function, as
illustrated in figure 7.4. Clearly, with the help of this gain pattern, more information
about the antenna radiation behaviours can be obtained in all directions.
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Figure 7.7: Azimuth gain pattern of the CPW-Fed disc monopole antenna.

The gain drop in the y-direction could be explained as follows. From the

current distribution of this antenna, it is clearly seen that the current is mostly
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concentrated on the two edges of circular disc. Thus it can be treated as an antenna

array with two simple current elements, as shown in figure 7.8.

current element 1 ; current element 2

Figure 7.8: Circular disc approximated by two current elements.
The total electric field in the far field region can be expressed by equation 7.5:
E=E, +Ee"™’ (7.5)
where E, is the radiated field by current element 1 and fdcos@ is the current
element 2 phase advanced than current element 1, so equation 7.5 can be written as:
E=E,(1+e/?% (7.6)
when 6 =0 (y-direction), equation 7.6 reduces to:
E=E (+e™) (7.7
And there will be a null (no radiation) in the y-direction only if fd = 7. So when

A=2d , the dip of gain will appear at that corresponding frequency. This
approximation can be applied to the CPW-Fed disc monopole case. As the diameter
of the disc 27 is 25mm, the null of gain will show up at

A =2d =2x25mm = 50mm (7.8)

So,
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f=c/A=3x10°/50x10"" = 6GHz (7.9)
Therefore, this verifies the gain drop in the y-direction around 6 GHz. A current

distribution plot at 6 GHz is also plotted in figure 7.9.

ol AP R RN + ¢ ]
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-

Figure 7.9: Current distribution of CPW-Fed disc monopole antenna at 6 GHz.

7.2 Impulse Response of UWB Antenna

In section 7.1, the behaviour of the CPW-Fed disc monopole antenna is assessed

from a system point of view. The system transfer function S,, has integrated the

effects of both transmitting and receiving antennas. This section will investigate the
impulse response of the CPW-Fed disc monopole when it is used as transmitter and

receiver, respectively.

7.2.1 Transmitting and Receiving Responses

Consider a practical antenna whose performance is frequency-dependent. The

transmitting and receiving frequency (time) characteristics are expressed by A(w)

(a(t)) and H(w) (h(1)), respectively, as displayed in figure 7.10.
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f(t) Alw) | fr({) f(t), Hw) | fR(l;)

AR
(a®) (h)

Transmitting mode Receiving mode

Figure 7.10: Antenna operating in transmitting and receiving modes.

In addition, applying the principle of reciprocity, it can be shown that the
transmitting and receiving characteristics are linked by [14, 15]:

A(w) < joH (w) (7.10)

For the same stimulus f(¢) ( F(®) ), the transmitting response f,(¢#) and

receiving response f,(¢) can be represented by:
A .
£+ (0= F(@)A(@)e™ do (7.11)

A .
f2(0)=[F(0)H(0)e™ do (7.12)
Using equation 7.10, equation 7.11 can be rewritten as:
. j ot a
fT(t)OCJ.F(W)JwH(W)e’ dw=5f1e(f) (7.13)

Equation 7.13 indicates that the transmitting response is proportional to the temporal
derivative of the receiving response. As a result, f,(¢) and f,(z) will present
different shapes to the same stimulus f{?) ( F'(®)).

If the bandwidth B(Q,®,) of the stimulus F(w) is defined as [14]:

A
BQ,0,)=l0:|0|-o,|< 012}
where w,, Q> 0, o, is the centre frequency of the bandwidth.

Then equation 7.13 can be modified as:
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fr(t) oc % fo(®)= J.F(a)) joH (w)e’ dw = j |a)|F(co)H(a))ejw(Hm)da) (7.14)

In narrow band scenario, Q << @, , |a)| ~ w, , therefore equation 7.14 can be

approximated to:

0 jott+5") P
ff(t)Oca—fR(t)zchF(GJ)H(GJ)e "doox fi(t+5—) (7.15)
t 2w

c

In the extreme case of a sine wave signal f,(¢) = cos(w, +¢),
C he fle+ ) (7.16)
ot 20, '

which is not an approximation, but exact.

