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Abstract 

The rapid development of high speed wireless communications as well as other 

applications such as microwave imaging place extraordinary demands on spectrums for 

which ultra-wideband (UWB) and multi-band, e.g.: dual-band, techniques are useful. 

These UWB and multi-band services require UWB and multi-band antenna designs. 

Motivated by these applications, we first carried out the investigations on the family of 

square plate monopole (SPM) antennas for UWB applications. The family of square 

plate monopole (SPM) UWB antennas yields quite attractive features , viz.: ease of 

fabrication and freedom of dielectric n1aterial selection. Next, we considered the use of 

coplanar waveguide (CPW) fed printed UWB antenna for compact, body-worn 

applications. We investigated the antenna performance using empirical optimisation. 

The work on CPW-fed printed antennas has led to the development of multi-band 

antennas also. 

For UWB antennas, we have first considered the modifications of well know square 

plate monopole (SPM) antennas. Our approach differs from other similar approaches on 

SPM antennas published in the literature. We have introduced symmetrical 

modifications to both bottom and top portions of the SPM antenna element. This has led 
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to the development of these types of symmetrically modified SPM antennas, VIZ.: 

symmetrically beveled SPM (SB-SPM) antenna, symmetrical semi-circular base SPM 

(SSCB-SPM) antenna and symmetrically notched SPM (SN-SPM) antenna. All these 

antennas have been empirically optimised using Feko® and the theoretical and 

experimental results are provided, in the point of view of reflection coefficient, radiation 

characteristics, phase response of antenna transfer function and time domain response. 

For better suiting the compact and body-worn UWB applications, we have investigated 

the design of CPW-fed printed antenna. We have explored the antenna characteristics 

using empirical optimisation. The theoretical and experimental results for the completed 

CPW-fed printed antenna are provided, in the point of view of reflection coefficient, 

radiation characteristics, phase response of antenna transfer function, group delay and 

time domain response. 

Lately, for multi-band antennas, we have investigated the design of multi-band printed 

antennas, which are fed by CPW, to suit emerging design requirements . Two CPW-fed 

dual-band printed antennas for GSM and DCS/PCS a·s well as DCS/PCS and IEEE 

802.11 b applications are proposed, which have C-shape and T -shape structures 

respective1y. The theoretical and experimental results for these antennas are provided, in 

the point of view of reflection coefficient and radiation characteristics. 

Due to the use of substrate material for the designs of UWB CPW-fed printed antenna 

as well as C-shaped and T-shaped dual-band CPW-fed printed antennas, the effects of 

substrate material tolerances on UWB characteristics and dual-band characteristics are 

investigated. Furthermore, as these UWB and dual-band CPW-fed printed antennas are 
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the promising candidates for wireless body-worn applications, which include wireless 

body area network (WBAN), the interactions between them and lossy material, such as 

human tissue, are investigated, which might help to decide the suitability of them for 

wireless body-worn applications. 
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Chapter 1 

Introduction and Overview 

1.1 Introduction to Ultra-Wideband (UWB) Wireless Systems 

Traditionally, wireless communication systems are based on narrow-band technique, 

which transmits and receives sinusoidal waves and is capable of catering for current 

communication loads. However, these conventional communication systems gradually 

become overloaded with increasing demand for high-quality text, sound, picture and 

motion, which are generally cal1ed by a joint narne as multimedia and occupy wider 

operational bandwidth to maintain qualified transmission compared with the 

transmission of text and sound only. Therefore, high speed reliable wireless 

communication solutions are on demand, where increasing operational bandwidth is a 

potential and promising option. Thus, it is expected that wideband and ultra-wideband 

(UWB) technologies will become the main stay of future high speed wireless 

communication systems, such as those proposed for wireless personal area networks 

(WPAN) and wireless body area networks (WBAN). 

When compared with wideband technology that was modification of narrow-band 

technique, UWB technology is a totally different concept. UWB technology was first 

introduced in around 1960s' [1], which is based on a baseband technique, where trains 
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of baseband pulses are transmitted. These pulses can be modulated according to 

different requirements. Furthermore, the baseband pulses do not require any microwave 

carriers in the original design. Thus, UWB technology can result in a very low cost, 

since it might only be composed of a pulse generator, a timing circuit and an antenna. 

In order to implement UWB technology for commercial applications, Federal 

Communication Committee (FCC) stipulated regulations for operating UWB recently. 

The frequency band ranging from 3.1 GHz to 1 0.6GHz is reallocated for the unlicensed 

UWB applications for short range communications, and a lower UWB band for medical 

imaging and other applications. However, FCC stipulated a template on equivalent 

isotropic radiated power (EIRP) on other parameters. In the case of communication 

applications, the EIRP should be less than -41.3dBm!MHz in the UWB band [3], which 

is plotted for the sake of clarity in Fig. 1.1. Also, the full ranges of EIRP criteria for 

indoor and outdoor UWB communication systems are also shown in Fig. 1.1 as well. 

Additionally, FCC redefined the UWB signal as one whose fractional or occupied 

bandwidth is greater than 20% or 500MHz at a -1 OdB level. 

In tenns of UWB technology, it is found that the transmitting and receiving pulses can 

occupy extremely wide bandwidth in the reallocated UWB band ranging from 3.1 GHz 

to 1 0.6GHz. Therefore, the widths of these pulses would be extremely narrow. With the 

characteristics of extremely narrow transmitting and receiving pulses, UWB technology 

features very good im1nunity of multi-path, as the pulses yield very fine time resolution. 

In addition to this, these pulses can help in applications where the penetrations of UWB 

signals are of interest. Furthennore, due to the low equiptnent cost, UWB technology is 

able to target at relatively low power consumption of less than 1OOm W, which is much 

less than the one for IEEE 802.lla of 1500-2000mW. At last, the targeted transmission 

power of UWB technology for wireless communication systems is relatively lower of 

lmW, compared with those for IEEE 802.11a of 1 Wand 2G CeJJular of IOmW, which 

leads to extremely low power spectral density (PSD) over the UWB band and higher 

protection for detecting media transmission. To sum up, therefore, it is more promising 

and expected to apply UWB technology in the burgeoning wireless communication 

systems, as it shows more attractive features than wideband technology. 
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On the other hand, due to the use of extremely narrow pulses in UWB technology, it is 

found that these pulses are normally shorter than the imaging target dimensions 

therefore making the reflected pulses not only change with respect to the amplitude and 

time shift but also with respect to the pulse shape [2]. This approach is also very 

promising and expected to revolutionise the traditional imaging systems, which 

typically consider targets as point scatterers, to include innovative microwave imaging 

with the introduction of UWB technology. 
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To comply with the standardisation requirements and also to bring forth these 

fascinating characteristics shown by UWB technology to fruition, two distinct 

operational schemes, the single-band operational scheme and multi-band operational 

scheme, have been proposed. The single-band operational scheme follows the 

conventional way to utilise the whole UWB band and transmits single or few pulses 

which may be shaped to occupy the frequency band fully or partially. On the other hand, 

the multi-band operational scheme subdivides the reallocated UWB band into several 

sub-bands and transmits much broader modulated source pulses shaped to each sub-

band, which might ease the challenges in hardware implementations [4]. Though both 

operational schemes can demonstrate the fascinating features of UWB technology in 

wireless communication and imaging systems, only the single-band operational scheme 

will be considered in this thesis with regards to antenna design and the results can easily 

be extended to other forms of U\VB . 
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Systems 
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As mentioned above, UWB technology features wireless communication systems with 

relatively low power consumption owing to its low equipment cost, and furthermore 

UWB technology enables these communication systems to provide ultra wide 

impedance bandwidth, multi-path immunity, good signal penetration, low power 

spectral density (PSD) over the UWB band and high security of detection for media 

transmission. Therefore, it is no doubt that UWB technology fits the demand very well 

for the short range indoor wireless communication systems, as the low equipment cost 

features the systems with compact size and light weight and low transmission power 

constraints the transmission range as well as the amount of radiated electromagnetic 

fields that could impinge on nearby humans. Furthermore it enhances the security level 

for the media transmission as one of the benefits of low PSD is low probability of 

detection. In addition to those, ultra wide impedance bandwidth, multi-path immunity, 

good signal penetration guarantee the high data rate for reliable multimedia 

transmission. 

It is noted that there already exists short range indoor wireless communication systems 

which have been originally derived fron1 the traditional narrow-band wireless 

communication systems. But the UWB technology based short range wireless 

con1munications increases reliability, data rate and transmission speed that makes it 

more suitable for indoor operational environments, such as offices, museums and 

hospitals. Here, we present a brief historical overview. The origin of wireless 

communications reaches way back to ancient times, when the light, smoke and flag 

were first used for signalling messages [9]. Since the early Han dynasty (206BC-24AD) 

in ancient China, light was used for transmitting and receiving messages along a line of 

signal towers towards the capitol Chang'an (now called as Xi'an). It was also reported 

that smoke signal was used for communication by Polybius, Greece, as early as 150BC. 

Furthermore, since its first use in ancient times, flag signal still keeps its important role 

for wireless communications nowadays, although radio transmission technology has 

changed the way we send these flag signals. A sailor has to know some codes 

represented by flags if all other means of wireless comtnunications fail. However, due 

to the limited range that could be covered and low efficiency of these communications, 
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the development of wireless communications, such as the optical telegraph invented by 

Claude Chappie in 1794, was once bounded and even later overtaken by wired 

communication, since the first commercial telegraph line was built between Washington 

and Baltimore in 1843. 

However, since the discovery of electromagnetic waves and subsequent development of 

modulation and coding technology, wireless communications has improved rapidly. 

Especially since the beginning of last two decades, wireless communications has started 

to intrude into our daily life, when Nordic mobile telephone (NMT) system was first 

agreed upon by the northern European countries of Denmark, Finland, Norway and 

Sweden in 1981 [9]. Within the last two decades, rapid development took place in 

wireless communications which revolutionised the way we communicate. Wireless 

communications can be categorised into cellular, satellite, cordless phone and wireless 

local area networks (LAN), each based on their functions and scopes of applications. 

All these applications may be integrated and supported by one communication device in 

the future. 

For cellular communications, GSM, DCS, PCS, CDMA and GPRS are well-known 

existing standards, while for wireless LAN, IEEE 802.1 1 a/b/g, Bluetooth and 

HiperLAN/x etc. are the well known standards. 

However, due to the increasing demand for communicating usmg high-quality 

multimedia, high-speed reliable communication solutions are ca11ed for, where 

increasing operational bandwidth is one of the most potential and promising options. 

Furthermore, good multi-path im1nunity and signal penetration would guarantee the 

high quality thus benefiting the wireless communications in complex indoor 

environments, where more scatters are located than open outside areas. In addition, low 

equipment cost, reduction in sizes and weights of these wireless communication 

systems is also happening before our eyes. The constraint on low transmission power 

would not only reduce the exposure of radiated electromagnetic field towards humans 

but also enhance the security level of media transmission between these areas. The 

increased operational bandwidth can directly enhance the data speed. Thus, it is 

expected that UWB technology will be highly suitable for short range indoor wireless 
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communication applications, such as wireless personal area network (WP AN) and 

wireless body area network (WBAN), as it has fascinating features. 

In terms of wireless personal area network (WPAN), it can be categorised into high-rate 

WPAN (IEEE 802.15.3 standard) [157] and low-rate WPAN (IEEE 802.15.4 standard) 

[158]. In the point of view of the high-rate WPAN, the salient characteristics are: 

• Ability to form ad hoc connections with QoS support for multimedia traffic 

• Ease of joining and leaving an existing network 

• Advanced power management to save battery power 

• Low-cost and -complexity MAC and PHY implementations optimised for short-

range (less than 1Om) communications 

• Support for high-speed data rates, up to 55Mb/s, for video and high-quality 

audio transmission 

Although these two standards define the WPAN applications operating at 2.4GHz 

industrial, scientific and medical (ISM) band with traditional narrow-band technique, it 

is no doubt that the salient characteristics of the high-rate WP AN can be further 

upgraded with the application of UWB technology, as it shows the fascinating features 

previously. 

Many applications for consumer electronics and portable communications devices 

warrant the services of high-rate WPAN. These applications can be grouped into two 

general categories. The first involves bulky data file transfers. There is often a need to 

transfer digital files (such as pictures and videos) from some digital storage devices 

(such as digital cameras and camcorders) to a central repository (such as servers and 

personal computer). The second includes the distribution of real-time video and high-

quality audio. One of the most popular applications could be a wireless playback feature 

for a digital camcorder on a TV screen. It is observed that the advantages of UWB 

technology over the traditional narrow-band technique can better facilitate the 

performance improvement for these high-rate WPAN applications. 

For example, for the complex indoor environments, such as hospitals and nursmg 

homes, UWB technology could be used. In these scenarios, the short range wireless 
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communication systems require high multi-path immunity and good signal penetration 

for reliable media transmission, need low transmission power for reducing 

electromagnetic exposure effects on patients and interference to existing medical 

equipments. Also, high data rate transmission is required for medical images and videos 

transmission inside hospitals. These indoor wireless communication systems comprise 

one of the integral parts of the telemedicine systems [10-16]. It is observed that UWB 

technology can be one of the best communication solutions for these short range indoor 

wireless communications. 

It is also noted that there is a demand for communicating as well as for remote 

monitoring of vital signs of pati.ents without affecting their mobility inside a confined 

indoor environments, such as hospitals and nursing homes. These communications 

require body-worn devices which form the short range wireless body-worn networks. 

These networks in tum are expected to communicate to other areas through existing 

communication infrastructure via special hubs. Therefore, short range indoor wireless 

communications based on UWB technology should also include features for body-worn 

applications for wireless body area networks (WBAN), so as to ensure the continuity of 

communications between people in these indoor environments. 

For the wireless body area network (WBAN), one can consider it to be the extension of 

WPAN to body area. It provides 1nedical, sports, or entertainment functions for the 

users. This network comprises a series of miniature sensor/actuator nodes, each of 

which has its own energy supply, consisting of storage and energy scavenging devices. 

Each node is able to communicate with other sensor nodes or with a central node worn 

on the body, or a master (the special hubs mentioned above). Since these WBAN nodes 

get their power from rechargeable batteries or by energy harvesting, some critical 

technological obstacles have to be solved before the successful realisation of this vision 

[ 159-160], which are: 

• The overall size should be compatible with the required form factor. 

• The energy autonomy of current battery-powered devices is limited and must be 

extended. 

• The energy consumption of all building blocks needs to be drastically reduced to 

allow this energy autonomy. 
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Compared with the traditional narrow-band technique, UWB technology has stronger 

advantages for these WBAN nodes. Indeed, in UWB technology, the transmitter only 

needs to operate during the pule transmission, producing a strong duty cycle on the 

radio and the expensive baseline power consumption is minimised. Moreover, since 

most of the complexity of UWB communication systems is in the receiver, it allows the 

realisation of an ultra-low power, very simple transmitter and shifts the complexity as 

much as possible to the receiver in the master 

1.1.2 UWB for Microwave Imaging Systems 

UWB technology is not only useful for wireless communication applications, but also 

for microwave imaging systems due to its attractive features . It is discussed above that 

UWB pulses are normally shorter than the imaging target dimensions therefore making 

the reflected pulses not only change with respect to the amplitude and time shift but also 

with respect to the pulse shape [2]. This approach leads to a very promising and 

expected stay for UWB technology for tnicrowave imaging systems. It is known that 

detecting malignant tumours, such as breast cancer, inside normal tissues at their 

earliest stages is looked upon as the best hope for successful treatments and therapies 

[17]. In contrast to the limitations of conventional X-ray mammograms, several 

complementary modalities for this function are under investigations. Active microwave 

imaging is one pr01nising alternative screening technology that is non-ionising, non-

invasive, and does not require breast compression [18-19]. It transmits low-power 

electromagnetic waves into the target tissue and the electromagnetic waves undergo 

scattering or selective heating/absorption due to the dielectric contrast between 

malignant tumour and normal tissue at microwave frequencies. The received signals are 

processed to extract information about the tissue dielectric-properties distribution or 

other tissue characteristics of the target tissue. 

Recent research in active microwave 1magmg can be divided into three categories: 

hybrid microwave-induced acoustic imaging [20-21 ], microwave tomography [22-23] 

and UWB radar techniques [24-25]. In hybrid i1naging, microwave signals are 

transmitted into the tissue to heat tumours and ultrasound transducers detect the 
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pressure waves generated by tumour expansion. In tomographic imaging, a nonlinear 

inverse scattering problem is solved to reconstruct a complete profile of the dielectric 

properties in the interested region. In contrast to the image recovery goal of tomography, 

UWB radar technique solves a simpler approach, which seeks to identify the presence 

and location of significant scatterers such as malignant tumours. 

Compared with the conventional microwave imaging systems, which typically consider 

targets as point scatterers, UWB radar imaging systems behave differently. As 

mentioned above, UWB pulses are normally shorter than imaging target dimensions 

therefore making the reflected pulses change not only in amplitude and time shift but 

also in the pulse shape, thus improving the sensitivity of UWB imaging systems to 

scattering (2]. Therefore, it is promising to revolutionise the traditional microwave 

imaging systems, which typically consider targets as point scatterers, to include 

innovative microwave imaging with the introduction ofUWB technology. 

1.2 Review of UWB Antennas 

With the arising interest in UWB technology and the important role of antennas in these 

wireless communication and microwave imaging systems, considerable research efforts 

have been put into the design of UWB antennas. For UWB wireless communication and 

microwave itnaging systems, antennas are required to be designed based on certain 

criteria. First of ali, UWB antennas should provide ultra wide impedance bandwidth in 

the frequency range of the reallocated UWB band. Furthermore, since omni-directional 

radiation characteristics is still preferred by most current wireless communication 

applications, UWB antennas should also show omni-directional radiation characteristics 

consistently along the whole UWB band, although directional characteristics features 

the preference for WBAN applications, as they have more control of radiated 

electromagnetic fields on nearby humans [5]. For directional applications, UWB 

antenna arrays can be used and so the antenna elements should be amenable for array 

applications. Since the systems that are empowered with UWB technology transmits 

and receives trains of extremely narrow pulses, which occupy extremely wide 

bandwidth, antennas for these UWB systems should have low-dispersion performance 
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for the transmitting and receiving UWB pulses. Thus the variations in receiving pulses 

compared with the transmitting pulses could at most account for the influence from 

external environments instead of transmitting and receiving components, which would 

be explained in detail in Chapter 4. For i1naging applications, antennas with directivity 

are preferred. By making arrays of omni-directional UWB antennas, directive UWB 

arrays can be developed. 

1.2.1 Differences between Traditional UWB and UWB Antennas 

For radiating and receiving UWB signals, TEM horn antennas and non-resonant type 

antennas, such as log periodic and spiral type antennas, were used traditionally. 

However, many research studies have pointed out that the TEM hom antennas and non-

resonant type antennas offer different performance characteristics, although they both 

can offer ultra wide impedance bandwidth. It is noted that the difference between TEM 

hom antennas and non-resonant type antennas in performance mostly depends on the 

dispersion performance on transmitting and receiving pulses. It is pointed out that 

although non-resonant type antennas are normally printed antennas and feature low 

profile, they tend to be dispersive, which distort and stretch out the radiated waveforms. 

This is due to the fact that these types of antennas radiate different frequency 

components from different parts of antennas, which indicates that the phase centre 

moves as a function of frequency and therefore frequency independent antennas radiate 

dispersed signals [7]. On the other hand, in terms of the TEM hom antennas, it is 

reported that they have been traditionally used for low-dispersion launching and 

receiving of UWB pulses [6]. However, due to the size, TEM hom antennas are not 

suitable for applications that require compact size. 

In Fig. 1.2, the phase responses of antenna transfer function of a TEM hom antenna and 

a cavity-backed Archimedean spiral (CBAS) antenna are shown for comparison, where 

phase response of antenna transfer function is one of the antenna criteria to evaluate the 

performance of signal dispersion [8]. In Fig. 1.2, it is seen that linear phase response of 

TEM horn antenna is observed, which is different from that of the CBAS antenna. Since 

the group delay is directly proportional to the first frequency derivative of phase 
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response, it is also used to evaluate the performance of signal dispersion for antennas. 

Therefore, based on these discussions, non-resonant type antennas, which were used 

traditionally for UWB applications, have many undesirable characteristics, while the 

TEM hom antennas are still useful in many UWB applications. 

20 

0 

-20 

-40 
c ro -60 :0 ro 
~ -80 
Cll 

~ -100 
a. 

-120 

-140 

\ 
\ 
\ • \ 

\ 
.\& 

' ·, 
"'·,~., 

""· ....... .... ................. _ ...... ···---···-................. ... 
--Cavity-Backed Archimedean Spiral (CBAS) Antenna 
- TEM horn Antenna 

2 4 6 8 10 
Frequency (GHz) 

12 

Fig. 1.2 The phase response comparison between cavity-backed Archimedean spiral 
(CBAS) antenna and TEM hom antenna 

1.2.2 Novel Three-Dimensional Antennas for UWB Applications 

In spite of the above mentioned disadvantages, TEM hom antennas remain important 

elements for UWB systems and techniques to improve their performance are still being 

proposed. Sotne of them include modifying the aperture to be like a bowtie antenna, 

printing a microstrip quasi-hom antenna element on a stepped dielectric medium and 

using exponentially tapered plates to construct the TEM hom antennas [26-28]. In 

addition, antennas in the forms in scissor and dragonfly shapes as well as the impulse 

radiating antennas (IRA) were proposed, which have similar undesirable characteristics 

such as large size and reduced concentration of electromagnetic field within antenna 

structure. [29-32] . 

On the other hand, in order to reduce the size of the antenna structure, a number of 

antennas having alternative geometrical features have also been proposed for UWB 

applications. These antenna designs can be categorised into 3-D antenna structures and 
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uniplanar structures. In this section, the 3-D antenna structures are first reviewed, while 

the uniplanar antenna structures will be reviewed in the next section. 

In the literature, many 3-D antenna structures, for example, antennas with teardrop 

shape, coaxial cavity antennas, bi-cones shorted with four posts, antennas whose shape 

synthesised by genetic algorithm (GA), inverted cone plate antennas and Vivaldi 

antennas have been proposed for UWB applications [33-38]. However, it is found that 

little information about signal dispersion performance for these antennas can be found, 

although they have ultra wide impedance bandwidth and consistent radiation 

characteristics over the UWB band regardless of their radiation being omni-directional 

and directional. In addition to these, a discone antenna, which is constructed by 

connecting a disc and a cone via the centre conductor of coaxial cable, and other 

antennas that include spherical, disc and half disc elements were also proposed for 

UWB applications as well, with acceptable antenna performance to meet the UWB 

antenna criteria (39-40]. 

In terms of these antennas with 3-D antenna structures for UWB applications, it is found 

that plate monopole antennas offer attractive features of simplicity and ease of 

fabrication thus becoming focal points of many research efforts for UWB applications 

[ 40]. It is well known that plate 1nonopole antennas are the derivative of traditional 

monopole antennas obtained by replacing the thin wire with a flat plate. However, it 

was pointed out that only the circular and elliptical disc plate monopole antennas are 

able to achieve ultra wide impedance bandwidth, while other basic geometrical plate 

monopole antennas yield relatively narrower impedance bandwidth. Therefore, in order 

to broaden the impedance bandwidth for other basic geometrical plate monopole 

antennas, research efforts are needed, especially for the square plate monopole (SPM) 

antenna as it has only one dimensional parameter as a design variable. Several 

techniques to improve the performance, viz., the use of bevelling technique [69], use of 

semi-circular base [70], single-sided bevelling combined with short-circuiting pin [71], 

double-feed [72], introduction of notches at the bottom portion of the antenna element 

[73] and asymmetrical feed arrangement [74], have been investigated with an aim to 

improve the impedance bandwidth for SPM antennas. It is observed that all of these 

techniques are focused on the modifications at the bottom side of the antenna elements, 

due to its crucial influence on impedance bandwidth improvement. Also, a derivative of 
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the simple rectangular plate monopole antenna, which will be denoted as bi-arm rolled 

monopole antenna, and an annular ring antenna attached with a C-shaped element have 

also been proposed for UWB applications as well [41], [89]. 

1.2.3 Planar Antennas for UWB Applications 

Although some of these 3-D antennas meet the UWB antenna criteria, it is found that 

due to their structure they are unlikely to be applied for compact wireless 

communication applications, such as body-worn network applications, when compared 

with the antennas that have uniplanar geometry. For example, the antenna elements of 

plate monopole antennas and their derivatives are perpendicular to the ground plane, 

which resembles traditional monopole antennas. Therefore, in order to overcome the 

drawbacks of this family of plate monopole antennas, a number of printed antennas, 

which use uniplanar structure between antenna element and ground plane, have been 

proposed and examined for UWB applications. 

Bow-tie antennas were reported as the promising candidates for UWB applications. 1t 

must be made clear that there are two types of bow-tie antennas: those that are formed 

with copper in bow-tie configuration (conventional bow-tie) and those formed by 

removing the conductor in the form of bow-tie (bow-tie slot antennas). However, the 

impedance bandwidths of the conventional printed bow-tie antennas are relatively 

narrower and yet sufficient enough to cover the whole UWB band [42], [90]. Recently, 

two novel double-side printed bow-tie antennas, which are able to achieve ultra wide 

impedance bandwidth and show acceptable performance to meet UWB antenna criteria, 

have been proposed for UWB applications [43], [84]. 

Diamond and flat square dipoles as well as planar elliptical dipoles are both variations 

of the bow-tie antenna [ 44-46] , [92-93]. However, it is reported that the diamond dipole 

and planar elliptical dipole [92-93] tend to have high electric near fields and easily 

cause unwanted coupling to nearby objects [94]. On the other hand, the impedance 

bandwidths of diamond and flat square dipoles are relatively narrower and yet sufficient 
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to cover the whole UWB band [ 44-45], [93], while little information about impedance 

bandwidth is reported for the notched planar elliptical dipole [ 46]. 

The tapered slot antennas, belonging to travelling wave antennas with end-fire patterns, 

have also been proved to be capable of providing UWB characteristics for transmitting 

baseband pulses with low dispersion. However, these antennas suffer from some 

constraints introduced by end fire patterns [87], [95]. 

A couple of microstrip-fed antennas with printed circular disc [96-97], half circular disc 

[ 4 7], elliptical disc [ 48], elliptical slot [98], rectangular slot [ 49] and triangular shaped 

element [50] have also been designed for UWB applications as well. Furthermore, the 

use of low-temperature cofired ceramic (L TCC) substrate as well as printing loading 

elements on the back side of the dielectric substrate also facilitate the proposed 

microstrip-fed antennas to achieve UWB characteristics [51-53]. In addition, an 

aperture-stacked patch antenna was proposed and proved to provide U\VB 

characteristics as well [54]. Recently, a triangular-shaped antenna with staircase fed by 

microstrip line has been proposed for UWB applications with satisfactory UWB 

performance. However, for these printed antennas, including the tapered slot antennas, 

it is found that they are normally fed by printed microstrip line. The well-known 

disadvantages of microstrip feeding are its narrow impedance bandwidth, dispersion at 

higher frequencies and double-copper-layer structure between the microstrip line and 

ground plane [55], [99-1 00], which limit its usefulness. 

Therefore, m order to overcome the drawbacks of microstrip feeding, coplanar 

waveguide (CPW) feeding is used for feeding the printed antennas, as it offers 

advantages, such as ultra wide impedance bandwidth, low dispersion performance in 

UWB band and single-copper-layer structure between the antenna element and ground 

plane. Thus, a number of CPW-fed antennas have been proposed for UWB applications 

recently, with the advantages featured by CPW [101-102]. In addition to these antennas, 

a CPW-fed dipole with leakage-blocking slots, a printed log-periodic slot antenna fed 

by CPW and a tapered ring slot antenna fed by CPW have also been proposed for UWB 

applications as well [56-58]. 
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Traditionally, wireless communication devices, such as hand held devices, are generally 

aimed for a single service operating at a single frequency. However, due to the increase 

in human demand for multi-services, the characteristics of these conventional 

communication devices that operate at a single frequency limit their adaptability and 

usefulness. Therefore, integrating multi-services to be supported by a single wireless 

communication device (transceiver) becomes one of the most potential and promising 

solutions that is being considered by many hand-set manufacturers. In such scenarios, 

we need antennas that can perform over a number of frequency bands. 

Although these new wireless communication devices are still being designed based on 

narrow-band technology, it is noted that they can accommodate multi-services instead 

of single service. Furthermore, with the development of this technology, these new 

wireless communication devices, which are capable of providing multi-services, would 

be further miniaturised, and even compact as those devices originally aimed for single 

service. Therefore, multi-band technology is expected to play a more significant role in 

these new developments. The key issues for multi-band technology are with regards to 

mainly addressing the required technologies for supporting integrations and 

condensations of services from several devices into one device. Generally, these 

wireless communication devices are designed and developed to support a sort of 

services according to traditional categorisations in human preferences for services 

supplied and the common characteristics between different services. 

Already vanous multi-band wireless communication devices, especially dual-band 

wireless communication devices, are becoming popular and dominating in our daily 

wireless applications, such as mobile phones that normally support GSM and DCS/PCS 

applications, and laptops that on the other hand support IEEE 802.11 b/a applications. 
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1.4 Review of Multi-Band Antennas 

Since antennas play an important role in these wireless communication devices, they are 

required to be designed based on multi-band technology. It indicates that they should 

have at least of two separate bands, which are isolated by a range of frequencies with 

reflection coefficients over -1 OdB. In addition, each operational band of these multi-

band antenna should meet the performance criteria of normal single-band antenna, such 

as maximum reflection coefficient < -1 OdB for the entire frequency band. With these 

characteristics, multi-band antennas are able to show their selections for interested 

frequencies and filter out-of-band information, which wideband antenna does not show. 

Due to the prominence of dual-band wireless communication applications in the market 

compared with other types of multi-band communication applications, and the 

important role of antennas in these wireless communication devices, lots of research 

efforts have been placed into the designs of dual-band antennas. 

It is noted that a number of techniques are available to design dual-band antennas [ 122-

145]. In the beginning, dual-band antennas were aimed for airborne and space 

applications, which were big in size and heavy in weight. Hom antennas and waveguide 

antennas with certain modifications [122-126] were once the candidates for dual-band 

applications. However, it is also noted that these dual-band antennas are not suitable for 

people daily consumed electronic equipments, which are aimed for compact size and 

light weight. 

In order to accommodate antenna design for these purposes, more and n1ore focus have 

been put on the use of printed transmission technology, as it is possible to achieve these 

requirements. Therefore, various printed antennas have been proposed for dual-band 

applications, such as slot loaded patch antenna [127], aperture-coupled stacked patch 

antennas [129-130], antenna patches with spur lines [131-132], antermas with parasitic 

elernents [133-134], printed sleeve dipole [135-136], planar inverted-F antennas (PIFAs) 

[137-138], antennas with meandered structure [139-140] and dielectric resonator 

antennas (DRAs) [ 141-142]. It is found that these antennas were normally fed by either 

coaxial cable or printed microstrip line. In the meanwhile, a variety of copper-plate type 

antennas, which are low profile and fed by coaxial cable, have also been designed for 

dual-band applications as well [ 143-145] . 
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In the case of these printed antennas fed by coaxial cable, it is observed that the coaxial 

cable feeding requires dri ll ing a hole in the substrate for the penetration of centre 

conductor of the coaxial cable and the cable itself is normally perpendicular to the 

ground plane which leads to overall 3-D structure for these antennas, while the copper-

plate antennas can be very fragile depending on the thickness of the copper used. On the 

other hand, in the case of the printed antennas fed by microstrip line, the disadvantages 

of micro strip feeding might constraint the application and performance of antennas. It is 

well-known that the disadvantages of microstrip feeding arise from its narrow 

bandwidth and double-copper-layer structure between the microstrip line and the ground 

plane [99-1 00]. 

Therefore, in order to overcome the drawbacks of coaxial cable and microstrip feeding, 

coplanar waveguide (CPW) feeding is used for the printed antennas, as it offers 

advantages, such as ultra wide impedance bandwidth and single-copper-layer structure 

between the antenna element and ground plane. Consequently, a number of printed 

antennas fed by CPW have been proposed for dual-band applications recently, featured 

with the advantages of CPW [146-148]. 

Based on the observations of these dual-band antennas, it is found that they nonna1ly 

operate at different resonant frequencies which radiate from different parts of antennas. 

These radiation centres are normally designed based on the radiation mechanism of 

monopole antenna, which means that the lengths of these radiation centres are about a 

quarter-wavelength of respective desired resonant frequencies. In addition, it is noted 

that different dual-band wireless cmnmunication applications might have different 

requirements for dual-band antenna designs, even aimed to support identical services. 

Therefore, development of dual-band antennas for latest wireless communication 

applications is a task of continuing interest to industry. 

1.5 Motivation for the Research 

To utilise the attractive features of UWB technology in microwave imaging of lossy 

dielectric objects, a group of symmetrically modified SPM antennas were designed, 
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which are presented in Chapter 2. This family of antennas shows ultra wide impedance 

bandwidth, omni-directional radiation characteristics over the ultra wide impedance 

bandwidth of the UWB band and low-dispersion performance for the transmitting and 

receiving UWB pulses. However, when one has to use the antennas for body-worn 

applications that include imaging and/or communications, the 3-D structure of SPM 

antennas makes them not convenient to be integrated with small transceivers, such as 

those proposed for wireless body area networks (WBAN). Thus, the consideration of 

printed uniplanar geometry antenna for UWB applications was made, which was to be 

fed by a transmission line. This has resulted in the use of the printed CPW-fed antenna 

that was presented in Chapter 3 for UWB WBAN application as well as any body-worn 

imaging applications that might be necessary to obtain microwave images of heart or 

breast etc. 

As discussed above, signal dispersion is a critical issue specified for U WB wireless 

communication and microwave imaging systems, which would distort and stretch out 

the radiated waveform. Therefore, the phenomena and cause of signal dispersion will be 

first described. And the performance of signal dispersion for the symmetrically 

modified SPM UWB antennas and the printed CPW-fed UWB antenna will be 

examined. On the other hand, the use of substrate material introduces the uncertainties 

of dielectric and height tolerances in the design of the printed CPW -fed UWB antenna. 

Furthermore, hardly any investigation was reported on these unce11ainties in the open 

literature. Therefore, it is important to explore the influence of material tolerances on 

the UWB characteristics of the printed CPW-fed UWB antenna. At last, because the 

proposed printed antenna is a potential candidate for body-worn applications, it is 

necessary to investigate the interactions between human tissue and radiated 

electromagnetic energy from the printed antenna on UWB characteristics. All of these 

motivate the research topics presented in Chapter 4. 

At last, it is a fact that cellular wireless telecommunication systen1s such as GSM, 

DCS/PCS and WLAN, are still dominating the wireless communication markets, and 

there is demand for new wireless communication devices that can accommodate multi-

services based on new design requirements. Furthermore, dual-band wireless 

communication applications are more prominent in the market than other types of multi-
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band communication applications. Therefore, all of these issues motivate the design and 

development of dual-band antennas presented in Chapter 5. 

1.6 Common Design Objectives of UWB and Dual-Band 
Antennas 

In terms of dual-band antennas, two operational bands with certain impedance 

bandwidth, over which the reflection coefficients fall below -1 OdB, are able to cover the 

interested spectrums for the required applications. In addition, these two separate bands 

are required to be isolated by a range of frequencies with reflection coefficients over -

1 OdB. According to proposed applications, dual-band antennas might have either omni-

directional or directional radiation characteristics in each band. Also of importance is 

the case that hand held devices, laptops as well as some portable emergency devices, 

which are still widely used in current wireless communication systems, are required to 

have portability and mobility. Thus, antennas with omni-directional radiation 

characteristics would be more suitable and preferred than the directional ones for these 

portable devices. Therefore, omni-directionality is considered to be the objective of the 

radiation characteristic for the proposed dual-band antennas. 

The UWB antennas should be able to provide ultra wide impedance bandwidth, which 

is over 500MHz or 20% of the fractional bandwidth detined by FCC, in the frequency 

band ranging from 3.1 to 1 0.6GHz with reflection coefficients < -1 OdB. Although it is 

noted that directional characteristic is reported to be the preference for WBAN 

applications, as it has more control of radiated electromagnetic fields on nearby hun1an 

tissue [5] , omni-directional radiation characteristic is still preferred and widely adopted 

for antennas applied in current wireless communication systen1s, such as those portable 

emergency devices. Therefore, being able to provide omni-directional radiation 

characteristics over the whole UWB band is still the objective of the radiation 

characteristic for the proposed UWB antennas in this research. At last, in order to have 

low-dispersion performance in transmitting and receiving UWB pulses, proposed UWB 

antennas should have linear phase response of antenna transfer function or flat and 

consistent group delay over the whole UWB band. In addition to these, these UWB 
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antennas should also show well-behaved responses in time domain or high fidelity 

between the transmitted and received UWB pulses. 

In our research, the reflection coefficient, impedance bandwidth and group delay were 

measured in UTS microwave and wireless technology lab with HP Network Analyzer 

8720A, while the radiation patterns were measured in the anechoic chamber with NSI™ 

near-field 700S-50 spherical system, an Australian Research Council funded national 

facility located at CSIRO, Marsfield, NSW, Australia. 

1.7 Road Map of This Thesis . 

This thesis presents the investigations into the designs of UWB and multi-band antenna 

elements. The road map of the thesis is as follows: 

Chapter 1: Following a brief introduction to the significant uses of ultra-wideband 

(UWB) and dual-band antennas, UWB wireless communication systems, e.g. those for 

short range indoor and microwave imaging applications, and UWB antennas are first 

reviewed. Following these, multi-band, such as dual-band, wireless communication 

systems as well as antennas that work for these systems are reviewed. The motivation of 

this research, common design goals and their corresponding 1neasurements for UWB 

and dual-band antennas are discussed at last. 

Chapter 2: Following a brief revtew of plate monopole antennas, a group of 

symmetrically modified square plate monopole (SPM) antennas for UWB applications 

are presented. Their performance and comparisons with corresponding asymmetrically 

modified antennas are provided, which illustrates the performance improvements shown 

by proposed antennas. Finally, parametric studies are given to discuss the weights of 

additionally introducing modifications applied at the top of the antenna element in 

influencing the overall impedance bandwidth, while the bottom is kept modified with 

fixed dimensions. 
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Chapter 3: In this chapter, printed antennas, which overcome the drawback of 3-D 

structure of plate monopole antennas, are reviewed. Following that, a printed CPW-fed 

antenna for UWB applications is presented, the detailed design steps of which are also 

given as well. Finally, a presentation of its performance, which includes reflection 

coefficient and radiation characteristics, is given at the end of this chapter. 

Chapter 4: Due to the significant influence of signal dispersion on UWB performance, 

the signal dispersion performance of the syn1metrically modified SPM UWB antenna as 

well as the printed CPW-fed UWB antenna will be examined. Moreover, the effects of 

dielectric material tolerances on UWB performance of the printed CPW -fed UWB 

antenna are examined. Finally, the UWB characteristics of this printed antenna against 

lossy material, such as human tissue, will be investigated at the end of this chapter. 

Chapter 5: Following a review of dual-band antennas and their applications, two dual-

band antennas, which are C-shaped and T -shaped, are proposed and presented for GSM 

and DCS/PCS applications as well as DCS/PCS and IEEE 802.11 b applications. Their 

performance and parametric studies are illustrated. Furthermore, the effects of dielectric 

material tolerances on dual-band performance of these dual-band antennas are examined. 

At ]ast, the dual-band characteristics of these two antennas against lossy material, such 

as human tissue, are also investigated at the end of this chapter. 

Chapter 6: Conclusions and future work 
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Chapter 2 

Design of Square Plate Monopole Antennas 
with Symmetrical Modifications for Ultra-
Wideband (UWB) Applications 

2.1 Introduction 

This chapter presents analysis and design of a group of square plate monopole (SPM) 

antennas for UWB applications. Modifications made to the square plate monopole 

antennas will be detailed. The relative merits of plate monopole antennas and the 

method of determining the frequency corresponding to the lower edge of the impedance 

bandwidth (/LE) will be discussed. The antenna structures, the improvements on 

impedance bandwidth performance are compared between the antennas that have 

symmetrical and asymmetrical modifications. The reason for improvements is also 

illustrated and explained with the aid of respective current distributions calculated using 

available antenna analysis software package. The radiation characteristics, phase 

response of antenna transfer function and time-domain U WB characteristics are 

investigated for the family of sy1nmetrically modified SPM antennas. At last, parametric 

studies were conducted to investigate the effects of additional modifications applied at 

the top of the antenna element in influencing the overall impedance bandwidth 

performance, while fixing the modifications at the bottom of antenna element. 
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Monopole antennas are the most popular antennas employed in wireless communication 

systems. The plate monopole antennas, which are the derivative of traditional quarter-

wavelength monopole antennas, have inherited the practical advantages, such as low 

cost, easy fabrication, convenient to match easily and the ease of choosing any 

supporting materials with any dielectric constant to support the antenna element and the 

ground plane. 