Thus, the antenna transmitting and receiving responses are approximately
equal up to scaling and shifting when the signal bandwidth is sufficiently narrow.

For ultra wide band case, the approximation (Q << @, ) leading to equation
7.15 is not valid. The transmitting response is proportional to the temporal derivative
of the receiving response, as shown in equation 7.13. However, this derivative

relationship can not be represented by scaling and shifting.

7.2.2 Transmitting and Receiving Response of CPW-Fed Disc

Monopole Antenna

The transmitting and receiving response of the CPW-Fed disc monopole antenna can
be obtained based on the frequency domain measurement results.
Consider the antenna system shown in figure 7.2 and figure 7.3 and assume

the two antennas are placed in free space, thus the system transfer function §,, (@)

with face to face orientation can be expressed as [14]:
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— jkd

d

81 (@) = A(@)H ()=

(7.17)

where A(w) and H(w) represents the transmitting and receiving characteristics of

the antenna, respectively; d is the spacing between the two antennas.

Applying the derivative relationship between A(w) and H(w), equation 7.17

may be given in various forms as:

— jkd 1 — jkd

e
y oc j—wA(a))A(a))

— jkd
€ o joH (0)H(w)<

Sy (@) = A(w)H (@) 7 7

(7.18)

Therefore, the transmitting characteristic A(w) (a(?)) and the receiving characteristic
H(w) (h(1)) can be calculated when the measured system transfer function S,,(®) is

known.

The transmitting and receiving characteristics of the CPW-Fed disc monopole
are shown in figure 7.11 and figure 7.12, respectively. The signal waveforms have
already been normalised to their respective maximum value. The results confirm the
disc monopole exhibits different but related characteristics when operating in

transmitting and receiving modes.

Impulse response of transmit antenna
0.8 ‘ T ‘

0.6r

0.4+

0.2

0

-0.2¢

Normalized signal level
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0 1 2 3 4 5 6

Time (ns)

Figure 7.11: Transmitting characteristic of CPW-Fed disc monopole antenna.
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Impulse response of receive antenna

Normalized signal level

Figure 7.12: Receiving characteristic of CPW-Fed disc monopole antenna.

If a first-order Rayleigh pulse with pulse parameter of a=45ps, as given in
equation 7.19 and figure 7.13, is used as the stimulus, the radiated pulse from the
CPW-Fed disc monopole can be obtained by convolving the stimulus with the

transmitting impulse response of the antenna, as illustrated in figure 7.14.

t
2t -7
p— a
ft)y=-"se (7.19)
a
1
0.8+ E
0.6 E
0.4} E
= 02t .
©
)
2] 0
o
&
T 02f .
s
0.4 i
06 ,
0.8} ,
_1 L L L L L L L L L
-1 0.8 0.6 0.4 -0.2 0 0.2 0.4 0.6 0.8 1
Time (ns)

Figure 7.13: First-order Rayleigh pulse with a=45ps.
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Figure 7.14: Radiated pulse from the CPW-Fed disc monopole antenna.

7.3 Radiated Power Spectral Density

As mentioned in chapter 2, UWB systems may incur interference to other existing
wireless systems since they operate over a huge frequency range, which covers many
occupied bands. Therefore, the emission limit is an important issue for the design of

both source pulses and UWB antennas.

7.3.1 Design of Source Pulses

The first order Rayleigh pulse, as given in equation 7.19, is widely used as the source
signal to excite the transmitter in UWB systems. The pulse parameter @ denotes the
characteristic time. Large a corresponds to wide waveform in the time domain but
narrow bandwidth in the frequency domain. Figure 7.15 displays the normalised
source pulses with three various pulse parameters. Their respective power spectral

densities (PSD) against the FCC mask are given in figure 7.16.
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Figure 7.15: First order Rayleigh pulses with different a.
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Figure 7.16: Power spectral densities of first order Rayleigh pulses with different a.

As shown in figure 7.16, the peak value position of the PSD as well as the 10
dB bandwidth, i.e. the frequency range confined by the points that are 10 dB below
the peak emission , increases with the decrease of a. When a=30ps, the PSD curve

culminates at 7.7 GHz with its 10 dB bandwidth spanning from 1.5 GHz to 16.6 GHz;
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when a increases to 45ps, the maximum value of PSD appears at 5 GHz with the 10
dB bandwidth reduced to 10.1 GHz, from 1 GHz to 11.1 GHz; with the further
increase of a to 80ps, the 10 dB bandwidth only ranges from 0.55 GHz to 6.2 GHz
with PSD peaking at 2.8 GHz.

Figure 7.16 also demonstrates that none of the three pulses can completely
comply with the FCC defined emission mask due to the high PSD at frequencies
lower than 3.1 GHz. Moreover, the pulse with a=30ps exhibits a high PSD level
within the frequency range between 10.6 GHz and 16.4 GHz. Comparatively, the
pulse with a=45ps is more adequate for UWB systems as its bandwidth matches the
UWRB band better while the bandwidth of a=80ps is a bit narrow.

It is feasible to shift the spectra of the first order Rayleigh pulse to UWB
band to fully satisfy the FCC’s emission limits by using continuous sine wave carrier
if the carrier frequency and the pulse parameter are properly chosen [16]. In addition,
it is shown that some higher order Rayleigh pulses [12] can conform to the FCC’s
indoor emission mask directly such as the fourth order Rayleigh pulse with a pulse

parameter of a=70ps, as presented in equation 7.20, figure 7.17 and figure 7.18.

12 48

T4 6
a a

6 =1 -1+ Ly e (7.20)
a

Normalized Signal Level

-0.81

1 I I I
0.5 0.75 1 1.25 1.5
Time (ns)

Figure 7.17: Fourth order Rayleigh pulse with a=70ps.
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Figure 7.18: Power spectral density of fourth order Rayleigh pulse with a=70ps.

Despite the power spectral density of the first order Rayleigh pulse can not
completely meet the FCC’s emission mask, it is widely employed in UWB systems
because of its simple monocycle waveform which can be easily produced by RF
circuits. Therefore in this chapter, this type of signal is still used as the source pulse

to investigate the time domain performances of the UWB antenna.

7.3.2 Radiated Power Spectral Density of CPW-Fed Disc Monopole

Antenna

In the previous section, it has been demonstrated that the antenna transmitting
characteristic can be calculated based on the measured system transfer function.
Therefore, the radiated pulse can be easily obtained through the convolution of input
pulse and the antenna transmitting response.

The power spectral densities of the radiated pulses for face to face orientation
against the FCC emission mask are plotted in figure 7.19 and figure 7.20,
respectively. Here, the first order Rayleigh pulse with a=45ps and the fourth order

Rayleigh pulse with a=70ps, as discussed in the previous section, are employed as
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the source signals to drive the CPW-Fed disc monopole. Their corresponding power

spectral densities are also depicted in the figures to compare with the radiated ones

accordingly.

Power Spectral Density (dBm/MHz)

FCC's indoor mask
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Figure 7.19: Radiated power spectral density with the first order Rayleigh pulse of
a=45ps.
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Figure 7.20: Radiated power spectral density with the fourth order Rayleigh pulse of
a=T70ps.

As shown in figure 7.19, when the source signal is the first order Rayleigh
pulse with a=45ps, the radiated PSD is compliant with the FCC emission mask at
most part of the frequency band except at the frequencies lower than 3.1 GHz, which

is mainly owing to the high spectra level of the source pulse within this frequency
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range. At around 9 GHz, the radiated PSD undergoes a deep null, which agrees well

to the system transfer function S,,, as given in figure 7.4.

It is comprehensible that the fourth order Rayleigh pulse with a=70ps can
result in a radiated PSD fully compliant with the FCC indoor mask since the source

pulse spectra completely satisfy this emission limit, as shown in figure 7.20.