Plate monopole antenna was first briefly described in a textbook in 1968 by Meinke and 

Gundlach [59], who mentioned it as the variant of the cylindrical and conical monopole. 

Later, Dubost and Zisler, in 1976, observed and described the wide impedance 

characteristic of this antenna [60]. In 1991, a disc.-shaped plate monopole antenna was 

investigated for the Japanese television band (90-770MHz) by Honda [61-62]. A model 

for determining the value of input impedance of the circular-disc-shaped plate 

monopole antenna was reported in 1993 by Hamn1ound, which was based on the 

Method of Moments (MoM) [63]. Following that, circular and elliptical discs as well as 

square and rectangular plate monopole antennas were thoroughly investigated in 1998 

by Agrawall [64], who proposed a formula for predicting the /LE of these antennas. 

Furthermore, a group of other basic geometries, viz. triangular, bow-tie-like, trapezoidal, 

were also investigated with the corresponding empirical design models [65-67]. 

As square and rectangular plate monopole antennas are much easier to fabricate than 

antennas with other basic geometries, many research efforts have been devoted on them. 

Particularly for the square plate monopole (SPM) antenna, it attracted additional 

attention since it has only one dimensional parameter as the design variable. However, 

an impedance bandwidth, lying between around 1 GHz - 3GHz, was observed for the 

SPM antennas [68]. Several techniques to improve the performance were considered, 

viz., the use of bevelling technique [69] (Fig. 2.1 (a)), making the base semi-circular [70] 

(Fig. 2.1 (b)), single-sided bevelling combined with short-circuiting pin [71] (Fig. 2.1 

(c)), use of double-feed [72] (Fig. 2.1 (d)), introduction of notches at the botton1 portion 

of the antenna element [73] (Fig. 2.1 (e)) and asymmetrical feed arrangement [74] (Fig. 

2.1 (f)). All these variations aimed at improving the impedance bandwidth of SPM 

antennas. It must be noted here that all of these above mentioned techniques are mainly 

focused on the introduction of modifications to the SPM antenna only at the bottom side 
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of the plate elements, which signifies its crucial influence on the impedance bandwidth 

improvement. 

(a) (b) 

(c) (d) 

(e) (f) 

Fig. 2.1 Techniques to improve the impedance bandwidth of SPM antennas: (a) the use 
of bevelling technique; (b) use of semi-circular base plate shape; (c) single-sided 
bevelling combined with short-circuiting pin; (d) the use of double-feed; (e) 
introduction of notches at the bottom portion of the antenna element; (f) asymmetrical 
feed arrangement 

On the other hand, the influence of the central portion of antenna element was also 

investigated [75-76]. It was shown that cutting a concentric hole within the plate of the 
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antenna element will deteriorate the impedance matching, and further deteriorates with 

the increase in the diatneter for the concentric hole. Our investigation has illustrated that 

the crucial radiating portion of the antenna element is located along its edge. Also, the 

influence of connecting a narrower plate or wire at the top of the antenna plate through a 

pin was also investigated as well [77-78]. It was shown that the impedance bandwidth 

also gets affected by the modifications at the top portion of the antenna element. 

The omni-directional radiation characteristics of the SPM antennas are also of great 

significance. In order to improve the omni-directionality of radiation characteristics for 

the antenna, a bunch of folded plate monopole antennas, such as tri-plate [79] , two-

folded metal plate [80], U-shaped metal plate [81 ], cross-plate [82] and square-

cylindrical [83], were investigated in the literature. Although all the above antennas 

show ultra wide impedance bandwidth and omni-directional radiation characteristics, 

they appear to be fragile in addition to adding difficulties in fabrication as they all need 

complex cuttings and foldings. 

2.2 Design Objectives 

A detailed search of literature showed that square plate monopole (SPM) antennas were 

well investigated mostly with an aim to obtain dual-band characteristics. The 

modifications applied were mainly to the bottom portions of the plate monopole 

antennas over certain range of values. Hence, we aim to design SPM antennas for UWB 

impedance and radiation performance by simultaneously applying modifications at both 

bottom and top portions ofthe plate element. 

As described in Chapter 1, most antennas for UWB wireless applications are required to 

comply with certain criteria, which in general are: 

1. Antenna should be able to provide ultra wide impedance bandwidth in the UWB 

band, which is over 500MHz or 20% fractional bandwidth defined by FCC in the 

range from 3 . l GHz to 1 0.6GHz with reflection coefficients < -1 OdB. 

2. Antenna should provide omni-directional radiation characteristics over the whole 
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interested spectrum, which is determined by the impedance bandwidth as indicated 

above. 

3. To have low-dispersion performance in transmitting and launching UWB pulses, the 

antenna should have linear phase response of antenna transfer function or flat and 

consistent group delay over the whole interested spectrum. In addition to these, high 

fidelity between transmitting and receiving UWB pulses is also preferred. 

In this chapter, we investigate the design of symmetrically modified SPM antennas to 

satisfy the above criteria. 

2.3 Empirical Models of Plate Monopole Antennas 

In this chapter, the modified square plate monopole antennas are investigated using the 

Method of Moments (MoM) based software package Feko® [156]. At first, Feko® 

results were validated through simulation and measurement. A square plate monopole 

antenna prototype with design parameters taken from [68], given by a= 30mm and H = 

1.5mm, was fabricated and the measured results were compared with those obtained 

using Feko® as well as another package known as High-Frequency Structure Simulator 

(HFSS®). The prototype of SPM antenna and the comparison of results are presented in 

Fig. 2.2 (a) and (b) below respectively. In the figure, the dashed line indicates the -10 

dB reflection coefficient. As shown in Fig. 2.2 (b), a reasonable agreement can be 

observed between each other. Hereafter, we used Feko® for modelling the arbitrary 

shaped plate monopole antennas. 

Previous studies [64-78] have shown that, for a monopole antenna, ultra wide 

impedance bandwidth performance can be achieved by approximately modifying the 

traditional wire structure through the introduction of wide plate shaped elements, such 

as those of circular and elliptical shapes as well as square and rectangular shapes. The 

frequency corresponding to the lower edge of the impedance bandwidth (/LE) of these 

plate monopole antennas can be approximately determined by their height above the 

ground plane as well as their surface area. The /LE (in GHz) can be approximately 

determined using the following expression: 



28 

JLE ==cIA== (30x0.24) /(l + r) (2.1) 

where lis the plate height and r is the equivalent radius chosen from "2nrl = area", all 

dimensions unit in centimetres [ 64]. 

-15-

-20-

-25- -simulated Results by HFSS 
-o- Simulated Results by Feko 

d = IOOmm o Measured Results 

-JO 2 5 6 7 8 9 10 11 
Freuqency (GHz) 

(a) (b) 

Fig. 2.2 (a) Square plate monopole (SPM) antenna, (b) Comparison between the 
measured and simulated results of the SPM antenna 

The circular, elliptical, square and rectangular plate monopole antennas with dimensions 

and configurations indicated in Table 2.1 were investigated, and their corresponding 

impedance bandwidth performances are compared and shown in Fig. 2.3. It can be 

observed that antennas that have circular and elliptical shapes yield ultra wide 

impedance bandwidth performance, while those with square and rectangular shapes 

obtain much narrower impedance bandwidth. However, these square and rectangular 

plate monopole antennas have relatively simpler antenna structure, as compared to the 

antennas that have circular and elliptical shapes. Hence, for a practical point of view, it 

is attractive to concentrate efforts to broaden their impedance bandwidth. This is 

especially important for the square plate monopole (SPM) antennas since they have 

only one dimensional parameter as compared to the rectangular plate monopole 

antennas. Therefore, the impedance bandwidth characteristics of original SPM antennas 

were first investigated. A group of SPM antennas with different dimensions were 

modelled by Feko® and the simulation results are plotted in Fig. 2.4. It can be seen that 

/LE decreases with increasing square dimension, which agrees well with the prediction of 

equation (2.1 ). Based on the observations from Fig. 2.4, D = 30mm was chosen for the 
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SPM antenna in all our fo llowing investigations, as it provides a tradeoff between /LE 
and the size of antenna element. 

Table 2.1 Summary of dimensions and configurations of antennas studied 

Shape of 
antenna element 

Circular 

Elliptical 

Square 

Rectangular 

m-
;- -20 
c;; 

-25 

-30 

-35 

-40 
2 

Dimensions 

Radius = 20mm 

Major Axis= 24; 
Minor Axis = 20 
Dimension (D)= 

35mm 
Long D = 25mm; 
Short D = 20mm 

Feed configurations 

Fed at the edge along diameter 
(Similar as those shown in [64]) 
Fed at the edge along minor axis 
(Similar as those shown in [64]) 
Fed at the midpoint of one edge 
(Similar as those shown in [ 66]) 

Fed at the midpoint of one shorter 
edge (Similar as those shown in [66]) 

--Circular 
-o- Elliptical 
-• Square 
-+- Rectangular 

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

Fig. 2.3 Reflection coefficients of antennas listed in Tab!e 2.1. 
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Fig. 2.4 Comparison of reflection coefficients between different dimensions of SPM 
antenna 

2.4 Proposed Modifications on Square Plate Monopole (SPM) 
Antennas 

After studying the literature, we hypothesised that the best strategy would be to 

si1nultaneously apply modifications at both bottom and top portions of the SPM antenna 

element for improving the overall impedance bandwidth performance, as compared with 

only tnodifying any one portion of the antenna element. Therefore, symmetrical 

modifications are first introduced and applied at both bottom and top portions of the 

SPM antenna element and the symmetrical plane is the one paralleled to the x-y plane 

and crossed the n1id-height section of the square plate. 

It is noted that it is easy and convenient to apply beveled, semi-circular base and 

notched modifications at both bottom and top portions of the antenna elements in the 

comparison with other improvement methods, viz.: dual-feed and asymmetrical feed 

arrangement. Thus, antennas with symmetrical modifications, which are symmetrically 

beveled SPM (SB-SPM) antenna, symmetrically semi-circular base SPM (SSCB-SPM) 

antenna and symmetrically notched SPM (SN-SPM) antenna, were proposed and 

investigated. Those antennas for which modifications were applied only at the bottom of 

the antenna element wi ll be denoted as asymmetrically beveled SPM antenna (ASB-



31 

SPM) antenna, asymmetrically semi-circular base SPM (ASSCB-SPM) antenna and 

asymmetrically notched SPM (ASN-SPM) antenna, respectively. 

The schematic diagrams of SB-SPM, SSCB-SPM and SN-SPM antennas and also their 

corresponding asymmetrical counterparts, viz.: ASB-SPM, ASSCB-SPM and ASN-

SPM antennas, are shown in Figs. 2.5 (a), (b), (c), (d), (e) and (f) respectively. The 

height (H) between the antenna element and ground plane is set identically to be 1.5mm 

for all antennas investigated in this chapter. 

Here, we investigate the current distribution on these antennas in order to obtain 

symmetrical current distribution on the whole SPM antenna element. The symmetrical 

current distribution helps to obtain symmetrical radiation characteristic in free space 

with respect to the x-z plane (E-plane). Also, better impedance bandwidth performance 

has been · observed for the symmetrical antenna design with respect to x-z plane as 

compared to the asymmetrical antenna design [69]. Therefore, all the antenna designs 

considered in this chapter will be symmetrical with respect to the x-z plane. 

With the help of the MoM based software package Feko®, current distributions of these 

symtnetrically modified SPM antennas and their corresponding asymmetrical 

counterparts were studied and the pictures of them are shown in Figs. 2.6. All the 

current distributions in these figures are presented in the same scale, the minimum and 

maximum of which are 0 and 30 ampere per square meter respectively. It is observed 

that current with significant magnitude is mostly distributed around the bottom 

boundary of the asymmetrically modified SPM antenna elements. However, when 

additional modifications are applied at the top of antenna elements with fixed bottom 

modifications, it is seen that current with significant magnitude obviously starts to 

accumulate at the top boundary besides the bottom boundary of the antenna elements, as 

can be seen in the figures of Fig. 2.6 (a), (b) and (c). Therefore, it is demonstrated and 

reinforced that additionally introducing modifications applied at the top of antenna 

element with fixed bottom modifications will affect the overall impedance matching 

performance therefore reflection coefficients along the interested bandwidth. 
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(a) (b) 

(c) (d) 

d 

(e) (f) 

Fig. 2.5 Schematic diagrams of a family of asymmetrically and symmetrically modified 
SPM antennas: (a) asymmetrically beveled SPM (ASB-SPM) antenna; (b) 
symmetrically beveled SPM (SB-SPM) antenna; (c) asymmetrically semi-circular base 
SPM (ASSCB-SPM) antenna; (d) symmetrically semi-circular base SPM (SSCB-SPM) 
antenna; (e) asymmetrically notched SPM (ASN-SPM) antenna; (f) sytnmetrically 
notched SPM (SN -SPM) antenna. 
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Fig. 2.6 Current distributions of symmetrically modified SPM antennas and their 
corresponding asymmetrical counterparts at spot frequency of 6GHz. (a) symmetrically 
(SB-SPM) and asymmetrically (ASB-SPM) beveled SPM antennas, (b) symmetrically 
(SSCB-SPM) and asymmetrically (ASSCB-SPM) semi-circular base SPM antennas and 
(c) symmetrically (SN-SPM) and asymmetrically (ASN-SPM) notched SPM antennas. 
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2.5 Antenna Performance and Comparison 

The prototypes of SB-SPM, SSCB-SPM and SN-SPM antennas were fabricated and 

tested by simulations and experiments. The modification dimensions are BH = 7mm and 

BW = 15mm for SB-SPM antenna (Fig. 2.5 (b), Fig. 2.7 (a)), R = 13mm for SSCB-SPM 

antenna (Fig. 2.5 (d), Fig. 2.7 (b)) and NH = 3mm NW = 7mm for SN-SPM antenna 

(Fig. 2.5 (f), Fig. 2.7 (c)), respectively. Other geometry dimensions are set as a= b = 

30mm and c = d = 1 OOmm with identical height of 1.5mm between the antenna element 

and ground plane. 

(a) 

(b) 

Fig. 2.7 Prototypes of the symmetrically modified SPM antennas: (a) SB-SPM antenna 
and (b) SSCB-SPM antenna (Continued in next page) 
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(c) 

Fig. 2. 7 (Continued from last page) Prototypes of the symmetrically modified SPM 
antennas: (c) SN-SPM antenna 

2.5.1 Input Reflection Coefficient 

The comparisons of simulated reflection coefficients between asymmetrically and 

symtnetrically modified SPM antennas with beveled, semi-circular base, and notched 

modifications are presented in Figs. 2.8 (a), (b) and (c), respectively. The dimensions of 

these asymmetrical and symmetrical modifications are (a) BH = 7mm and BW = 15mm 

for ASB-SPM and SB-SPM antenna (Fig. 2.5 (a) and (b)), (b) R = 13mm for ASSCB-

SPM and SSCB-SPM antenna (Fig. 2.5 (c) and (d)) and (c) NH = 3mm NW = 7mm for 

ASN-SPM and SN-SPM antenna (Fig. 2.5 (e) and (f)), respectively. Also, the 

corresponding measured reflection coefficients of the symmetrically modified SPM 

antennas are presented in Figs. 2.8 (a), (b) and (c) respectively as well. These measured 

results were obtained using Vector Network Analyzer HP 8720A available in our 

laboratory. For the sake of analysis, here we divide the UWB band into three sub-bands. 

They are (i) lower-UWB-band (impedance bandwidth which covers the frequencies 

between 30Hz and 50Hz), (ii) mid-UWB-band (impedance bandwidth which covers 

the frequencies between 50Hz and 80Hz) and (iii) upper-UWB-band (impedance 

bandwidth which covers the frequencies between 80Hz and 100Hz). Ideally, the 
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impedance bandwidth at these three sub-bands should have reflection coefficients < -10 

dB (VSWR < 2). 

m- -15 
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Fig. 2.8 Reflection coefficient comparisons between asymmetrically and symmetrically 
modified SPM antennas (a) SB-SPM and ASB-SPM antennas; (b) SSCB-SPM and 
ASSCB-SPM antennas (Continued in next page) 
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-Simulated Results of SN-SPM Antenna 
-«·Simulated Results of ASN-SPM Antenna 
0 Measured Result of SN-SPM Anten na 
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u; 
0 
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Frequency (GHz) 

(c) 

Fig. 2.8 (Continued from last page) Reflection coefficient comparisons between 
asymmetrically and symmetrically modified SPM antennas (c) SN-SPM and ASN-SPM 
antennas 

As can be seen in Figs. 2.8, SB--SPM, SSCB-SPiv1 and SN-SPM antennas have greatly 

improved the overall impedance matching therefore the impedance bandwidth 

performance, when compared with the corresponding asymmetrical counterparts. These 

phenomena are particularly evident across the mid-UWB-band impedance bandwidth 

portion, which is around 5GHz-8GHz. In addition, it is also found that a good 

agreement can be seen between the measured and simulated results in the case of SB-

SPM antenna and a reasonable agreement in the case of SN-SPM antenna. However, in 

the case of SSCB-SPM antenna, the measured result is quite different from the 

simulated result. It is seen in the Fig. 2.8 (b) that the second and third resonant points 

presented in the measured result are correspondingly much weaker than those in the 

simulated result, which might be due to the errors in curve fabrications. With the 

validations of these measured results, it is demonstrated that the impedance bandwidth 

improvement can be achieved by SPM antennas with sym1netrical modifications. The 

horizontal dashed lines in these three figures indicate the -1 OdB reflection coefficient. 
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2.5.2 Impedance Bandwidth Comparison between Asymmetrical and 
Symmetrical Designs 

The symmetrically modified SPM antenna designs have improved the overall 

impedance bandwidth performance particularly at the mid-UWB-band portion. Thus, it 

would be of interest to conduct parametric studies regarding the influence of varying 

modification parameters on impedance bandwidth performance for both asymmetrically 

and symmetrically modified SPM antennas so that the results could be compared. The 

schematic diagrams of antennas considered in these studies can be referred to Figs. 2.5. 

Two designations are introduced to evaluate the impedance bandwidth performance for 

these asymmetrically and symmetrically modified SPM antennas. One is the impedance 

bandwidth with reflection coefficients < -1 OdB (hence forth called as the bandwidth 

below -1 OdB); the other one is the ratio of bandwidth < -15dB over the bandwidth < -

1 OdB (hence forth called as the percentage bandwidth below -15dB). The lower end of 

the calculated bandwidth is selected to be 3.1 GHz, which is the lower end of the UWB 

band defined by FCC. 

In the case of SPM antenna design with beveled modifications, the influence of beveled 

height (BH) on itnpedance bandwidth performance for SB-SPM and ASB-SPM 

antennas were first investigated and compared, which are shown in Fig. 2.9 (a). It is 

seen that overall impedance bandwidth performance of SB-SPM antenna is better than 

the corresponding asymmetrical counterpart, with the maximum. impedance bandwidth 

reaching and stable at 7.7GHz, when BH = 6mm to 9mtn with fixed beveled width (BW) 

= 15mm. In order to further investigate the difference of impedance bandwidth 

performance between various BH ranging from 6mm to 9tnm, the percentage bandwidth 

below -15dB comparison of SB-SPM antenna design between BH = 6, 7, 8 and 9mm 

was undertaken and BW is the variable ranging from lmm to 15mm, which is shown in 

Fig. 2.9 (b). As shown in Fig. 2.9 (b), the SB-SPM antenna with beveled dimension of 

BH = 7mm has the best overall impedance bandwidth performance compared with other 

values for BH. 

As BH = 7mm is the optimum height for the beveled dimension of SB-SPM antenna, 

the bandwidth below -1 OdB comparison between SB-SPM and ASB-SPM antennas 

with BH = 7mm and BW varying from 1 mm to 15mm was undertaken and the resu lts 
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are shown in Fig. 2.9 (c). As shown in Figs. 2.9 (c), the impedance bandwidth becomes 

uniform for a particular choice of parameters, for example when BW = 8mm to 15mm 

with fixed BH = 7mm, which resembles those shown in Figs. 2.9 (a) when BH = 6mm 

to 9mm with fixed BW = 15mm. These results indicate that the impedance bandwidth 

performance becomes insensitive to the dimensions of beveled geometry for these 

ranges of parameters. In Fig. 2.9 (d), we can see that with the criterion of reflection 

coefficients below -15dB, over 6.5GHz impedance bandwidth out of the UWB band 

defined by FCC (from 3.1GHz to 10.6GHz) can be obtained, with dimensions of BH = 

7mm and B\V = 11 mm for the SB-SPM antenna. 

(a) 

' ' ' ' I 
I 
I , 
' ' ' ' I 

' ' ' ' ......... f--=-::----:-:---:-c:::--::----:--c---, -e- S)'mf'Tletrical ~veling Antenna + As)mmebical Beveling Antenna 

8 10 12 14 
Wldlh(mm) 

(c) 

(b) 

....... Symmetrtcal8eveling Antenna 

6 • +As)11lmetric .. l Bevelng Antenna 

8 10 12 
Wldlh(mm) 

(d) 

14 

Fig. 2.9 (a) Bandwidth below -lOdB comparison between SB-SPM and ASB-SPM 
antennas with BW = 15mm and BH varying from lmm to 15mm. (b) Percentage 
bandwidth below -15dB comparison of SB-SPM antenna between BH = 6, 7, 8 and 
9mm with BW varying from lmm to 15mm. (c) Bandwidth below -lOdB comparison 
between SB-SPM and ASB-SPM antennas with BH = 7mm and BW varying from lmm 
to 15mm. (d) Bandwidth comparison of impedance bandwidth lower than -15dB in 
UWB band (3.1 GHz-1 0.6GHz) between SB-SPM and ASB-SPM antennas with BH = 
7mm and BW varying from 1 mm to 15mm. 
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In the case of SPM antenna design with semi-circular base modifications, it is shown 

that the overall impedance bandwidth performance of SSCB-SPM antenna is better than 

the corresponding asymmetrical counterpart, with the maximum bandwidth reaching as 

high as 7.7GHz, and higher percentage of the bandwidth below -15dB can be obtained 

with applying larger radius, which can be observed in Fig. 2.10 (a) and (b). 
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(a) (b) 
Fig. 2.10 (a) Bandwidth below -10dB comparison between SSCB-SPM and ASSCB-
SPM antennas with R varying frmn 1 to 15mm, (b) Percentage bandwidth below -15dB 
comparison between SSCB-SPM and ASSCB-SPM antennas with R varying from 1 to 
15mm 

Finally, in the case of SPM antenna design with notched modifications, it is noted that 

both parameters can only have a maximum range within 1mm to 14mm (not 15mtn) due 

to the physical limitation in the symmetrical SPM antenna design. Hence, bandwidth 

below -1 OdB comparison between SN-SPM and ASN-SPM antennas with notched 

width (NW) = 7mm and notched height (NH) varying from 1 mm to 14n1m is presented 

in Fig. 2.1 1 (a). For NH = 3mm and NW varying from 1mm to 14mm, the results are 

shown in Fig. 2.11 (b) . Frmn these figures, it can be observed that the best impedance 

bandwidth performance can be obtained with the modification dimensions of NH = 

3mm and NW = 7mm for the SN-SPM antenna. 
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(a) (b) 

Fig. 2.11 (a) Bandwidth below -1 OdB comparison between SN-SPM and ASN-SPM 
antennas with NW = 7mm and NH varying from 1 mm to 14mm. (b) Bandwidth below -
lOdB comparison between SN-SPM and ASN-SPM antennas with NH = 3mm and NW 
varying from 1mm to 14mm. 

2.5.3 Radiation Characteristics 

For UWB communication systems, radiation characteristics in xy-plane (H-plane) are of 

primary concern. Hence, the radiation patterns of the symmetrically modified SPM 

antennas in xy·plane were theoretically and experimentally investigated over the whole 

UWB band ranging from 3.1GHz-10.6GHz. These antennas were measured in an 

anechoic chamber with NSI™ near-field 7008-50 spherical system. However, due to the 

unavailability of measurement probe covering frequencies ranging between 3.0GHz and 

4.5GHz, absence of data at these frequencies can be observed. 

For UWB cornmunication systems, antennas with omni-directional radiation 

characteristics (in xy-plane) are still preferred. Thus to compare different antennas based 

on their radiation characteristics, we have introduced a measure denoted as the 

"coefficient of omni-directionality", which is defined as the ratio of minor axis over the 

major axis of the co-polarised radiated field component in the xy-plane. It can be used as 

a measure of deviation from the perfect omni-directional radiation pattern in xy-plane. 

To calculate the minor and major axes, one must obtain co-polarised radiation pattern 

and obtain smaller and larger field magnitudes along the principal directions (0-180 and 

90-270 degree lines). 
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In Figs. 2.12, 2.13 and 2.14, the simulated and measured "coefficients of omnt-

directionality" vs. frequency for SB-SPM, SSCB-SPM and SN-SPM antennas are 

presented respectively. In addition, the xy-plane normalised simulated and measured 

radiation patterns for these symmetrically modified SPM antennas at spot frequencies of 

4.5GHz, 7 .5GHz and 1 0.5GHz are shown in Figs. 2.12, 2.13 and 2.14 respectively as 

well. It can be seen from these plots that a reasonable agreement exists between the 

simulated and measured results. As shown in Figs. 2.12, 2.13 and 2.14, the measured 

radiation patterns in xy-plane are considerably omni-directional at the three spot 

frequencies chosen, and their "coefficients of omni-directionality" are summarised in 

Table 2.2. 
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Fig. 2.12 (a) Coefficient of omni-directionality vs. frequency of SB-SPM antenna (Fig. 
2.7 (a)); (b) xy-plane normalised radiation patterns of SB-SPM antenna at spot 
frequency 4.5GHz; (c) xy-plane normalised radiation patterns of SB-SPM antenna at 
spot frequency 7 .5GHz and (d) xy-plane normalised radiation patterns of SB-SPM 
antenna at spot frequency 1 0.5GHz 



43 

It is observed that whenever the "coefficient of omni-directionality" is > 0.7, for 

example as indicated by the simu lated radiation pattern at 10.5GHz for SSCB-SPM 

antenna, the radiation patterns of a given antenna can be considered to be closely omni-

directional. Thus, the proposed SB-SPM, SSCB-SPM and SN-SPM antennas have 

omni-directional radiation characteristics in over 80%, 78% and 80% of the UWB band 

respectively. 
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Fig. 2.13 (a) Coefficient of ornni-directionality vs. frequency of SSCB-SPM antenna 
(Fig. 2.7 (b)); (b) xy-plane normalised radiation patterns of SSCB-SPM antenna at spot 
frequency 4.5GHz; (c) xy-plane normalised radiation patterns of SSCB-SPM antenna at 
spot frequency 7.5GHz and (d) xy-plane nonnalised radiation patterns of SSCB-SPM 
antenna at spot frequency 1 0.5GHz 
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Fig. 2.14 (a) Coefficient of omni-directionality vs. frequency of SN-SPM antenna (Fig. 
2.7 (c)); (b) xy-plane normalised radiation patterns of SN-SP~1 antenna at spot 
frequency 4.5GHz; (c) xy-plane nonnalised radiation patterns of SN-SPM antenna at 
spot frequency 7.5GHz and (d) xy-plane nmmalised radiation patterns of SN-SPM 
antenna at spot frequency 1 0.5GHz 

Table 2.2 Summary of coefficient of omni-directionality for the symmetrically 
modified SPM antennas at spot frequencies chosen and percentage of omni-directional 
radiation characteristics in UWB band 

Frequencies SB-SPM antenna SSCB-SPM antenna SN-SPM antenna 
4.5GHz 0.95 0.93 0.93 
7.5GHz 0.92 0.96 0.6 
10.5GHz 0.8 0.75 0.95 

Percentage in > 80o/o >78% >80% UWB band 
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2.5.4 Phase Response of Antenna Transfer Function 

As stated above, for use in UWB wireless communication systems, it is desirable that 

the antennas have linear phase response of antenna transfer function or flat and 

consistent group delay over the whole UWB band defined by FCC for UWB 

applications [6], [84-86]. In this section, the phase response of antenna transfer function 

in terms of the symmetrically modified SPM antennas is theoretically investigated. 

The simulated phase response of these antennas was investigated using the antenna 

transfer function. The antenna transfer functions are usually obtained through 

conventional two-antenna light-of-sight (LOS) gain measurements [87], which needs 

that both antennas are in the far-field of each other. Thus in the simulations we have 

ensured that the distance between two proposed identical antennas is larger than the far-

field distance [88], given by: 

R.nax = 2D2 = 2x302 = 63.6mm 
~nin 28.3 

(2.2) 

where A-min is the wavelength at 10.6GHz, which is the higher end ofthe UWB band. 

Two of the proposed identical antennas were arranged in such a way that the distance 

between their centre points are away at 500mm, which is larger than the maximwn far-

field distance for these antennas. The proposed antennas have different facets. When 

these antennas are used in a far-field link, the consistency in keeping the facets is 

important as it influences the received energy which in turn dictates the antenna transfer 

function. Hence, the investigations into the influence of antenna positioning on phase 

response of antenna transfer function have been carried out. On the other hand, it was 

also observed that two of the proposed antennas can be mounted on either two separate 

ground planes or a single ground plane for the simulations. Therefore, to include all 

these possible variations, different simulations with different relative positions that 

include ground plane configurations between two of the proposed antennas have been 

taken into account for forming a wireless link for the investigations of phase response of 

antenna transfer function. In this chapter, six typical scenarios as shown in Fig. 2.15 are 

used, viz.: face to face, side by side and face to side, on both separate ground planes and 

a single ground plane between two of the proposed antennas. For the sake of 
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convenience in comparisons, the start values of simulated phase for different cases were 

set to be identical, which is equal to 1 radian in all cases. 

Proposed 
Antenna 

600mm 

Proposed 
Antenna 

Separate ground planes 

Proposed 
Antenna 

600mm 

Proposed 
Antenna 

A single ground plane 

Fig. 2.15 The antenna positioning schemes for a link in 3-D schematic diagrarns on 
separate ground planes and a single ground plane: (a) Face to face; (b) Side by side and 
(c) Face to side. For simplicity, square plate monopole (SPM) antenna is used in these 
schematic diagrams. 

The results of phase response for these symmetrically modified SPM antennas are 

shown in Figs. 2.16, 2.17 and 2.18 respectively. Also, the phase responses ofTEM horn 

antenna and cavity-backed Archimedean spiral (CBAS) antenna that are gleaned from 

the literature [8] are included in these figures for the sake of comparison. As stated in 

Chapter 1, it is well-known that TEM horn antennas have been traditionally used for 

low-dispersion launching and receiving of UWB pulses [ 6]. In Figs. 2.16-2.18, it is 

observed that linear phase response of antenna transfer function over the UWB band can 

be achieved for these proposed antennas in the configuration schemes shown in Fig. 

2.15, which resembles that of the TEM horn antenna and indicates that low dispersion 
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can be observed for the receiving UWB pulses therefore satisfying the UWB wideband 

dispersion criteria. 
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Fig. 2.16 Phase response of SB-SPM antenna for configurations shown in Figs. 2.15 
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Fig. 2.17 (Continued from last page) Phase response of the SSCB-SPM antenna for 
configurations shown in Figs. 2.15 
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Fig. 2.18 Phase response of the SN-SPM antenna for configurations shown in Figs. 2.15 
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2.5.5 UWB Characteristics in Time Domain 

As stated above, UWB wireless communication systems transmit and receive extremely 

narrow pulses, which occupy extremely wide bandwidth in the reallocated UWB band 

ranging from 3.1GHz to 10.6GHz. Thus, in order to have the receiving UWB pulses at 

most to be same shape as the transmitting ones, antennas for these UWB systems should 

have low-dispersion performance. Although the phase response of antenna transfer 

function and group delay are able to evaluate the performance of signal dispersion for 

antennas, it is observed that they still are frequency domain parameters . Thus to obtain 

confidence on the signal dispersion performance for the proposed antennas, in this 

section, the time-domain UWB characteristics are investigated. Here, we use the 

proposed symmetrically modified SPM antennas for theoretically investigating the time 

domain response using the antenna transfer function results obtained in the earlier 

section. 

In all these investigations, the input is considered to be a modulated Gaussian pulse 

given by: 

(t-4r) 

x(t) = e rz sin(2JZ" fo (t- 4r)) (2.3) 

where .fo = 7GIIz and T = 280ps. The waveform and normalised power spectral density 

(PSD) ofthis pulse are illustrated in Figs. 2.19 (a) and (b) respectively. It is observed 

that the spectrum of this source pulse has a peak near 7GHz and a bandwidth of around 

5.8GHz, which is sufficiently covered by the UWB band. 

Using the conventional linear system theory [153-154], for a linear time-invariant (LTI) 

system, the output y (t), the input x (t) and the system impulse response h (t) is related 

through the equation: 

y(t) == x(t) * h(t) (2.4) 

where the Fourier transform of system impulse response h (t) is the system transfer 

function, which is denoted asH (j). 
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Fig. 2.19 (a) Waveform of input pulse and (b) power spectral density of the input pulse 
normalised to the FCC indoor and out door EIRP masks. 

Moreover, according to the discussions given in [25], [87], [89], it is noted that a system, 

which is comprised of a transmitting antenna (with non-magnetic media), free space 

transmission media and a receiving antenna (with non-magnetic media), is able to be 

considered as a L TI systerr1. Therefore, an analytical model of system configuration 

with a pair of antennas for the theoretical investigations of time-domain UWB 

characteristics ofthe proposed antennas is illustrated in Fig. 2.20. 

Portl x(t) 

r------------ -, 
I I 
I Transmitting Receiving I 
I Antenna Antenna I 

I 
I 

....._ ___ R---... 

L ____________ _ 
h(t) 

Port2 y(t) 

Fig. 2.20 Analytical model of system configuration with a pair of antennas for the 
theoretical investigations of UWB time-domain characteristics 
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In these investigations, it is noted that the system transfer function H (f), which is also 

known as antenna transfer function, was calculated by using the High-Frequency 

Structure Simulator (HFSS®), which is a frequency domain solver. Therefore, it is not 

possible to directly present the UWB characteristics of the proposed antennas in time 

domain from HFSS® results. However, according to the definition of system transfer 

function for a LTI system in [153], the system transfer function is independent of the 

input and output signals. Therefore, it would be appropriate to theoretically investigate 

the UWB characteristics of the proposed antennas in time domain using the antenna 

transfer function obtained from a frequency domain solver. 

It is observed that UWB antennas act like a band-pass filter within the band ranging 

from 1.5GHz to 11.5GHz, which is the frequency range solved by using HFSS® with a 

frequency resolution of 0.2GHz. Therefore, the highest frequency component of the 

output signal can be determined by the upper end of the antenna transfer function , 

which is 1 1.5GHz in these investigations. 

Jn tenns of the analytical model shown in Fig. 2.20, the parameters of system input x (t) 

and system transfer function H (f) are known. Therefore, the system output y (t) can be 

obtained using: 

y(t) =1FT[ FT[ x(t)] · H (f ) J (2.5) 

where 1FT denotes as inverse Fourier transform and FT as Fourier transform. 

In order to efficiently obtain the time-domain UWB characteristics in these 

investigations, fast Fourier transform (FFT) technique is used. In FFT technique, the 

selection of sarnpling frequency is a critical issue. According to the Nyquist theories 

[153-154], when considering a signal whose spectrum is bandlimited, no information 

would be lost and signal can be exactly reconstructed without errors when its samples 

are taken uniformly at a rate Is ~ 2/m samples per second, where fm is the highest 

frequency component of the signal and FNyquist = 2fm is well known as the Nyquist 

frequency. In our investigations, as the system input x (t) is a bandlimited signal that is 

sufficiently covered by the UWB band defined by FCC, and the system performs as a 

band-pass filter with upper end at 11.5GHz, therefore, in order to reconstruct the system 
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output y (t) without losing information, the sampling frequency for the FFT process 

should be Is 2: 2j~ = 23GHz. 

Another important issue in the FFT process is to match the frequency domain resolution 

of Fourier transform of x (t) with the one of antenna transfer function H (f). As stated 

earlier, system transfer functions (antenna transfer functions) were calculated by using 

HFSS® in the frequency range between 1.5GHz and 11.5GHz with a frequency 

resolution of 0.2GHz. Therefore, the FFT of x (t) should also have a resolution of 

0.2GHz in frequency domain for the sake of convenient computation. Otherwise, 

interpolation of values in frequency domain for the FFT of x (t) is necessary. 

Consequently in the calculation setup, with the above concerns, parameters were set as 

Is = 183GHz 2: 23GHz and T = l/0.2GHz = 5ns respectively for the FFT processing, 

where T determines the maximum time value for x (t) accounted in FFT processing. 

Therefore, with the FFT processing of x (t) and H (f) through the relationship indicated 

by equation (2.5), time domain responses y (t) were calculated for the proposed 

symmetrically modified SPM antennas in the configuration schemes shown in Fig. 2.15. 

The results are shown in Figs. 2.21 , 2.22 and 2.23 respectively. 
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Fig. 2.21 Normalised received waveforms of UWB pulses for the SB-SPM antenna for 
configurations shown in Figs. 2.15. The dotted waveforms at the left indicate the 
normalised transmitted UWB pulse. (Continued in next page) 



~ 

2.51 --r::=:::===============il 
······Transmitted pulse waveform 

1.5 

_Received pulse waveform fo r SB-SPM antenna 
in scheme (b) with separate grounds 

___ Received pulse waveform for SB-SPM antenna 
in scheme (b) with single grounds 

~ 0.5 

> 

-C.5 

-1 

-1 .50'-------'----'-2----'----..L------' 

Tim e(ns) 

(b) 

~ 

2.51 --r::=:::===============il 
······Transmitted pulse waveform 

1.5 

_Received pulse waveform for SB-SPM antenna 
in scheme (c) with separate grou nds 

___ Received pu lse waveform for SB-SP M antenna 
in scheme (c) with sing le grounds 

~ 0.5 

> 

-C.5 

-1 

-1.50.__ __ __. ___ _._2 ___ _._ ___ _L_ __ ___, 

Time (ns) 

(c) 

53 

Fig. 2.21 (Continued from last page) Normalised received waveforms of UWB pulses 
for the SB-SPM antenna for configurations shown in Figs. 2.15. The dotted waveforms 
at the left indicate the normalised transmitted UWB pulse. 
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Fig. 2.22 Normalised received waveforms of UWB pulses for the SSCB-SPM antenna 
for configurations shown in Figs. 2.15. The dotted waveforms at the left indicate the 
normalised transmitted UWB pulse. 
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Fig. 2.23 Normalised received waveforms of UWB pulses for the SN-SPM antenna for 
configurations shown in Figs. 2.15. The dotted waveforms at the left indicate the 
normalised transmitted UWB pulse. 

As can be observed in Figs. 2.21-2.23, the calculated received pulses are well behaved. 

The performance of last time ringing is acceptable except for those from SN-SPM 

antenna for the configuration scheme (a) shown in Fig. 2.15. These clearly verify the 

applicability of the proposed antennas in UWB wireless communication systems. 

In order to further characterise the time-dmnain UWB characteristics of the proposed 

symmetrically modified SPM antennas for the configurations shown in Figs. 2.15, a 

well-defined paratneter named as fidelity factor is proposed to evaluate the capability of 

pulse detection of an antenna [87]. It is reported that fidelity factor is a measure of how 

accurately the transmitted waveform reproduces the time derivative of the voltage 

applied to the antenna terminals or, equivalently, how accurately the received voltage 
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available at the antenna terminal reproduces the transient field incident upon it [25] , 

[155]. However, it is noted that fideli ty factor for an antenna is waveform specific [155]. 

The fi delity factor is defined as: 

Fidelity = maxr [ ;r (t- r) ~(t)dt (2 .6) 

A A 

where Yr (t) is the normalised received pulse and x(t) is the normal ised transmitted 

pulse [25]. Therefore, the definition of fide lity factor corresponds to the maximum 

magnitude of the cross-correlation between the normalised transmitted and received 
A 

pulses. Here, it is noted that a fidelity factor= 1 indicates a perfect tnatch between Yr (t) 

A 

and x(t), which means that the transmitting and receiving antennas do not distort the 

input pulse at all. For the given input pulse indicated by equation (2.3), the fidelity 

factor for the proposed symmetrically modified SPM antennas for the configuration 

schemes shown in Fig. 2.15 were calculated and the results are summarised in Table 2.3 

According to Table 2.3, the fidelity factor is mostly greater than 0.9 for the proposed 

symmetrically mod ified SPM antennas for most of the configurations shown in Fig. 

2.15. However, for those calculated frorn SN-SPM antenna for the configurations (a) 

with both separate ground planes and a single ground plane configurations, it is 

observed that the fidelity factor is degraded, which indicates that signal dispersion 

becomes significant in these <?ases. Similar phenomena can be seen from SB-SPM and 

SSCB-SPM antennas in configuration (a) with a single ground plane configuration. In 

spite of these, it still validates that the proposed antennas have good performance of low 

dispersion for the transmitting and receiving UWB pulses therefore satisfying the UWB 

application criteria. 
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Table 2.3 Summary of fidelity factor between the transmitting and receiving UWB 
pulses for the family of symmetrically modified SPM antennas for the configurations 
shown Fig. 2.15 

Configuration (a) with (a) with (b) with (b) with (c) with (c) with 
separate a single separate a single separate a single scheme grounds ground grounds ground grounds ground 

SB-SPM antenna 0.94829 0.87475 0.92909 0.94369 0.97083 0.96538 
SSCB-SPM 0.93741 0.87475 0.90996 0.93944 0.94893 0.94593 antenna 

SN -SPM antenna 0.79125 0.64541 0.89519 0.9031 0.92831 0.94524 

2.6 Parametric studies 

As illustrated above, impedance bandwidth performance of SPM antennas can be 

improved by applying symmetrical modifications on the antenna elements (Fig. 2.5 (b), 

(d) and (f)). However, it is a special case that the modifications applied at the top 

portion of the antenna element is symmetrical to the one applied at the bottotn portion. 

Therefore, in this section, the influence of general modifications applied at the top 

portion of the antenna element while fixing the bottom modifications on overa11 

impedance bandwidth performance is investigated. Through these parametric studies, 

we can observe how introduction of additional modifications applied at the top portion 

of the antenna element affects the overall impedance bandwidth performance, while the 

modifications at the bottom of the antenna element are fixed . 

Without the loss of generality, we have considered different dimensions for the bottom 

rnodifications, which are summarised in Table 2.4. While the bottom modifications are 

fixed using one of the dimension groups as listed in Table 2.4, the variation ranges of 

dimensions for the top modifications of SB-SPM:, SSCB-SPM and SN-SPM antennas 

are listed in Table 2.5. The schematic diagrams of antennas concerned in these studies 

are shown in Figs. 2.24, 2.25 and 2.26, respectively. And the corresponding results of 

impedance bandwidth performance are shown in Figs. 2.24, 2.25 and 2.26 respectively 

as well. It is noted that the dashed line in these figures indicates the impedance 
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bandwidth of antennas with only the fixed corresponding bottom modifications. The 

lower and upper ends of the calculated bandwidth are selected to be 3.1 GHz and 

1 0.6GHz respectively, which are the lower and upper ends of the UWB band defined by 

FCC. 

Table 2.4 Summary of dimensions for the fixed bottom modifications. Subscript "B" 
stands for bottom. 

Type of Beveled Semi-Circular Notched Modification Base 
Dimensions of (a) BH8 = 5; BW8 = 15 (a) Rs = 9 (a) NHs = 2; NWs = 5 
Modifications (b) BH8 = 7; BW8 = 15 (b) R8 = 11 (b) NH8 = 3; NW 8 = 7 

(Unit: mm) (c) BH8 = 7; BW8 = 10 (c) R8 = 13 (c) NH8 = 4; NW 8 = 9 

Table 2.5 Summary of dimensions for the top modifications. Subscript "T" stands for 
top. 

Type of 
Modification 

Dimensions of 
Modifications 

(Unit: mm) 

Beveled 

BHT = 1, 5, 9 and 13mm; 
BWT= 1'"""'15mm 

Semi-Circular 
Base 

RT= 1 ~ 15mm 

7.5 

6
_
5 

+BHT x 9mm 

Notched 

NHT = 1, 5, 9, 13mm; 
NWT= 1-14mm 

8 10 12 14 
BWT(mm) 

(a) 

Fig. 2.24 Bandwidth comparison of SB-SPM antenna with dimension schemes shown in 
Beveled column of Table 2.4. Subscripts "B" and "T" stand for bottom and top 
respectively. (Continued in next page) 



7.5 
....,aHr = 1mm 

-BHr=5mm 

..... BHT = 9mm 

6
.
5 

..... BHT = 13mm 

r-------------------------------------------------
5 2 4 6 8 10 1.2 1.4 

BWT(mm) 

(b) 

7.45-

7.4 -

7.3-

7.2 8 10 
BWT(mm) 

(c) 

...,.aHr=1 mm 

.... 8Hr=5mm 

..... BHr= 9mm -

...,.aHr=13mm _ 

12 14 

58 

Fig. 2.24 (Continued from last page) Bandwidth comparison of SB-SPM antenna with 
dimension schemes shown in Beveled column of Table 2.4. Subscripts "B" and "T" 
stand for bottom and top respectively. 
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Fig. 2.25 Bandwidth comparison of SSCB-SPM antenna with dimension schemes 
shown in Semi-Circular Base column of Table 2.4. Subscripts "B" and "T" stand for 
bottom and top respectively. 
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Fig. 2.26 Bandwidth comparison of SN-SPM ante1ma with dimension schemes shown 
in Notched colutnn of Table 2.4. Subscripts "B" and "T" stand for bottom and top 
respectively. 

It is shown that applying additional modifications at the top of antenna element is able 

to affect the overall impedance bandwidth performance for the SPM antennas, when the 

modifications at the bottom of antenna element are fixed. Based on the results from 

these figures, the influence of it are summarised and pointed out as follows: 

• In Figs. 2.24 (SB-SPM antenna), when the bottom modifications are fixed at 

BH8 = 5mm and BW8 = 15mm (Figs. 2.24 (a)), the introduction of top 

modifications for BHT = 5mm, 9mm and 13mm and BWT = lmm ~ 15mm 

evidently improves the impedance bandwidth performance for SPM antennas. 

Similar phenomena are also observed for bottom modifications for BHs = 7mm 

and BW8 = 15mtn (Figs. 2.24 (b)) and BH8 = 7mm and BW8 = lOmm (Figs. 

2.24 (c)) as well. These phenomena are also shown in Figs. 2.25 (a) and (b) 
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(SSCB-SPM antenna). When the bottom modifications are fixed at R8 = 9mm 

(Figs. 2.25 (a)) and R8 = llmm (Figs. 2.25 (b)) respectively, the introduction of 

top modifications for R1 = lmm ~ 15mm evidently improves the impedance 

bandwidth performance for SPM antennas . 

• In Figs. 2.26 (a) (SN-SPM antenna), when the bottom modifications are fixed at 

NH8 = 2mm and NW 8 = 5mm, the improvement of impedance bandwidth 

performance for top modifications for NH1 = 5mm and NWT = lmm ~ 14mm is 

more than that for NH1 = lmm and NW1 = lmm ~ 14mm. However, the 

improvement for top modifications for NHT = 9mm and NWT = lmm ~ 14mm is 

less than that for NH1 = 5mm and NWT = lmm ~ 14mm. These phenomena are 

also observed for bottom modifications for NHB = 3mm and NWB = 7mm (Figs. 

2.26 (b)) and NHB = 4mm and NWB = 9mm (Figs. 2.26 (c)). 

• In Figs. 2.25 (b) and (c) (SSCB-SPM antenna), bottom modification for RB = 

13mm (Figs. 2.25 (c)) is larger than that for R8 = llmm (Figs. 2.25 (b)). When 

top tnodifications for RT = lmm ~~ 15mtn are applied, the improvement of 

impedance bandwidth performance of former case (R8 = 13mm) is less than that 

of the latter case (RB = l lmm). Similar phenomena are also shown in Figs. 2.26 

(b) and (c) (SN-SPM antenna) as well. In Figs. 2.26 (b) and (c) (SN-SPM 

antenna), bottom modification for NH8 = 4mm and NWB = 9n11n (Figs. 2.26 (c)) 

is larger than that for NHB = 3mm and NWB = 7mm (Figs. 2.26 (b)). When top 

modifications for NH1 = 5mm and NW1 = lmm~l4mm are applied, the 

improvement of impedance bandwidth performance of former case (NHB = 4mm 

and NW8 = 9mm) is less than that of the latter case (NH8 = 3mm and NWB = 

7mm). 

• In Figs. 2.26 (b) and (c) (SN-SPM antenna), bottom modification for NHB = 

4mm and NW8 = 9mm (Figs. 2.26 (c)) is larger than that for NH8 = 3mm and 

NW8 = 7mm (Figs. 2.26 (b)). When top tnodifications for NHT = 13tnm and 

NW1 = lmm~l4mm are applied, the deterioration of impedance bandwidth 

performance of former case (NH8 = 4mm and NW8 = 9mm) is heavier than that 

of the latter case (NHB = 3mm and NWB = 7mm). 



61 

2.6 Discussion 

In this chapter, with the introduction of additional modifications applied at the top of the 

antenna element to make the antenna element symmetrical with respect to the top and 

bottom, significant itnprovement in overall impedance bandwidth performance can be 

observed for the family of symmetrically modified SPM antennas, such as SB-SPM, 

SSCB-SPM and SN-SPM antennas. In addition, the radiation characteristics, phase 

response of antenna transfer function and time-domain UWB characteristics of these 

proposed antennas were theoretically and experimentally investigated. It is illustrated 

that these proposed symmetrically modified SPM antennas have omni-directional 

radiation characteristics in over 78% of the UWB band. Furthermore, linear phase 

responses of antenna transfer function and well-behaved time domain responses 

demonstrate that the proposed antennas substantiate their applicability in UWB wireless 

communication and microwave imaging applications with introducing limited distortion 

to the baseband signals. Furthermore, UWB arrays can be easily developed with the use 

of proposed symmetrically modified SPM antennas, which would be highly suitable for 

imaging applications. Therefore, owning to their UWB and structure characteristics, the 

proposed antennas are not only suitable for new wireless communication applications, 

such as fixed-location telemedicine applications, but also for innovative microwave 

imaging systems with medical diagnostic and therapeutic purposes. 

Although UWB characteristics can be achieved by these proposed antennas, it is found 

that due to their structure they are unlikely to be applied for compact wireless 

communication applications, such as body-worn network applications, when compared 

with the antennas that have uniplanar geometry. Therefore, overall antenna structures 

with antenna element and ground plane uniplanar are more attractive and feasible for 

the current trend of compact wireless communication applications. In the next chapter, a 

compact printed CPW-fed antenna for UWB applications will be proposed and 

examined theoretically and experimentally. 



Chapter 3 

Coplanar-Waveguide-fed Compact Printed 
Antenna for Ultra-Wideband (UWB) 
Applications 

3.1 Introduction 
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In the previous chapter, we have described techniques to design square plate tnonopole 

(SPM) antennas to achieve true UWB perfom1ance frmn the point of view of impedance 

bandwidth, radiation pattern and phase response as well as time domain fidelity. 

However, SPM antennas suffer from size limitations for integration with portable 

handsets. Thus for portable/mobile applications, such as those arise for wireless body 

area networks (WBAN), compact antenna structures that have uniplanar geometry will 

be appropriate. Therefore, in this chapter, we propose printing the plate monopole to 

achieve uniplanar construction and the feed is designed to be a coplanar waveguide 

(CPW) feed. This has led to a printed antenna fed by coplanar waveguide (CPW), which 

has uniplanar structure. This proposed antenna will be investigated for UWB body-worn 

and portable applications. In addition to stepwise design procedure and results of 

detailed investigations given in this chapter, we have made final prototype antenna, and 

made measurements. 
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Over the past few years, considerable research efforts have been put into the antenna 

designs with uniplanar structure for mobile wireless communication applications, as 

they offer many attractive features , such as light weight, low cost and ease of fabrication. 

Many publications considered bow-tie antennas as one of the promising candidates for 

UWB applications. Here, it must be made clear that there are two types of bow-tie 

antennas: those that are formed with copper in bow-tie configuration (conventional 

bow-tie) and those formed by removing the conductor in the form of bow-tie (bow-tie 

slot antennas). However, the impedance bandwidths of the conventional printed bow-tie 

antennas are relatively narrower and yet sufficient enough to cover the whole UWB 

band [90-91]. Recently, two novel double-side printed bow-tie antennas, which are able 

to achieve ultra wide impedance bandwidth and show acceptable performance to meet 

UWB antenna criterion, have been proposed for UWB applications [43], [84]. Diamond 

dipole and planar elliptical dipole are both variations of the bow-tie antenna [92-93]. It 

is reported that they have high electric near fields and easily cause unwanted coupling to 

nearby objects [94]. The tapered slot antennas, belonging to travelling wave antenna 

family with end-fire patterns, have also been proved to be capable of providing UWB 

characteristics for transmitting baseband pulses with low dispersion. However, these 

antennas suffer from some constraints introduced by end fire patterns [87], [95]. In 

addition, a couple of microstrip-fed antennas with printed circular disc [96-97] and 

elliptical slots [98] were also designed for UWB applications as well. 

All these printed antennas, including the bow-tie and tapered slot antennas, are normally 

fed by microstrip line. The well-known disadvantages of microstrip feeding are its 

narrow impedance bandwidth, dispersion at higher frequencies and double-copper-layer 

structure between the microstrip line and ground plane [99-1 00] , which limit its 

usefulness for UWB applications. Therefore, in order to overcome these drawbacks of 

microstrip feeding, coplanar waveguide (CPW) feeding is preferred here. 

CPW structures are increasingly used in high frequency applications since they have 

many advantages over microstrip feeding, such as having consistent characteristic 

impedance over a very wide bandwidth, single metallic layer for the feed network and 

antenna element, smaller mutua] coupling between two adjacent lines, lower radiation 

loss, less dispersion and easy integration with active devices or MMICs etc [1 02, 106-

109]. 
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Thus, a number of CPW-fed antennas have been reported for UWB applications. Some 

of those antennas obtain UWB characteristics by using a combination of trapezoidal 

patches and steps [101], some include hexagonal radiating element [102], and others 

use radiating ele1nents that are half-circle [103], whole-circle [104] shaped or contain 

tapered notches [ 1 05]. The proposed antenna structure in this chapter is characterised by 

a single substrate and uniplanar configuration, and so it does not require other matching 

networks and potential equalisation techniques. Furthermore, the uniplanar structure 

helps to prevent excitation of parallel-plate waveguide modes thus not requiring 

metallisation vias for the proposed antenna [11 0]. 

Although many printed antennas were reported for UWB applications, many of them 

have either incomplete bandwidth coverage or lack of information on the nature of their 

radiation patterns. It was found that the operational bandwidth reported in [101] covers 

only 5.2GHz that ranges from 3.1 GHz to 8.3GHz. In other publications, there is little 

information regarding the performance of radiation characteristics [1 02]. Also, some of 

the antennas reported in the literature are relatively larger in size of the order of 

2000mm2 (87], [96]. Furthermore, for most antennas published, little or no information 

could be found regarding the coupling mechanism between the ground plane and 

antenna element and the influence of design variables on UWB characteristics, such as 

impedance matching and radiation characteristics over the UWB band. Thus, no 

systematic design n1ethod is available in the literature for CPW-fed antennas to achieve 

UWB characteristics. 

To design a CPW -fed antenna for UWB applications, our goal has been to optimise 

simultaneously the reflection coefficient and omni-directional radiation characteristics 

in xy-plane (H-plane) all over the UWB band that ranges from 3.1GHz to l0.6GHz. 

However, it is found that omni-directional radiation characteristics in xy-plane are 

difficult to maintain consistently over a wide spectrum and can easily be deteriorated as 

the impedance bandwidth gets wider. Furthermore, omni-directional radiation 

characteristics in xy-plane have also been found to deteriorate with reduction in overall 

size of antenna structure in xz-plane (E-plane). Therefore, the design of CPW-fed 

antennas to obtain specified UWB characteristics becomes a multi-objective 

optimisation problem with many tradeoffs and practical constraints. Multiple solutions 

can exist depending on the goals or objectives of the design problem, and we regard one 
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of the solutions to be optimal if and only if no other solutions can exceed the optimal 

one with respect to all design objectives. In such cases, it is useful to use empirical 

design optimisation which can clearly illustrate the design procedure for the printed 

CPW-fed antenna to achieve UWB characteristics. This would also help to understand 

the influence of design variables on UWB characteristics as well as narrow solution 

space as a compromise between different design objectives. 

In Section 2, the CPW-fed antenna element is introduced and theoretically investigated. 

In Section 3, a stepwise design procedure is described and detailed through a number 

of parametric studies, which leads to the final antenna structure proposed at the end. We 

have found that it is difficult to use the software package Feko® for CPW applications. 

Hence, here, we use the High-Frequency Structure Simulator (HFSS®). The design 

procedure is based on the simulations obtained from HFSS®. The final antenna design 

was confirmed with experimental results in Section 4. Finally, a discussion is presented 

in Section 5. 

3.2 Proposed CPW-fed Antenna Element Structure 

The proposed antenna has evolved from a traditional monopole, which is usually 

mounted perpendicularly to a ground plane. The initial idea was to unfold the monopole 

and print it on a substrate and feed it using a printed transmission line. Due to the 

advantages of CPW, we used it as a suitable and promising feeding solution for the 

proposed antenna. Thus, we designed the original prototype of the antenna as illustrated 

in Fig. 3.1 by obtaining the dimensions of antenna patch using the formula: 

!LE = c I /L = (30x0.24)/(/ + r) (3.1) 

which approximately determines the frequency of the lower edge of the impedance 

bandwidth (/L£, in GHz) of the equivalent plate monopole [ 64]. In equation (3 .1 ), l is the 

plate height and r is the equivalent radius chosen from "27rrl = area", with all 

dimensions in centimetres. As seen in Fig. 3.1, the prototype antenna is similar to the 

traditional inductively coupled slot antenna fed by CPW transmission line [106-108], 

[ 111-112], except that the slots are short-circuited. The prototype antenna was 

investigated with the help of commercial software HFSS®. 
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It is well known that CPW transmission line does not support the propagation of 

coupled slotline (CSL) modes and allows only the coplanar waveguide mode (CPW 

mode) propagation, when the antenna structure is symmetrical with respect to the 

transmission line, which can be seen in Figs. 3.2 [112]. Furthermore, the symmetrical 

antenna structure also yields symmetrical radiation patterns in xy-plane. In addition, 

when only the CPW mode is used to excite the antennas, the equivalent magnetic 

currents on both slots of the coplanar waveguide radiate almost out of phase, thus 

contributing negligibly to the cross-polarised radiation components [ 1 08], [ 113]. 

Therefore, all antenna designs considered in this chapter will be symmetrical with 

respect to the transmission line. 

L1 

Horizontal slots 

Ground planes 

L2 
Vertical slots 

Fig. 3.1 The initial prototype of the antenna which formed basis for improvement 
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(a) (b) 

Fig. 3.2 (a) Electric field and (b) Magnetic field on the cross-section plane of CPW at 
spot frequency of 5.5GHz 

Using HFSS®, the distributions of electric and magnetic fields were investigated for the 

CPW structure for further understanding the radiation behaviour of the proposed 

antenna as given in Fig 3.1 [107-108], [111-115]. It is found that the magnetic field is 

mostly distributed around the vertical slots of the coplanar waveguide structure and the 

horizontal slots that separate the antenna patch and ground plane, but at other areas it 

has negligibly small magnitude as can be seen from Fig. 3.3 (a). A similar picture has 

also been resulted for electric field distribution as presented in Fig. 3.3 (b). These 

electric and magnetic fields determine the equivalent magnetic and electric currents. It 

is reported that the equivalent electric current detern1ines the effective antenna length 

for radiation, while the horizontal slots that support the equivalent magnetic current are 

the major source of radiation fron1 the antenna [ 114-115]. 

(a) (b) 

Fig. 3.3 (a) Distributions of magnetic field and (b) electric field on prototype antenna at 
spot frequency of 5.5GHz 
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Thus the calculated distributions of electric and magnetic fields which allow 

determination of equivalent magnetic and electric currents are useful for manipulating 

the UWB performance for the proposed antenna. Thus, by modifying the effective 

antenna length and the geometry of slots that support the equivalent magnetic current, 

desirable radiation characteristics can be obtained. In order to preserve the attractive 

characteristics provided by the coplanar waveguide, modifications are only considered 

along the horizontal slots. 

3.3 Design Procedure and Proposed Antenna Structure 

Step 1: Coplanar Waveguide Design and Selection of Substrate 

As the proposed antenna is fed by coplanar waveguide (CPW) feeding, the design of 

CPW is first concerned. Generally, the dimensions of CPW can be determined by the 

following synthesis formulas: 

W1 =F;(£,,h,Z0 ,g) 

g = F2(£r,h ,Zo,WJ) 

(3.2) 

(3.3) 

where W1 is the width of centre conductor, g is the width of slot, £, is the dielectric 

constant of the substrate material, h is the substrate height and Z0 is the desired 

characteristic impedance, which are also illustrated in Fig. 3.4 as well. 

Since the proposed antenna was fabricated in our university laboratory and measured 

with network analyser via a SMA PCB end launcher for measurements, certain 

dimensional limits had to be imposed in our CPW design to suit the existing facilities. 

Thus, the total width of centre conductor and two slots (WJ + 2 X g) has to be narrower 

than the width of the SMA PCB end launcher (1 Omm) for full compatibility between the 

copper and end launcher and also the slot width g has to be wider than 0.3mm, which is 

due to the fabrication accuracy limitations of the available facilities at the university. 
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(a) (b) 
Fig. 3.4 (a) Schematic diagram of the coplanar waveguide, (b) Side vww of the 
proposed CPW-fed antenna element shown in Fig 3.1 

The slot width is more of concern than the width of the centre conductor in the CPW 

design. Thus, the synthesis formulas [ 116], which require centre conductor width W1 to 

be expressed in terms of the slot width g, dielectric constant£,. , substrate height hand 

desired characteristic impedance Z0 , are then used to determine the centre conductor 

width wl ' as listed below. 

When WI ~ 80 
h [3(1+/n(c,.))] 

The centre conductor width can be given by 

Wt =gxG(c,. ,h,Z0 ,g) 

with 

G= 

30Jl' 2 30Jl' 2 

0.25 exp( o. 5 ) + exp(- ---o.5) - 1 
ZoEeff Zoceff 

z £0.5 
[0.125 exp( 0 

eff ) - 0.5r1 

60 

In these expression, £eff is given by 

Z < 60Jin 
0 (£ + 1)0.5 

for r 

Z > 60Jin 
0 - (£,. + 1)0.5 

£r < 6.0 
for 

£,. ~6.0 

(3.4) 

(3.5) 

(3.6) 

(3.7) 



with 

E 47.56 g g I;= sech{[-r-f[--]2 xexp[(1 +0.006420 -)xln(0.6+-)]} 
Er + 1 Z0 h h 

T2 = 

(-1-)In[2x (1 +g)] 
837.5 (1- g) 

(84.851n{2 X [1 + (1- g4 )o.2s ]} fl 
[1- (1- g4)0.25] 

for 

g = ({exp[7r(l + p)g /2h]-exp[7rg /2h]})0.5 

{exp[7r(2+ p)g/2h]-1} 

p= 

0.841::;; g < 1 

0::;; g::;; 0.841 

E
6 150.4 g g 

~ =sech{ r 7 [--]
2 xexp[(1+0.0008ErZ0 -)xln(0.3+-)]} 

(Er+1) Z0 h h 

r. = 0.5 +[0.02125 -0.345Q-0.0005(0.25 + Q)£,] ~ 

-{1 + exp[3 .5 - 1.551n(g )J r 1 

h 

Q= 
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(3.8) 

(3.9) 

(3.10) 

(3 .11) 

(3.12) 

(3.13) 

(3. 14) 

As illustrated in formulas (3 .4 - 3.14 ), dielectric constant of substrate material is of 

crucial importance in designing the CPW structure. In Fig. 3.5 (a), a comparison of 

centre conductor width of CPW versus its slot width for various commercially available 

substrate materials is presented. As shown in the figure, the width of centre conductor 

of the CPW structure decreases with the increase in dielectric constant of the substrate 

material , for fixed slot width, characteristic impedance and substrate height. However, 

as the proposed antenna is printed on a substrate, to achieve omni-directional radiation 

characteristics in xy-plane (H-Plane), it is desirable that the dielectric constant of the 

substrate material which is covered with copper on one side and air on the other side, is 
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as close as to that of air and the thickness of the substrate also plays a role, which is 

indicated in Fig. 3.4 (b). Due to the dimension limits mentioned above, dielectric 

constant between around 3.3 and 4.S was preferred for the proposed antenna, as it 

tradesoffs the dielectric constant of substrate material versus the centre conductor width. 

Besides the dielectric constant, the height (thickness) of substrate is also a critical 

variable for the selection of substrate material. Therefore, the comparison of centre 

conductor width of CPW versus its slot width for off-the-shelf available substrate 

heights for commercially available substrate R04003C TM was made and shown in Fig. 

3.S (b). As can be observed from the figure, increasing the substrate height can 

obviously decrease the centre conductor width of CPW for fixed slot width, 

characteristic impedance and dielectric constant. Due to the effectiveness of using 

thicker substrate in minimising the centre conductor width of CPW as well as other 

advantages, substrate with larger thickness is preferred for the proposed antenna design. 

7orr=::=========================;-,---~ + Er = 2.2 (Rogers RT/Duroid 5880, 1.575mm) 

60 !~~= !:!~i:~g:;~x:~1~:3~~ 1.524mm) 

'"* Er = 6.15 (Rogers RO 3006, 1.28mm) 
50 +Er = 10.2 (Rogers RO 3010, 1.28mm) 

Erf 

30 

20 

(a) 

e zoo 
.s 
..: 
:0150 
~ 
c. 

~ 100 

50 

.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 
Slot Width (mm) 

(b) 

Fig. 3.5 (a) Cmnparison of centre conductor width of CPW versus its slot width with h = 
1.S24mm, Zo = son and Er = 2.2, 3.38, 4.4, 6.1S and 10.2; (b) Comparison of centre 
conductor width of CPW versus its slot width with Er = 3.38, Zo = son and h = 
O.S08mm, 0.813mm and l.S24mm 
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Fig. 3.6 Input characteristic impedance of coplanar waveguide with dimensions of Er = 
3.38, h = 1.524mm, W r = 5.5mm and g = 0.3mm 

Therefore, based on the above explanations, the dimensions of CPW structure totally 

depend on the available substrate material and fabrication accuracy. And it is possible to 

obtain different dimensions for CPW with different substrate material and fabrication 

facility. Due to the availability of substrate material and fabrication facility, the 

proposed antenna is printed on the commercially available substrate R04003C ™, which 

has dielectric constant of 3.38 and height at 1.524mm. Therefore, the dimension of 

CPW was calculated to be W1 = 5.5mm, when g = 0.3Jnm. The characteristic irnpedance 

with real and irnage parts of the designed CPW transmission line is shown in Fig. 3.6, 

which demonstrates that a good 50Q CPW transn1ission line is obtained for feeding the 

proposed antenna. 

Step 2: Determine Ll, L2, WandS 

As seen in Fig. 3.1, due to the wider CPW transmission line in comparison with the 

width of the centre conductor of coaxial cable, the width and height of the antenna patch 

were chosen to be W = 30mm and L 1 = 31 min that corresponds to the calculated /LE at 

2.05GHz, which include the compensation for the increased area due to the wider CPW 

transmission line. It is noted that when the antenna patch with L1 > W, which makes it 

more like a traditional slim monopole, better omni-directional radiation characteristics 

in xy-plane can be achieved. Lastly, in order to minimise the overall antenna size, the 

width of ground plane is fixed to be equal to that of the antenna patch. 
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Finally, the dimensions L2 = 32.5mm and S = 1mm were chosen, making the total 

length of CPW structure approximately equal to J...e/2 at 3.1 GHz for the given substrate, 

which will help to reduce the effects of higher order mode (HOM) [ 1 07], and get better 

impedance matching [ 11 7]. 

Step 3: Modifications using a Single-Notched-Step (SNS) 

a) Type and Position of Modification 

As mentioned above, by modifying the effective antenna length and the geometry of 

slots that support the equivalent magnetic current, desired radiation characteristics can 

be obtained. Therefore, in order to preserve the attractive characteristics provided by the 

coplanar waveguide (CPW), modifications are introduced along the horizontal slots that 

separate the antenna patch and the ground plane, which can be referred to Fig. 3.1. 

We have seen from the previous chapter that cutting a pair of notches at the bottom of 

the square plate monopole (SPM) antenna element has significantly improved the 

impedance bandwidth for the SPM antenna [73]. Following this, the single-notched-step 

(SNS) modifications were first introduced along both sides of the horizontal slots of the 

prototype antenna to improve the impedance matching. 

(a) (b) (c) 

Fig. 3. 7 Antenna geometries with single-notched-step (SNS) modifications investigated 
in Step 3 a): (a) modifications applied only at bottom; (b) modifications applied only at 
top; (c) modifications applied at both bottom and top of the horizontal slots 
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Since the horizontal slots comprise the bottom and top edges, which can be seen in Fig. 

3.1, the positions where the SNS modifications should be applied were of interest. 

Therefore, antennas with SNS modifications applied at different positions, for example, 

SNS modifications applied only at bottom, only at top and applied at both bottom and 

top of the horizontal slots, were investigated, while keeping other dimensions fixed. The 

schematic diagrams are illustrated in Figs. 3.7. Without the loss of generality, the 

dimensions of SNS modifications were chosen to be (a) NW = 6mm, NH = 2mm and (b) 

NW = 6mm, NH = 3mm. The conesponding calculated reflection coefficients are 

shown in Fig. 3.8 (a) and (b) re5pectively. It is observed that SNS modifications applied 

at both bottom and top of the horizontal slots improve the antenna impedance matching 

much more than the other two cases, where SNS modifications applied only at either 

bottom or top of the horizontal slots, regardless of the dimensions. 

iil 
;- -15 
;;; 

-20 -

-25 

~
· Only at bottom--

,.. Only at top 
-At both bottom and top 

-Jo 2--J4---'-5 --'6-~7= :=::::rs==:cg ':::::::::::I10:::::=1:c1 
Frequency (GHz) 

(a) 

5 6 7 8 9 10 11 
Frequency (GHz) 

(b) 

Fig. 3.8 Comparison of reflection coefficients for SNS modifications applied only at 
bottom, only at top and at both bottom and top of the horizontal slots. The dimensions 
ofSNS modifications are (a) NW = 6mm and NH = 2mm and (b) NW = 6mm and NH = 
3mrn. 

b) Dimensions of Modifications 

As a special case, the SNS modifications applied at the bottom and at the top of the 

horizontal slots can be identical. Thus, parametric studies for general cases were 

undertaken to further characterise the influence of each dimension of the modifications 

on antenna impedance matching performance. In these studies, dimensions, such as L 1, 

L2 and W, are fixed. The general antenna geometry with SNS tnodifications concerned 

in these studies is illustrated in Fig. 3.9, and the dimensions are denoted as NWa, NHa, 
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NWT and NHT, where the subscripts "B" and "T" stand for bottom and top respectively. 

Fig. 3.9 General antenna geometry with SNS modifications investigated in Step 3 b). 

At first, the influence of the widths (NW8 and NWT) of the SNS modifications applied 

at the bottom and at the top of the horizontal slots on antenna impedance matching 

performance were investigated, whilst other variables, e.g.: NH8 and NHT, are fixed . In 

these investigations, each case only has one variable, for example, NW8 is the variable 

then NW T is fixed and vice versa. Therefore, for the sake of categorising and 

convenience in following discussions, when NW8 is the variable and NWT, NHT and 

NH8 are fixed, antennas with SNS modifications are called as antennas with varying 

modifications only at bottom (VMOB). In the same manner, when NWT is the variable 

and NWs, NHs and NHT are fixed, antennas with SNS modifications are called as 

antennas with varying modifications only at top (VMOT). 

In these investigations, it is noted that for each case, only one dimensional parameter 

(any one of NWs and NWT) out of the total four (NWs, NHs, NWT and NHT) is the 

variable and the rest three are fixed. Therefore, for the sake of categorising and 

convenience in the following discussions, a designation method is used to categorise the 

cases in these investigations, which is explained in Fig. 3.1 0. 
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~(4) (5) 

lnhlnn 
VMOT for w-six-three-two cases 

dimensinoal parameters that are fixed for these cases 

six: NW 8 = 6mm for the modifications applied 
at the bottom of the horizontal slots 

three: NH8 = 3mm for the modifications applied 
at the bottom of the horizontal slots 

two: NHT = 2mm for the modifications applied 
at the top of the horizontal slots 

type of dimensional parameter~. that is investigated for these cases 

w: width 
h: height 

.__ __ VMOT (varying modification only at top): the variable for these cases is 
for the modifications applied at the top of the horizontal slots 

where: 

(1): When VMOT appears at the beginning, the first value (here: six) of 
dimensional parameters is for modifications applied at the BOTTOM of 
the horizontal slots and with the same manner for VMOB. 

(2): When VMOT appears at the beginning, the variable for these cases is for the 
modifications applied at the TOP of the horizontal slots, and w determines 
that the variable is NW r Similarly when VMOB and h appear at these 
positions. 

(3): When w appears at this position, the first value (here: six) of dimensional 
parameters is for the WIDTH of the modifications. Similarly when h 
appears at this positin. Here, since VMOT appears at the beginning, thus 
six is for NW 8 (or NW 8 = 6mm) 

(4): If the first value (here: six) of dimensional parameters is for the 
modifications applied at the BOTTOM of the horizontal slots, so is the 
second value (here: three). Similarly when it is "at the TOP of the 
horizontal slots". Here, since six is for NW 8 (NW 8 = 6mm), thus three is 
for NH8 (NH8 = 3mm) 

(5): If the second value (here: three) of dimensional parameters is for the 
HEIGHT of the modifications, so is the third value (here: two). 
Similarly when it is "for the WIDTH". Here, since three is for NH8 (NH8 
= 3mm), thus two is for NHT (NHT = 2mm) 

Fig. 3.10 A designation method for categorising the cases in investigations 
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It is found that the number of combinations for these three fixed dimensional parameters 

(NW8 , NH8 and NHT in the example case shown in Fig. 3.10) is large. Without the loss 

of generality, in our studies, antennas with VMOB and VMOT for w-five, w-six and w-

seven and -two-two, -two-three, -three-two, -three-three, -four-three, -three-four, and -

four-four cases were investigated, with the corresponding variables kept in the same 

range between 3mm and 7mm. These cases are also listed in Table 3.1. The example 

case shown in Fig. 3.10 is highlighted in Table 3.1. 

Table 3.1 Summary of cases investigated for the influence of WIDTH of SNS 
modifications applied at the bottom and at the top of the horizontal slots on antenna 
impedance matching performance 

Class Class 
-two-two -two-two 

·-two-three -two-three 
-three-two -three-two 

w-five -three-three w-five -three-three 
--------

-four-three -four-three 
-three-four -three-four --
-four-four -four-four --·------_.::: -------------·-·-
-two-two -two-two 

-two-three -two-three 
-three--two -three-two 

VMOB w-six -three--three Vl\t10T w-six -three-three ----- -- -------
-four-three -four-three 
-three-four -three-four 
-four-four -four-four 
-two-two -two-two 

-two-three -two-three 
-three-two -three-two 

w-seven -three-three w-seven -three-three 
-four-three -four-three 
-three-four -three-four 
-four-four -four-four 

Variable range: 3mm ~ 7mm 
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Table 3.2 Summary of cases investigated for the influence of height of SNS 
modifications applied at the bottom and at the top of the horizontal slots on antenna 
impedance matching performance 

Class Class 
-five-five -five-five 
-five-six -five-six 
-six-five -six-five 

h-two -six-six h-two -six-six 
-seven-six -seven-six 
-six-seven -six-seven 

-seven-seven -seven-seven 
-five-five -five-five 
-five-six -five-six 
-six-five -six-five 

VMOB h-three -six-six VMOT h-three -six-six 
-seven-six -seven-six 
-six-seven -six-seven 

-seven-seven -seven-seven 
-five-jive -five-five 
-five-six -five-six 
-six-five -six-five 

h-four -six-six h-four -six-six 
-seven-six -seven--six 
-six-seven -six-seven 

-seven-seven -seven-seven ------------'---------
Variable range: lmm ~ 4mm 

Also, the influence of the heights (NH8 and NHT) of these SNS modifications when 

applied at the bottom and at the top of the horizontal slots on antenna impedance 

matching performance was investigated as well. In these investigations, it is also noted 

that for each case, only one dimensional parameter (any one of NH8 and NHT) out of 

the total four (NW8 , NH8 , NWT and NHT) is the variable and the rest three are fixed. 

Therefore, the designation method explained in Fig. 3.10 is also used to categorise the 

cases in these investigations. Also, without the loss of generality, in our studies, 

antennas with VMOB and VMOT for h-two, h-three and h-four and -five-five, -five-six, 
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-six-five, -six-six, -seven-six, -six-seven and -seven-seven cases were investigated and 

the corresponding variables are in the same range between 1mm and 4mm. These cases 

are also listed in Table 3.2. In Table 3.3, five examples are shown to help to illustrate 

the three fixed dimensional parameters and the variable for a given class of cases 

investigated. 

Table 3.3 Summary of five examples in illustrating the three fixed dimensional 
parameters and the variable for a given class of cases 

Fixed 
Designation dimensional 

parameters 
NWT=5mm; 

VMOB for w-five-three-three cases NHT = 3mm; 
NHs=3mm; 
NWs=6mm; 

VMOT for w-six-three-two cases NHs = 3mm; 
NHT = 2mm; 
NWs=7mm; 

VMOT for w-seven-two-three cases NHs = 2mtn; 
NHT= 3min; 
NHT= 3mm; 

VMOB for h-three-five-six cases NWT = 5mm; 
NWs=6mn1 
NHs=2mm; 

VMOT for h-two-seven-six cases NW B = 7mm; 
NWT= 6tnm; 

Variable and its range 

NWs = 3mm ~ 7mm 

NWT = 3mm ~ 7mm 

NWT = 3mm ~ 7mm 

NHs = 1mm ~ 4mm 

NHT = lmm ~ 4mm 

Antennas with these SNS modifications were investigated and the corresponding 

reflection coefficients were obtained. It is observed that antennas have similar 

performance in reflection coefficients with identical value for the variables in one class 

of cases, regardless of VMOB or VMOT. For example, as shown in Figs. 3.11 (a), 

comparable performance is observed between antennas with VMOB and VMOT for w-

jive-two-three cases with both variables NWs and NWT fixed at 7mm. Also, in Figs. 

3.11 (b), comparable performance is shown between antennas with VMOB and VMOT 

for h-two-six-five cases with both variables of NHs and NHT fixed at 4mm. It is further 

demonstrated by the results for antennas with modifications for w-six-two-three cases 

with variables fixed at 5mm (Figs. 3.11 (c)), h-three-six-five cases with variables fixed 
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at 4mm (Figs. 3.11 (d)), w-seven-rhree-four cases with variables fixed at 6mm (Figs. 

3.11 (e)) and h-four-seven-six cases with variables fixed at 2mm (Figs. 3.11 (f)). In 

terms of the cases shown in Figs. 3.8, reasonable agreement can be observed between 

the reflection coefficients when SNS modifications applied at the bottom and at the top 

of the horizontal slots as well, and also where only one side of the slots is modified. Due 

to the density of data derived for many individual cases, only one case from each class 

of cases of w-five-, w-six-, w-seven-, h-two-, h-three- and h-four- was selected and 

shown in Fig. 3.11. From these results, it can be concluded that SNS modifications 

applied at either bottom or top of the horizontal slots with identical dimensions have 

almost similar influence on the overall impedance matching performance for the 

antenna shown in Fig. 3.9. Thus, it is equally valid if we apply modifications at the 

bottom or at the top of the horizontal slots. As a result of that and for the sake of 

convenience, in the following discussions, antennas with either VMOB or VMOT for 

different levels of SNS modifications will be only named after the class without 

mentioning whether they are VMOB or VMOT. For example: antennas with VMOB 

(VMOT) for w-five-four-three cases will only be called as antennas with w1ive-four-

three cases rnodifications. Besides this, we will present results only for the antennas 

with VMOB for different levels of SNS modifications. 