7.4 Received Signal Waveforms

For a UWB system, as shown in figure 7.2, the received signal is desired to resemble
the source pulse with minimum distortions. The received waveform is determined by
both the source pulse and the system transfer function which has already considered
the effects from the entire system including the transmitting and receiving antennas.
The transfer function measured by the vector network analyser is a frequency
response of the system. However, the frequency domain information can be
transformed to the time domain. Here, Hermitian processing is used for the data
conversion [17], as illustrated in figure 7.21. Firstly, the pass-band signal is obtained
with zero padding from the lowest frequency down to DC (Direct Current). Secondly,
the conjugate of the signal is taken and reflected to the negative frequencies. The
resulting double-sided spectrum corresponds to a real signal, i.e. the system impulse
response. It is then transformed to the time domain using Inverse Fast Fourier
Transform (IFFT). Finally, the system impulse response is convolved with the input

signal to obtain the received pulse.
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ﬂ‘ l:- Zero-padding

i

Conjugate transformation

Figure 7.21: Hermitian processing (Reproduced from [17]).

As previously mentioned, the received UWB signal pulses practically do not
resemble the source pulses and normally are distorted in shape. Therefore a measure
of the similarity between the received pulse and the input pulse is highly desirable
and valuable to indicate how good the performance of the UWB antenna system is. A
well-defined parameter termed fidelity [7] is proposed to evaluate the quality of a

received pulse waveform, as given in equation 7.21.

| T F(@)s (¢ +7)dt
F = max =

(7.21)
: \/ [Trrwa s war

where the source pulse f(¢) and the received pulse s,(#) are normalised by their

energy. The fidelity factor F' is the maximum correlation coefficient of the two
signals by changing the time delay 7. It denotes the similarity between the source
pulse and the received pulse. When the two signal waveforms are equivalent to each
other, the fidelity reaches its peak, i.e. unity, which indicates the antenna system does
not distort the input pulse at all. In the extreme scenario that the two pulses are

totally different in shape, the fidelity reduces to the minimum value of zero.
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Practically, a UWB system yields a fidelity between 0 and 1. Clearly, a high fidelity
is always desirable.

When the first order Rayleigh pulse with a=45ps is selected as the input
signal, the received pulse of the CPW-Fed disc monopole antenna are illustrated in

figure 7.22.
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Figure 7.22: Received signal waveforms by the CPW-Fed disc monopole antenna
with the first order Rayleigh pulse of a=45ps as the input signal.

The received waveforms of the two cases, i.e. face to face and side by side,
match with each other very well. The pulse waveforms generally follow the shape of
the source pulse with slight distortions. The calculated fidelity F is 0.75 for face to
face scenario and 0.63 for side by side scenario.

The distortions of the received pulse waveforms can be explained by

comparing the bandwidths between the system transfer function S, and the

spectrum of the source pulse, as illustrated in figure 7.23.
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Figure 7.23: Spectrum of transfer functions and the first order Rayleigh pulse with
a=45ps.

The input signal possesses a power spectrum from 1 GHz to 11.1 GHz at -10
dB points. However, the operating band of the transfer functions, as presented in
figure 7.4, are much less than that of the source pulse spectrum. That indicates the
input signal frequency components outside the transfer function bandwidth can not
be efficiently transmitted by the CPW-Fed disc monopole. In addition, it is observed
there are some non-linear parts in the phase curves of the transfer functions, as
displayed in figure 7.5. As a result, the received waveforms suffer some distortions.

Moreover, the transfer function curves (both the magnitude and the phase) of
the two cases are very similar within their corresponding operating bands, resulting
in similar received pulse waveforms. However, face to face scenario features a flatter
magnitude curve, which means the signal frequency components are received more
equally, leading to a higher fidelity than side by side scenario.

The further investigation shows that the distortions of the received signals
may be mitigated if the source pulse bandwidth were to fully fit into the band of the

system transfer function.
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Consider a Gaussian pulse modulated by a continuous sine wave carrier, as

given in equation 7.22.

£@t) =sinQaf.1)e ' (7.22)

where the carrier frequency f, is set at 4 GHz and pulse parameter a at 380ps.
The pulse waveform of the modulated Gaussian pulse and its corresponding
spectrum are plotted in figure 7.24 and figure 7.25, respectively. It is seen that the
spectrum peaks at 4 GHz with a -10 dB bandwidth from 2.7 GHz to 5.2 GHz, which

indicates the major energy of the signal is completely shifted into the operating band

of the system transfer function.
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Figure 7.24: Modulated Gaussian pulse with fc=4 GHz and ¢=380ps.
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Figure 7.25: Spectrum of modulated Gaussian pulse with fc=4 GHz and a=380ps.
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When the modulated Gaussian pulse is excited to the CPW-Fed disc
monopole pair, the received signal waveforms are very similar to the source pulse in

both orientations, as shown in figure 7.26.
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Figure 7.26: Received signal waveforms by the CPW-Fed disc monopole with
modulated Gaussian pulse (fc=4 GHz, a=380ps) as the input signal.

The calculated fidelity is 0.9958 for face to face case and 0.9956 for side by
side case, much higher than those when the first order Rayleigh pulse is applied as
the source signal. A remarkable improvement of received signal quality has been
achieved by using the modulated Gaussian pulse.

The calculated fidelities for different source pulses are tabulated in table 7-A.

Table 7-A: Fidelity for the CPW-Fed disc monopole antenna pair.

1% order 1*" order 1% order 4™ order Modulated

Rayleigh Rayleigh Rayleigh Rayleigh Gaussian

a=30ps a=45ps a=80ps a=70ps a=380ps
Face to Face 0.6315 0.7474 0.8369 0.9006 0.9958
Side by Side 0.6229 0.6303 0.8599 0.9250 0.9956
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According to the table 7-A, a fidelity greater than 0.995 is achieved for both
orientations when the modulated Gaussian pulse is employed as the source pulse.
This is well understood because the pulse spectrum is fully located within the band
of the system transfer function. Most of frequency components can be received
efficiently and equally. Therefore, the antenna system does not incur distortions to
the signal.

For the fourth order Rayleigh pulse with a=70ps, its spectrum matches well
with the 3.1 GHz — 10.6 GHz UWB frequency band, as plotted in figure 7.18. The
upper end of the transfer function operating band is at about 6 GHz, less than 10.6
GHz. Signal frequency components between 6 GHz and 10.6 GHz are attenuated
dramatically, resulting in some distortions in the received signal waveforms.

The spectrum of the first order Rayleigh pulse is critically dependent on the
pulse parameter a. A larger a corresponds to a wider waveform in the time domain
but a narrower spectrum bandwidth in the frequency domain, as illustrated in
equation 7.19. For a=80ps, the spectrum bandwidth ranges from 0.55 GHz to 6.2
GHz. The upper frequency end of the signal spectrum is close to that of the transfer
function, but the lower end is smaller than that of the transfer function. That indicates
some low frequency components of the pulse are filtered by the antenna system.
With the decrease of a, the spectrum bandwidth becomes wider, and some high
frequency components are also filtered. Consequently, the fidelity value gets smaller

and it is even lower than 0.7 for both orientations when a=30ps.

7.5 Summary

In UWB systems, the antenna serves as a bandpass filter and reshapes the signal

spectrum. The antenna transmitting response is related to its receiving response by a
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temporal derivative. As a result, the signal waveform arriving at the receiver usually
does not resemble the input pulse.

To achieve a high fidelity, which represents the similarity between the input
pulse and the received one, the system transfer function should feature a flat
magnitude with linear phase within the operating band. Furthermore, the spectrum of
the source pulse should match the transfer function. Therefore, the received pulse
waveform is dependent on both the antenna system and the source pulse.