In these investigations, it is observed that ultra wide impedance bandwidth performance 

of these antennas can be achieved by adjusting the resonant frequencies (f1, f2 and f3 as 

shown in Fig. 3.12) and their corresponding matching, which can be done by varying 

the dimensions of the SNS modifications at both bottom and top of the horizontal slots. 

In these classes of cases investigated (as illustrated in Tables 3.1 and 3.2), the 

behaviours of the resonant frequencies and their corresponding matching can be 

generally categorised into two types. For the classes of cases in the first type, only two 

resonant frequencies f1 and f2 have shifted down due to the increase in variable (any one 

of NWs, NHs, NWT and NHT) for these cases, e.g.: antennas with w-.five-three-four 

cases modifications (NW8 is the variable), which can be seen in Fig. 3.12 (a), and also, 

antennas with h-four-.five-six cases modifications (NH8 is the variable), which is shown 

in Fig. 3.12 (b). For the classes of cases in the other type, the third resonant frequency f3, 

which is initially coincident with f 1, shows up. With the increasing variable (any one of 

NWs, NHs, NWs and NHs), f1 and 6 tend to move away from each other which makes 

f3 get close to and even converge finally with the decreasing f2, e.g.: antennas with w-
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six-two-three cases modifications (NW8 is the variable), which is shown in Fig. 3.12 (c), 

and also, antennas with h-three-six-six cases modifications (NH8 is the variable), which 

is shown in Fig. 3.12 (d). Due to the movements of f1, f2 and f3, the ultra wide 

impedance bandwidth performance for the proposed antenna (Fig. 3.9) can be achieved. 
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Fig. 3.11 Comparison of reflection coefficients between VMOB and VMOT for: (a) w-
five-two-three cases; (b) h-two-six-five cases; (c) w-six-two-three cases; (d) h-three-six-
five cases; (e) w-seven-three-four cases; (f) h-four-seven-six cases 
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Fig. 3.12 Comparison of reflection coefficients between different variables: (a) w-five-
three-four cases; (b) h-four-five-six cases; (c) w-six-two-three cases; and (d) h-three-six-
six cases 

In these parametric studies, it is also observed that when the dimensions of SNS 

modifications (NWB, NHB, NWT and NHT) are increased beyond a particular value, the 

impedance bandwidth will be narrowed down. In Fig. 3.13 (a), the lower end fL and 

upper end fu of the overall impedance bandwidth for antennas with w-six-three-three, w-

six-four-three, w-six-three-four, and w-six-four-four cases modifications are shown. 

And the lower end fL and upper end fu of the overall impedance bandwidth for antennas 

with h-three-five-five, h-three-five-six, h-three-six-five, and h-three-six-six cases 

modifications are given in Fig. 3.13 (b). Dimensional parameter (NW8 ) is the variable 

for the cases shown in Fig. 3.13 (a), and NHB is the variable for the cases shown in Fig. 

3.13 (b). From these figures, it can be observed that when the variables of these cases 

increase beyond a particular value, the impedance bandwidth will be narrowed down. 

For example, when the variable for antenna with w-six-three-four cases modifications 
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increases beyond 5mm, the overall impedance bandwidth is narrowed down. In Table 

3.4, the particular values are summarised, where when the variables of antennas with 

different levels of modifications (those shown in Fig. 3.13) increase beyond, the 

impedance bandwidth will be narrowed down 
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Fig. 3.13 Comparison of reflection coefficients between different sub-classes: (a) w-six-
cases and (b) h-three- cases. 

Table 3.4 Summary of particular values for the variables of antennas with different 
level of modifications that are shown in Fig. 3.13. When the variables of antennas with 
different levels of modifications increase beyond these particular values, the impedance 
bandwidth will be narrowed down 

Classes of cases Particular value Classes of cases Particular value 
for variable (mm) for variable (mm 

w-six-three-three 6mm h-three-five-jive 
w-six-four-three 3mm h-three-five-six 3mm 
w-six-three-four 5mm h-three-six-five 3mm 
w-s ix-four-four 3mm h-three-s ix-s ix 3mm 
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Based on the above discussions, the dimensions of SNS modifications (NW 8 , NH8 , 

NWT and NHT) applied at the bottom and at the top of the horizontal slots are able to 

control the position and impedance matching of resulted resonant frequencies therefore 

the impedance bandwidth performance for the proposed antenna (Fig. 3.9). It is noted 

that these possible cases comprise symmetrical and asymmetrical SNS modifications. 

On the other hand, it shows no difference when the SNS modifications are applied at the 

bottom or at the top of the horizontal slots, since either of these modifications offers 

same results. Thus, it would be of interest to apply symmetrical SNS modifications at 

both bottom and top of the horizontal slots, where NWs = NWT and NHs = NHT, to 

improve the impedance bandwidth performance for the antenna shown in Fig. 3.9. 

These SNS modifications are symmetrical with respect to the horizontal slots. It is 

found that the application of symmetrical SNS modifications will not only help to 

reduce the number of design parameters thus reducing the complex search procedure, 

but also effectively improves the overall impedance bandwidth performance for the 

antenna shown in Fig. 3.9. For the proposed antenna (Fig. 3.9), antenna with 

symmetrical SNS modifications for NWT = NWs = 6mm and NHT = NH8 =3mm shows 

best impedance bandwidth performance, as it yields widest impedance bandwidth that is 

contributed by three resultant resonant frequencies . This can be seen in Fig. 3.12 (d) 

with variable (NH8 ) = 3mm. It is noted that the variation of reflection coefficients 

within the impedance bandwidth is smaller when three resultant resonant frequencies 

are distributed along the band, as compared to having only two resultant resonant 

frequencies. 

Step 4: Gap Width (S) 

~y 
X 

Fig. 3.14 Enlarged illustration of the centre portion of the antennas studied in Step 4 
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The application of symmetrical SNS modifications at both bottom and top of the 

horizontal slots helps to adjust the effective antenna length and the geometry of slots 

that support the equivalent magnetic current that help to improve the overall impedance 

bandwidth performance. It is also found that varying the gap 'S' of the horizontal slots 

can also modify the radiation characteristics as well. Therefore, we have investigated 

the effect of gap 'S' of the horizontal slots to improve the overall performance of the 

proposed antenna. The schematic diagram illustrating this is shown in Fig. 3.14. 

In Fig. 3.15, the reflection coefficients for antennas for which S varies from 0.5mm to 

2mm are presented, while other dimensional parameters are chosen based on previous 

steps, for example, NW = NWT = NWB = 6rnm and NH = NHT = NH8 =3mm for the 

symmetrical SNS modifications. It is found that similar resonant frequency behaviour is 

observed as when previously discussed symmetrical SNS modifications are applied at 

both bottom and top of the horizontal slots. As shown in Fig. 3.15, antenna with S = 

1 mm shows best impedance bandwidth performance with other known dimensions (NW 

= 6mm and NH = 3mm), compared with other values of S. 
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Fig. 3.15 Comparison of reflection coefficients for antennas studied in Step 4, between 
different gap widths. 



Step 5: Further Modifications using Single-Beveled-Step (SBS) 

a) Position and Type of Further Modifications 
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Although applying symmetrical SNS modifications at both bottom and top of the 

horizontal slots can significantly improve the impedance matching therefore overall 

impedance bandwidth performance, it is still observed that reflection coefficients at 

some ranges are close to -1 OdB, e.g.: reflection coefficients around 8GHz. Therefore, it 

motivates further modifications to be introduced along both sides of the horizontal slots 

to further improve the impedance bandwidth performance. 

~y 
X 

(a) (b) (c) 

Fig. 3.16 (a) Illustration of antenna configuration after introducing sytnmetrical SNS 
modifications; (b) Antenna configuration with further symmetrical SNS modifications; 
(c) Antenna configuration with further symmetrical SBS modifications 

According to the above discussions, we can see that applying symmetrical SNS 

modifications (NW and NH) at both bottom and top of the horizontal slots will not only 

help to ease from the choices that involve complex combinations of dimensions (NW 8 , 

NH8 , NWT and NHT), but still effectively improve the overall impedance bandwidth 

performance for the antenna shown in Fig. 3.9. Therefore, it would be of interest to 

apply further symmetrical modifications at both bottom and top of the horizontal slots to 

further improve the impedance bandwidth performance for the proposed antenna (Fig. 

3.9). 

Since the syn1metrical SNS modifications were first applied, the horizontal slots were 

divided into two portions: wide (W) slots and narrow (N) slots, which can be seen in Fig. 

3.16 (a). When further symmetrical modifications are applied at both sides of the 

horizontal narrow and wide slots, they essentially modify the NW and NH for the 

syn1metrical SNS modifications. According to the results obtained from the parametric 
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studies in Step 3, when the dimensions of symmetrical SNS modifications are increased 

beyond a particular value, the impedance bandwidth will be narrowed down, which can 

be referred to Table 3.4. On the other hand, since the magnitudes of electric and 

magnetic fields are stronger when they are distributed closer to the vertical slots of the 

coplanar waveguide (CPW) structure, the horizontal narrow slots are distributed by 

electric and magnetic fields with stronger magnitudes than the horizontal wide slots, as 

the narrow slots are closer than wide slots to the vertical slots of the CPW structure. 

Therefore, when the further symmetrical modifications are applied at both sides of the 

horizontal narrow slots, they would easier make the dimensions of symmetrical SNS 

modifications increase beyond the particular value in the comparison to having them 

identically at both sides of the horizontal wide slots, as the narrow slots are distributed 

by stronger magnitudes of electric and magnetic fields than the wide slots. As a result of 

these, further symmetrical modifications are applied at both sides ofthe horizontal wide 

slots. 

It is reported that tilting parts of the edges of the horizontal slots [1 02] can improve the 

overall impedance bandwidth performance for the antenna shown in Fig. 3.1. And also, 

it is shown above that symmetrical SNS modifications offer improvement of impedance 

bandwidth performance for the antenna shown in Fig. 3.1 as well. Therefore, in these 

investigations, antennas with further symmetrical single-beveled-step (SBS) and SNS 

modifications applied at both sides of the horizontal wide slots are simulated. In Figs. 

3.16 (b) and (c), the schematic diagrams of antennas with further symmetrical SNS and 

SBS modifications at both sides of the horizontal wide slots are shown, where 

symmetrical SNS modifications are first applied. 

Without the loss of generality in companson between symmetrical SNS and SBS 

modifications, antennas with symmetrical SNS and SBS modifications for two different 

groups of dimensions, which are (a) NH = BH = 1.5mm, NW = BW = 3mm and (b) NH 

= BH = 2mm, NW = BW = 4mm, were investigated and the results are presented in Fig. 

3.17 (a) and (b) respectively. It is observed that symmetrical SBS modifications are 

more suitable than symmetrical SNS modifications in further improving the impedance 

bandwidth performance for the antenna shown in Fig. 3.9, from the point of view of fine 

tuning the reflection coefficients in the frequency range between f2 and f3. This could be 

due to the gradual change of capacitance and inductance occurring along the horizontal 



slots due to bevelling (SBS) rather than abrupt change due to notches (SNS). 
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Fig. 3.17 Comparison of reflection coefficients between further symmetrical SNS and 
SBS modifications: (a) NH = BH = 1.5mm, NW = BW = 3mm; (b) NH = BH = 2mm, 
NW = BW = 4tnn1. 

b) Dimensions of Further Modifications 

For the antenna shown in Fig. 3.16 (c), antenna with further sytnmetrical SBS 

modifications for BW = 3.5mm and BH = 1.5mm shows best impedance bandwidth 

performance, as it provides widest impedance bandwidth and flattest reflection 

coefficient performance betvveen 70Hz and 90Hz., which can be seen in Fig. 3.18 with 

variable (BW) = 3.5tnm. 
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Fig. 3.18 Comparison of reflection coefficients between different BW for further 
symmetrical SBS modifications when BH = 1.5mm. 
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Step 6: Investigations on Ll and L2-Possiblity of Over Size Reduction 

The investigations of equivalent electric and magnetic current distributions led us to 

apply modifications around the positions that have strong current concentrations, which 

helped to vary the impedance matching over the whole of the UWB band. When the 

modifications were applied around the positions having weak current concentrations, 

e.g.: around the boundaries of the antenna patch and ground plane, they would evidence 

insignificant effect on overall antenna performance . 