The first order Rayleigh pulse has a simple monocycle shape. However, its
power spectral density can not completely abide by the FCC defined emission mask.
In addition, the acquired fidelity may be quite low owing to the mismatch between
the pulse spectrum and the operating band of the transfer function. Some higher
order Rayleigh pulses (for instance, the fourth order pulse with a=70ps) can fully
meet the FCC emission mask, which makes it competent for DS-UWB systems.
Applying the modulated Gaussian pulse, a very high fidelity can be obtained and the
received signal does not suffer many distortions. Thus, this relatively narrow band

pulse with carrier is appropriate for MB-OFDM UWB systems.
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Chapter 8 Conclusions and Future Work

8.1 Summary

UWRB is a promising technology which will bring the convenience and mobility of
wireless communications to high-speed interconnections in devices throughout the
digital home and office. As a critical part of the entire UWB system, the antenna
presents a particular challenge since there are more strict requirements for a
competent UWB antenna compared with its narrow band counterpart. In addition, in
order to be easily integrated into space-limited systems, UWB antennas with small
and compact size are highly desirable and essential to a wide variety of applications.
Therefore, the antenna miniaturisation and analysis for UWB systems are conducted
in this thesis.

The loaded orthogonal half disc monopole antenna stems from an original
orthogonal half disc monopole by inserting a pair of loading strips between the half
disc and the ground plane. Studies show that the loading strip width and position as
well as the ground plane are the three prime parameters affecting the performance of
the loaded orthogonal half disc monopole antenna. It has also been demonstrated that
the ground plane size can be properly reduced for making the antenna more compact.
The emergence and enhancement of the first resonance due to the loading technique
result in the widened bandwidth at the lower frequency band and a summary of the
design rules has been given for achieving the ultra wide impedance bandwidth in a
loaded orthogonal half disc monopole antenna. Both simulation and measurement
have demonstrated that the loaded orthogonal half disc monopole can achieve an

ultra wide impedance bandwidth, covering the frequency band allocated by the FCC,
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and maintain omni-directional radiation patterns over the entire operating band. Most
importantly, the loaded orthogonal half disc monopole antenna has realised 64%
physical size reduction and 68.8% equivalent size reduction in volume compared
with the original design therefore demonstrating the feasibility of the loading
technique to the miniaturisation of UWB antennas.

The printed half disc monopole antenna evolves from an original printed
CPW-Fed circular disc monopole. It has been shown that a remarkable 65% physical
size reduction in area can be achieved for the printed disc monopole antenna for
UWB systems by simply halving the original antenna and adjusting the width of the
coplanar ground plane. The printed half disc monopole antenna exhibits an even
wider impedance bandwidth at the lower band. It has been revealed that the
prolonged current path due to the removal of the right-hand side ground plane causes
the wider impedance bandwidth at the lower end. Investigations also indicate that the
half disc element is capable of supporting multi resonant modes and these modes are
closely distributed. The overlapping of these resonances leads to the UWB
characteristic. The half disc monopole behaves like a pure standing wave mode at the
first resonance and a hybrid mode of standing and travelling waves at higher order
resonances. Thus the printed half disc monopole features a similar operating
principle with the original UWB antenna. In addition, design rules are also provided
to achieve the ultra wide impedance bandwidth in a printed half disc monopole
antenna.

The printed CPW-Fed quasi-self-complementary antenna excited by a 50Q
coaxial cable without additional matching circuit can achieve an ultra wide
impedance bandwidth, from 1.3 GHz to more than 12 GHz. The antenna presents a

compact and small dimension, only 0.22 4 at 1.3 GHz. The vital parameters of the

172



Chapter 8 Conclusions and Future Work

quasi-self-complementary antenna are also investigated to derive the design rules. It
has been shown that the antenna performance is primarily dependent on the matching
section width, slotted ground width, spacing between the disc and the slot, and the
size of the half circular disc / slot. In addition, an evolution of the antenna is
illustrated to acquire some insights into the mechanism of the built-in CPW-like
matching section. It has been demonstrated that by adding a CPW-like matching
section, a good impedance matching to the 50 Q2 feed can be achieved over the UWB
band therefore the effectiveness of the built-in matching section is verified.
Furthermore, it is presented that a massive 74% equivalent size reduction in area can
be realised in the printed quasi-self-complementary antenna compared with the
original CPW-Fed disc monopole design. The microstrip line-fed quasi-self-
complementary antenna exhibits both physically and electrically small dimensions,
I6mmx=25mm in physical size and 0.24\ in electrical size, respectively. Also, an
ultra wide impedance bandwidth with reasonable radiation patterns is obtained.

The time domain performance of the CPW-Fed circular disc monopole
antenna is also studied in this thesis. The received signal waveform is determined by
both the transmitting / receiving antennas and the source pulse. The antenna system
transfer function should feature a flat magnitude and linear phase response over the
operating band in order to obtain high fidelity. In addition, the spectrum of the source
signal should match the operating band of the system transfer function. Various
pulses, i.e. the first order Rayleigh pulse, the fourth order Rayleigh pulse and the
carrier-modulated Gaussian pulse, are studied and chosen as the source pulse for the
CPW-Fed circular disc monopole antenna system. Investigations have indicated that
a high signal fidelity is obtained by applying the carrier-modulated Gaussian pulse

since its spectrum matches the antenna system transfer function well.
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8.2 Key Contributions

The major contributions in this thesis are detailed as follows.

Firstly, a loaded orthogonal half disc monopole antenna is proposed and
realised by introducing a pair of loading strips. The loaded antenna exhibits 64%
physical size reduction and 68.8% equivalent size reduction compared with the
original design. In the meantime, the loaded antenna can still achieve ultra wide
impedance bandwidth covering 3.1 GHz — 10.6 GHz and maintain omni-directional
radiation properties.

Secondly, a printed half disc monopole antenna is proposed and realised by
simply halving the original antenna design and tuning the ground plane width. The
printed half disc monopole can still retain an ultra wide impedance bandwidth and
even exhibit a bit wider bandwidth at the lower band. The operating principle as well
as the reason for the widened bandwidth at the lower end is illustrated.

Thirdly, novel and simple printed quasi-self-complementary antennas are
proposed and realised by exploiting a half circular self-complementary structure. The
CPW-Fed printed quasi-self-complementary antenna features an ultra wide
impedance bandwidth, ranging from 1.3 GHz to more than 12 GHz. Also, compared
with current UWB antenna designs published in the literature, this quasi-self-
complementary antenna offers a rather small electrical size, only 0.22 4 at the lowest
frequency of the bandwidth. Moreover, the microstrip line-fed quasi-self-
complementary antenna presents both physically and electrically small dimensions,
16mmx25mm in physical size and 0.24A in electrical size, respectively. Most
importantly, the proposed printed quasi-self-complementary antennas are excited by
a 50Q coaxial cable without using an extra matching network. Thus, these antennas

can be easily integrated with the RF front end.
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Lastly, the time domain behaviour of the CPW-Fed disc monopole antenna is
evaluated in this thesis.

All of these antennas proposed in the thesis demonstrate the feasibility of
UWRB antenna miniaturisation by using different methods which makes them suitable

for space-limited systems.

8.3 Future Work

UWB antenna miniaturisation and analysis is a hot topic at present. Some aspects of
the work presented here can be further investigated and improved. Future work can
be performed in the following areas:

Firstly, it has been noticed that both the printed half disc monopole antenna
and the printed quasi-self-complementary antenna exhibit distorted radiation patterns
at higher frequencies. Further research may focus on finding out methods to
overcome this problem.

Secondly, all the antenna measurements in this thesis are conducted inside an
anechoic chamber. However, in practical UWB systems, antennas may be embedded
inside a laptop or other terminals. Therefore, devices’ effects on antenna
performances need to be studied. In addition, the human body impact on antennas
mounted on portable devices should also be considered.

Thirdly, this thesis only focuses on the research for single UWB antenna
elements. Nevertheless, for some directional systems, a high gain is required to
achieve the quality of the communication link. Thus, the research on antenna array
can be carried out in the future work.

Fourthly, with the self-complementary structure, antennas can be scaled down

to a very compact size for other applications, such as 2.45 GHz band on-body
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communications. Therefore, potential compact antenna designs exploiting the self-
complementary structure for on-body communications can be studied in the future
work.

Lastly, good time domain behaviour is a vital requirement for UWB antennas.
Further investigations can be conducted to evaluate the time domain performance of
the other three UWB antennas, i.e. the loaded orthogonal half disc monopole antenna,
the printed half disc monopole antenna and the printed quasi-self-complementary

antenna.
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