-15 
m-
;- -20 

Vi 
-25 

-30 

-35 

~~~--~-5~~6--7~~8--~~~ 

Frequency (GHz) 

(a) 

.. .., 
,; -10 

~ 
<C -15 

~ 
Cii -20 
0:: 

-25 

-30o 50 100 150 200 250 
Angle (degree) 

(b) 

Fig. 3.19 (a) Comparison of reflection coefficients between different Ll; (b) 
Comparison of xy-plane nonnalised co-polarised component at 8.5GHz between 
different L 1 

In Fig. 3.19 (a), the companson of reflection coefficients between different L 1 is 

presented. It is found that the impedance bandwidth performance is also affected by the 

dimensional parameter L 1, although it is not as significant as that caused by applying 

symmetrical SNS modifications at both sides of the horizontal slots. The impedance 

bandwidth performance is improved between around 3GHz and 7GHz with the decrease 

in dimensional parameter L 1. On the other hand, the decrease in dimensional parameter 

L 1 deteriorates the omni-directionality of xy-plane radiation pattern within certain 

bandwidth. These deteriorations generally occur from around 7.5GHz to 8.5GHz. In Fig. 

3.19 (b), the normalised co-polarised radiation components of xy-plane at 8.5GHz with 

different values of L l are compared and shown. It is seen that the minimum relative 

amplitude around 180 degree is decreased and further divided into two evident 

minimum points, when L l is decreased. This phenomenon leads to the deterioration of 

xy-plane omni-directional radiation characteristics for the antenna (Fig. 3.16 (c)). 
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On the other hand, although higher order mode (HOM) effects might be inevitable when 

the length of the CPW transmission line (S+L2) is shortened than /...e/2 at 3.1 GHz for the 

given substrate [1 07], the influence of dimensional parameter L2 is still investigated in 

terms of the performance of reflection coefficient and omni-directionality of the xy-

plane radiation pattern. In Fig. 3.20 (a), the comparison of reflection coefficients 

between different L2 is presented. In these investigations, it is found that the impedance 

bandwidth performance is also affected by the dimensional parameter L2. The 

impedance bandwidth performance is improved between around 5.5GHz and 1 OGHz. 

Similarly, the decrease in dimensional parameter L2 deteriorates the omni-directionality 

of xy-plane radiation pattern within certain bandwidth. When L2 is decreased from 

32.5mm to 28.5mm, the deteriorations generally occur between around 7.5GHz to 

8.5GHz. When L2 is further decreased to 26.5mm, the deteriorations of omni-

directionality are even moved down to around 6GHz, while the radiation pattern at 

8.5GHz is merely close to the one with L2 = 32.5mm at identical frequency. These can 

be seen in the plot of normalised co-polarised radiation component of xy-plane at 

8.5GHz with different L2 in Fig. 3.20 (b). It is observed that the minimum relative 

amplitude around 180 degree is also decreased and further divided into two evident 

minimum points, when L2 is decreased from 32.5mm to 28.5mm. This phenomenon 

leads to the deterioration of xy-plane omni-directional radiation characteristics for the 

antenna (Fig. 3.16 (c)). 
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Fig. 3.20 (a) Comparison of reflection coefficients between different L2; (b) 
Comparison of xy-plane normalised co-polarised component at 8.5GHz between 
different L2 
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Based on the above observations, it is found that dimensional parameters L 1 and L2 

affect the performance balance between reflection coefficients and omni-directional 

radiation characteristics of the antenna shown in Fig. 3.16 (c). This has led to the proper 

choice of L 1 and L2, which are L 1 = 31 mm and L2 = 32.5mm. 

In this design procedure, we can observe some interesting findings that have not been 

identified so far in the literature. These points are summarised below: 

• It does not matter, whether the modifications are applied at the bottom or at the 

top of the horizontal slots for the antenna shown in Fig. 3.1, since either of these 

modifications offers same results. 

• The application of symmetrical modifications at both sides of the horizontal 

slots will not only help to reduce the number of design parameters thus reducing 

the complex search procedure, but also effectively improves the overall 

impedance bandwidth performance for the antenna shown in Fig. 3.9. 

• Further sytnmetrical modifications by means of bevelling (SBS) are more 

suitable than any other symmetrical notched-type modifications (SNS) frotn the 

point of view of fine tuning the impedance bandwidth performance for the 

antenna (Fig. 3.1 6 (a)), when they are applied at both sides of the horizontal 

wide slots. This could be due to the gradual change of capacitance and 

inductance occurring along the horizontal slots due to bevelling (SBS) rather 

than abrupt change due to notches (SNS). 

• Dimensional parameters L 1 and L2 affect the performance balance between 

reflection coefficients and omni-directional radiation characteristics of the 

antenna shown in Fig. 3.16 (c). 
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The final geometrical design dimensions of the final printed CPW-fed antenna obtained 

using the above explained procedures are summarised in Table 3.5. We have fabricated 

and tested the antenna with dimensions as given in Table 3.5 and the measured 

performance is shown in the following section. 

Table 3.5 Summary of variables for the completed printed CPW -fed UWB antenna 
shown in Fig. 3.21 (a) 

CPW 
Antenna and 

Modifications 

H 

(a) 

Variables (mm) 
Wr= 5.5 g = 0.3 
W = 30 L1 = 31 
NH = 3 NW = 6 

L2 = 32.5 
BH = 1.5 

(b) 

S = 1 
BW = 3.5 

Fig. 3.21 (a) The geometry and (b) prototype of the compact printed CPW-fed UWB 
antenna 



3.4 Antenna Performance 

-15 
m 
;- -20 
;;; 

-25 

-30 

-35 

-40 
2 

0 

0 
0 0 

-simulated Results 
o Measured Results 

3 4 5 6 7 8 
Frequency (GHz) 

9 10 11 

93 

Fig. 3.22 The simulated and measured reflection coefficients of the proposed printed 
CPW-fed UWB antennas 

A comparison of reflection coefficients obtained using HFSS® simulation and measured 

result is given in Fig. 3.22. The figure indicates a reasonable agreement between the 

simulated and measured results, which demonstrates that the proposed printed antenna 

is capable of providing ultra wide impedance bandwidth required for UWB imaging and 

wireless communication systems. The proposed antetma was measured using the Vector 

Network Analyzer HP 8720A available in our laboratory via a SMA PCB end launcher 

for measurements. The impedance bandwidth was taken to be the bandwidth in which 

the antenna reflection coefficient was below -1 OdB. 

The radiation characteristics of the compact printed antenna were also studied over the 

whole UWB band ranging from 3.1 GHz to 1 0.6GHz. In these studies, the printed 

antenna was measured in an anechoic chamber with NSI™ near-field 700S-50 spherical 

system. Due to the unavailability of measurement probe covering from 3 .OGHz to 

4.5GHz mentioned above, absence of data at these frequencies can be observed. 

As antennas with omni-directional radiation characteristics in xy-plane are still preferred 

for most UWB wireless communication applications, a measure denoted as the 

"coefficient of omni-directionality", which was already defined and mentioned in 
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Chapter 2, is also used to evaluate the omni-directional performance of xy-plane 

radiation characteristics for the proposed UWB CPW-fed printed antenna. In Fig. 3.23, 

the simulated and measured "coefficients of omni-directionality" vs. frequency of the 

printed antenna are shown. Also, the simulated and measured xy-plane normalised 

radiation patterns of the printed antenna at spot frequencies of 4.5GHz, 6.5GHz 8.5GHz 

and 10.5GHz are given in Figs. 3.24 (a), (b), (c) and (d) respectively as well. 

Reasonable agreement between the simulated and measured results can be observed, 

except that the measured omni-directional performance has shifted down with frequency, 

as compared with the simulated results, which can be evidently seen in Fig. 3.23. As 

shown in the Figs. 3.24, the measured radiation patterns in xy-plane are considerably 

omni-directional at the four spot frequencies chosen, with "coefficients of omni-

directionality" being equal to 0.88, 0.8, 0.91 and 0.88 respectively, as also indicated in 

Fig. 3.23. It is observed that whenever the "coefficient of omni-directionality" is> 0.7, 

which is indicated by the simulated radiation pattern at 8.5GHz, the radiation patterns 

can be considered to be closely omni-directional. Thus, the compact printed antenna has 

omni-directional radiation characteristics in over 90% of the UWB band. 
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Fig. 3.23 The coefficient of omni-directionality vs. frequency of the compact printed 
CPW-fed antenna 
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(a) 4.5GHz (b) 6.5GHz 

(c) 8.5GHz (d) 10.5GHz 

Fig. 3.24 xy-plane nonnalised radiation patterns of the compact printed CPW -fed 
antenna at (a) 4.5GHz, (b) 6.5GHz, (c) 8.5GHz and (d) 10.5GHz. 

3.5 Discussion 

In this chapter, a derivative antenna design known as CPW -fed printed antenna from 

traditional monopole was proposed for UWB applications. The design procedures were 

described and detailed by a series of parametric studies, which leads to the final 

completed antenna structure for the proposed antenna at the end. In these parametric 

studies, modifications that are applied at the bottom or at the top of the horizontal slots 

do not matter the impedance bandwidth perfmmance for the antenna shown in Fig. 3.1 , 

as either of these modifications offers same results. The application of symmetrical 

modifications at both sides of the horizontal slots will not only help to reduce the 

number of design parameters thus reducing the complex search procedure, but also 

effectively improves the overall impedance bandwidth performance for the antenna 
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shown in Fig. 3.9. The parametric studies also illustrate that further symmetrical 

modifications by means of bevelling (SBS) are more suitable than any other 

symmetrical notched-type modifications (SNS) from the point of view of fine tuning the 

impedance bandwidth performance for the antenna shown in Fig. 3.16 (a), when they 

are applied at both sides of the horizontal wide slots. At last, a tradeoff between the 

performance of reflection coefficients and omni-directional radiation characteristics 

along the impedance bandwidth was observed and described, from the point of view of 

dimensional parameters Ll and L2. 

For the proposed compact CPW-fed printed antenna, it yields a relatively smaller size of 

1935mm2
, as compared with those reported in [87], [96]. Besides that, the proposed 

antenna shows about 5.6GHz impedance bandwidth for UWB applications, which 

ranges from around 4.1 GHz to 9.7GHz and is slightly wider than the one with 5.2GHz 

impedance bandwidth reported in [101]. In addition to these, the printed antenna shows 

omni-directional radiation characteristics in over 90% of the UWB band. 

As the printed antenna is aimed for UWB applications, which includes wireless body-

worn applications, it is necessary to evaluate the influence of signal dispersion of the 

printed antenna on UWB characteristics. With the aim of it, consequently, the phase 

response of antenna transfer function, group delay and time-domain UWB 

characteristics of the compact CPW -fed printed antenna are investigated. All of these 

are considered to be the specific criteria in evaluating the performance of signal 

dispersion for UWB antennas. In addition, the UWB characteristics of the printed 

antenna against material tolerance are studied. At last, since one of its application 

purposes is for wireless body-worn applications, such as wireless body area network 

(WBAN), the UWB characteristics of it against lossy material, such as human tissue, 

are explored in the next chapter as well. 



Chapter 4 

Effects of Signal Dispersion, Material 
Tolerances and Lossy Material on Ultra-
Wideband (UWB) Characteristics 

4.1 Introduction 
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In the previous chapter, the design procedures as well as the completed final antenna 

structure of the compact CPW-fed printed antenna were presented for UWB 

applications with perfonnance conformed by theoretical and experimental investigations. 

However, as the printed antenna is aimed for UWB applications, which includes 

wireless body-worn applications such as wireless body area network (WBAN), it is 

necessary to evaluate the influence of signal dispersion due to the antenna over the 

UWB band. Therefore, in this Chapter, we will first introduce the dispersion phenomena 

and its causes with the help of a hypothetical antenna model. It is found that such a 

hypothetical antenna model is also useful in addressing the dispersion phenomena for 

the square plate monopole (SPM) antenna family which were discussed in Chapter 2. 

Following that, the phase response of antenna transfer function, group delay and time 

domain response of the compact UWB CPW-fed printed antenna is investigated, which 

are the important criteria for UWB antennas. 
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The compact CPW-fed printed antenna that was proposed in Chapter 3 is a printed one 

that uses a dielectric substrate. Hence, the robustness of UWB characteristics with 

respect to the dielectric material tolerance is of crucial importance and is included in 

this chapter. Lastly, we investigate the influence of nearby human body on the UWB 

characteristics of the CPW-fed printed antenna. This is motivated by the fact for UWB 

body-worn applications, antennas are kept close to human body and the effect of tissue 

characteristics on impedance and radiation performance is of primary concern. 

This Chapter is organised as follows. In Section 4.2, the phenomena and the cause of 

signal dispersion are first discussed. Following that, the phase response of antenna 

transfer function, group delay and time domain response for the compact UWB CPW-

fed printed antenna that was proposed in Chapter 3 are investigated. In Section 4.3 , the 

UWB characteristics of the UWB CPW-fed printed antenna vis-a-vis the dielectric 

material tolerances are examined, whereas the effects of closeness to lossy human body 

on UWB characteristics are investigated in Section 4.4. At last, a discussion is given in 

Section 4.5. 

4.2 Influence of Signal Dispersion on UWB Characteristics 

As stated in Chapter 1, the traditional non-resonant type UWB antennas tend to be 

dispersive, which would distort and stretch out the radiated waveform. Therefore, they 

are not suitable for low-dispersion launching and receiving of UWB pulses. The 

traditional TEM horn antennas are good candidates for UWB systems. Therefore, the 

critical issue is as to how to evaluate the signal dispersion of an antenna before it is 

applied for UWB applications. With this aim, in this section, the phenomena of signal 

dispersion on UWB characteristics will be first described. Following that, the cause of 

signal dispersion will be theoretically analysed with the help of a hypothetical antenna 

model. Lastly, the theoretical phase response of the antenna transfer function and time 

dmnain response, and measured group delay for the UWB CPW-fed printed antenna are 

presented to demonstrate its wideband low-dispersion characteristics. The discussion 

given at the end of this chapter confirms the low-dispersion nature of the CPW-fed 

printed antenna as well as the symmetrically modified square plate monopole (SPM) 
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antennas, which are presented in previous chapters. 

4.2.1 Phenomena of Signal Dispersion 

Signal dispersion is recognised to be a critical problem for UWB systems, including 

multi-band systems and also where the radiated signal occupies the entire spectrum. The 

change in antenna characteristics due to the variations in look angles or operating 

frequencies must be compensated by the UWB systems. However, it is noted that there 

is no guarantee that any compensation method guarantees the non-dispersive 

performance of an antenna fully. Also, these compensation methods are generally 

complex and resource intensive. Therefore, non-dispersive antennas are more preferable 

for low-cost UWB wireless applications. 

In tenns of UWB characteristics, generally, signal dispersion is presented with respect 

to two aspects [7]. Firstly, the temporal extent of received signal is normally over twice 

of that of the transmitted signal. Secondly, the waveform of received signal becomes 

different to that of the transmitted signal, which could be mainly due to the different 

arrival time of different frequency components of a signal at the far-field receiving point. 

Generally, for non-resonant type antennas such as log spiral antennas, a small-scale 

section that is closer to the feed point radiates relatively higher frequency components 

of a signal. On the other hand, the other remaining larger-scale section, which is located 

farther away from the feed point, radiates relatively lower frequency components of the 

signal. Therefore, the arrival time of higher frequency components of the signal would 

be normally earlier than those of the lower frequency components, which was observed 

using the received signal waveform in [7]. The received signal that is obtained after 

transmission and reception through dispersive antennas, normally exhibits relatively 

higher frequency content with shorter time duration between zero crossings at its early-

time component. However, the late-time component of it contains relatively lower 

frequency content with longer time duration between zero crossings. These phenomena 

are generally described as the dispersion of received signal. 
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4.2.2 Cause of Signal Dispersion 

Hence we discuss the causes of signal dispersion for the two types of UWB antennas 

presented in previous chapters. In Chapter 2 and Chapter 3, a family of symmetrically 

modified square plate monopole (SPM) antennas and a CPW -fed printed antenna were 

presented for UWB applications respectively. In terms of these antennas, it is observed 

that the antenna element is centre fed by either coaxial cable or coplanar waveguide 

(CPW). In addition, these antennas have modifications applied to them symmetrically 

with respect to the centre feed line. In spite of these common features in antenna 

structure, the significant difference between them is the relative configuration of ground 

plane with respect to the antenna element. In the case of the symmetrically modified 

SPM antennas, the ground plane is perpendicular to the antenna element, while the 

ground plane of the UWB CPW -fed printed antenna lies on the same plane with the 

antenna element. It is found that they have similar radiation mechanisms based on the 

observations of their current distributions, which can be referred to Section 2.4 (Figs. 

2.6) and Section 3.2 (Figs. 3.3) respectively, although there are differences with respect 

to their ground plane configurations. Therefore, it is possible to develop a unified 

picture to explain the causes of signal dispersion for both these antennas, which is the 

aim of this section. 

For simplicity, an antenna model presented in Figs. 4.1 was used to hypothetically 

illustrate the cause of signal dispersion for the symmetrically modified SPM antennas 

and the CPW-fed printed antenna. In this antenna model, we assume the direction of 

interest is the boresight direction, which is the right x axis direction from origin point 0 . 

In Fig. 4.1 (a), the front view of the antenna model is presented. The antenna model is 

centre fed by a transmission line and applied with symmetrical modifications with 

respect to the feed line. As per the current distributions, it is found that the current is 

mostly concentrated on the edges closer to the bottom of the antenna elements and 

decays rapidly from the bottom to the top as well as from the edge to the centre portion. 

Therefore, in order to explore the problem theoretically, an equivalent line source is 

used to hypothetically replace the planar structure. This equivalent line source is marked 

as black solid line with arrows and indicated in Fig. 4.1 (a). The current carried by the 

equivalent line source is assumed to be the average value on the radial line from the 

origin point 0 to edge points, where the radial line is marked with dashed line and 
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indicated in Fig. 4.1 (a). 

0" 

A B 0' 

a Feed point 

X r 
Feed point 

(a) (b) 

Fig. 4.1 Hypothetical antenna model for theoretical modelling of signal dispersion: (a) 
front view and (b) top view 

It is reported that the source point, which is also called as phase centre, for radiated 

fields in a particular direction of interest is where the line source runs perpendicular to 

the direction of interest [7]. Therefore, for the determination of line source and direction 

of interest, it is possible that the phase centre be positioned along the equivalent line 

source, which is assumed to be composed of infinitesimal number of sources. For 

simplicity, in the theoretical analysis of the causes of signal dispersion, only two points 

A and B are selected. These two points are aligned horizontally and shown in Figs. 4.1. 

In terms of these two source points, it is observed that point A is the "far source" at an 

angle a and point B is the "near source" at an angle p with respect to the right x-

direction from point o'. In this analysis, the distance between the far-field receiving 

point and planar structure is assumed to be D. Here, without the loss of generality, we 

assume a Gaussian voltage signal applied at input is: 

(4.1) 

where .fc determines the bandwidth of input pulse. 
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Therefore, the radiated fields from each source point will be proportional to the second 

time derivative of the voltage signal: 

E(t) ~ (1- 2(;rr(t- p)/J2 )exp[-(;rr(t- p)JJ2
]) (4.2) 

c c 

where p is the path length from source points to far-field receiving points and c is the 

speed of light in free space [7], [118]. 

In the case of the nearer source point B, the signal propagates along a path of length O'B 

from the feed point to the near source point. And then, the signal radiated from a point 

that is at a distance ((0'02+D2+0'B2) Y2 -D) away from the far-field receiving point as 

compared to the origin point 0. Therefore, the effective path length of the near source 

point B is: 

where r = 0'0. 

In the same manner, the effective path length of the far source point A is: 

D D2 

PA(a)=O'A+-J0'02 +D2 +0'A2 =-+ --+D2 +r2 (4.4) 
tga tg2a 

Here, we assume the antenna current follows a tapered cosme distribution that 

propagates along the equivalent line source. The tapered cosine distributed current has 

the strongest magnitude at the feed point and the weakest at the opposite side of the line 

source loop marked with o" in Fig. 4.1 (a). Therefore, it is approximate to have 

and 

E8 ([J') ~ cos(fJ') 
2 

a' 
EA(a') ~cos(-) 

2 

where a' and~· are the angles made by OA and OB with respect to 0 o'. 

(4.5) 

(4.6) 

Therefore, the total radiated field at the end of these two source points as a function of 
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time and angles is approximately proportional to: 

, , . . tga tga' tgfl tgfJ' 
where a and a (~and~) have the relattonshtp of-=--(-=--). 

D r D r 

It is observed that the two source points have different effective paths to the far-field 

receiving point, which has different time delays and thus provides different time-

dependent components for the total radiated field. Furthermore, as the frequency 

radiating from the source point A is relatively lower than the one radiating from B, 

different frequency components of the total radiated field would have different time-

dependent variants. All of these will lead to the variations in the waveform of received 

signal from the transmitted signal at the end. Although this is a hypothetical model of 

UWB signal dispersion for an antenna, it is still useful and significant in illustrating the 

issue without the loss of generality for both the antennas considered in previous 

chapters. An antenna, which radiates different frequency components with minitnum 

relative time retardation, is considered to be low-dispersive or non-dispersive. 

4.2.3 Phase Response of Antenna Transfer Function and Group 
Delay 

Frmn the above discussions, it is noted that signal dispersion is mainly caused due to the 

different arrival time of different frequency components of a signal at the far-field 

receiving point. Therefore, to evaluate the respective arrival times of different frequency 

components, group delay in frequency domain, which is measured as the delay of 

transmission coefficient S21, is one of the best choices. Therefore, an antenna, which has 

flat and consistent group delay, is considered to be a low-dispersive or non-dispersive 

antenna. Furthermore, it is noted that group delay is also defined as: 

d(/J r =---
g 2Jidf (4.8) 

where rp is the phase response of antenna transfer function. 
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Thus, the linearity of phase response of antenna transfer function is also used to 

evaluate the respective arrival time of different frequency components of a signal, 

which is same as the relative delay variations. 

In the case of the UWB CPW-fed printed antenna proposed in Chapter 3, the phase 

response was investigated theoretically using the antenna transfer function. Furthermore, 

the group delay is also investigated experimentally. The antenna transfer functions are 

usually obtained through conventional two-antenna LOS gain measurements [87], 

which needs that both antennas are in the far-field of each other. Thus in the simulations 

and measurements we have ensured that the distance between two printed antennas is 

larger than the far-field distance [88], given by: 

~ = 2D2 = 2x64.52 =294mm 
ax ~nin 28.3 

(4.9) 

where Amin is the free space wavelength at 1 0.6GHz, which is the higher end of the UWB 

band. 

Two of the compact CPW-fed printed antennas were arranged in such a way that the 

distance between their centre points are away at 300mm, which is larger than the 

tnaximum far-field distance for the printed antenna. Since each antenna is printed on 

one side of a substrate, when two of them face each other, the environment surrounding 

then become inhomogeneous. Thus it is necessary to investigate the influence of 

antenna positioning on phase response and group delay. To include these possible 

variations, different cases with different relative positions between two of the same type 

antennas proposed in Chapter 3 were included for the investigations on phase response 

of antenna transfer function and group delay. For the compact UWB CPW-fed printed 

antenna, seven typical scenarios are shown in Fig. 4.2, which are: 

(a) Face-to-face with substrates facing each other 

(b) Narrow sides of substrate facing each other with antennas looking at identical 

direction 

(c) Face-to-face with antennas facing each other 

(d) Narrow sides of substrate facing each other but antennas looking at opposite 
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directions 

(e) Narrow side of one substrate facing antenna of the other one forming a T-

section 

(f) Narrow side of one substrate facing the wide substrate side of the other one 

forming a T -section 

(g) Antenna side of one facing the wide substrate side of the other one 

Two identical antennas are used in the above configurations to obtain the phase 

responses and group delays. The results of the simulated phase response for antennas in 

these antenna positioning schemes are shown in Fig. 4.3 (a)-(g) respectively. Also, the 

phase responses of TEM hom antenna and cavity-backed Archimedean spiral (CBAS) 

antenna that are gleaned from the literature [8] are included in the same figure for the 

sake of comparison. As it is mentioned above, TEM hom antennas have been well 

known traditionally used for low-dispersion launching and receiving ofUWB pulses [6] . 

- ---(1 )!Jl_- -- - --

~ X 

(a) (b) 

Fig. 4.2 The antenna positioning schemes for a link in 3-D schen1atic diagrams. (a) 
Face-to-face with substrates facing each other, (b) Narrow sides of substrate facing each 
other with antennas looking at identical direction (Continued in next page) 



106 

(c) (d) 

- -- _0.:. 9IT1_-- - -- -

~ X 

(e) (f) 

____ 0.:. ~ITl ___ - ---

(g) 

Fig. 4.2 (Continued from last page) The antenna positioning schemes for a link in 3-D 
schematic diagrams. (c) Face-to-face with antennas facing each other, (d) Narrow sides 
of substrate facing each other but antennas looking at opposite directions, (e) Narrow 
side of one substrate facing antenna of the other one forming a T-section, (f) Narrow 
side of one substrate facing the wide substrate side of the other one forming a T -section 
and (g) Antenna side of one facing the wide substrate side of the other one. The black 
and grey areas indicate the copper and substrate of the printed antenna. 
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12 

12 

12 

Fig. 4.3 The phase response of the compact printed antenna in the antenna positioning 
schemes shown in Fig. 4.2 (a) Face-to-face with substrates facing each other, (b) 
Narrow sides of substrate facing each other with antennas looking at identical direction, 
(c) Face-to-face with antennas facing each other, (d) Narrow sides of substrate facing 
each other but antennas looking at opposite directions, (e) Narrow side of one substrate 
facing antenna of the other one forming a T -section, (f) Narrow side of one substrate 
facing the wide substrate side of the other one forming a T -section. (Continued in next 
page) 
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Fig. 4.3 (Continued from last page) The phase response of the compact printed antenna 
in the antenna positioning schemes shown in Fig. 4.2 (g) Antenna side of one facing the 
wide substrate side of the other one. 
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Fig. 4.4 The group delays of compact printed ante1mas m the antenna positioning 
schemes shown in Fig. 4.2. 

In Figs. 4.3, it is observed that reasonably linear phase response of antenna transfer 

function over the ultra wide impedance bandwidth can be achieved for the compact 

UWB CPW-fed printed antenna in the antenna positioning schemes shown in Fig. 4.2. 

Furthermore, the phase responses of the printed antenna in these positioning schemes 

closely resemble the published phase response of the TEM hom antenna. In Fig. 4.4, the 

measured group delays of the compact printed antenna in these antenna positioning 

schemes are presented. It can be observed that the group delays for different antenna 
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positioning schemes vary only of about 1 ns variation, which clearly indicates that low-

dispersion performance can be guaranteed for transmitting and receiving UWB pulses, 

thus satisfying the UWB application criteria. 

These results also demonstrate the characteristic equivalence between the linearity of 

phase response of antenna transfer function and flat and consistent group delay in 

evaluating the performance of signal dispersion for an antenna. 

4.2.4 UWB Characteristics in Time Domain 

As discussed in Section 2.5.5, although evaluating the phase response of antenna 

transfer function and group delay is a way to assess the performance of signal 

dispersion for the printed antenna, it is noted that these parameters are still in frequency 

domain, which is not sufficient to address the problem properly. Therefore, in this 

section, with the same method presented and discussed in Section 2.5.5, the time 

domain response of the compact CPW-fed printed antenna is theoretically investigated 

using the antenna transfer functions in frequency domain for the antenna positioning 

schemes illustrated in Fig. 4.2. 

In these investigations, the input is also considered to be a modulated Gaussian pulse 

given by : 

x(t) = e sin(2n fo (t- 4r)) (4.10) 

where fo = 7GHz and 1 = 280ps. The input pulse is identical as the one in investigations 

in Section 2.5.5. The waveform and normalised power spectral density (PSD) of this 

pulse are illustrated in Figs. 4.5 (a) and (b) respectively again. It is observed that the 

spectrum of this source pulse has a peak near 7GHz and a bandwidth of around 5.8GHz, 

which is sufficiently covered by the UWB band. 

In these investigations, the parameters of system input x (t) and system transfer function 

H (f) are known. Therefore, systems output y (t) is obtained using: 

y(t) ==1FT[ FT[x(t)] · H(f) J ( 4.11) 
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where IFT denotes as inverse Fourier transform and FT as Fourier transform. In these 

investigations, fast Fourier transform (FFT) technique is also used to efficiently obtain 

the time-domain UWB characteristics. 

It is also observed that the compact printed antenna acts like a band-pass filter within 

the band ranging from 1.5GHz to 11.5GHz, which is the frequency range solved by 

HFSS® with a frequency resolution of 0.2GHz. Thus, for the calculations using FFT 

algorithm to get the time domain response, the is= 183GHz 2: 23GHz and T = 110.2GHz 

= 5ns respectively were used, where T determines the maximum time value for x (t) 

accounted in FFT processing. Therefore, using the FFT of x (t) going through the 

antenna with H (f) as indicated by ( 4.11 ), the time domain response y (t) was calculated 

for the compact CPW-fed printed antenna for the antenna positioning schemes shown in 

Fig. 4.2. The results on y (t) are shown in Figs. 4.6. 
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Fig. 4.5 (a) Waveform of input pulse and (b) power spectral density of the input pulse 
normalised to the FCC indoor and out door EIRP masks. 
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Fig. 4.6 Normalised received waveforms of UWB pulses for the compact CPW -fed 
printed antenna in the antenna positioning schemes shown in Figs. 4.2 (a) Substrate face 
substrate, (b) Side by side with coppers facing identical, (c) Copper face copper, (d) 
Side by side with copper facing opposite, (e) T -shaped relative position with one copper 
side facing inwards and (f) T-shaped relative position with one copper side facing 
outwards. The dotted waveforms at the left indicate the normalised transmitted 
waveform ofUWB pulse. (Continued in next page) 
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Fig. 4.6 (Continued from last page) Normalised received waveforms ofUWB pulses for 
the compact CPW-fed printed antenna in the antenna positioning schemes shown in 
Figs. 4.2 (g) Copper side of one antenna facing the substrate side of the other one 
antenna. The dotted waveforms at the left indicate the normalised transmitted waveform 
ofUWB pulse. 

It can be observed that the phase responses of antenna transfer function are reasonably 

linear. Only at two points, around 3GHz and 6GHz, the phase response slightly deviates 

from being linear. As the input UWB pulse occupies bandwidth from around 4.2GHz to 

1 OGHz, it can be observed from the figures that the temporal extents of received pulses 

are about 1.5 times of that of the transmitted pulse and the late time ringing is not 

negligible, for example the received pulses shown in Fig. 4.6 (a), (d) and (g). According 

to the discussions in Section 4.2.1 and 4.2.2, these phenomena would be most likely 

caused due to the deviation of phase response of antenna transfer function from being 

linear at around 6GHz. This deviation of linear phase response leads to inconsistent 

arrival time of frequency components at around 6GHz as compared with other 

frequency components of the signal. In spite of these phenomena, it still can be 

considered that the received pulses have behaved reasonably well. Thus, the 

applicability of the compact CPW-fed printed antenna in UWB wireless communication 

systems with low-dispersion performance can be confirmed. 

Also, in order to further characterise the time domain responses of the compact CPW-

fed printed antenna in the antenna positioning schemes of Figs. 4.2, a well-defined 

parameter known as fidel ity factor is used to evaluate the capability of pul se detection 
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of an antenna as well [87]. Fidelity factor is a measure of how accurately the transmitted 

waveform reproduces the time derivative of the voltage applied to the antenna terminals 

or, equivalently, how accurately the received voltage available at the antenna terminal 

reproduces the transient field incident upon the antenna [25], [ 155]. In addition, it is 

noted that fidelity factor for any antenna is waveform specific [ 15 5]. 

For the given input pulse indicated in ( 4.1 0), the fidelity factor for the compact CPW-

fed printed antenna in the antenna positioning schemes shown in Fig. 4.2 was calculated 

and the results are summarised in Table 4.1. 

Table 4.1 Summary of fidelity factor between the transmitting and receiving UWB 
pulses for the CPW-fed printed antenna in the antenna positioning schemes of Fig. 4.2 

Configuration 
scheme 

Fidelity factor 

(a) (b) (c) (d) 

0.87475 0.94369 0.96538 0.64541 

(e) (f) (g) 

0.79125 0.9031 0.89696 

According to the table 4.1, the fidelity factor is mostly greater than 0.8 for the compact 

CPW-fed printed antenna in most of the antenna poshioning schemes (Fig. 4.2) except 

for those shown in Fig. 4.2 (d) and (e). Hence, these validate that the use of proposed 

compact printed antenna for low dispersion applications for trans.mitting and receiving 

UWB pulses. 

Although antenna positioning has little influence on the phase response of antenna 

transfer function for the compact CPW-fed printed antenna, it significantly afiects the 

performance of signal dispersion, which can be observed from the results (Fig. 4.6) for 

antenna positioning schemes (b), (d) (e) and (f). However, when both antennas are 

facing each other, small difference between the results for antenna positioning in 

schemes (a), (c) and (g) can be observed, which indicates that the substrate material has 

little influence on the performance of signal dispersion for the compact CPW-fed 

printed antenna when they are facing each other. 
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4.3 UWB Characteristics against Dielectric Material Tolerances 

As the proposed antenna is printed on a dielectric substrate material, which introduces 

certain tolerances, the UWB characteristics of the proposed CPW-fed printed antenna 

against the tolerances of the dielectric substrate material assume great importance. The 

substrate is employed as the support substrate. As the dielectric constant and height of 

the substrate material affect the dimensions of the CPW structure, which leads to 

mismatching of input characteristic impedance, thus affecting the overall reflection 

coefficients, it is necessary to find out the effects of material tolerances so as to take 

into account at the design stage itself. In this thesis, we consider the UWB CPW-fed 

printed antenna that is printed on substrate R04003C ™, thus the effects of tolerances 

regarding this substrate are examined. Throughout the parametric study, only the values 

of dielectric constant and thickness (height) of the substrate will be changed whilst all 

other design parameters are fixed. 

According to the manufacturer's data sheet [119], the R04003C™, which has a 

nominal dielectric constant of 3.38 and thickness of 1.524mm, was selected in the 

design. The tolerances were obtained from the Rogers® data sheet as ±0.05 and 

±0.01mm respectively, which is summarised in Table 4.2. It is seen that there are four 

possible extretne-case scenarios that can result due to these essential tolerances, since in 

the design case only the nominal value for substrate material R04003C TM was 

considered. The effects of temperature on the tnaterial parameters, the effect of moisture 

absorption and tolerance on the dissipation factor (tan5) are neglected. These imply that 

both temperature and humidity are assumed to be same at their nominal values as 

indicated in the data sheet, in this study. 

Table 4.2 Summary ofthe R04003C™ substrate materials used in the UWB CPW-fed 
printed antenna 

Substrate Material Er tan 5 

R04003C™ 3.38±0.05 0.0027 

h(mm) 

1.524±0.01 

Usage 

UWB CPW-fed printed 
antenna (Section 3.4.2) 
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The metric used to characterise the effects of tolerances are the reflection coefficients 

and "coefficients of omni-directionality". In Fig. 4.7 and Fig. 4.8, the variations of 

reflection coefficients and "coefficients of omni-directionality" vs. frequency are 

presented respectively. From the simulation results shown in Fig. 4.7, it is observed that 

the tolerances of substrate material have little influence on the overall impedance 

bandwidth performance. However, higher impedance matching is shown at 4.9GHz 

when Er = 3.33 and h = 1.534mm as compared with other scenarios. In Fig. 4.8, it is 

shown that the overall performance of omni-directional radiation characteristics is not 

much affected by the tolerances. However, omni-directional radiation characteristics at 

some frequencies can be seen to have deteriorated when the dielectric constant and 

height of substrate have deviated from their nmninal values, for example those between 

around 4.5 ~ 5.5GHz and above 100Hz when Er = 3.33 and h = 1.534mm for the 

substrate. 
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Fig. 4. 7 The variation of reflection coefficients for the UWB CPW-fed printed antenna 
due to dielectric constant and thickness tolerances on substrate R04003C TM in four 
extreme-case scenarios 
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9 10 11 

Fig. 4.8 The variation of coefficients of omni-directionality vs. frequency for the UWB 
CPW-fed ~nted antenna due to dielectric and constant thickness tolerances on Rogers® 
R04003C in four extreme-case scenarios 

Therefore, based on these observations, it is found that antenna performance of the 

compact UWB CPW-fed printed antenna is little affected by the tolerances of the 

dielectric substrate material , in terms of the performance of reflection coefficient and 

radiation characteristics. Furthem1ore, as the substrate material has little influence on 

the performance of signal dispersion for the compact CPW -fed printed antenna, when 

two antennas face each other forming a link, it in1plies that the tolerances of the 

substrate material would also have little influence on it. Therefore, we might draw a 

conclusion that the compact CPW -fed printed antenna has robust UWB characteristics 

against the tolerances of substrate material. 

4.4 UWB Characteristics against Lossy Material 

As described in Chapter 1, UWB technology will be a promising solution for future 

body-worn wireless personal area networks (WP AN) and wireless body area networks 

(WBAN). Also, UWB technology is well suited for microwave imaging of human body. 

In all these appl ications, it is possible that the antennas are kept in close proximity to 



117 

human body. Therefore, it is important to investigate the influence of lossy human body 

on the compact CPW-fed printed antenna. 

Since omni-directional radiation characteristics are still preferred by most current 

wireless communication applications, it consequently became the design objective for 

the compact UWB CPW -fed printed antenna, in terms of the performance of radiation 

characteristics. However, having directional radiation characteristics can be the 

advantageous feature for WBAN applications, as it has more control of radiated energy 

on nearby human tissue [5]. For WBAN applications, antennas are placed closed to the 

human body and thus specific absorption rate (SAR) has become an important design 

criterion for the portable body area wireless communication devices. It is well known 

that those portable wireless devices must meet various SAR regulatory standards [120]. 

Thus, the UWB characteristics of an antenna in the presence of human body are of 

practical importance for the design of WBAN/WPAN UWB applications. 

In this section, we show the interactions between the UWB CPW-fed printed antenna 

and a lossy cylinder, which is used to represent a part of the human body. The results 

were obtained theoretically. The resulted reflection coefficient, radiation characteristics 

and SAR over the UWB band are plotted. The antenna characteristics for different cases 

were calculated using the commercially available High-Frequency Structure Simulator 

(l-IFSS®). The prototype of the UWB CPW-fed printed antenna was first fabricated and 

lately tneasured in free space environment as was shown in Section 3.4. The schematic 

diagram for the current investigations is shown in Fig. 4.9 (units are in mm). 

The simulation model for studying the influence of the CPW-fed printed antenna close 

to a part of lossy human body on UWB characteristics is shown in Fig. 4.9 (b). The part 

of the human body is modelled as a lossy circular cy Iinder with radius CR = 20mm and 

height CH = 64mm. In this figure, the printed antenna is seen to be positioned parallel 

to the axis of the lossy cylinder, and is 6mm away from the bottom edge as well as with 

a spacing of D from the substrate of the printed antenna. The electrical parameters of the 

lossy cylinder are set to be Er =53, tan8 = 0.38 and a = 1.2S/m, to simulate a human 

tissue. Here, we would like to mention that, to reduce the high computational 

requirements for solving antenna problems in lossy material environment using HFSS® 

with our computers, low resolution was used in HFSS® simulations and therefore more 
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ripples are observed in reflection coefficient and radiation patterns at higher frequencies, 

especially 2: 8 ~ 9GHz. And also, due to the constraints caused by the configurations 

and settings available to our computers, we have found that the lossy circular cylinder 

with the dimensions and electrical parameters above is the biggest one we can use in our 

investigations with low resolution using HFSS®. It has been found out that the 

modelling of the lossy circular cylinder resembles a part of the human wrist. 

t"l D 

CH=64mm 

Lossy cylinder 

__ _l_cB = 6mm 

(a) (b) 

Fig. 4.9 (a) Geometry of the printed CPW-fed UWB antenna, the units are in mm; (b) 
Side view and top view of a lossy circular cylinder placed close to the antenna. 

a) Reflection Coejjicient 

The reflection coefficients of the UWB CPW-fed printed antenna close to the lossy 

cylinder with spacing D = 2, 8, 15 and 25mm are shown in Fig. 4.1 0. Also, the 

reflection coefficient of the printed antenna in free space environment is presented as 

well for reference. It is observed that antenna shows better impedance performance 

when it is placed closer to the lossy cylinder, e.g.: D = 2 and 8mm. This may be due to 

that the lossy cylinder attenuates a certain portion of the incident waves that leads to 

attenuated reflected waves therefore lower reflection coefficients over the impedance 

bandwidth. 
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Fig. 4.10 Reflection coefficients of UWB printed antenna close to a lossy cylinder with 
spacing D = 2, 8, 15 and 25mm 

b) Radiation Characteristics 

o• o• 

(a) (b) 
o• o• 

(c) (d) 

Fig. 4.11 Normalised radiation patterns at spot frequency 4.5GHz: (a) D = 2 mm, (b) D 
= 8mm. (c) D = 15 mm and (d) D = 25mm. 
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Fig. 4.12 (a) Front-to-back ratio and (b) front-to-side ratio of co-polarised component of 
radiation patterns for the printed antenna in the presence of lossy cylinder for different 
spacing D = 2, 8 and 25mm. 

In Figs. 4.11, the normalised radiation patterns in xy-plane (H-plane) of the printed 

antenna when placed close to the lossy cylinder with spacing D = 2, 8, 15 and 25mm at 

the spot frequency of 4.5GHz are shown respectively (solid lines). Also, the radiation 

pattern of the antenna alone in free space environment at the same frequency is also 

provided for reference (dotted lines). It is observed that the radiation patterns in some 

angular regions have deviated from being omni-directional due to the presence of the 

lossy cylinder. To further illustrate these, we plot in Figs 4.12 (a) and (b) the ratio of 
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normalised field intensities (co-polarised radiation component) in dB at 0 degree to that 

at 180 degree (denoted as front-to-back ratio) and also the ratio of normalised field 

intensities (co-polarised radiation component) at 0 degree to that at (average of 

intensities) 90 degree and 270 degree (denoted as front-to-side ratio) in dB as a function 

of frequency with different spacing values of D. These plots as shown in Figs. 4.1 2 

mainly address the radiation intensity variations of the UWB CPW-fed printed antenna 

at its principle directions, referring to its front direction along the frequency range. 

c) Specific Absorption Rate (SAR) 

According to the definition by standards and regulatory bodies [120], specific 

absorption rate (SAR) is defined as the time derivative (rate) of the incremental energy 

( d W) absorbed by an incremental mass ( dm) contained in a volume element ( d V) of a 

given density (p ), which can be seen from the following expression: 

SAR =!!:_(dW) =!!:_( dW l 
dt dm dt pdV) 

(4.12) 

SARis expressed in units of watts per kilogram (W/Kg) or equivalently milliwatts per 

gram (m W /g). In some literature, SAR can also be expressed with the relationship to the 

electric field at a point by the following formula: 

o-IEI2 
SAR=·---

p 
(4.13) 

where fJ is the conductivity of the tissue (S/m), p is the mass density of the tissue 

(Kg/m3
) and E is the electric filed strength (V /m). 

In Tables 4.3 and 4.4, the maximum average SARs of the CPW -fed printed antenna for 

1 g and 1 Og lossy material for different values of D at four different spot frequencies are 

listed. Also, the power absorbed of lg and lOg lossy material due to the UWB CPW-fed 

printed antenna with spacing D = 15mm at spot frequencies 4.5GHz, 6.5GHz, 8.5GHz 

and 1 0.5GHz are shown in Fig. 4.13 and 4.14, with scales of 0 ~ 45W /Kg and 0 ~ 

11 W /Kg respectively. It is observed that the "hot spot" occurs along the xz-plane (E-

plane) of the UWB CPW-fed printed antenna. 



Table 4.3 Maximum average 1 g SAR (W /Kg, Input Power: 1 W) 

D(mm) 
2 
5 
8 
15 
25 

4.5 GHz 
92.896 
69.415 
49.489 
26.74 
16.232 

(a) 4.5GHz 

(c) 8.5GHz 

6.5 GHz 
118.995 
78.142 
54.927 
42.199 
24.397 

8.5 GHz 
71.436 
53.567 
38.518 
22.615 
10.428 

(b) 6.5GHz 

(d) 10.5GHz 

10.5 GHz 
115.702 
42.628 

22.8 
11.675 
11.458 
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Fig. 4.13 Power absorbed of 1g lossy material due to the UWB CPW-fed printed 
antenna with spacing D = 15mm: (a) 4.5GHz; (b) 6.5GHz; (c) 8.5GHz and (d) 10.5GHz 



Table 4.4 Maximum average 1 Og SAR (W /Kg, Input Power: 1 W) 

D(mm) 
2 
5 
8 
15 
25 

4.5GHz 
27.146 
18.747 
14.017 
8.712 
6.195 

(a) 4.5GHz 

(c) 8.5GHz 

6.5 GHz 
35.379 
24.773 
18.105 
10.77 
7.822 

8.5 GHz 
25.72 
14.462 
9.604 
5.282 
2.987 

(b) 6.5GHz 

(d) 10.5GHz 

10.5 GHz 
31.431 
13.268 
7.927 
4.253 
3.722 
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Fig. 4.14 Power absorbed of lOg lossy material due to the UWB CPW-fed printed 
antenna with spacing D = 15rnm: (a) 4.5GHz; (b) 6.5GHz; (c) 8.5GHz and (d) 10.5GHz 
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In these simulations, it is noted that the input power is set to be 1 W. However, due to 

the relatively lower targeted transmission power of UWB technology for wireless 

communication systems, which is around lmW, and as the maximum average lg and 

1 Og SARs are linearly scalable to the input power, it is expected to see that the printed 

antenna meet the compliance limits, which are 8W /Kg for 1 g and 20W /Kg for 1 Og lossy 

material for the controlled environment and 1.6W/Kg for lg and 4W/Kg for lOg lossy 

material for the uncontrolled environment , when it is placed more than 2mm away the 

lossy material. [ 121]. 

4.5 Discussion 

In this chapter, the influence of signal dispersion of the compact CPW-fed printed 

antenna on UWB characteristics is first investigated. The phenomena of signal 

dispersion are described in two aspects in terms of the waveform of a signal. 

Furthermore, a hypothetical antenna model for heuristically explaining the causes of 

signal dispersion for the UWB CPW-fed printed antenna is presented, which indicates 

that the performance of signal dispersion can be evaluated by the frequency domain 

parameters, viz., phase response of antenna transfer function and group delay. In the 

case of the UWB CPW -fed printed antenna, reasonably good performance of simulated 

phase response of antenna transfer function and measured group delay over the UWB 

band can be achieved for most of the antenna positions forming a link. These results not 

only demonstrate the characteristic equivalence between the phase response of antenna 

transfer function and group delay in evaluating the performance of signal dispersion for 

an antenna, but also illustrates the low-dispersion performance of the CPW-fed printed 

antenna for launching and receiving UWB pulses therefore satisfying the UWB 

application criteria. At last, the reasonably well-behaved time domain responses further 

confitm the low-dispersion performance of the proposed printed CP\V-fed antenna for 

UWB applications. 

In view of the practical importance of substrate material tolerances on the u·wB CPW-

fed printed antenna design, the influence of the substrate material tolerances is 

investigated theoretically. The calculated results show that the UWB CPW-fed printed 

antenna element has also got robust UWB characteristics against the substrate material 
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tolerances. Small influence of substrate material tolerances is observed on the antenna 

performance including reflection coefficient, radiation characteristics and signal 

dispersion. At last, the influence of the UWB CPW-fed printed antenna close to a part 

of the lossy human body on UWB characteristics is theoretically investigated. The 

antenna performance, such as reflection coefficients, radiation characteristics as well as 

1 g and 1 Og SARs, are presented with different spacing between the antenna and the 

lossy cylinder. It is hoped that these results will be helpful to decide the suitability of 

this antenna for wireless body-worn applications. 
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Chapter 5 

C-Shaped and T -Shaped CPW-fed Antennas 
for Dual-Band Applications 

5.1 Introduction 

In this chapter, we present novel CPW-fed printed antennas for dual-band applications. 

Use of single handset for wireless communication applications such as GSM, DCS, PCS 

and WLAN is increasing due to convenience as well as better communications coverage . 

. For the design of such a handset that can transmit or receive multiple frequency .bands, 

multi-band antennas are required. In such a case, the frequencies of interest are selected 

and others are filtered out to reduce interference. In view of important practical 

applications, the designs of multi-band antennas for wireless handheld or body-worn 

transceiver applications are considered in this chapter. For handheld or body-worn 

applications, these antennas must be lightweight and compact in size. With these in 

view, design and analysis of the two novel compact dual-band printed antennas both fed 

by CPW transmission line, are presented in this chapter. 

Over the past few decades, lots of research efforts have been put into the dual-band 

antenna design. A number of dual-band antenna techniques have been proposed in the 

literature [122-145]. Initially, the dual-band antennas were big in size and also heavy, 
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which were aimed for airborne and space applications. Hom antennas [122-123] and a 

group of waveguide-fed slot antennas [ 124-125] along with frequency selective surface 

(FSS) [126] were reported to operate for dual-band applications. However, due to 

increased popularity and inherent advantages of printed transmission line technology, 

the dual-band antennas were eventually designed using printed transmission line 

technology. Thus, slot loaded patch antennas [127-128], aperture-coupled stacked 

patches antennas [129-130], antenna patches with spur lines [131-132], antennas with 

parasitic elements [133-134], printed sleeve dipoles [135-136], planar inverted-F 

antennas (PIFAs) [137-138] , antennas with meandered structure [139-140] and 

dielectric resonator antennas (DRAs) [141-142], were analysed for dual-band operations. 

Most of these antennas were usually fed by coaxial cable and/or printed microstrip line. 

Also, a variety of copper-plate antennas, which also have low profile and are fed by 

coaxial cable, have also been designed for dual-band applications [143-145]. In the case 

of the printed antennas, it is observed that coaxial cable feeding requires drilling a hole 

in the substrate etc, thus do not obtain uniplanar structure. The copper-plate antennas 

can be very fragile depending on the thickness of the copper used. In addition, it is well-

known that the disadvantages of microstrip feeding arise from its narrow bandwidth and 

double-copper-layer structure between the microstrip line and the ground plane [99-1 00]. 

To overcorne the drawbacks of microstrip and coaxial cable feedings, CPW feeding was 

proposed, since it has advantages of having consistent characteristic impedance over a 

very wide impedance bandwidth, single-copper-layer between the antenna element and 

ground plane, requiring no soldering joints and easy integration with active devices or 

MMICs etc, which have already been mentioned in Chapter 3. Thus, CPW feeding has 

become popular for dual-band printed antennas [146-148]. 

It is well known that dual-band antennas normally have different resonant frequencies 

and radiate from different parts of antennas. These radiation centres are normally 

designed based on the analogy of a monopole antenna, which means that the lengths of 

these radiation centres are about a quarter-wavelength with respect to desired resonant 

frequencies. Therefore, it would be possible that different dual-band antenna designs 

can emerge based on different design requirements. With these in view and the 

advantages of CPW structure mentioned above, we proposed here, two novel CPW-fed 

antennas, which we call as "C-shaped" and "T-shaped" elements respectively, for dual-



128 

band applications. In Section 2, we summarise the dual-band and multi-band wireless 

communications and introduce the basic idea behind our dual-band antenna designs. 

The proposed dual-band antenna elements are discussed in Section 3, with the help of 

parametric studies regarding the detailed design parameters. In addition, an 

investigation on the current distributions of both dual-band antennas at their respective 

resonant frequencies is included, with an aim to identify approximately the radiation 

centres. In Section 4, dual-band antenna performance, such as reflection coefficients and 

radiation characteristics, is presented. The robustness of their performance with respect 

to the dielectric substrate material tolerances and closeness to a part of lossy human 

body are demonstrated using simulations in Section 5. Lastly, in Section 6, discussion 

of results is included. 

5.2 Applications and Empirical Models of Dual-Band Antennas 

5.2.1 Introducing Dual-Band and Multi-Band Wireless Applications 

With the release of new spectrum and introduction of newer wireless communication 

services as coupled with higher communication market demand, an increasing number 

of multi-band handheld transceivers have been proposed. Traditionally, frequencies of 

applications with similar characteristics were designed to be supported by a multi-band 

transceiver. For example, (a) a number of antennas were designed for mobile cellular 

communications, such as GSM and DCS/PCS applications [130], [135], [137], [139-

140]; (b) some antennas were designed for wireless LAN communications, such as 

IEEE802.11b and IEEE802.11a [132], [134], [142-143], etc. Recently, however, due to 

demand for comprehensive services, e.g.: combined mobile cellular and wireless LAN 

services, preferred by the e1nerging communication market, antenna designers are 

increasingly concerned to be able to provide suitable performance for various emerging 

applications [136], [138], [145]. Therefore, an increasing number of multi-band 

antennas have been designed and proposed for different services with different 

requirements, including the introduction of new service type requirement. In Table 5.1, 

a list of various mobile cellular and wireless LAN applications is given. 
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Table 5.1 Summary of spectrums for different mobile cellular and wireless LAN 
applications 

Frequency (GHz) 
0.225/0.45 
0.824~0.896 

0.88-0.96 
1.227611.57542 

1.71~1.88 

1.85~1.99 

1.92~2.17 

2.412~ 2.484 
2 . 5~2.69/3.4~3 .6 (licensed) 
5.725~5.85 (Unlicensed) 
5.15~5.35/5.47~5.725 

5 .15~5 .35/5. 725~5 .825 

Type of Applications 
Vehicular Applications 

CDMA800 
GSM 
GPS 
DCS 

PCS/CDMA1900 
UMTS 

IEEE802.11b/g 

IEEE802.16d 

HIPERLAN/2 
IEEE802.11a 

5.2.2 Empirical Model of a Dual-Band Antenna 

As mentioned previously, dual-band antennas norma1ly operate at different resonant 

frequencies that radiate from different parts of the antenna. These radiation centres are 

normally designed basing on the radiation mechanism of a monopole antenna, which 

means that the lengths of radiation sections be about a quarter-wavelength at the 

respective desired resonant frequency. In the case of a monopole antenna, the resonant 

frequency is approximately determined by its length [149], which is illustrated in Fig. 

5.1 (a). However, it is seen that a monopole antenna operating at lower resonant 

frequency is longer than the one operating at higher resonant frequency. Thus, there is 

the possibility of combining monopole antennas that operate at lower and higher 

resonant frequencies together so that a common portion of the antenna works at both 

resonant frequencies. Thus, the antenna model of dual-band antenna based on the above 

idea is illustrated in Fig. 5.1 (b). In this figure, it is shown that the dual-band antenna 

has two radiating arms above, which are joined with a common portion at the bottom. 

Therefore, the radiating arm responsible for the lower resonant frequency is comprised 
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of the longer arm plus the length of the common portion (as indicated), while the one 

for the higher resonant frequency comprises the shorter arm plus the common portion 

(as indicated). 

Due to the merits of printed transmission line technology, which were mentioned 

previously in this thesis, the above mentioned model of dual-band antenna has been 

realised with the micros trip [ 150] and CPW feedings [ 151] respectively. However, due 

to different requirements for dual-band antennas, it is possible to obtain dual-band 

performance by using different antenna shapes and configurations for the two radiating 

arms, as can be seen in the open literature [137-140] , [143-145]. 

~ 1 4 

(a) 

Higher 
frequency 
~ / 4EB~ 

Lower 
frequency 

-....EBA, / 4 .... ~~ 
(b) 

Fig. 5.1 Empirical model of dual-band antenna, (a) monopole antennas and (b) idea 
behind dual-band antenna 
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5.3 Proposed Dual-Band Antenna Structures 

As mentioned previously, it is possible to obtain dual-band performance by usmg 

different antenna shapes and configurations for the two radiating arms to meet different 

design requirements. In this section, two novel designs of printed antennas fed by CPW 

for dual-band applications are discussed. The C-shaped CPW-fed printed antenna 

follows the above idea to achieve dual-band performance. Different from other dual-

band antenna designs in the open literature, the C-shaped CPW-fed printed antenna has 

a potential to upgrade to be a triple-band antenna from dual-band antenna. This is due to 

that the C-shape antenna element also helps in forn1ing the third resonant frequency, 

besides the two due to the two radiating arms of the C-shaped element. This would be 

explained by the help of the current distribution investigation in follows. The T-shaped 

CPW-fed printed antenna not only follows the above idea to achieve dual-band 

performance, but also uses a short-circuited element. The short-circuited element plays 

an important role in generating and fine tuning the two resonant frequencies for the 

proposed T -shaped printed antenna. This would also be explained by the help of the 

current distribution investigation in follows. In comparison with other dual-band 

antennas aimed for identical applications, the T-shaped CPW-fed printed antenna shows 

simple structure and compact size. 

5.3.1 Proposed Structure of C-Shaped CPW-fed Printed Antenna 

With the above idea in view and the advantages of CPW structure mentioned previously, 

the configuration of the dual-band C-shaped CPW -fed printed antenna for GSM and 

DCS/PCS applications is proposed in Fig. 5.2. The proposed antenna was constructed 

by printing it on substrate Rogers® R04003C that has a dielectric constant of 3.38 and 

thickness of 1.524mm. Due to the fabrication limitation at our university facility, as 

previously, a 50.0 CPW transmission line with a fixed single-strip width of 5.5mm and 

a gap distance of 0.3mm between strip and ground plane is used for feeding the antenna. 

As seen in Fig. 5.2, the overall antenna structure is approximately symmetrical with 

respect to the centre conductor of the CPW transmission line. Therefore the dimensions 

of the left and right ground planes were set identically. Thus, the two finite ground 
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planes were set with identical dimensions of26.95mmx20mm and placed symmetrically 

on each side of the CPW transmission feed line. As shown in Fig. 5.2, the antenna 

structure is composed of an open octagon geometry forming a C-shaped element, the 

mouth of which is left open. A protruding portion of the feed line above the uniplanar 

ground planes feeds the C-shaped element. The octagons are constructed by subtracting 

rectangles with four identical right isosceles triangles at four comers of the rectangles. 

In this design, the horizontal and vertical strips of the C-shaped element were set to be 

3mm wide. Other dimensions (unit: mm) of it are also presented in Fig. 5.2. As 

illustrated in Fig. 5.2, the protruding portion of the feed line separates the C-shaped 

element into two parts, a longer arm at the upper part (Right) and a shorter arm at the 

lower part (Left). It was found that the proposed antenna has three radiating portions: 

the first and second ones are composed of the longer and shorter arms of C-shaped 

element jointed with the protruding portion of the feed line. The third one is the whole 

antenna sttucture, which radiates like a wide monopole antenna mounted on a ground 

plane. 

Fig. 5.2 Proposed structure of the dual-band C-shaped CPW-fed printed antenna (unit: 
mm) 

In this design, the longer radiating arm has a length of 80.57mm, which is 

approximately 0.242/..,L (At is the wavelength of lower resonant frequency 0.9GHz), and 

controls the lower resonant frequency suitable for GSM applications. On the other hand, 

the shorter radiating arm has a length of 34.36mm, which is approximately 0.298/..,H (AH 
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is the wavelength of higher resonant frequency 2.6GHz). However, in this design, we 

have found that the resonant frequency at 2.6GHz is not strong enough and hence may 

not be suitable for IEEE 802.11 b applications. Finally, the whole antenna structure, 

which acts like a simple monopole antenna mounted above the ground plane, has a total 

arm length of 83mrn and it is 16mm away from the ground plane. Thus a resonant 

frequency at 1.8 GHz is generated for DCS/PCS applications. 

Referring to Fig. 5.2, an issue of concern is the tilting portion at the bottom side of the 

C-shaped element as it can influence the antenna performance, especially the impedance 

bandwidth [69] . In the current design, the tilting angle was fixed at 45 degrees. Another 

important parameter of the C-shaped element that is mount~d above the ground plane is 

the gap distance, which is the distance between the bottom edge of the C-shaped 

element and the ground plane. This gap distance would also affect the overall antenna 

performance, particularly the impedance bandwidth [ 68]. By varying the gap distance 

between the C-shaped element and the ground plane, we have found that the proposed 

dual-band antenna can be made into a triple-band antenna, if required. 

The current distributions of the proposed C-shaped CPW-fed printed antenna at three 

spot resonant frequencies 0.9GHz, 1.8GHz and 2.6GHz are shown in Fig. 5.3. It is 

observed that current with higher magnitude is mostly concentrated around the longer 

and shorter radiating arms as well as the protruding portion of the feed line at 

frequencies of 0.9GHz and 2.6GHz respectively. However, at l.8GHz, current with 

higher magnitude flows all around the whole antenna structure. It is also found that the 

tnagnitude of the current flowing on the shorter radiating arm at 2.6GHz is relatively 

lower, in comparison with the current flowing on the longer radiating arm at 0.9GHz as 

well as the current on the overall antenna structure at 1.8GHz. This could be the main 

reason for producing a weaker resonance at 2.6GHz, which makes it not suitable for 

IEEE 802.11 b application. These observations confirm that the longer radiating arm and 

the overall antenna structure are the main radiating centres of the proposed C-shaped 

CPW-fed antenna for the desired multi-band/dual-band applications. 
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(a) (b) 

(c) 

Fig. 5.3 Current distributions of dual-band C-shaped CPW-fed printed antenna with 
identical scale: (a) 0.9GHz, (b) 1.8GHz and (c) 2.65GHz 

5.3.2 Parametric Studies of C-Shaped CPW-fed Printed Antenna 

As stated earlier, the gap distance between the bottom edge of the C-shaped element and 

the ground plane will affect the overall antenna performance, particularly the impedance 

bandwidth. By varying the gap distance, it is noted that the capacitance between the C-

shaped element and the ground plane will be changed, thereby changing the antenna 

resonant characteristics of the proposed antenna. In this design, different gap distances 

between the bottom edge of C-shaped element and the ground plane are simulated and 

compared, and the results of the reflection coefficients are shown in the Fig. 5.4. In this 

cmnparison, all the dimensions of the antenna are fixed to be equal to those illustrated 

in Fig. 5.2, except for the gap distance. 

In Fig. 5.4, it is seen that the higher-end and middle-end resonant frequencies of the 

proposed antenna are getting stronger and weaker respectively, when the gap distance 
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between the bottom edge of C-shaped element and the ground plane decreases, while 

the lower-end resonant frequency is nearly unaffected. On the other hand, as the gap 

distance decreases which means that the electrical lengths of three corresponding 

radiating arms decrease, the three resonant frequencies are increasing slightly, which 

can be found in Fig. 5.4. 
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~ 
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-GDGround = 16mm 
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Fig. 5.4 The comparison of simulated reflection coefficients of proposed dual-band C-
shaped CPW-fed printed antenna with gap distance (the distance between the bottom of 
the C-shaped element and the ground plane) of 7, 10, 13, and 16mm respectively 
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Fig. 5.5 The comparison of simulated reflection coefficients of proposed dual-band C-
shaped CPW-fed printed antenna with gap distance (the gap distance of the mouth of 
the C-shaped element) of2, 3, and 4mm respectively 
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In this design, the influence of gap distance at the mouth of the C-shaped element on 

impedance bandwidth performance was also investigated. Different gap distances of the 

C-shaped mouth are simulated and compared while fixing other dimensions. The results 

are presented in Fig. 5.5. As shown in Fig. 5.5, it is found that the middle-end resonant 

frequency decreases as the mouth gap of the C-shaped element becomes narrower. This 

is so because decreasing the gap distance of the mouth will increase the length of the 

total C-shaped element, which results in the decrease of middle-end resonant frequency. 

As discussed in Section 3.3, the length of CPW transmission line, which is same as the 

height of the ground plane of the proposed C-shaped antenna, has little influence on the 

generation of higher order mode (HOM) effects and input mismatching. However, the 

dimensions of ground plane, such as length (L2 seen in Section 3.3), would have certain 

influence on the overall antenna performance. Therefore, the effects of the dimensions 

of the ground planes of the proposed C-shaped antenna are also investigated and shown 

in Figs. 5.6. 

As mentioned above, the overall antenna structure is approxi1nately sym1netrical with 

respect to the centre conductor of the CPW transmission line. Therefore the dimensions 

of the left and right ground planes have been varied symmetrically throughout the 

investigations, and to simplify, are denoted as the width and height of the ground 

plane(s). In these investigations, only one variable has been changed for each 

comparison while the rest have been fixed to be as those shown in Fig. 5.2. Figs. 5.6 

show a comparison of reflection coefficients for the proposed C-shaped antenna with 

different widths and heights for the ground plane. From Fig. 5.6 (a), it can be seen that 

the resonant matching of middle-end resonant frequency is getting weaker, which has 

led to reflection coefficients at some frequencies within the interested band to cross over 

-1 OdB, when the width of ground plane decreases from 28.95mm to 21.95mm, while a 

small resonant matching improven1ent can be observed for the higher-end resonant 

frequency. On the other hand, the lower-end resonant frequency is nearly unaffected. 

Therefore, we can conclude that a width of 26.95mm appears to be the appropriate 

dimension for the size of the ground plane, as a tradeoff between the impedance 

bandwidth performance and antenna size. 
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Fig. 5.6 The comparison of simulated reflection coefficients of proposed dual-band C-
shaped CPW-fed printed antenna with different (a) widths and (b) heights of the ground 
planes 

In Fig. 5.6 (b), similar phenomena are observed for the middle-end and higher-end 

resonant frequencies. It is seen that the resonant matching of the middle-end resonant 

frequency is strengthened, which leads to the reflection coefficients at 1nost frequencies 

within the interested band below -1 OdB, when the height of ground plane is decreased 

from 24mn1 to 18mm. However, the corresponding impedance bandwidth of the middle-

end resonant frequency is slightly narrowed, which is due to its further strengthened 

resonant matching when the height is further shorten from 20mm to 16mm. On the other 

hand, it is seen that the resonant matching of the higher-end resonant frequency at 

around 2.6GHz is getting weaker when the height is decreased, which leads to the 

required dual-band operations for the proposed C-shaped antenna for mobile cellular 

applications. Similarly, the change at the lower-end resonant frequency is hardly 

observed. Based on the observation from Fig. 5.6 (b), 18mm is the proper selection for 

the height of the ground plane, which shows best impedance bandwidth performance 

and smaller size for the proposed C-shaped antenna. 

Based on the previous parametric studies, it has been found out that the gap distance of 

the C-shaped mouth and the gap distance between the bottom edge of the C-shaped 

element and the ground planes are able to fine tune the resonant frequencies as well as 

the corresponding impedance matching. In these studies, it has also been observed that 

the height of the ground planes has more significant effect on the impedance bandwidth 
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performance for the proposed C-shaped antenna, in the comparison with the width of 

the ground planes. 

5.3.3 Proposed Structure ofT -Shaped CPW-fed Printed Antenna 

With the above idea in view and the use of a short-circuited element, the configuration 

of the dual-band T-shaped CPW-fed printed antenna for DCS/PCS and IEEE802.llb 

applications is proposed in Fig. 5.7. The proposed antenna was constructed by printing 

it on an identical substrate as that of the C-shaped CPW -fed printed antenna, which also 

has dielectric constant of 3.38 and thickness of 1.524mm. The dimensions for the 50Q 

CPW transmission feed line are set identically with those of the printed C-shaped CPW-

fed antenna. Thus, it has a fixed single-strip width of 5.5mm and a gap of 0.3mm 

between the strip and ground plane. As seen in Fig. 5.7, the overall antenna structure is 

asymmetrical. Therefore the two finite ground planes were set with dimensions of 

31.95mmx20mm and 28.45x20mm and placed on the left and right sides of the CPW 

transmission line. The antenna structure is composed of a longer asymmetrically bent T-

shaped element as well as a shorter L-shaped element, which short-circuits the T -shaped 

elen1ent with the left ground plane. The strip widths of the whole L-shaped eletnent and 

the longer horizontal strip which is bent of the bent T -shaped eletnent are set to have 

identical width of 1 mm, while the vertical strip of it is set to have a strip width of 3mm. 

66.5 

31 .95 28.45 

Fig. 5.7 Proposed structure of the dual-band T-shaped CPW-fed printed antenna (unit: 
mm) 
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As seen in Fig. 5. 7, the longer horizontal strip is bent at one end and terminated open 

with the left ground plane, forming a gap. The vertical strip of the T -shaped element 

connects both the longer bent strip and the short-circuited L-shaped strip. The longer 

radiating arm has a length of 34mm (4.5mm+23.5mm+1mm+5mm), which is 

approximately 0.21/...L (A.L is the wavelength of the lower resonant frequency 1.8GHz), 

controls the lower resonant frequency suitable for DCS/PCS applications. On the other 

hand, the shorter radiating arm has a length of 22mm ( 1 mm+ 15mm+ 1 mm+5mm), 

which is approximately 0.176/...H (A.H is the wavelength of the higher resonant frequency 

2.4GHz), controls the resonant frequency suitable for IEEE 802.11 b application. 

In this design, the L-shaped element short-circuits the vertical strip of the bent T -shaped 

element with the left ground plane. The lengths of the horizontal arm and the vertical 

portion of the L-shaped short-circuited element are set to be 1 0.5mm and 3mm 

respectively in this design. By introducing the short-circuited L-shaped element in the 

antenna, it is possible to excite the two resonant frequencies that correspond to the 

required frequency bands. 

(a) (b) 

Fig. 5.8 Current distributions of printed dual-band T -shaped CPW -fed antenna with 
identical scale: (a) 1.85GHz and (b) 2.4GHz. 

The calculated current distributions on the antenna at two spot resonant frequencies of 

1.85GHz and 2.45GHz are shown in Fig. 5.8. It is seen that current with higher 

magnitude is mostly distributed along the longer radiating arm including the bent 

portion, when the proposed T -shaped antenna operates at 1.85GHz. When at 2.45GHz, 

the current with higher magnitude flows on the shorter radiating arm of the T-shaped 
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printed antenna. Furthermore, it is found that the magnitude of the current concentrated 

at the short-circuited L-shaped element is comparably strong at both frequencies as that 

on two radiating arms at their respective resonant frequencies, which demonstrates the 

significant role of it in exciting the desired two resonant frequencies. 

5.3.4 Parametric Studies ofT-Shaped CPW-fed Printed Antenna 

In the design of the T -shaped CPW-fed printed antenna, it is found that the short-

circuited L-shaped element is the key component responsible for the two separate 

resonant frequencies, which is also illustrated by the current distributions shown in Figs. 

5.8. The short-circuited L-shaped element introduces additional inductance to 

compensate for the large capacitance contributed from the area between the designed 

antenna and the ground plane, thus helping to generate two different resonant 

frequencies at around 1.85GHz and 2.5GHz respectively. Therefore, the lengths of the 

horizontal strip and vertical strip of the L-shaped element have significant influence on 

the two generating resonant frequencies. In terms of the proposed antenna structure, the 

variation range of the length of the vertical strip of the L-shaped ele1nent is much 

smaller than that for the length of the horizontal strip. Therefore, the length of the 

vertical strip of the L-shaped element is still fixed at 3mm, which leads to the horizontal 

strip residing at the middle of the area between the designed antenna and the left ground 

plane. Thus, the effect of the length of the horizontal strip of the L-shaped element has 

been investigated and the results are shown in Fig. 5.1 0. Furthermore, the two ends of-

1 OdB impedance bandwidth of each band are summarised and listed in Table 5 .2. In this 

investigation, only the length of the horizontal strip of the L-shaped element is varied, 

while other dimensions of the antenna structure are fixed to be equal to those shown in 

Fig. 5.7. The schematic diagram for this investigation is shown in Fig. 5.9. 
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Fig. 5.9 The schematic diagram for the investigation on the effect of the length of the 
horizontal strip of the L-shaped element for the proposed T -shaped antenna 
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Fig. 5.10 The comparison of simulated reflection coefficients of proposed dual-band T-
shaped CPW-fed printed antenna, studied in Fig. 5.15, with lengths of -3.5, 0, 3, 6.5, 
1 0.5 , 14.5 and 18.5mm for the horizontal strip of L-shaped element. (I) The minus value 
represents the short-circuited L-shape element residing at the right side of the vertical 
strip of the T -shaped element. (2) Zero represents that no short circuiting L-shaped 
element is used. 
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Table 5.2 Summary of parameters and performance illustrated in Fig. 5.10 for the 
proposed dual-band T-shaped CPW-fed printed antenna. The bandwidths are defined as 
the -1 OdB reflection coefficient bandwidth. 

Length (mm) f1: BW (fL, fu) (GHz) f2: BW (fL, fu) (GHz) 
-3.5(l) 0 0 

0(2) 2.26 ~ 2.64 0 
3 1.68 ~ 1.87 0 

6.5 1.71 ~ 1.92 0 
10.5 1.74 ~ 1.96 2.38 ~ 2.65 
14.5 1.76 ~ 1.96 2.33 ~ 2.63 
18.5 1.79 ~ 1.93 2.32 ~ 2.58 

From Fig. 5.10 and Table 5.2, it can be observed that the bent T-shape antenna alone 

without the introduction of the short-circuited L-shaped element is a single-band 

antenna. However, when a short-circuited L-shaped element is added to the bent T-

shaped antenna, it becomes a dual-band antenna. It can also further be observed that the 

two resonant frequencies of proposed T -shaped antenna can be tuned by varying the 

length of the horizontal strip of the L-shaped element, for better impedance matching at 

any required operational frequencies within the interested bands. 

In addition, the effect of including a short-circuited L-shaped element at the right side of 

the vertical strip of the T -shaped element is also investigated, and the results are also 

included in Fig. 5.10 and Table 5.2 as well. These results show that the T-shaped 

antenna fails to have any resonant frequency when the L-shaped elernent resides 

between the shorter arm ofthe T-shaped element and the right ground plane. 

Referring to Fig. 5.7, another point of concern is the bent portion of the longer 

horizontal strip portion ofthe T-shaped element, as it can eliminate the area occupied by 

the overall antenna structure. Furthermore, it is also found that the impedance 

bandwidth perfotmance of the proposed T -shaped antenna can be improved by bending 

a portion of the longer horizontal strip of the T -shaped element, which can be seen in 
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Fig. 5.11. In this investigation, the total length of the longer horizontal strip portion of 

the T -shaped element (horizontal portion + bent portion) is kept unchanged, while the 

length of the bent portion is varied. In Fig. 5.11, it is observed that two resonant 

frequencies are slightly beyond the interested bands for the proposed applications, when 

no portion of the longer horizontal strip is bent. However, when a portion is bent, two 

resonant frequencies are getting closer, which leads to appropriate operations of the 

proposed T -shaped antenna for the required applications. Furthermore, it is seen that 

different lengths of the bent portion have little influence on the impedance bandwidth 

performance. Therefore, 4.5mm was selected in this antenna design, as it leaves 

sufficient space between the bent portion and ground plane to avoid possible 

interactions. 

The influence of widths and height of the ground planes of proposed T -shaped antenna 

on impedance bandwidth performance have also been investigated, which is shown in 

Figs. 5.12 and 5.13. Since the overall antenna structure is asymmetrical, which is 

mainly caused by the structural asymmetry of the short-circuited L-shaped element, the 

widths of left and right ground planes were studied separately, while the heights for 

both ground planes were kept identical for these investigations. 
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Fig. 5.11 The comparison of simulated reflection coefficient of proposed dual-band T-
shaped CPW-fed printed antenna with lengths of 0, 2.5 and 4.5mm for the bent portion 
ofT -shaped element longer arm 
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In Fig. 5.12 (a) and (b), comparisons on reflection coefficients ofthe proposed T-shaped 

antenna with different widths for the left and right ground planes are presented 

respectively, while a comparison for different heights of the ground planes is shown in 

Fig. 5.13. In Fig. 5.12 (a), it can be seen that the impedance bandwidth performance at 

both bands has negligible effect with the decreasing width of left ground plane, 

decreasing from 33.95mm to 31.95mm. However, when the width is shorten from 

31.95mm to 25.95mm, the higher-end resonant frequency is seen to shift down initially 

and then move back while slightly narrowing the impedance bandwidth, and with little 

changes in lower-end resonant frequency and the corresponding bandwidth. In Fig. 5.12 

(b), it can be observed that two resonant frequencies slightly diverge from each other to 

move to opposite ends while decreasing the corresponding impedance bandwidth when 

the width of right ground plane is shortened from 30.45mm to 24.45mm. Therefore, as a 

tradeoff between the performance and size for the proposed antenna, 31.95mm and 

28.45mm has been chosen for the widths of left and right ground planes respectively. 
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Fig. 5.12 The comparison of sin1ulated reflection coefficient of proposed dual-band T-
shaped CPW-fed antenna with different widths for ground plane: (a) left ground plane 
and (b) right ground plane 

In Fig. 5.13, a comparison of reflection coefficients of the proposed T-shaped antenna 

for different heights for both ground planes is presented. It can be observed that the two 

resonant frequencies diverge from each other moving to opposite ends with stronger 

resonant matching when the height of the ground planes is decreased. However, it can 

also be observed that the higher operational band already exceeds the interested band 

for the proposed IEEE 802.11 b application when the height is shortened to be 18mm. 
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Therefore, 20mm was chosen for the height of both ground planes to achieve the 

proposed operations. 

-20 -- H =18mm 
-H =20mm 
-o- H = 22mm 
-• H =24mm 

-251 1.5 2 2.5 
Frequency (GHz) 

Fig. 5.13 The comparison of simulated reflection coefficient of proposed dual-band T-
shaped CPW-fed antenna with different heights for ground plane 

In these parametric studies, it has been found out that the length of the horizontal strip 

of the short-circuited L-shaped element plays a significant role in generating and fine 

tuning the resonant frequencies as well as the corresponding impedance matching. In 

these studies, it has also been observed that the height of the ground planes has a more 

significant role in affecting the impedance bandwidth performance for the proposed T-

shaped antenna, in the comparison with the widths of the ground planes. 

5.4 Performance of Proposed Dual-Band Antennas 

5.4.1 Performance of C-Shaped CPW-fed Printed Antenna 

With the help of the parametric studies conducted in Section 5.3.2, the design of the 

dual-band C-shaped CPW-fed printed antenna for dual GSM and DCS/PCS frequency 

bands was finalised and the prototype of it was fabricated and tested, which can be seen 

in Figs. 5.14. The simulated and measured reflection coefficients are compared and 

presented in Fig. 5.15. In this design, the simulated results are obtained from a 

commercial software package HFSS®. As shown in Fig. 5.15, a good agreement can be 
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seen between simulation and measurement. The impedance bandwidth is defined as the 

-1 OdB reflection coefficient bandwidth, which is indicated by the dashed line in figure. 

We can see that the first resonant frequency approximately occurs at 0.9GHz with 

impedance bandwidth of 170MHz (0 . 825~0.995GHz), which can totally cover the 

bandwidth for the GSM application. The second resonant frequency occurs at around 

1.8GHz with impedance bandwidth of 145MHz (1.725~1.87GHz), which covers the 

bandwidth requirements for the DCS/PCS applications. 

30 

(a) (b) 

Fig. 5.14 (a) Dimensions and (b) prototype of the proposed dual-band C-shaped CPW-
fed printed antenna 
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Fig. 5.15 The simulated and measured reflection coefficients of the proposed dual-band 
C-shaped CPW-fed printed antenna 
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xy-plane 

xz-plane 

yz-plane 
(a) 900MHz (b) 1800MHz 

Fig. 5.16 Normalised radiation patterns of the proposed dual-band C-shape CPW-fed 
printed antenna at xy-, xz- and yz-planes: (a) simulated results at 0.9GHz and (b) 
measured and simulated results at 1.8GHz. 

The radiation patterns of the proposed C-shaped CPW-fed printed antetma at xy-, xz-

and yz-planes were also theoretically and experimentally investigated, which are shown 

in Fig. 5.16. The measurement was carried out in an anechoic chamber with NSI™ near-

field 700S-50 spherical system located at CSIRO ICT Centre, Sydney. For this near 

fie ld system, due to non availability ofthe measurement probe covering below 1.7GHz, 
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only the measured radiation patterns at 1.8GHz were obtained and presented. In the case 

of the radiation patterns at 1.8GHz, it is observed that the measured co-polarised 

components of radiation patterns at xy-, xz- and yz-planes agree reasonably well with the 

simulated results. However, it was as seen that the measured cross-polarised radiation 

components were relatively stronger than the simulated results. As shown in Fig. 5.7, 

the proposed C-shaped CPW-fed printed antenna can achieve omni-directional radiation 

characteristics in xy-plane (H-plane) at both the bands. 

5.4.2 Performance ofT-Shaped CPW-fed Printed Antenna 

Also, with the help of the parametric studies conducted in Section 5.3 .4, the design of 

the proposed dual-band T-shaped CPW-fed printed antenna operating at both resonant 

frequencies of 1.85GHz and 2.5GHz for DCS/PCS and IEEE 802.11 b applications was 

finalised and the prototype of it was fabricated and tested, which can be seen in Figs. 

5.17. The simulated and measured reflection coefficients are compared and presented in 

Fig. 5.18. For this design also, the commercial software package HFSS® was used to 

obtain the simulated results. As shown in Fig. 5.18, a reasonable agreement can be seen 

between the simulated and measured results. We can see that the first resonant 

frequency occurs at around 1.85GHz with impedance bandwidth of 220MHz 

(1.74~ 1.96GHz), which can tnostly 1natch the requirements of DCS/PCS applications. 

The second resonant frequency occurs at around 2.5GHz with impedance bandwidth of 

270MHz (2.38~2.65GHz), which can give sufficient impedance bandwidth for the 

IEEE802.11 b applications. 

The radiation patterns of the proposed printed T-shaped CPW-fed antenna at xy-, xz-

and yz-planes were also theoretically and experimentally investigated, which are shown 

in Fig. 5.19. In terms of the radiation patterns at 1.85GHz, it is observed that the 

measured co-polarised components of radiation patterns at xy-, xz- and yz-planes agree 

reasonably well with the simulated results, while the measured cross-polarised radiation 

con1ponents are relatively stronger than the simulated results. It can be observed that 

perfect omni-directional radiation pattern can be achieved at 1.85GHz, but the radiation 
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pattern at 2.5GHz has some lobes, which may mostly be due to the structural 

asymmetry of the short-circuited L-shaped element of the proposed antenna. 

(a) (b) 
Fig. 5.17 (a) Dimensions and (b) prototype of the proposed printed dual-band T -shaped 
CPW-fed antenna 
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Fig. 5.18 The simulated and measured reflection coefficient of the proposed printed 
dual-band T-shaped CPW-fed antenna 



150 

xy-plane 
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o• o• 

yz-plane 
(a) 1.85GHz (b) 2.5GHz 

Fig. 5.19 Measured and simulated normalised radiation patterns of the proposed T-
shape CPW-fed printed antenna at xy-, xz- and yz-planes: (a) at 1.85GHz and (b) at 
2.5GHz 
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5.5 Dual-Band Characteristics against Dielectric Material 
Tolerances and Lossy Material 

5.5.1 Dual-Band Characteristics against Dielectric Material 
Tolerances 

As discussed in Section 4.3, tolerances of dielectric substrate material have limited 

influence on UWB characteristics for the UWB CPW-fed printed antenna. However, it 

is still worth investigating the influence of them on the antenna performance for the 

dual-band C-shaped and T-shaped CPW-fed printed antennas, as they are aimed for 

different applications and requirements. Since the proposed dual-band antennas were 

printed on substrate material R04003C ™, the effects of tolerances in terms of this 

substrate are examined. Similarly, throughout the study, only the values of dielectric 

constant and thickness of the substrate will be changed whilst all other design 

parameters are fixed. 

According to the manufacturer's data sheet [119], material that has a nominal dielectric 

constant of 3.38 and thickness of 1.524mm was selected in the design. The tolerances 

were obtained from the Rogers® data sheet as ±0.05 and ±0.01mm respectively, which 

was summarised in Table 4.2 of Chapter 4 and repeated here in Table 5.3 for the sake of 

completeness. It is seen that there are four possible extreme-case scenarios that are 

made up by these essential tolerances in the design case based on the nominal tolerances 

of the substrate material R04003C™. In this study, the effects of temperature on the 

material parameters, the effect of moisture absorption and tolerance on the dissipation 

factor (tan) are neglected. These imply that both temperature and humidity are assumed 

to be constant in this study at their nominal values as indicated in data sheet. 

Table 5.3 Summary ofthe substrate materials used in the Design Example 

Substrate Material tan 8 

R04003CTM 3.38±0.05 0.0027 

h1 (mm) 

1.524±0.01 

Usage 

C-shaped Printed 
antenna (Section 5.3 .1) 

T -shaped Printed 
antenna( Section 5.3.3) 
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In Fig. 5.20 and Fig. 5.21, the variations of reflection coefficients of the dual-band C-

shaped and T -shaped CPW-fed printed antennas are presented respectively. Based on 

the simulation results shown in Fig. 5.20, it is observed that the tolerances of the 

substrate material have little influence on the impedance bandwidth performance at both 

bands for the proposed C-shaped antenna. However, in Fig. 5.21, small variation of 

impedance bandwidth performance at both bands is observed for the proposed T -shaped 

antenna due to the imposition of substrate material tolerances. It is seen that the lower 

operational band of the proposed T -shaped antenna is slightly shift up and down when Er 

= 3.33 and Er = 3.43 respectively. In the case of the higher operational band, the 

proposed T -shaped antenna shows best impedance bandwidth performance when Er = 

3.33 and h1 = 1.514mm for the substrate material. However, when Er = 3.43 and h1 = 
1.534mm for the substrate, the impedance bandwidth of higher operation band is 

slightly narrowed, while a small shift up of it is observed when Er = 3.33 and h 1 = 
1.534mm for the substrate. 

iii' 
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Fig. 5.20 The variations of reflection coefficients for the dual-band C-shaped CPW-fed 
printed antenna due to thickness and dielectric constant tolerances of Rogers® 
R04003C™ in four extreme-case scenarios. 
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Fig. 5.21 The variations of reflection coefficients for the dual-band T-shaped CPW-fed 
printed antenna due to thickness and dielectric constant tolerances of Rogers® 
R04003C™ in four extreme-case scenarios. 

5.5.2 Dual-Band Characteristics against Lossy Material 

For using the proposed dual-band C-shaped and T-shaped printed antennas for body-

worn applications, such as wireless body area networks (WBAN), it is imperative to 

investigate the influence of proposed antennas close to the human body. Since the 

human body consists of lossy tissue, it is necessary to investigate the dual-band 

characteristics, when the antennas radiating omni-directionally, kept close to a body. 

In this section, the respective interactions between the proposed C-shaped and T -shaped 

antennas kept close to a lossy cylinder simulating a part of the human body is 

theoretically investigated to study the effect on dual-band characteristics of the 

proposed antennas, such as reflection coefficients, radiation characteristics and 1 g and 

1 Og SAR performance. The antenna characteristics for different cases were calculated 

using the commercially available High-Frequency Structure Simulator (HFSS®). 
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Lossy cylinder 

r 

CH=64mm 
~D 

Lossy cylinder 

~- ];_CB=6mm / 

~ Proposed antenna element 

Fig. 5.22 Side view and top view of a lossy circular cylinder placed close to the 
proposed antenna element. 

The simulation model used in these studies is same as the one used in Section 4.3, 

which can be refened to Fig. 4.7 (b) and is repeated here in Fig. 5.22 for the sake of 

completeness. A part of the lossy human body is modelled as a lossy circular cylinder 

with radius CR = 20mm and height CH = 64mm. In the below figure, the printed 

antenna is seen to be positioned parallel to the axis of the lossy cylinder, and is 6mm 

away from the bottom edge as well as with a spacing of D from the substrate of printed 

antenna. The electrical parameters of the lossy cylinder are set to be C:r =53, tan8 = 0.38 

and cr = 1.2S/m to simulate a human tissue. As mentioned previously, the configurations 

and settings available to our computers constraint the size of the lossy circular cylinder 

in our investigations using HFSS® with low resolution. In these investigations, the lossy 

circular cylinder with above dimensions and electrical parameters is still found to be the 

biggest one we can use for studying the effect on dual-band characteristics for the 

proposed antennas. The modelling of the lossy circular cylinder has been found to 

resemble a part of the human wrist. 

a) Reflection Coefficient 

The reflection coefficients of proposed C-shaped and T -shaped printed antenna close to 

a lossy cylinder with variable spacing D = 2, 8, 15 and 25mm are shown in Figs. 5.23. 
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Also, the reflection coefficients of these printed antennas in free space environment are 

presented respectively as well for reference. It is observed that the impedance 

bandwidth performance of the printed C-shaped antenna is nearly unaffected by the 

close positioned lossy cylinder, but a small shift down of lower resonant frequency is 

observed when the lossy cylinder is placed D = 2mm to the printed C-shaped antenna. 

On the other hand, the printed T -shaped antenna shows better impedance bandwidth 

performance when it is placed closer to the lossy cylinder, e.g.: D = 2mm. This may be 

due to that the lossy cylinder attenuates a certain portion of the incident waves that leads 

to attenuated reflected waves therefore lower reflection coefficients at some frequencies. 

However, small shifts of two resonant frequencies are observed due to the presence of 

the lossy cylinder. 
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Fig. 5.23 Comparison of reflection coefficients of CPW-fed printed antennas lose to a 
lossy cylinder with spacing D = 2, 8, 15 and 25min (a) C-shaped printed antennas and 
(b) T -shaped printed antennas 

b) Radiation Characteristics 

In Figs. 5.24, the normalised radiation patterns in xy-plane (H-plane) of the C-shaped 

CPW-fed printed antenna when placed close to a lossy cylinder with spacing D = 2mm 

and 15mm at resonant frequencies 0.9GHz and 1.8GHz are shown respectively (solid 

lines). Also, the radiation patterns of the antenna alone in free space environment at 

identical frequencies are also provided for reference (dotted lines). It is observed that 

omni-directional radiation characteristics at lower-end resonant frequency are nearly 

unaffected due to the presence of the lossy cylinder, but those having higher-end 
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resonant frequency m some angular regions have seen a slight deviation from being 

omni-directional. 

D=2mm 

D = 15mm 

(a) 0.9GHz (b) 1.8GHz 

Fig. 5.24 Radiation patterns of C-shaped CPW-fed printed antenna with spacing D = 
2mm and 15mm to the lossy cylinder at resonant frequencies: (a) 0.9GHz and (b) 
1.8GHz. 

In the case of the T-shaped CPW-fed printed antenna, it is observed that radiation 

patterns in some angular regions have been deviated from being omni-directional due to 

the presence of the lossy cylinder, which can be seen in Figs. 5.25. Furthermore, an 

obvious notch at co-polarised radiation component at 2.5GHz is observed, when the T-

shaped printed antenna is placed D = 15mm away from the lossy cylinder. 
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o• o• 

D = 2mm 
o• o• 

D = 15mm 

(a) 1.85GHz (b) 2.5GHz 

Fig. 5.25 Radiation patterns of T -shaped CPW-fed printed antenna with spacing D = 
2mm and 15mm to the lossy cylinder at resonant frequencies: (a) 1.85GHz and (b) 
2.5GHz. 

c) Specific Absorption Rate (SAR) 

In Tables 5.4 and 5.5, the maximum average SARs of the printed C-shaped and T-

shaped CPW-fed antennas for 1 g and 1 Og lossy material with different spacing values D 

at their respective resonant frequencies are listed. Also, the power absorbed of lg and 

lOg lossy material due to these printed dual-band CPW-fed antennas with spacing D = 

15mm at their respective resonant frequencies are shown in Figs. 5.26 and 5.27, with 

scales of 0 ~ 32W /Kg (1 g, C-shaped), 0 ~ 18W /Kg (1 Og, C-shaped), 0 ~ 28W /Kg (1 g, 

T-shaped) and 0 ~ 13W/Kg (lOg, T-shaped) respectively. It is observed that the "hot 

spot" occurs close to the xz-plane (E-plane) of the CPW structure for these printed 

antennas. 
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Table 5.4 Maximum average lg and lOg SAR of the printed dual-band C-shaped CPW-
fed antenna (W /Kg, Input Power: 1 W) 

Category 
D(mm) 

2 
8 
15 
25 

(a) 0.9GHz 

0.9GHz 
55.59 
38.19 
25.42 
14.76 

l 
I 
I 

lg lOg 
1.8GHz 0.9GHz 1.8GHz 
69.86 26.15 32.7 
50.16 20.21 26.28 
31.38 14.66 17.44 
15.01 9.13 8.5 

lg 

lOg 

(b) 1.8GHz 

Fig. 5.26 Power absorbed of 1 g and 1 Og lossy material due to the dual-band C-shaped 
CPW-fed printed antenna with spacing D = 15mm: (a) 0.9GHz and (b) 1.8GHz 
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Table 5.5 Maximum average lg and lOg SAR of printed dual-band T-shaped CPW-fed 
antenna (W /Kg, Input Power: 1 W) 

Category lg lOg 
D(mm) 1.85GHz 2.5GHz 1.85GHz 2.5GHz 

2 104.58 101.69 42.63 39.44 
8 61.81 51.08 30.19 20.56 
15 25.3 27.63 12.4 11.31 
25 15.08 11.92 8.3 4.91 

l g 

lOg 

(a) 1.85GHz (b) 2.5GHz 

Fig. 5.27 Power absorbed of 1 g and 1 Og lossy material due to the dual-band T -shaped 
CPW-fed printed antenna with spacing D = 15mm: (a) 1.85GHz and (b) 2.5GHz 
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As the maximum average 1 g and 1 Og SARs are linearly scalable to the input power, it is 

possible for these printed antennas to meet the compliance SAR limits, which are 

8W/Kg for lg and 20W/Kg for lOg lossy material. [121]. 

5.6 Discussion 

In this chapter, two novel dual-band C-shaped and T-shaped CPW-fed printed antennas 

for GSM and DCS/PCS as well as DCS/PCS and IEEE 802.11 b applications were 

proposed and presented. Antenna performance, such as impedance bandwidth and 

radiation characteristics, of both the antennas is investigated, to demonstrate their 

capability for the proposed dual-band wireless communication applications. In the 

development of the C-shaped printed antenna element, it has been found out that the 

dimensions of the C-shaped element as well as the length of the protruding portion of 

the feed line above the ground planes determine the main behaviours of the two 

resonant frequencies. The gap distance of the C-shaped mouth and the gap distance 

between the bottom edge of the C-shaped element and the ground planes are able to fine 

tune the resonant frequencies as well as the corresponding impedance matching. It has 

also been observed that the height of the ground planes has more significant effect on 

the in1pedance bandwidth performance for the proposed C-shaped antenna, in the 

comparison with the width of the ground planes. Further, we have made it clear as to 

now the proposed C-shaped antenna can be made into a triple-band antenna by varying 

the gap distance between the bottom edge of C-shaped element and the ground plane, if 

required. However, because the higher-end resonant frequency occurs at around 2.6GHz, 

additional method and further optimisation are needed to shift it down and operate at 

around 2.45GHz for IEEE 802.11 b application. 

In the case of the proposed T -shaped antenna, the development process has shown that 

the lengths of the horizontal strip (including the bent portion) and the vertical strip of 

the T -shaped element determine the radiation centres of the two resonant frequencies. 

The length of the horizontal strip of the short-circuited L-shaped element plays a 

significant role in generating and fine tuning the resonant frequencies as well as the 

corresponding impedance matching. It has also been observed that the height of the 
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ground planes has a more significant role in affecting the impedance bandwidth 

performance for the proposed T -shaped antenna, in the comparison with the width of the 

ground planes. In comparison with other dual-band antennas aimed for identical 

applications in the open literature, the proposed T -shaped antenna shows simple 

structure and compact size. However, further optimisation and improved fabrication 

precision are expected to enhance the performance with respect to the operating 

frequencies and bandwidth of the proposed antenna. 

Since GSM, DCS/PCS as well as IEEE 802.11 b applications are well implemented in 

most portable handheld applications, such as mobile phones and laptops, the proposed 

dual-band C-shaped and T-shaped CPW-fed printed antenna elements aimed for these 

applications consequently show their higher possibilities for integrating with compact 

transceivers useful for these wireless body-worn applications. In addition, these 

proposed antennas are printed on a substrate and fed by a CPW transmission line, which 

makes them easier to be integrated with the WBAN applications, compared with using 

microstrip feeding [1 02, 106-1 09]. Therefore, the influence of both the dual-band C-

shaped and T -shaped CPW-fed printed antennas close to a part of lossy human body on 

dual-band characteristics is theoretically investigated. The antenna performance, such as 

reflection coefficients, radiation characteristics as well as 1 g and 1 Og SARs, are 

presented with different spacing between the antenna and the lossy cylinder. It is hoped 

that these results will be helpful to decide the fitness of these antennas for wireless 

body-worn applications. 
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Chapter 6 

Conclusion 

6.1 Major Contribution of this Thesis 

6.1.1 Introduction 

This thesis has investigated the designs of UWB and multi-band antennas. A family of 

symmetrically modified square plate 1nonopole (SPM) antennas and a printed CPW-fed 

antenna have been proposed for UWB applications. Two multi-band CPW -fed printed 

antenna elements, which are denoted in the thesis as C-shaped and T -shaped antenna 

elements respectively, have also been proposed for dual-band wireless communication 

applications. In addition, antenna performances when the printed antenna element is 

positioned close to a part of the human body has also been investigated, so as to identify 

the suitability of proposed printed UWB and multi-band antennas for wireless body-

worn (WPAN/WBAN) applications. The purpose of this chapter is to highlight the 

contributions of this thesis as well as to bring out original and interesting findings made 

in this thesis. Finally, a scope for possible future improvements and developtnent will 

be presented towards the end of this chapter. 
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6.1.2 The Major Contribution 

• Chapter 2 

To the date most of the existing analysis in the literature with regards to the 

performance of square plate monopole antennas in order to broaden the impedance 

bandwidth is focused only on the modifications at the bottom side of the antenna 

elements. However, we have, for the first time, found that with the introduction of 

identical modifications applied simultaneously at the top and bottom of the antenna 

element, the impedance bandwidth performances of square plate monopole (SPM) 

antennas can be improved significantly, in the comparison to the existing techniques 

that consider modifications only at the bottom of the antenna element. Furthermore, our 

proposed symmetrically modified SPM antennas have omni-directional radiation 

characteristics in over 78% of the UWB band. Also, we have shown that the phase 

responses of antenna transfer function are linear. Further, their time-domain UWB 

characteristics demonstrate that the proposed antennas have very little dispersion and 

negligible distortion to the input baseband signals. Therefore, the proposed family of 

symmetrically 1nodified SPM antennas are suitable for all UWB that include wireless 

communications as well as medical and therapeutical imaging applications. 

• Chapter 3 and Chapter 4 

We have for the first time proposed a compact CPW-fed printed antenna element, which 

is an evolution from the SPM antennas, in this thesis for UWB applications. Before we 

designed this antenna, no systematic design method is available in the literature for 

CPW-fed antennas to achieve UWB characteristics. During the development of this 

antenna, we have discovered that the modifications that are applied at the bottom or at 

the top of the horizontal slots do not matter for modifying the impedance bandwidth 

performance for the proposed CPW-fed antenna (Fig. 3.1), as either of these 

modifications obtains same results. The application of symmetrical modifications at 

both sides of the horizontal slots will not only help to reduce the number of design 

parameters thus reducing the complex search procedure, but also effectively improves 

the overall impedance bandwidth performance for the proposed antenna. We have also 

found out that further symmetrical modifications by means of bevelling (SBS) are more 



164 

suitable than any other symmetrical notched-type modifications (SNS) from the point of 

view of fine tuning the impedance bandwidth performance for the proposed antenna 

(Fig. 3.16 (a)), when they are applied at both sides of the horizontal wide slots. Lastly, 

the design procedure clearly brings out a tradeoff between the impedance bandwidth 

and radiation characteristics, as a function of parameters L 1 and L2. 

The proposed CPW-fed UWB printed antenna yields a relatively smaller size of 

1935mm2 and offers about 5.6GHz of impedance bandwidth, which ranges from 4.1 to 

9.7GHz, highly suitable for UWB applications. Omni-directional radiation 

characteristics in over 90% of the UWB band are observed for the proposed printed 

antenna. Furthem1ore, the phase response of antenna transfer function is linear, and the 

measured group delay is consistently flat. Further, the time domain response calculated 

for the CPW-fed UWB printed antenna is well behaved and introduces negligible 

baseband pulse dispersion. The antenna has a uniplanar structure which is advantageous 

for integrating with compact transceiver applications. Thus the proposed CPW-fed 

UWB printed antenna is not only suitable for fixed-location wireless communication 

applications, but also for compact and portable wireless body-worn and microwave 

imaging applications as well, such as wireless body area/personal area networks 

(WBAN/WP AN). 

In view of the practical importance of material tolerances on the compact CP\V -fed 

UWB printed antenna, the influence of substrate material tolerances is investigated 

theoretically. The calculated results show that the printed CPW-fed UWB antenna 

element also has robust characteristics against substrate material tolerances over the 

UWB. Small influences of material tolerance are observed on antenna performance 

including reflection coefficient, radiation characteristics and signal dispersion. The 

proposed CPW-fed UWB printed antenna element overcomes the structural limitation 

of plate monopole antennas for integrating with compact transceivers useful for wireless 

body-worn applications. As a result of this, the influence of the CPW -fed UWB printed 

antenna close to a lossy human body on UWB characteristics is theoretically 

investigated. The antenna performance, such as reflection coefficients, radiation 

characteristics as well as 1 g and 1 Og SARs, are presented with different spacing 

between antenna and the lossy cylinder. It is hoped that these results will be helpful to 

decide the suitability of this antenna for wireless body-worn applications. 
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The printed CPW -fed UWB antenna element has shown excellent UWB characteristics, 

such as ultra wide impedance bandwidth, omni-directional radiation patterns in over 

90% of the UWB band and low signal dispersion performance. Moreover, the advantage 

of the proposed CPW antenna is that the CPW structure is symmetrical. Due to its 

symmetry, the CPW structure does not require any air bridge. This makes it very 

suitable for integration with other devices without introducing any complications. It 

would allow for simple integration of the antenna directly with microwave and photonic 

devices and circuits thus minimising the number of layers or material transitions and 

interconnects required for the transceiver units. Therefore, this printed UWB antenna 

has the potential to satisfy the requirements for many indoor wireless communication 

applications, such as WPAN and WBAN applications, in addition to the array 

applications. 

• Chapter 5 

Two novel dual-band C-shaped and T-shaped CPW-fed printed antennas for GSM and 

DCS/PCS as well as DCS/PCS and IEEE 802.1 1 b applications have been proposed for 

the first time. Impedance bandwidth performance and radiation characteristics of both 

the proposed printed antennas are shown, which demonstrate their capabilities for the 

proposed wireless dual-band communication applications. The C-shaped CPW-fed 

printed antenna follows the traditional idea presented in this thesis to achieve dual-band 

perfonnance. Different from other dual-band antenna designs in the open literature, the 

C-shaped CPW-fed printed antenna has a potential to upgrade to be a triple-band 

antenna from dual-band antenna. This is due to that the C-shape antenna element above 

the ground plane also helps in forming the third resonant frequency, besides the two due 

to the two radiating arms of C-shaped element. This has been explained by the help of 

current distribution investigation in this thesis. The development process has shown that 

the dimensions of the C-shaped element as we11 as the length of the protruding portion 

of the feed line above the ground planes determine the main radiation centres ofthe two 

resonant frequencies. The gap distance of the C-shaped mouth and the gap distance 

between the bottom edge of the C-shaped element and the ground planes are able to fine 

tune the resonant frequencies as well as the cotTesponding itnpedance matching. It has 

also been observed that the height of the ground planes has more significant effect on 
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the impedance bandwidth performance for the proposed C-shaped antenna, m the 

comparison with the width of the ground planes. 

The T-shaped CPW-fed printed antenna not only follows the traditional idea to achieve 

dual-band performance, but also uses a short-circuited element. The short-circuited 

element plays an important role in generating and fine tuning the two resonant 

frequencies as well as the corresponding impedance matching for the proposed T-

shaped printed antenna. This has also been explained with the help of current 

distribution investigation in this thesis. The development process has shown that the 

lengths of the horizontal strip (including the bent portion) and the vertical strip of the T-

shaped element determine the radiation centres of the two resonant frequencies. It has 

also been observed that the height of the ground planes has a more significant role in 

affecting the impedance bandwidth performance for the proposed T -shaped antenna, in 

the comparison with the width of the ground planes. Compared with other dual-band 

antennas aimed for identical applications in the open literature, the T-shaped CPW-fed 

printed antenna shows sitnple structure and compact size. However, further optimisation 

and improved fabrication precision are expected to enhance the performance with 

respect to the operating frequencies and bandwidth of the proposed antenna. 

The proposed dual-band C-shaped and T-shaped CPW-fed printed antenna elements 

also show advantages for integrating with compact transceivers useful for wireless 

body-worn applications. Therefore, the influence of both the dual-band C-shaped and T-

shaped CPW-fed printed antennas close to a lossy human body on dual-band 

characteristics is theoretically investigated. The antenna performance, such as reflection 

coefficients, radiation characteristics as well as 1 g and 1 Og SARs, are presented with 

different spacing between antenna and the lossy cylinder. It is hoped that these results 

will be helpful to decide the fitness of these antennas for wireless body-worn 

applications. 
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6.2 Suggested Improvements and Future Work 

This section discusses the possible improvement and further investigations in the 

development of UWB and multi-band antenna elements and UWB arrays. Thus far, in 

the previous chapter, the proposed dual-band CPW-fed C-shaped printed antenna can be 

upgraded to be a triple-band antenna by applying additional method and further 

optimisations, if required. One possible solution is to use a short-circuited element that 

short-circuits the antenna element and ground plane. Thus, the resonant frequencies 

might be shifted down, which would lead to triple-band performance. 

The backward radiation of the printed UWB antenna vvould have certain influence on 

human tissue, which also has reactions on the radiation characteristics at other angles. 

Furthermore, the mutual coupling between two printed CPW-fed UWB antenna 

elements needs investigation before it is applied for array applications. The following 

areas are the possible future investigations and developments related to the printed 

CPW-fed UWB antenna element: 

• The addition of a second ground-plane or a cavity located at one quarter-

wavelength away frotn the substrate. Thus the backward radiation and the 

reactions of human tissue on the radiations at other angles could be minimised 

and optimised respectively. 

• Measurement of pulse waveform for the printed CPW-fed UWB antenna 

element, with and without the additional second ground plane. 

• Analytical investigations into the mutual coupling behaviour for the printed 

CPW-fed UWB antenna. 

• The development of UWB arrays composed of printed CPW-fed antenna 

elements. The recent related literature is [152] 

• Measurement of radiation patterns of UWB/multi-band antennas in the presence 

of human body low power phantoms 
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Appendix-A 
NSJ™ near-field 7005-50 spherical system 

A.1 Background Information 

The Near-field Systems Inc. NSI-700S-50 spherical near-field measurement system is 

one of the main proposed facilities for testing broad-beam microwave antennas (1 GHz-

18GHz), which is designed and developed by collaborators for several research and 

commercial projects. It was purchased through an Australian Research Council (ARC) 

Linkage Infrastructure and Equipment Facilities (LIEF) Grant LE0453911 for the 

following collaborating institutions: 

• Macquarie University 

• University of Technology, Sydney (UTS) 

• Royal Melbourne Institute of Technology (RMIT) University 

• University of Wollongong 

• Australian Commonwealth Scientific and Industrial Research Organisation 

(CSIRO)-Information and Communication Technology (ICT) Centre 

• Argus Technologies 

• Jan1es Cook University 
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This grant is administered by an administrative committee led by Macquarie University, 

while the facility is located at and maintained by CSIRO ICT centre. The administrative 

Committee consists of key investigators from all collaborative universities. 

With the participation of this facility into our research, it is possible and promising to 

design and develop antennas that are important in telecommunication, defence and 

biomedical applications. While facilitating timely radiation pattern measurements of 

antenna prototypes, it will also open new opportunities in antenna experimentation. This 

facility will enhance collaborators' highly acclaimed theoretical research by providing 

experimental results for theory validation. Near-field radiation patterns available from 

the facility will advance our knowledge on complicated antennas. This will generate 

researchers skilled in state-of-the-art antenna measurements, and will help develop 

competitive Australian industries in this frontier technology. 

A.2 System Introduction 

The NSI-700S-50 model is an ideal system for measurmg medium and low ga~n 

antennas up to 1.4 m in diameter and is well suited to cellular and PCS band base 

station antenna testing. The NSI-700S--50 uses a dual-axis phi-over-theta high accuracy 

stepper motor based positioning system with an adjustable extension foot for probe 

support. The system is constructed of modular high strength aluminium and can support 

loads of up to 75 kg. The location of the probe, theta and phi stages are fully adjustable 

to accommodate different antenna sizes and mounts. This simple design is easy to 

assemble and can be quickly dismantled for transport or storage. 

The NSI-700S-50 systetn interfaces with a wide variety of RF equipment and is capable 

of measuring amplitude and phase patterns in the range between 1 GHz~ 180Hz. The 

NSI-700S-50 model includes NSI Antenna Measurement Software. The system 

software runs on a Pentium based measurement workstation and provides automatic 

setup of scans based on measurement parameters and desired output. The measured data, 

which are near-field data, can be processed to be presented in far-field or holographic 

patterns yie lding complete characterisation of the antenna's performance. A single data 
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set provides information on antenna gain, sidelobe structure, beam pointing and cross 

polarisation. The NSI-700S-50 model can be supplied with a variety of options to 

enhance system performance. 

Fig. A.l Antenna measurement conducted by the author inside the anechoic chamber at 
CSIRO ICT centre. Photo courtesy of Dr. Andrew Weily of Macquarie University, 
NSW, Australia 

At the moment of our antenna measurement, measurement probes and gatn horn 

antennas, which include types of \VR430 (covering range: 1.7~2.6GHz), WR159 

(covering range: 4.9GHz~7.05GHz) and WR75 (covering range: 10GHz~15GHz), are 

available. A single WR90 (covering range: 8.2GHz~ 12.4GHz) measurement probe is 

also avai lable, but not including WR90 gain horn antenna, therefore no gain 

measurement over this frequency range is available by the time of our antenna 

measurement. Although there are a few operational gaps in the proposed operation 
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frequency range (1 GHz~ 18GHz ), the system's capabilities are still to be completed 

through the purchasing of new measurement probes and gain hom antennas. 

A.3 Brief Review of Measurement Setups and Procedures 

In this section, the antenna measurement setups and procedures will be described briefly, 

which is hoped to help people understand how antenna measurements are done with the 

association ofNSI-700S-50 system. 

The NSI-700S-50 system has two main rotation stages controlling the theta and phi 

angles, which are perpendicular and parallel to the ground respectively. Antenna under 

test (AUT) is mounted in front of the phi rotation stage. Through the introduction of 

NSI-700S-50 system given by the representative of Near-field Systems Inc., it is 

advised that an additional cone shaped support constructed by low dielectric constant 

n1aterial is recommended to be built and mounted on the phi rotation stage to extend the 

connection point of AUT from phi rotation stage to free space. It is especially 

recommended for small antenna measurements, which are one of the genera 1 research 

topics for the participating collaborating institutions. 

There are three benefits of it. One is that the cone shaped support could extend the 

position of AUT from phi rotation stage to free space to decrease the blocked angles of 

radiation by phi rotation stage from AUT and therefore increase the accuracy of far-

field radiation data. As small AUT is mounted in front of the phi rotation stage, and the 

size of small AUT is normally much smaller than the phi rotation stage, the rotation 

stage would block a certain angles of radiation from the small AUT at these angles, if 

there are. The blocked angles would become larger when the AUT is placed closer to 

the phi rotation stage. Moreover, since NSI-700S-50 system only measures the radiating 

near-field of AUT and produces far-field data by processing the near-field data with 

Fast Fourier Transform (FFT), therefore, the blocked angles of radiation would not 

directly influence the far-field data. However, the accuracy of far-field data would be 

more deteriorated by larger angles of radiation blocked by phi rotation stage, which 

would even deteriorated the far-field data at unblocked angles. To eliminate this 
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phenomenon, therefore, the AUT is expected to be mounted high above the phi rotation 

stage, which could decrease the blocked angles of radiation therefore increasing the 

accuracy of far-field data. 

The second benefit of it is that a buffer area covered with absorbing material is brought 

between the AUT and phi rotation stage for relieving the possible influence of phi 

rotation stage on electromagnetic fields from AUT. It is observed that no extra space 

can be found between the original connection point of AUT and phi rotation stage to 

place the absorbing material, unless the cone shaped support is used. The phi rotation 

stage would have certain influence on the near-field radiation of AUT at these angles, if 

it is not covered by absorbing material. It is advised that the covered absorbing material 

would very well attenuate the electromagnetic fields towards the phi rotation stage from 

AUT, compared with that no cone shaped support is used. This configuration would at 

most reduce the possible influence of phi rotation stage on near-field radiation of AUT 

at these angles, compared with that no cone shaped support is used. 

The third benefit of it is that the cone shaped support could extend the AUT to free 

space therefore making the theta axis cross the centre point of AUT. It was told that the 

processes carried out by NSI-700S-50 system heavily rely on the probe rotation radius 

and AUT rotation radius, with respect to the theta axis. The system would automatically 

count these parameters in the process of producing far-field data. In this configuration, 

AUT is connected with the original connection point via coaxial cable, which is inside 

the cone shaped support and makes position of AUT adjustable in a small range. Since 

the position of measurement probe is fixed compared with the AUT, it is recommended 

that the AUT should be placed close to the theta axis for better radiation measurements, 

as it would reduce the difficulty of obtaining parameters in software setup. 

In brand new condition, the NSI-700S-50 system does not come with any accessory for 

measurement setup, such as the cone shaped support. Therefore, a plastic cone shaped 

support was built by the maintenance group of system. The hardware, such as AUT, 

measurement probe and cone shaped support, are installed on the system with necessary 

absorbing material cover. Following the hardware setup, the software setup needs to be 

undertaken. As the detailed operation instruction will come with the whole system and 
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explained by the representative of Near-field Systems Inc., here we only talk about 

some important parameters in the software setup. 

First, the levelling of measurement probe has to be accomplished manually with help of 

software. Following that, the system can automatically index the offset positions of 

theta and phi rotation angles as well as the measurement probe through the run of index 

in the "Move axes" panel. Second, the width and height of AUT have to be measured 

and put into the corresponding fields . Third, the max far-field angles are set, which 

ranges from minus 180 to plus 180 degree. In our configuration, the max far-field 

angles are set to be minus 170 and plus 170 degree, which is determined by the design 

of cone shaped support. At last, the distance from measurement probe to AUT needs to 

be measured and put into the field. As AUT crosses the theta axis, which is also the 

rotation centre, the distance from measurement probe to AUT is also the distance from 

measurement probe to theta axis. Therefore, once the hardware is setup based on the 

requirement mentioned above, the distance from measurement probe to AUT would be 

fixed according to the probe selected. Other parameters in software setup are explained 

in detail in the operating manual as well. 

In addition, we would like to mention that the V-cut and H-cut plots appeared in the 

post processing panel for plotting radiation patterns have nothing to do with theE-plane 

and H-plane radiation patterns of AUT. As the directions of mounted antennas under 

test would be different, V -cut and H-cut plots only indicate the radiation patterns at 

vertical plane and horizontal plane with respect to the AUT. Users have to link these V-

cut and H-cut radiation patterns into other coordinates themselves. 
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Appendix- B 
Data for Calculated Time domain Response 

As discussed in Section 2.5.5 of Chapter 2 and Section 4.2.4 of Chapter 4, the time 

domain responses y (t) were investigated for the proposed symmetrically modified 

square plate monopole (SPM) antennas and the printed CPW-fed antenna. In these 

investigations, the time domain responses y (t) were calculated using fast Fourier 

transform (FFT) processing of x (t) and H (j) through the relationship given by: 

y(t) =1FT[ FT[ x(t)] · H(f) J (B. 1) 

where 1FT denotes as inverse Fourier transform and FT as Fourier transfom1. 

As the calculation setup for the FFT processing was set as Is = 183GHz and T = 5ns, 

according to the theories of FFT processing, the number of sample points for the time 

domain response in time domain will be = Txfs = 915. Due to plenty data of time 

domain responses calculated, where 6 for symmetrically bevelled SPM (SB-SPM) 

antennas, 6 for symmetrically semi-circular base SPM (SSCB-SPM) antennas, 6 for 

symmetrically notched SPM (SN-SPM) antennas and 7 for printed CPW-fed antenna, 

concise data presentation is necessary. Therefore, without the loss of the representative 

for these data, data with less sample points for each time domain response are presented 

in the follows. The number of sample points for each time domain response is reduced 

one third of915, which would be 305. 



8 .1 Symmetrically Modified Square Plate Monopole (SPM) 
Antennas 

Index of antenna positioning schemes for symmetrically modified SPM antennas: 

a*: Face to face on separate ground planes 

b *: Face to face on single ground plane 

c *: Side by side on separate ground planes 

d*: Side by side on single ground plane 

e *: Face to side on separate ground planes 

(: Face to side on single ground plane 

8.1.1 Symmetrically Beveled Square Plate Monopole (SB-SPM) 
Antenna 

Index t (ns) 
. b* . d* . r a c e 

1 0.0000 -0.0006 -0.0007 0.0000 -0.0016 -0.0042 -0.0030 
2 0.0164 -0.0004 0.0001 0.0004 -0.0005 -0.0022 -0.0024 
3 0.0328 0.0000 0.0010 0.0008 0.0010 0.0009 -0.0003 
4 0.0492 0.0003 0.0015 0.0006 0.0018 0.0035 0.0027 
5 0.0656 0.0005 0.0013 0.0000 0.0013 0.0042 0.0049 
6 0.0820 0.0004 0.0003 -0.0007 -0.0001 0.0027 0.0050 
7 0.0984 0.0003 -0.0009 -0.0011 -0.0014 -0.0001 0.0021 
8 0.1148 0.0000 -0.0018 -0.0009 -0.0018 -0.0028 -0.0012 
9 0.1311 -0.0003 -0.0019 -0.0001 -0.0009 -0.0040 -0.0048 
10 0.1475 -0.0005 -0.0011 0.0009 0.0006 -0.0031 -0.0065 
11 0.1639 -0.0005 0.0002 0.0014 0.0016 -0.0007 -0.0052 
12 0.1803 -0.0004 0.0014 0.0011 0.0015 0.0020 -0.0015 
13 0.1967 -0.0001 0.0020 0.0001 0.0004 0.0036 0.0028 
14 0.2131 0.0003 0.0017 -0.0010 -0.0010 0.0034 0.0058 
15 0.2295 0.0007 0.0007 -0.0016 -0.0017 0.0015 0.0062 
16 0.2459 0.0008 -0.0006 -0.0012 -0.0012 -0.0011 0.0038 
17 0.2623 0.0006 -0.0015 -0.0001 0.0002 -0.0032 0.0000 
18 0.2787 0.0000 -0.0018 0.0010 0.0014 -0.0036 -0.0036 
19 0.2951 -0.0006 -0.0013 0.0015 0.0016 -0.0023 -0.0053 
20 0.3115 -0.0010 -0.0003 0.0011 0.0007 0.0002 -0.0047 
21 0.3279 -0.0010 0.0007 0.0001 -0.0007 0.0026 -0.0022 
22 0.3443 -0.0006 0.0013 -0.0009 -0.0016 0.0038 0.0009 
23 0.3607 0.0001 0.0013 -0.0012 -0.0014 0.0030 0.0031 
24 0.3770 0.0008 0.0008 -0.0007 -0.0002 0.0007 0.0038 
25 0.3934 0.0011 0.0001 0.0001 0.0011 -0.0021 0.0028 
26 0.4098 0.0009 -0.0005 0.0007 0.0017 -0.0038 0.0009 
27 0.4262 0.0004 -0.0008 0.0008 0.0011 -0.0036 -0.0009 
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28 0.4426 -0.0003 -0.0007 0.0003 -0.0002 -0.0015 -0.0019 
29 0.4590 -0.0008 -0.0004 -0.0003 -0.0013 0.0015 -0.0019 
30 0.4754 -0.0009 0.0000 -0.0006 -0.0015 0.0038 -0.0012 
31 0.4918 -0.0006 0.0003 -0.0004 -0.0007 0.0041 -0.0003 
32 0.5082 -0.0002 0.0004 0.0002 0.0006 0.0023 0.0003 
33 0.5246 0.0003 0.0002 0.0006 0.0014 -0.0008 0.0004 
34 0.5410 0.0005 0.0000 0.0006 0.0012 -0.0035 0.0003 
35 0.5574 0.0006 -0.0002 0.0001 0.0003 -0.0044 0.0001 
36 0.5738 0.0004 -0.0002 -0.0006 -0.0008 -0.0029 0.0002 
37 0.5902 0.0001 0.0000 -0.0009 -0.0013 0.0001 0.0005 
38 0.6066 -0.0001 0.0004 -0.0006 -0.0008 0.0031 0.0008 
39 0.6230 -0.0003 0.0008 0.0001 0.0001 0.0045 0.0008 
40 0.6393 -0.0003 0.0008 0.0008 0.0009 0.0034 0.0003 
41 0.6557 -0.0003 0.0003 0.0011 0.0010 0.0006 -0.0004 
42 0.6721 -0.0002 -0.0007 0.0007 0.0003 -0.0025 -0.0011 
43 0.6885 0.0000 -0.0017 -0.0001 -0.0005 -0.0042 -0.0015 
44 0.7049 0.0001 -0.0022 -0.0009 -0.0009 -0.0037 -0.0013 
45 0.7213 0.0002 -0.0015 -0.0011 -0.0005 -0.0013 -0.0006 
46 0.7377 0.0002 0.0002 -0.0007 0.0002 0.0017 0.0003 
47 0.7541 0.0001 0.0023 0.0001 0.0008 0.0038 0.0012 
48 0.7705 0.0000 0.0038 0.0008 0.0007 0.0038 0.0018 
49 0.7869 -0.0001 0.0036 0.0010 0.0000 0.0019 0.0017 
50 0.8033 -0.0001 0.0015 0.0006 -0.0008 -0.0009 0.0011 
51 0.8197 -0.0001 -0.0018 -0.0002 -0.0010 -0.0032 0.0000 
52 0.8361 -0.0001 -0.0047 -0.0007 -0.0004 -0.0038 -0.0012 
53 0.8525 -0.0001 -0 .0057 -0 .0008 0.0005 -0.0024 -0.0021 
54 0.8689 -0.0001 -0.0039 -0.0004 0.0012 0.0002 -0.0023 
55 0.8852 0.0000 0.0001 0.0003 0.0011 0.0027 -0.0015 
56 0.9016 0.0001 0.0044 0.0008 0.0002 0.0038 -0.0001 
57 0.9180 0.0003 0.0070 0.0007 -0.0009 0.0028 0.0015 
58 0.9344 0.0004 0.0063 0.0002 -0.0015 0.0003 0.0025 
59 0.9508 0.0003 0.0025 -0.0005 -0.0011 -0.0024 0.0025 
60 0.9672 0.0000 -0.0027 -0.0008 0.0000 -0.0038 0.0014 
61 0.9836 -0.0004 -0.0068 -0.0007 0.0012 -0.0032 -0.0003 
62 1.0000 -0.0007 -0 .0078 0.0000 0.0016 -0.0007 -0.0019 
63 1.0164 -0.0006 -0.0051 0.0006 0.0010 0.0023 -0.0025 
64 1.0328 -0.0001 0.0001 0.0009 -0.0002 0.0040 -0.0020 
65 1.0492 0.0006 0.0054 0.0007 -0.0013 0.0034 -0.0006 
66 1.0656 0.0010 0.0081 0.0000 -0.0015 0.0008 0.0010 
67 1.0820 0.0009 0.0069 -0.0007 -0.0008 -0.0024 0.0020 
68 1.0984 0.0002 0.0024 -0.0010 0.0004 -0.0042 0.0019 
69 1.1148 -0.0007 -0.0033 -0.0007 0.0012 -0.0035 0.0008 
70 1.1311 -0.0013 -0.0073 0.0000 0.0013 -0.0007 -0.0006 
71 1.1475 -0.0012 -0.0078 0.0006 0.0005 0.0025 -0.0016 
72 1.1639 -0.0003 -0.0043 0.0009 -0.0005 0.0043 -0.0016 
73 1.1803 0.0010 0.0014 0.0007 -0.0011 0.0035 -0.0005 
74 1.1967 0.0019 0.0065 0.0002 -0.0010 0.0006 0.0010 
75 1.2131 0.0017 0.0083 -0.0004 -0.0002 -0.0027 0.0021 
76 1.2295 0.0004 0.0056 -0.0007 0.0005 -0.0043 0.0020 
77 1.2459 -0.0014 -0.0003 -0 .0006 0.0009 -0.0033 0.0005 
78 1.2623 -0.0027 -0.0065 -0.0003 0.0007 -0.0003 -0.0017 
79 1.2787 -0.0026 -0.0095 0.0000 0.0001 0.0027 -0.0035 
80 1.2951 -0.0010 -0.0073 0.0003 -0. 0004 0.0040 -0.0037 
81 1.3115 0.0016 -0.0006 0.0004 -0.0007 0.0028 -0.0018 
82 1.3279 0.0037 0.0073 0.0004 -0 .0005 0.0001 0.0016 
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83 1.3443 0.0040 0.0121 0.0003 -0.0002 -0.0025 0.0048 
84 1.3607 0.0022 0.0105 0.0001 0.0001 -0.0034 0.0061 
85 1.3770 -0.0013 0.0026 -0.0001 0.0004 -0.0022 0.0045 
86 1.3934 -0.0045 -0.0080 -0.0004 0.0005 0.0002 0.0002 
87 1.4098 -0.0057 -0.0155 -0.0006 0.0005 0.0021 -0.0048 
88 1.4262 -0.0039 -0.0155 -0.0006 0.0003 0.0025 -0.0082 
89 1.4426 0.0003 -0.0068 -0 .0003 0.0000 0.0014 -0.0079 
90 1.4590 0.0049 0.0068 0.0002 -0.0005 -0.0004 -0.0036 
91 1.4754 0.0073 0.0183 0.0007 -0.0009 -0.0014 0.0030 
92 1.4918 0.0061 0.0213 0.0008 -0.0009 -0.0013 0.0086 
93 1.5082 0.0015 0.0132 0.0006 -0.0003 -0.0004 0.0105 
94 1.5246 -0.0044 -0.0026 0.0000 0.0007 0.0005 0.0074 
95 1.5410 -0.0085 -0.0183 -0.0006 0.0015 0.0007 0.0005 
96 1.5574 -0.0083 -0.0257 -0.0009 0.0015 0.0001 -0.0069 
97 1.5738 -0.0037 -0.0204 -0.0007 0.0006 -0.0006 -0.0111 
98 1.5902 0.0031 -0.0045 -0.0002 -0.0009 -0.0006 -0.0100 
99 1.6066 0.0087 0.0143 0.0004 -0.0021 0.0001 -0.0041 
100 1.6230 0.0100 0.0264 0.0007 -0.0022 0.0011 0.0037 
101 1.6393 0.0061 0.0257 0.0007 -0.0008 0.0015 0.0094 
102 1.6557 -0.0011 0.0125 0.0004 0.0013 0.0008 0.0104 
103 1.6721 -0.0078 -0.0068 0.0000 0.0028 -0.0007 0.0064 
104 1.6885 -0.0106 -0.0224 -0.0004 0.0027 -0.0020 -0.0004 
105 1.7049 -0.0079 -0.0270 -0.0006 0.0009 -0.0021 -0.0064 
106 1.7213 -0.0012 -0.0186 -0.0006 -0.0017 -0.0009 -0.0086 
107 1.7377 0.0060 -0.0020 -0.0003 -0.0034 0.0010 -0.0063 
108 1.7541 0.0099 0.0145 0.0000 -0.0031 0.0024 -0.0013 
109 1.7705 0.0086 0.0232 0.0003 -0.0008 0.0024 0.0036 
110 1.7869 0.0030 0.0207 0.0006 0.0022 0.0009 0.0058 
111 1.8033 -0.0038 0.0092 0.0006 0.0040 -0.0012 0.0044 
112 1.8197 -0.0082 -0 .0052 0.0004 0.0035 -0.0025 0.0008 
113 1.8361 -0.0081 -0.0158 0.0000 0.0008 -0.0023 -0.0024 
114 1.8525 -0.0039 -0.0182 -0.0005 -0.0024 -0.0008 -0.0035 
115 1.8689 0.0019 -0.0126 -0.0007 -0.0043 0.0012 -0.0019 
116 1.8852 0.0060 -0.0024 -0.0006 -0.0036 0.0023 0.0011 
117 1.9016 0.0065 0.0073 -0.0002 -0.0007 0.0020 0.0031 
118 1.9180 0.0036 0.0125 0.0003 0.0025 0.0006 0.0029 
119 1.9344 -0.0008 0.0119 0.0007 0.0043 -0.0011 0.0003 
120 1.9508 -0.0042 0.0066 0.0007 0.0034 -0.0020 -0.0030 
121 1.9672 -0.0047 -0.0005 0.0003 0.0006 -0.0016 -0.0049 
122 1.9836 -0.0026 -0.0061 -0.0002 -0.0024 -0.0003 -0.0040 
123 2.0000 0.0007 -0.0085 -0.0006 -0.0039 0.0012 -0.0006 
124 2.0164 0.0030 -0.0071 -0.0006 -0.0030 0.0018 0.0036 
125 2.0328 0.0032 -0.0033 -0.0003 -0.0005 0.0013 0.0061 
126 2.0492 0.0014 0.0012 0.0001 0.0021 0.0001 0.0057 
127 2.0656 -0.0011 0.0045 0.0004 0.0033 -0.0012 0.0023 
128 2.0820 -0.0026 0.0055 0.0004 0.0025 -0.0018 -0.0023 
129 2.0984 -0.0022 0.0041 0.0002 0.0003 -0.0013 -0.0058 
130 2.1148 -0.0005 0.0014 -0.0001 -0.0018 0.0000 -0.0065 
131 2.1311 0.0016 -0.0015 -0.0003 -0.0027 0.0012 -0.0042 
132 2.1475 0.0025 -0.0033 -0.0002 -0.0018 0.0019 -0.0001 
133 2.1639 0.0017 -0.0034 0.0000 0.0000 0.0014 0.0037 
134 2.1803 -0.0001 -0.0019 0.0002 0.0016 0.0002 0.0055 
135 2.1967 -0.0019 0.0002 0.0002 0.0021 -0.0012 0.0049 
136 2.2131 -0.0025 0.0019 0.0001 0.0014 -0.0019 0.0024 
137 2.2295 -0.0015 0.0024 0.0000 0.0000 -0.0016 -0.0007 
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138 2.2459 0.0005 0.0016 -0.0002 -0.0014 -0.0004 -0.0031 
139 2.2623 0.0022 -0.0001 -0.0003 -0.0019 0.0010 -0.0040 
140 2.2787 0.0024 -0.0017 -0.0004 -0.0016 0.0018 -0.0035 
141 2.2951 0.0011 -0.0024 -0.0004 -0.0004 0.0015 -0.0020 
142 2.3115 -0.0010 -0.0017 -0.0002 0.0011 0.0003 0.0000 
143 2.3279 -0.0025 0.0003 0.0005 0.0025 -0.0010 0.0021 
144 2.3443 -0.0023 0.0026 0.0014 0.0031 -0.0014 0.0038 
145 2.3607 -0.0002 0.0040 0.0022 0.0023 -0.0003 0.0044 
146 2.3770 0.0025 0.0035 0.0019 -0.0004 0.0013 0.0031 
147 2.3934 0.0040 0.0005 -0.0001 -0.0044 0.0021 -0.0004 
148 2.4098 0.0027 -0.0041 -0.0037 -0.0080 0.0007 -0.0053 
149 2.4262 -0.0013 -0.0084 -0.0071 -0.0084 -0.0030 -0.0091 
150 2.4426 -0.0064 -0.0095 -0.0076 -0.0032 -0.0067 -0.0086 
151 2.4590 -0.0091 -0.0052 -0.0029 0.0074 -0.0071 -0.0018 
152 2.4754 -0.0064 0.0046 0.0068 0.0191 -0.0016 0.0100 
153 2.4918 0.0023 0.0165 0.0177 0.0241 0.0091 0.0212 
154 2.5082 0.0140 0.0241 0.0224 0.0152 0.0197 0.0234 
155 2.5246 0.0220 0.0204 0.0143 -0.0089 0.0221 0.0103 
156 2.5410 0.0192 0.0021 -0.0080 -0.0393 0.0100 -0.0167 
157 2.5574 0.0025 -0 .0263 -0.0363 -0.0584 -0.0157 -0.0461 
158 2.5738 -0.0239 -0.0518 -0.0544 -0.0476 -0.0440 -0.0592 
159 2.5902 -0.0472 -0 .0570 -0.0450 -0.0005 -0.0568 -0.0394 
160 2.6066 -0.0514 -0.0298 -0.0020 0.0675 -0.0382 0.0149 
161 2.6230 -0.0254 0.0270 0.0612 0.1203 0.0134 0.0834 
162 2.6393 0.0270 0.0911 0.1116 0.1173 0.0786 0.1279 
163 2.6557 0.0843 0.1264 0.1112 0.0391 0.1212 0.1107 
164 2.6721 0.1133 0.1008 0.0406 -0.0922 0.1053 0.0191 
165 2.6885 0.0862 0.0072 -0.0812 -0.2117 0.0191 -0.1172 
166 2.7049 -0.0012 -0.1230 -0.1953 -0.2404 -0.1093 -0.2299 
167 2.7213 -0.1177 -0.2261 -0.2276 -0.1317 -0.2156 -0.2433 
168 2.7377 -0.2050 -0.2341 -0.1317 0.0886 -0.2284 -0.1 184 
169 2.7541 -0.2032 -0.1136 0.0723 0.3172 -0.1113 0.1110 
170 2.7705 -0.0869 0.1038 0.2907 0.4174 0.1040 0.3393 
171 2.7869 0.1 105 0.3225 0.3948 0.2967 0.3181 0.4336 
172 2.8033 0.2998 0.4215 0.2926 -0.0247 0.4061 0.3072 
173 2.8197 0.3737 0.3180 -0.0045 -0.4001 0.2864 -0.0178 
174 2.8361 0.2637 0.0227 -0.3639 -0.6194 -0.0201 -0.3999 
175 2.8525 -0.0116 -0.3451 -0.5866 -0.5252 -0.3796 -0.6365 
176 2.8689 -0.3381 -0.6035 -0.5157 -0.1183 -0.6005 -0.5707 
177 2.8852 -0.5513 -0.5964 -0.1399 0.4156 -0.5344 -0.1892 
178 2.9016 -0.5173 -0.2841 0.3735 0.7886 -0.1694 0.3468 
179 2.9180 -0.2121 0.2171 0.7498 0.7681 0.3405 0.7685 
180 2.9344 0.2477 0.6753 0.7559 0.3223 0.7379 0.8367 
181 2.9508 0.6468 0.8526 0.3441 -0.3389 0.7945 0.4794 
182 2.9672 0.7736 0.6301 -0.2963 -0.8627 0.4423 -0.1524 
183 2.9836 0.5322 0.0827 -0.8256 -0.9485 -0.1706 -0.7481 
184 3.0000 0.0060 -0.5439 -0.9395 -0.5262 -0.7417 -0.9967 
185 3.0164 -0.5690 -0.9476 -0.5493 0.1899 -0.9690 -0.7555 
186 3.0328 -0.9129 -0.9222 0.1512 0.8126 -0.7158 -0.1344 
187 3.0492 -0.8424 -0.4664 0.7844 1.0000 -0 .0946 0.5559 
188 3.0656 -0.3697 0.2101 1.0000 0.6522 0.5845 0.9668 
189 3.0820 0.2938 0.7885 0.6785 -0.0305 0.9751 0.8971 
190 3.0984 0.8369 1.0000 0.0026 -0.6649 0.8796 0.3969 
191 3.1148 1.0000 0.7576 -0.6479 -0.9080 0.3550 -0.2652 
192 3.1311 0.7047 0.1933 -0.9175 -0.6513 -0.3212 -0.7520 
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193 3.1475 0.0923 -0.4167 -0.6790 -0.0716 -0.8033 -0.8376 
194 3.1639 -0.5467 -0.7947 -0.0978 0.4866 -0.8621 -0 .5175 
195 3.1803 -0.9165 -0.7959 0.4785 0.7197 -0.4997 0.0070 
196 3.1967 -0.8591 -0.4644 0.7320 0.5354 0.0662 0.4537 
197 3.2131 -0.4243 0.0095 0.5564 0.0865 0.5334 0.6147 
198 3.2295 0.1647 0.3999 0.1012 -0.3419 0.6809 0.4566 
199 3.2459 0.6288 0.5579 -0.3402 -0.5119 0.4775 0.1138 
200 3.2623 0.7703 0.4682 -0.5181 -0.3656 0.0767 -0.2066 
201 3.2787 0.5597 0.2286 -0.3691 -0.0362 -0.2869 -0.3474 
202 3.2951 0.1344 -0.0229 -0.0320 0.2556 -0.4339 -0.2772 
203 3.3115 -0.2853 -0.1861 0.2616 0.3441 -0.3288 -0.0854 
204 3.3279 -0.5111 -0.2359 0.3404 0.2101 -0.0783 0.0906 
205 3.3443 -0.4731 -0.2087 0.1902 -0.0295 0.1502 0.1531 
206 3.3607 -0.2372 -0.1574 -0.0579 -0.2117 0.2323 0.0939 
207 3.3770 0.0480 -0.1103 -0.2299 -0.2335 0.1515 -0.0175 
208 3.3934 0.2381 -0.0607 -0.2241 -0.1053 -0.0082 -0.0908 
209 3.4098 0.2654 0.0117 -0.0666 0.0718 -0.1281 -0.0760 
210 3.4262 0.1594 0.1095 0.1217 0.1815 -0.1326 0.0100 
211 3.4426 0.0129 0.2024 0.2139 0.1655 -0.0310 0.1017 
212 3.4590 -0.0810 0.2408 0.1588 0.0501 0.0978 0.1328 
213 3.4754 -0.0815 0.1885 0.0048 -0.0818 0.1622 0.0798 
214 3.4918 -0.0148 0.0521 -0.1423 -0.1490 0.1175 -0.0259 
215 3.5082 0.0534 -0.1151 -0.1916 -0.1202 -0.0080 -0.1209 
216 3.5246 0.0651 -0 .2383 -0.1217 -0.0252 -0.1355 -0.1503 
217 3.5410 0.0078 -0.2611 0.0145 0.0721 -0.1867 -0.0998 
218 3.5574 -0.0807 -0.1754 0.1302 0.1156 -0.1319 -0.0013 
219 3.5738 -0.1391 -0.0251 0.1605 0.0882 -0.0053 0.0894 
220 3.5902 -0.1227 0.1192 0.0974 0.0153 0.1191 0.1262 
221 3.6066 -0.0326 0.1966 -0.0130 -0.0564 0.1730 0.0965 
222 3.6230 0.0851 0.1844 -0.1039 -0.0880 0.1325 0.0245 
223 3.6393 0.1666 0.1034 -0.1280 -0.0680 0.0277 -0.0474 
224 3.6557 0.1671 0.0006 -0.0808 -0.0145 -0.0794 -0.0830 
225 3.6721 0.0863 -0.0776 0.0034 0.0400 -0.1323 -0.0711 
226 3.6885 -0.0330 -0.1068 0.0755 0.0672 -0.1107 -0.0267 
227 3.7049 -0.1296 -0.0901 0.0997 0.0572 -0.0362 0.0213 
228 3.7213 -0.1576 -0.0490 0.0701 0.0200 0.0446 0.0478 
229 3.7377 -0.1094 -0.0075 0.0090 -0.0224 0.0892 0.0439 
230 3.7541 -0.0166 0.0195 -0.0486 -0.0490 0.0808 0.0179 
231 3.7705 0.0703 0.0302 -0.0748 -0.0494 0.0329 -0.0120 
232 3.7869 0.1100 0.0305 -0.0613 -0.0272 -0.0233 -0.0296 
233 3.8033 0.0906 0.0273 -0.0205 0.0045 -0.0578 -0.0283 
234 3.8197 0.0318 0.0233 0.0242 0.0301 -0.0574 -0.0122 
235 3.8361 -0.0297 0.0175 0.0510 0.0392 -0.0284 0.0078 
236 3.8525 -0.0621 0.0077 0.0503 0.0303 0.0100 0.0212 
237 3.8689 -0.0545 -0 .0055 0.0270 0.0097 0.0376 0.0227 
238 3.8852 -0.0192 -0.0187 -0.0044 -0.0120 0.0432 0.0133 
239 3.9016 0.0184 -0.0270 -0.0284 -0.0256 0.0277 -0.0010 
240 3.9180 0.0366 -0.0269 -0.0357 -0.0267 0.0013 -0.0133 
241 3.9344 0.0283 -0.0182 -0.0265 -0.0167 -0.0223 -0.0187 
242 3.9508 0.0029 -0.0042 -0.0080 -0.0013 -0.0330 -0.0159 
243 3.9672 -0.0218 0.0102 0.0100 0.0122 -0.0277 -0.0071 
244 3.9836 -0.0308 0.0201 0.0202 0.0187 -0.0107 0.0036 
245 4.0000 -0.0202 0.0229 0.0203 0.0164 0.0090 0.0118 
246 4.0164 0.0020 0.0184 0.0125 0.0077 0.0223 0.0146 
247 4.0328 0.0223 0.0087 0.0016 -0.0028 0.0241 0.0116 
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248 4.0492 0.0298 -0.0028 -0.0075 -0.0103 0.0150 0.0045 
249 4.0656 0.0216 -0 .0123 -0.0120 -0.0120 0.0007 -0.0034 
250 4.0820 0.0035 -0.0169 -0.0113 -0.0081 -0.0115 -0.0091 
251 4.0984 -0.0144 -0.0155 -0.0065 -0.0014 -0.0165 -0.0107 
252 4.1148 -0.0237 -0.0090 -0.0001 0.0046 -0.0133 -0.0081 
253 4.1311 -0.0213 -0.0002 0.0053 0.0072 -0.0050 -0.0028 
254 4.1475 -0.0101 0.0075 0.0079 0.0058 0.0034 0.0027 
255 4.1639 0.0035 0.0113 0.0070 0.0019 0.0081 0.0064 
256 4.1803 0.0132 0.0103 0.0034 -0.0020 0.0080 0.0071 
257 4.1967 0.0158 0.0059 -0.0013 -0.0038 0.0045 0.0051 
258 4.2131 0.0115 0.0003 -0.0049 -0.0032 0.0006 0.0017 
259 4.2295 0.0037 -0.0040 -0.0060 -0.0011 -0.0021 -0.0018 
260 4.2459 -0.0039 -0.0056 -0.0042 0.0010 -0.0028 -0.0040 
261 4.2623 -0.0082 -0.0048 -0.0005 0.0020 -0.0023 -0.0044 
262 4.2787 -0.0083 -0.0027 0.0030 0.0015 -0.0016 -0.0032 
263 4.2951 -0.0051 -0.0007 0.0049 0.0004 -0.0009 -0.0011 
264 4.3115 -0.0006 0.0006 0.0041 -0.0006 -0.0002 0.0010 
265 4.3279 0.0030 0.0013 0.0013 -0.0008 0.0008 0.0023 
266 4.3443 0.0044 0.0017 -0.0019 -0.0006 0.0018 0.0026 
267 4.3607 0.0034 0.0021 -0.0040 -0.0002 0.0021 0.0020 
268 4.3770 0.0010 0.0022 -0.0039 0.0000 0.0012 0.0009 
269 4.3934 -0.0014 0.0016 -0.0019 -0.0001 -0.0007 -0.0003 
270 4.4098 -0.0025 0.0001 0.0010 0.0000 -0.0024 -0.0011 
271 4.4262 -0.0019 -0.0018 0.0031 0.0002 -0.0029 -0.0015 
272 4.4426 -0.0002 -0.0032 0.0036 0.0006 -0.0016 -0.0014 
273 4.4590 0.0016 -0.0032 0.0022 0.0007 0.0010 -0.0011 
274 4.4754 0.0024 -0.0015 -0.0001 0.0004 0.0032 -0.0006 
275 4.4918 0.0018 0.0012 -0.0022 -0.0003 0.0038 0.0000 
276 4.5082 0.0001 0.0036 -0.0029 -0.0010 0.0022 0.0007 
277 4.5246 -0.0017 0.0042 -0.0022 -0.0011 -0.0007 0.0014 
278 4.5410 -0.0026 0.0026 -0.0005 -0.0005 -0.0035 0.0019 
279 4.5574 -0.0022 -0.0005 0.0012 0.0004 ··0.0045 0.0019 
280 4.5738 -0.0007 -0.0035 0.0021 0.0011 -0.0032 0.0010 
281 4.5902 0.0010 -0.0047 0.0018 0.0010 -0.0002 -0.0006 
282 4.6066 0.0021 -0.0036 0.0007 0.0002 0.0028 -0.0022 
283 4.6230 0.0022 -0.0006 -0.0006 -0.0007 0.0044 -0.0033 
284 4.6393 0.0013 0.0027 -0.0014 -0.0011 0.0039 -0.0029 
285 4.6557 0.0000 0.0046 -0.0014 -0 .0006 0.0016 -0.0012 
286 4.6721 -0.0011 0.0041 -0.0006 0.0003 -0.0013 0.0012 
287 4.6885 -0.0016 0.0017 0.0003 0.0010 -0.0034 0.0034 
288 4.7049 -0.0014 -0 .0014 0.0009 0.0010 -0.0040 0.0041 
289 4.7213 -0.0007 -0.0036 0.0009 0.0002 -0.0029 0.0030 
290 4.7377 0.0002 -0.0039 0.0004 -0.0009 -0.0005 0.0005 
291 4.7541 0.0008 -0.0023 -0.0002 -0.0013 0.0020 -0.0021 
292 4.7705 0.0010 0.0001 -0.0006 -0.0008 0.0037 -0.0037 
293 4.7869 0.0008 0.0021 -0.0005 0.0003 0.0037 -0.0036 
294 4.8033 0.0004 0.0028 -0.0002 0.0013 0.0021 -0.0019 
295 4.8197 -0.0002 0.0021 0.0002 0.0014 -0.0006 0.0003 
296 4.8361 -0.0006 0.0005 0.0004 0.0005 -0.0030 0.0020 
297 4.8525 -0.0008 -0.0009 0.0002 -0.0008 -0.0041 0.0024 
298 4.8689 -0.0006 -0.0015 0.0000 -0.0016 -0.0032 0.0017 
299 4.8852 -0.0001 -0.0012 -0.0001 -0.0013 -0.0006 0.0007 
300 4.9016 0.0003 -0.0003 -0. 0001 -0.0001 0.0023 0.0000 
301 4.9180 0.0006 0.0005 0.0000 0.0012 0.0042 0.0000 
302 4.9344 0.0006 0.0007 0.0000 0.0017 0.0039 0.0003 



Index 
303 
304 
305 

t (ns) 
4.9508 
4.9672 
4.9836 

0.0003 
-0 .0002 
-0.0005 

0.0002 
-0.0004 
-0.0009 

-0.0001 
-0.0003 
-0.0003 

0.0010 
-0.0005 
-0.0016 

0.0016 
-0.0016 
-0.0040 

( 
0.0001 
-0.0008 
-0.0022 

8.1.2 Symmetrically Semi-Circular Base Square Plate Monopole 
(SSCB-SPM) Antenna 

Index t (ns) 
. b* * d* * ( a c e 

1 0.0000 0.0024 -0.0007 0.0006 0.0118 -0.0013 0.0145 
2 0.0164 0.0018 0.0001 0.0003 0.0087 -0.0005 0.0120 
3 0.0328 0.0005 0.0010 -0.0002 0.0011 0.0004 0.0042 
4 0.0492 -0.0012 0.0015 -0.0005 -0.0069 0.0010 -0.0049 
5 0.0656 -0.0023 0.0013 -0.0003 -0.0109 0.0012 -0.0113 
6 0.0820 -0.0023 0.0003 0.0002 -0.0090 0.0010 -0.0122 
7 0.0984 -0.0014 -0.0009 0.0007 -0.0025 0.0004 -0.0076 
8 0.1148 0.0001 -0.0018 0.0007 0.0051 -0.0004 0.0001 
9 0.1311 0.0014 -0.0019 0.0001 0.0099 -0.0012 0.0071 
10 0.1475 0.0020 -0.0011 -0.0007 0.0095 -0.0016 0.0104 
11 0.1639 0.0018 0.0002 -0.0012 0.0041 -0.0012 0.0087 
12 0.1803 0.0009 0.0014 -0.0009 -0.0033 -0.0002 0.0033 
13 0.1967 -0.0003 0.0020 -0.0001 -0.0090 0.0012 -0.0030 
14 0.2131 -0.0012 0.0017 0.0009 -0.0100 0.0021 -0.0072 
15 0.2295 -0.0016 0.0007 0.0013 -0 .0059 0.0019 -0.0076 
16 0.2459 -0.0013 -0.0006 0.0010 0.0014 0.0006 -0.0047 
17 0.2623 -0.0006 -0.0015 0.0001 0.0081 -0.0013 -0.0002 
18 0.2787 0.0003 -0.0018 -0.0008 0.0106 -0.0026 0.0035 
19 0.2951 0.0011 -0.0013 -0.0012 0.0075 -0.0024 0.0050 
20 0.3115 0.0014 -0.0003 -0.0009 0.0003 -0.0008 0.0042 
21 0.3279 0.0011 0.0007 -0.0002 -0.0073 0.0014 0.0020 
22 0.3443 0.0003 0.0013 0.0005 -0.0111 0.0029 -0.0003 
23 0.3607 -0.0007 0.0013 0.0009 -0.0088 0.0027 -0.0017 
24 0.3770 -0.0014 0.0008 0.0007 -0.0016 0.0009 -0.0022 
25 0.3934 -0.0013 0.0001 0.0003 0.0067 -0.0015 -0.0022 
26 0.4098 -0.0006 -0.0005 -0.0001 0.0114 -0.0030 -0.0019 
27 0.4262 0.0005 ··0.0008 -0.0003 0.0098 -0.0027 -0.0015 
28 0.4426 0.0014 -0.0007 -0.0004 0.0025 -0. 0008 -0.0007 
29 0.4590 0.0016 -0.0004 -0.0004 -0.0063 0.0015 0.0007 
30 0.4754 0.0010 0.0000 -0.0004 -0.0116 0.0029 0.0025 
31 0.4918 -0.0002 0.0003 -0.0004 -0.0103 0.0025 0.0038 
32 0.5082 -0.0014 0.0004 0.0000 -0.0031 0.0007 0.0037 
33 0.5246 -0.0018 0.0002 0.0005 0.0059 -0.0015 0.0018 
34 0.5410 -0.0014 0.0000 0.0009 0.0114 -0.0027 -0.0013 
35 0.5574 -0.0003 -0.0002 0.0010 0.0103 -0.0023 -0.0043 
36 0.5738 0.0009 -0.0002 0.0004 0.0033 -0.0005 -0.0058 
37 0.5902 0.0017 0.0000 -0.0005 -0.0055 0.0014 -0.0046 
38 0.6066 0.0017 0.0004 -0.0013 -0.0109 0.0025 -0.0012 
39 0.6230 0.0010 0.0008 -0.0015 -0.0099 0.0020 0.0031 

191 



192 

Index t (ns) 
. b* . d* . r a c e 

40 0.6393 0.0000 0.0008 -0.0008 -0.0033 0.0004 0.0063 
41 0.6557 -0.0009 0.0003 0.0004 0.0049 -0.0013 0.0067 
42 0.6721 -0.0013 -0.0007 0.0015 0.0100 -0.0021 0.0041 
4? 0.6885 -0.0012 -0.0017 0.0018 0.0091 -0.0017 -0.0007 
44 0.7049 -0.0008 -0.0022 0.0010 0.0031 -0.0003 -0.0052 
45 0.7213 -0.0002 -0.0015 -0.0004 -0.0043 0.0011 -0.0076 
46 0.7377 0.0004 0.0002 -0.0015 -0.0087 0.0018 -0.0064 
47 0.7541 0.0008 0.0023 -0.0018 -0.0080 0.0014 -0.0022 
48 0.7705 0.0011 0.0038 -0.0010 -0.0029 0.0003 0.0031 
49 0.7869 0.0011 0.0036 0.0002 0.0034 -0.0008 0.0071 
50 0.8033 0.0008 0.0015 0.0013 0.0073 -0.0014 0.0079 
51 0.8197 0.0001 -0 .0018 0.0016 0.0069 -0.0011 0.0050 
52 0.8361 -0.0007 -0.0047 0.0009 0.0028 -0.0003 -0.0004 
53 0.8525 -0.0013 -0.0057 -0.0002 -0.0024 0.0005 -0.0057 
54 0.8689 -0.0014 -0.0039 -0.0011 -0.0058 0.0010 -0.0086 
55 0.8852 -0.0010 0.0001 -0.0012 -0.0057 0.0009 -0.0076 
56 0.9016 -0.0002 0.0044 -0.0007 -0.0026 0.0004 -0.0030 
57 0.9180 0.0008 0.0070 0.0002 0.0015 -0.0002 0.0032 
58 0.9344 0.0014 0.0063 0.0008 0.0044 -0.0007 0.0083 
59 0.9508 0.0015 0.0025 0.0009 0.0046 -0.0008 0.0099 
60 0.9672 0.0009 -0.0027 0.0005 0.0024 -0.0005 0.0070 
61 0.9836 0.0000 -0.0068 -0.0002 -0.0008 -0.0001 0.0006 
62 1.0000 -0.0009 -0.0078 -0.0006 -0.0031 0.0004 -·0.0066 
63 1.0164 -0.0014 -0.0051 -0.0007 -0.0034 0.0007 -0.0113 
64 1.0328 -0.0012 0.0001 -0.0003 -0.0018 0.0007 -0.0111 
65 1.0492 -0.0004 0.0054 0.0002 0.0005 0.0004 -0.0056 
66 1.0656 0.0005 0.0081 0.0005 0.0020 -0.0002 0.0030 
67 1.0820 0.0012 0.0069 0.0005 0.0020 -0.0007 0.0109 
68 1.0984 0.0012 0.0024 0.0003 0.0008 -0.0009 0.0143 
69 1.1148 0.0006 -0.0033 -0.0001 -0.0007 -0.0005 0.0111 
70 1.1311 -0.0004 -0.0073 -0.0003 -0.0013 0.0001 0.0024 
71 1.1475 -0.0013 -0.0078 -0.0004 -0.0007 0.0008 -0.0080 
72 1.1639 -0.0015 -0.0043 -0.0003 0.0006 0.0010 -0.0153 
73 1.1803 -0.0008 0.0014 -0.0002 0.0013 0.0006 -0.0157 
74 1.1967 0.0005 0.0065 0.0001 0.0009 -0.0002 -0.0087 
75 1.2131 0.0018 0.0083 0.0003 -0.0006 -0.0008 0.0028 
76 1.2295 0.0022 0.0056 0.0004 -0.0021 -0.0010 0.0136 
77 1.2459 0.0013 -0.0003 0.0004 -0.0023 -0.0005 0.0184 
78 1.2623 -0.0006 -0.0065 0.0002 -0.0008 0.0003 0.0148 
79 1.2787 -0.0025 -0.0095 -0.0001 0.0016 0.0008 0.0039 
80 1.2951 -0.0033 -0.0073 -0.0005 0.0035 0.0008 -0.0093 
81 1.3115 -0.0023 -0.0006 -0.0007 0.0034 0.0003 -0.0187 
82 1.3279 0.0004 0.0073 -0.0006 0.0012 -0.0004 -0.0196 
83 1.3443 0.0033 0.0121 -0.0002 -0.0022 -0.0007 -0.0110 
84 1.3607 0.0048 0.0105 0.0005 -0.0046 -0.0004 0.0034 
85 1.3770 0.0037 0.0026 0.0009 -0.0046 0.0001 0.0169 
86 1.3934 0.0002 -0.0080 0.0010 -0 .0019 0.0004 0.0230 
87 1.4098 -0.0039 -0.0155 0.0005 0.0022 0.0003 0.0180 
88 1.4262 -0.0064 -0.0155 -0.0004 0.0054 -0.0001 0.0037 
89 1.4426 -0.0054 -0.0068 -0.0012 0.0057 -0.0006 -0.0134 
90 1.4590 -0.0011 0.0068 -0.0013 0.0028 -0.0005 -0.0247 
91 1.4754 0.0044 0.0183 -0.0008 -0.0018 0.0001 -0.0242 
92 1.4918 0.0081 0.0213 0.0003 -0.0057 0.0009 -0.0112 



193 

Index t (ns) 
. b* . d* . ( a c e 

93 1.5082 0.0075 0.0132 0.0013 -0.0067 0.0012 0.0082 
94 1.5246 0.0026 -0.0026 0.0017 -0.0041 0.0007 0.0246 
95 1.5410 -0.0044 -0.0183 0.0011 0.0009 -0.0004 0.0290 
96 1.5574 -0.0096 -0.0257 -0.0002 0.0057 -0.0015 0.0187 
97 1.5738 -0.0099 -0.0204 -0.0014 0.0075 -0.0018 -0.0018 
98 1.5902 -0.0047 -0 .0045 -0.0019 0.0054 -0.0010 -0.0222 
99 1.6066 0.0035 0.01 43 -0.0013 0.0001 0.0005 -0.0318 

100 1.6230 0.0103 0.0264 0.0000 -0.0055 0.0018 -0.0251 
101 1.6393 0.0119 0.0257 0.0013 -0.0083 0.0022 -0.0053 
102 1.6557 0.0072 0.0125 0.0019 -0.0067 0.0013 0.0175 
103 1.6721 -0.0015 -0.0068 0.0015 -0.0013 -0.0003 0.0317 
104 1.6885 -0.0096 -0.0224 0.0003 0.0052 -0.0018 0.0296 
105 1.7049 -0.0128 -0.0270 -0.0009 0.0091 -0.0022 0.0124 
106 1.7213 -0.0094 -0.01 86 -0.0017 0.0080 -0.0013 -0.0110 
107 1.7377 -0.0011 -0.0020 -0.0015 0.0023 0.0001 -0.0286 
108 1.7541 0.0074 0.0145 -0.0006 -0.0050 0.0014 -0.0314 
109 1.7705 0.0119 0.0232 0.0004 -0.0097 0.0017 -0.01 84 
110 1.7869 0.0102 0.0207 0.0012 -0.0090 0.0010 0.0034 
111 1.8033 0.0035 0.0092 0.0013 -0.0031 -0.0001 0.0227 
112 1.8197 -0.0045 -0.0052 0.0008 0.0049 -0.0008 0.0300 
113 1.8361 -0.0095 -0.0158 0.0001 0.0103 -0.0009 0.0221 
114 1.8525 -0.0093 -0.0182 -0.0006 0.0098 -0.0004 0.0039 
115 1.8689 -0.0045 -0.0126 -0.0009 0.0036 0.0002 -0.0151 
116 1.8852 0.0019 -0.0024 -0.0009 -0.0050 0.0004 -0.0256 
11 7 1.9016 0.0065 0.0073 -0.0005 -0.0108 0.0000 -0.0230 
118 1.9180 0.0071 0.0125 0.0000 -0.0104 -0.0004 -0.0097 
119 1.9344 0.0041 0.0119 0.0004 -0.0037 -0.0005 0.0070 
120 1.9508 -0.0005 0.0066 0.0007 0.0053 -0.0001 0.0188 
121 1.9672 -0.0041 -0.0005 0.0008 0.0114 0.0007 0.0206 
122 1.9836 -0.0049 -0.0061 0.0005 0.0107 0.0012 0.0129 
123 2.0000 -0.0029 -0.0085 0.0000 0.0035 0.0009 0.0002 
124 2.0164 0.0003 -0.0071 -0.0005 -0.0059 0.0000 -0.0107 
125 2.0328 0.0029 -0.0033 -0.0008 -0.0119 -0.0011 -0.0154 
126 2.0492 0.0035 0.0012 -0.0007 -0.0108 -0.0017 -0.0127 
127 2.0656 0.0019 0.0045 -0.0003 -0.0031 -0.0013 -0.0052 
128 2.0820 -0 .0006 0.0055 0.0002 0.0067 -0.0001 0.0029 
129 2.0984 -0.0026 0.0041 0.0007 0.0125 0.0012 0.0083 
130 2.1148 -0.0031 0.0014 0.0007 0.0108 0.0018 0.0094 
131 2.1311 -0.0018 -0.0015 0.0004 0.0025 0.0015 0.0071 
132 2.1475 0.0005 -0.0033 -0.0001 -0.0075 0.0003 0.0032 
133 2.1639 0.0025 -0.0034 -0.0005 -0.0130 -0.0010 -0.0008 
134 2.1803 0.0031 -0.0019 -0.0005 -0.0106 -0.0017 -0.0039 
135 2.1967 0.0022 0.0002 -0.0002 -0.0018 -0 .0014 -0.0058 
136 2.2131 0.0003 0.0019 0.0003 0.0082 -0 .0003 -0.0065 
137 2.2295 -0.0018 0.0024 0.0006 0.0133 0.0008 -0.0055 
138 2.2459 -0.0029 0.0016 0.0004 0.0102 0.0014 -0.0026 
139 2.2623 -0 .0027 -0.0001 -0.0003 0.0007 0.0011 0.0018 
140 2.2787 -0.0013 -0.0017 -0.0010 -0.0093 0.0002 0.0062 
141 2.2951 0.0005 -0.0024 -0.0012 -0.0137 -0.0010 0.0087 
142 2.3115 0.0019 -0.0017 -0.0007 -0.0095 -0.0015 0.0081 
143 2.3279 0.0023 0.0003 0.0008 0.0010 -0.0011 0.0041 
144 2.3443 0.0019 0.0026 0.0025 0.0116 0.0003 -0.0018 
145 2.3607 0.0011 0.0040 0.0036 0.0155 0.0022 -0.0071 



Index 
146 
147 
148 
149 
150 
151 
152 
153 
154 
155 
156 
157 
158 
159 
160 
161 
162 
163 
164 
165 
166 
167 
168 
169 
170 
171 
172 
173 
174 
175 
176 
177 
178 
179 
180 
181 
182 
183 
184 
185 
186 
187 
188 
189 
190 
191 
192 
193 
194 
195 
196 
197 
198 

t (ns) 
2.3770 
2.3934 
2.4098 
2.4262 
2.4426 
2.4590 
2.4754 
2.4918 
2.5082 
2.5246 
2.5410 
2.5574 
2.5738 
2.5902 
2.6066 
2.6230 
2.6393 
2.6557 
2.6721 
2.6885 
2.7049 
2.7213 
2.7377 
2.7541 
2.7705 
2.7869 
2.8033 
2.8197 
2.8361 
2.8525 
2.8689 
2.8852 
2.9016 
2.9180 
2.9344 
2.9508 
2.9672 
2.9836 
3.0000 
3.0164 
3.0328 
3.0492 
3.0656 
3.0820 
3.0984 
3.1148 
3.1311 
3.1475 
3.1639 
3.1803 
3.1967 
3.2131 
3.2295 

0.0005 
-0.0001 
-0.0010 
-0.0027 
-0.0048 
-0.0060 
-0.0041 
0.0022 
0.0115 
0.0193 
0.0192 
0.0064 
-0.0176 
-0.0428 
-0.0536 
-0.0361 
0.0114 
0.0725 
0.1151 
0.1060 
0.0314 
-0.0880 
-0.1972 
-0.2295 
-0.1426 
0.0485 
0.2650 
0.3926 
0.3394 
0.0932 
-0.2540 
-0.5362 
-0.5918 
-0.3535 
0.1002 
0.5659 
0.8074 
0.6777 
0.2051 
-0.4054 
-0.8637 
-0.9382 
-0.5756 
0.0651 
0.6862 
0.9964 
0.8535 
0.3316 
-0.3194 
-0.7993 
-0.9020 
-0.6072 
-0.0771 

0.0035 
0.0005 
-0.0041 
-0.0084 
-0.0095 
-0.0052 
0.0046 
0.0165 
0.0241 
0.0204 
0.0021 
-0.0263 
-0.0518 
-0.0570 
-0.0298 
0.0270 
0.0911 
0.1264 
0.1008 
0.0072 
-0.1230 
-0.2261 
-0.2341 
-0.1136 
0.1038 
0.3225 
0.4215 
0.3180 
0.0227 
-0.3451 
-0.6035 
-0.5964 
-0.2841 
0.2171 
0.6753 
0.8526 
0.6301 
0.0827 
-0.5439 
-0.9476 
-0.9222 
-0.4664 
0.2101 
0.7885 
1.0000 
0.7576 
0.1933 
-0.4167 
-0.7947 
-0.7959 
-0.4644 
0.0095 
0.3999 

0.0028 
-0.0004 
-0.0054 
-0.0097 
-0.0100 
-0.0035 
0.0091 
0.0227 
0.0284 
0.0181 
-0.0096 
-0.0447 
-0.0674 
-0.0566 
-0.0046 
0.0726 
0.1351 
0.1372 
0.0544 
-0.0913 
-0.2302 
-0.2738 
-0.1659 
0.0719 
0.3311 
0.4612 
0.3534 
0.0179 
-0.3958 
-0.6613 
-0.5984 
-0.1904 
0.3797 
0.8089 
0.8387 
0.4132 
-0.2678 
-0.8430 
-0.9889 
-0.6096 
0.0974 
0.7473 
0.9862 
0.6949 
0.0540 
-0.5678 
-0.8333 
-0.6292 
-0.1162 
0.3861 
0.5995 
0.4464 
0.0727 

0.0094 
-0.0040 
-0.0171 
-0.0215 
-0.0123 
0.0078 
0.0290 
0.0381 
0.0253 
-0.0087 
-0.0499 
-0.0748 
-0.0616 
-0.0046 
0.0766 
0.1400 
0.1398 
0.0539 
-0.0935 
-0.2320 
-0.2742 
-0.1660 
0.0702 
0.3276 
0.4588 
0.3562 
0.0276 
-0.3828 
-0.6536 
-0.6046 
-0.2119 
0.3521 
0.7921 
0.8472 
0.4481 
-0.2230 
-0.8150 
-0.9986 
-0.6568 
0.0377 
0.7116 
1.0000 
0.7539 
0.1236 
-0.5329 
-0.8596 
-0.7044 
-0.1934 
0.3596 
0.6476 
0.5448 
0.1609 
-0.2486 

0.0033 
0.0025 
-0.0006 
-0.0053 
-0.0090 
-0.0087 
-0.0019 
0.0103 
0.0224 
0.0262 
0.0142 
-0.0135 
-0.0463 
-0.0649 
-0.0504 
0.0027 
0.0766 
0.1331 
0.1296 
0.0459 
-0.0950 
-0.2266 
-0.2665 
-0.1627 
0.0647 
0.3160 
0.4512 
0.3648 
0.0564 
-0.3455 
-0.6339 
-0.6283 
-0.2848 
0.2582 
0.7325 
0.8754 
0.5778 
-0.0398 
-0.6756 
-0.9994 
-0.8320 
-0.2479 
0.4583 
0.9285 
0.9318 
0.4849 
-0.1652 
-0.6830 
-0.8257 
-0.5628 
-0.0724 
0.3749 
0.5684 

( 

-0.0101 
-0.0097 
-0.0066 
-0.0016 
0.0046 
0.0115 
0.0178 
0.0204 
0.0150 
-0.0013 
-0.0265 
-0.0505 
-0.0579 
-0.0350 
0.0192 
0.0863 
0.1310 
0.1170 
0.0294 
-0.1069 
-0.2281 
-0.2581 
-0.1505 
0.0729 
0.3162 
0.4457 
0.3604 
0.0591 
-0.3362 
-0.6253 
-0.6305 
-0.3024 
0.2311 
0.7112 
0.8758 
0.6058 
0.0055 
-0.6355 
-0.9871 
-0.8567 
-0.2991 
0.4058 
0.9001 
0.9394 
0.5214 
-0.1205 
-0.6507 
-0.8154 
-0.5706 
-0.0871 
0.3617 
0.5567 
0.4437 

194 



195 

Index t (ns) 
. b* . d* . r a c e 

199 3.2459 0.4337 0.5579 -0.2670 -0.4479 0.4591 0.1388 
200 3.2623 0.7042 0.4682 -0.3768 -0.3556 0.1607 -0.1604 
201 3.2787 0.6452 0.2286 -0 .2316 -0.0725 -0.1381 -0.2972 
202 3.2951 0.3254 -0.0229 0.0314 0.2034 -0.2879 -0.2359 
203 3.3115 -0.0796 -0.1861 0.2219 0.3083 -0.2517 -0.0605 
204 3.3279 -0.3821 -0.2359 0.2250 0.2058 -0.1021 0.0959 
205 3.3443 -0.4702 -0.2087 0.0654 -0.0098 0.0433 0.1396 
206 3.3607 -0.3469 -0.1574 -0.1273 -0.1894 0.1001 0.0661 
207 3.3770 -0.1100 -0.1103 -0.2165 -0.2273 0.0603 -0.0519 
208 3.3934 0.1112 -0.0607 -0 .1492 -0.1188 -0.0189 -0.1227 
209 3.4098 0.2230 0.0117 0.0185 0.0516 -0.0648 -0.0970 
210 3.4262 0.2051 0.1095 0.1700 0.1734 -0.0402 0.0049 
211 3.4426 0.1055 0.2024 0.2090 0.1796 0.0361 0.1136 
212 3.4590 0.0006 0.2408 0.1190 0.0800 0.1077 0.1584 
213 3.4754 -0.0517 0.1885 -0.0356 -0.0556 0.1216 0.1120 
214 3.4918 -0.0403 0.0521 -0 .1581 -0.1458 0.0627 0.0032 
215 3.5082 0.0029 -0.1151 -0.1812 -0.1455 -0.0374 -0.1045 
216 3.5246 0.0306 -0.2383 -0.1033 -0.0655 -0.1225 -0.1528 
217 3.5410 0.0138 -0.2611 0.0205 0.0413 -0.1460 -0.1209 
218 3.5574 -0.0403 -0.1754 0.1174 0.1148 -0.0970 -0.0331 
219 3.5738 -0.0948 -0.0251 0.1404 0.1199 -0.0042 0.0598 
220 3.5902 -0.1086 0.1192 0.0890 0.0618 0.0830 0.1109 
221 3.6066 -0.0636 0.1966 0.0013 -0.0227 0.1228 0.1010 
222 3.6230 0.0232 0.1844 -0.0733 -0.0877 0.1017 0.0448 
223 3.6393 0.1083 0.1034 -0.1008 -0.1024 0.0377 -0.0223 
224 3.6557 0. 1469 0.0006 -0.0763 -0.0642 -0.0329 -0.0654 
225 3.6721 0.1176 -0.0776 -0.0203 0.0029 -0.0768 -0.0675 
226 3.6885 0.0343 -0.1068 0.0365 0.0633 -0.0788 -0.0355 
227 3.7049 -0.0616 -0.0901 0.0685 0.0879 -0.0459 0.0080 
228 3.7213 -0.1242 -0.0490 0.0659 0.0678 0.0003 0.0385 
229 3.7377 -0.1261 -0.0075 0.0348 0.0168 0.0368 0.0425 
230 3.7541 -0.0716 0.0195 -0.0073 -0.0378 0.0499 0. 0223 
231 3.7705 0.0084 0.0302 -0.0415 -0.0695 0.0390 -0.0075 
232 3.7869 0.0735 0.0305 -0.0544 -0.0656 0.0135 -0.0293 
233 3.8033 0.0952 0.0273 -0.0430 -0.0319 -0.0133 -0.0322 
234 3.8197 0.0694 0.0233 -0.0146 0.0123 -0.0302 -0.0166 
235 3.8361 0.0158 0.0175 0.0173 0.0453 -0.0319 0.0072 
236 3.8525 -0.0349 0.0077 0.0389 0.0536 -0.0195 0.0256 
237 3.8689 -0.0581 -0.0055 0.0420 0.0372 0.0006 0.0290 
238 3.8852 -0.0465 -0.0187 0.0272 0.0075 0.0195 0.0168 
239 3.9016 -0.0123 -0.0270 0.0025 -0.0203 0.0290 -0.0033 
240 3.9180 0.0224 -0.0269 -0.0206 -0.0345 0.0249 -0.0198 
241 3.9344 0.0380 -0.0182 -0.0325 -0.0320 0.0089 -0.0244 
242 3.9508 0.0283 -0.0042 -0.0293 -0.0173 -0.0114 -0.0160 
243 3.9672 0.0019 0.0102 -0.0143 0.0012 -0.0264 -0.0004 
244 3.9836 -0.0243 0.0201 0.0047 0.0155 -0.0286 0.0131 
245 4.0000 -0.0348 0.0229 0.0189 0.0213 -0.0168 0.01 75 
246 4.0164 -0.0244 0.0184 0.0231 0.0182 0.0028 0.0117 
247 4.0328 0.0000 0.0087 0.0170 0.0090 0.0203 0.0003 
248 4.0492 0.0242 -0.0028 0.0049 -0.0021 0.0272 -0.0093 
249 4.0656 0.0352 -0.0123 -0.0069 -0.0110 0.0206 -0.0119 
250 4.0820 0.0280 -0.0169 -0.0136 -0.0146 0.0046 -0.0068 
251 4.0984 0.0073 -0.0155 -0.0135 -0.0120 -0.0119 0.0021 
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252 4.1148 -0.0156 -0.0090 -0.0080 -0.0046 -0.0209 0.0091 
253 4.1311 -0.0298 -0.0002 -0.0005 0.0044 -0.0188 0.0102 
254 4.1475 -0 .0292 0.0075 0.0057 0.0108 -0.0082 0.0051 
255 4.1639 -0.0159 0.0113 0.0083 0.0117 0.0047 -0.0030 
256 4.1803 0.0030 0.0103 0.0072 0.0068 0.0131 -0.0097 
257 4.1967 0.0186 0.0059 0.0035 -0.0013 0.0138 -0.0114 
258 4.2131 0.0245 0.0003 -0.0010 -0.0082 0.0078 -0.0075 
259 4.2295 0.0196 -0.0040 -0.0045 -0.0104 -0.0007 0.0002 
260 4.2459 0.0071 -0.0056 -0.0056 -0.0069 -0.0071 0.0080 
261 4.2623 -0.0070 -0.0048 -0.0042 -0.0001 -0.0089 0.0125 
262 4.2787 -0.0166 -0.0027 -0.0009 0.0062 -0.0060 0.0117 
263 4.2951 -0.0182 -0.0007 0.0026 0.0085 -0.0008 0.0058 
264 4.3115 -0.0119 0.0006 0.0047 0.0062 0.0038 -0.0030 
265 4.3279 -0.0010 0.0013 0.0042 0.0011 0.0058 -0.0111 
266 4.3443 0.0095 0.0017 0.0016 -0.0038 0.0046 -0.0150 
267 4.3607 0.0147 0.0021 -0.0019 -0.0060 0.0015 -0.0125 
268 4.3770 0.0126 0.0022 -0.0042 -0.0050 -0.0020 -0.0043 
269 4.3934 0.0047 0.0016 -0.0041 -0.0021 -0.0041 0.0066 
270 4.4098 -0.0049 0.0001 -0.0018 0.0009 -0.0042 0.0153 
271 4.4262 -0.0114 -0.0018 0.0015 0.0027 -0.0024 0.0177 
272 4.4426 -0.0116 -0.0032 0.0037 0.0033 0.0003 0.0120 
273 4.4590 -0.0060 -0.0032 0.0038 0.0030 0.0027 0.0003 
274 4.4754 0.0023 -0.0015 0.0018 0.0022 0.0038 -0.0123 
275 4.4918 0.0087 0.0012 -0.0010 0.0006 0.0033 -0.0198 
276 4.5082 0.0101 0.0036 -0.0030 -0.0017 0.0015 -0.0183 
277 4.5246 0.0062 0.0042 -0.0031 -0.0040 -0.0009 -0.0080 
278 4.5410 -0.0005 0.0026 -0.0016 -0.0050 -0.0029 0.0067 
279 4.5574 -0.0063 -0.0005 0.0005 -0.0034 -0.0037 0.0186 
280 4.5738 -0.0082 -0.0035 0.0021 0.0006 -0 .0030 0.0219 
281 4.5902 -0.0058 -0.0047 0.0024 0.0052 -0.0010 0.0146 
282 4.6066 -0.0008 -0.0036 0.0014 0.0074 0.0014 0.0000 
283 4.6230 0.0038 -0.0006 0.0000 0.0054 0.0033 -0.0148 
284 4.6393 0.0059 0.0027 -0.0012 -0.0004 0.0037 -0.0225 
285 4.6557 0.0047 0.0046 -0.0017 -0.0067 0.0025 -0.0190 
286 4.6721 0.0016 0.0041 -0.0013 -0.0095 0.0001 -0.0061 
287 4.6885 -0.0016 0.0017 -0.0004 -0.0067 -0.0024 0.0097 
288 4.7049 -0.0033 -0.0014 0.0005 0.0006 -0.0037 0.0205 
289 4.7213 -0.0031 -0.0036 0.0012 0.0082 -0.0032 0.0209 
290 4.7377 -0.0016 -0.0039 0.0013 0.0112 -0.0010 0.0109 
291 4.7541 0.0001 -0.0023 0.0009 0.0075 0.0015 -0.0043 
292 4.7705 0.0011 0.0001 0.0001 -0.0010 0.0032 -0.0169 
293 4.7869 0.0012 0.0021 -0.0008 -0.0093 0.0032 -0.0206 
294 4.8033 0.0009 0.0028 -0.0013 -0.0123 0.0015 -0.0141 
295 4.8197 0.0005 0.0021 -0.0012 -0.0080 -0.0009 -0.0009 
296 4.8361 0.0004 0.0005 -0.0004 0.0011 -0.0026 0.0121 
297 4.8525 0.0005 -0.0009 0.0005 0.0097 -0.0028 0.0186 
298 4.8689 0.0003 -0.0015 0.0012 0.0127 -0.0016 0.0159 
299 4.8852 -0.0002 -0.0012 0.0012 0.0083 0.0004 0.0057 
300 4.9016 -0.0010 -0.0003 0.0005 -0.0008 0.0019 -0.0066 
301 4.9180 -0.0016 0.0005 -0.0004 -0.0094 0.0023 -0.0151 
302 4.9344 -0.0016 0.0007 -0.0009 -0.0125 0.0015 -0.0161 
303 4.9508 -0.0008 0.0002 -0.0009 -0.0085 0.0001 -0.0096 
304 4.9672 0.0005 -0.0004 -0.0003 0.0000 -0.0012 0.0008 



Index 
305 0.0018 -0.0009 0.0003 0.0083 -0.0017 0.0103 

8.1.3 Symmetrically Notched Square Plate Monopole (SN-SPM) 
Antenna 

Index t (ns) . b* . d* . ( a c e 
1 0.0000 -0.0016 -0.0066 0.0010 0.0047 -0.0059 -0.0059 
2 0.0164 -0.0026 -0.0109 0.0020 0.0050 -0.0058 0.0033 
3 0.0328 -0.0022 -0.0115 0.0019 0.0027 -0.0031 0.0110 
4 0.0492 -0.0009 -0.0081 0.0008 -0.0014 0.0012 0.0122 
5 0.0656 0.0006 ·-0.0020 -0.0007 -0.0052 . 0.0051 0.0057 
6 0.0820 0.0014 0.0047 -0.0018 -0.0066 0.0066 -0.0049 
7 0.0984 0.0013 0.0095 -0.0018 -0.0045 0.0050 -0.0132 
8 0.1148 0.0005 0.0108 -0.0009 0.0003 0.0010 -0.0136 
9 0.1311 -0.0004 0.0085 0.0004 0.0053 -0.0036 -0.0055 
10 0.1475 -0.0008 0.0036 0.0015 0.0077 -0.0065 0.0065 
11 0.1639 -0.0004 -0.0019 0.0017 0.0059 -0.0063 0.0153 
12 0.1803 0.0003 -0.0062 0.0010 0.0006 -0.0030 0.0151 
13 0.1967 0.0010 -0.0082 -0.0001 -0.0051 0.001 7 0.0057 
14 0.2131 0.0009 -0.0075 -0.0012 -0.0081 0.0057 -0.0075 
15 0.2295 0.0001 -0.0046 -0.0015 -0.0064 0.0068 -0.0166 
16 0.2459 -0.0010 -0.0008 -0.0011 -0.0011 0.0047 -0.0159 
17 0.2623 -0.0018 0.0028 -0.0001 0.0048 0.0003 -0.0058 
18 0.2787 -0.001 6 0.0050 0.0008 0.0079 -0.0042 0.0078 
19 0.2951 -0.0005 0.0052 0.001 3 0.0063 -0.0066 0.0167 
20 0.3115 0.0011 0.0038 0.0010 0.001 1 -0.0058 0.0156 
21 0.3279 0.0023 0.0016 0.0003 -0.0046 -0.0022 0.0053 
22 0.3443 0.0024 -0.0001 -0.0005 -0.0072 0.0024 -0.0078 
23 0.3607 0.0012 -0.0008 -0.0009 -0.0055 0.0057 -0.0159 
24 0.3770 -0.0007 -0.0008 -0.0008 -0.0006 0.0062 -0.0140 
25 0.3934 -0.0022 -0.0006 -0.0003 0.0044 0.0036 -0.0038 
26 0.4098 -0.0026 -0.0013 0.0002 0.0063 -0.0007 0.0083 
27 0.4262 -0.0016 -0.0028 0.0005 0.0043 -0.0044 0.0148 
28 0.4426 0.0001 -0.0044 0.0006 -0.0002 -0.0059 0.0117 
29 0.4590 0.0016 -0.0047 0.0004 -0.0041 -0.0044 0.0015 
30 0.4754 0.0022 -0.0027 0.0001 -0.0051 -0.0009 -0.0094 
31 0.4918 0.0016 0.0014 -0.0001 -0.0028 0.0029 -0.0139 
32 0.5082 0.0002 0.0060 -0.0003 0.0011 0.0050 -0.0094 
33 0.5246 -0.0011 0.0088 -0.0004 0.0038 0.0046 0.0012 
34 0.5410 -0.0016 0.0083 -0.0004 0.0038 0.0020 0.0109 
35 0.5574 -0.0012 0.0044 -0.0004 0.0012 -0.0014 0.0137 
36 0.5738 -0.0002 -0.0015 -0.0001 -0.0019 -0.0038 0.0077 
37 0.5902 0.0008 -0.0069 0.0004 -0.0033 -0.0043 -0.0033 
38 0.6066 0.0011 -0.0097 0.0008 -0 .0023 -0.0027 -0.0125 
39 0.6230 0.0007 -0.0090 0.0009 0.0002 0.0001 -0.0140 
40 0.6393 -0.0001 -0.0054 0.0005 0.0024 0.0025 -0 .0070 
41 0.6557 -0.0007 -0.0006 -0.0003 0.0027 0.0035 0.0043 
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42 0.6721 -0.0008 0.0040 -0.0011 0.0010 0.0027 0.0133 
43 0.6885 -0.0004 0.0073 -0.0015 -0.0013 0.0008 0.0146 
44 0.7049 0.0003 0.0087 -0.0010 -0.0026 -0.0012 0.0075 
45 0.7213 0.0008 0.0082 0.0002 -0.0019 -0.0023 -0.0037 
46 0.7377 0.0008 0.0056 0.0014 0.0002 -0.0022 -0.0127 
47 0.7541 0.0002 0.0012 0.0020 0.0020 -0.0012 -0.0146 
48 0.7705 -0.0005 -0.0045 0.0014 0.0023 0.0001 -0.0087 
49 0.7869 -0.0009 -0.0098 0.0000 0.0009 0.0010 0.0015 
50 0.8033 -0.0008 -0.0125 -0.0015 -0.0012 0.0013 0.0103 
51 0.8197 -0.0002 -0.0110 -0.0022 -0.0024 0.0010 0.0133 
52 0.8361 0.0006 -0.0050 -0.0018 -0.0018 0.0005 0.0095 
53 0.8525 0.0010 0.0036 -0.0003 0.0002 0.0001 0.0013 
54 0.8689 0.0008 0.0116 0.0014 0.0021 -0.0001 -0.0066 
55 0.8852 0.0002 0.0154 0.0023 0.0025 -0.0002 -0.0105 
56 0.9016 -0.0006 0.0134 0.0020 0.0012 -0.0004 -0.0090 
57 0.9180 -0.0011 0.0061 0.0006 -0.0011 -0.0007 -0.0036 
58 0.9344 -0.0010 -0.0035 -0.0011 -0.0026 -0.0010 0.0027 
59 0.9508 -0.0003 -0.0115 -0.0021 -0.0024 -0.0009 0.0067 
60 0.9672 0.0006 -0.0148 -0.0020 -0.0006 -0.0003 0.0072 
61 0.9836 0.0012 -0.0126 -0.0008 0.0016 0.0007 0.0044 
62 1.0000 0.0011 -0.0062 0.0006 0.0027 0.0016 0.0001 
63 1.0164 0.0004 0.0018 0.0016 0.0019 0.0019 -0.0034 
64 1.0328 -0.0005 0.0086 0.0017 -0.0001 0.0014 -0.0047 
65 1.0492 -0.0011 0.0121 0.0010 -0.0019 0.0001 -0.0037 
66 1.0656 -0.0010 0.0116 -0.0002 -0.0024 -0.0015 -0.0012 
67 1.0820 -0.0004 0.0075 -0.0011 -0.0012 -0.0026 0.0015 
68 1.0984 0.0004 0.0011 -0.0014 0.0007 -0.0027 0.0029 
69 1.1148 0.0008 -0.0057 -0.0010 0.0020 -0.0014 0.0026 
70 1.1311 0.0006 -0.0107 -0.0002 0.0018 0.0007 0.0008 
71 1.1475 0.0000 -0.0121 0.0005 0.0004 0.0027 -0.0014 
72 1.1639 -0.0006 -0.0089 0.0010 -0.0012 0.0037 -0.0027 
73 1.1803 -0.0006 -0.0018 0.0009 -0.0019 0.0028 -0.0023 
74 1.1967 0.0001 0.0065 0.0005 -0.0011 0.0005 -0.0003 
75 1.2131 0.0011 0.0122 0.0000 0.0004 -0.0022 0.0022 
76 1.2295 0.0016 0.0124 -0.0006 0.0015 -0.0040 0.0038 
77 1.2459 0.0009 0.0064 -0.0008 0.0015 -0.0039 0.0033 
78 1.2623 -0.0007 -0.0032 -0.0007 0.0003 -0.0019 0.0008 
79 1.2787 -0.0025 -0.0115 -0.0003 -0.0011 0.0011 -0.0026 
80 1.2951 -0.0033 -0 .0139 0.0002 -0.0016 0.0035 -0.0051 
81 1.3115 -0.0021 -0.0085 0.0007 -0.0008 0.0043 -0.0052 
82 1.3279 0.0007 0.0022 0.0009 0.0007 0.0030 -0.0027 
83 1.3443 0.0038 0.0127 0.0006 0.0018 0.0004 0.0015 
84 1.3607 0.0054 0.0168 0.0000 0.0015 -0.0023 0.0052 
85 1.3770 0.0042 0.0116 -0.0006 0.0000 -0.0038 0.0066 
86 1.3934 0.0004 -0.0010 -0.0009 -0.0017 -0.0037 0.0050 
87 1.4098 -0.0042 -0.0146 -0.0008 -0.0023 -0.0020 0.0010 
88 1.4262 -0.0072 -0.0217 -0.0002 -0.0013 0.0005 -0.0035 
89 1.4426 -0.0068 -0 .0179 0.0005 0.0008 0.0027 -0.0063 
90 1.4590 -0.0028 -0.0043 0.0009 0.0025 0.0038 -0.0063 
91 1.4754 0.0030 0.0127 0.0009 0.0026 0.0032 -0.0037 
92 1.4918 0.0077 0.0247 0.0003 0.0009 0.0013 0.0003 
93 1.5082 0.0088 0.0254 -0.0004 -0.0015 -0.0013 0.0039 
94 1.5246 0.0057 0.0142 -0.0009 -0.0029 -0.0033 0.0057 
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95 1.5410 -0.0004 -0.0039 -0 .0009 -0.0023 -0.0040 0.0052 
96 1.5574 -0.0065 -0.0204 -0 .0004 -0.0002 -0.0028 0.0028 
97 1.5738 -0.0096 -0.0280 0.0002 0.0020 -0.0002 -0.0003 
98 1.5902 -0.0083 -0 .0235 0.0007 0.0028 0.0026 -0.0030 
99 1.6066 -0.0031 -0.0096 0.0009 0.0015 0.0043 -0.0046 
100 1.6230 0.0036 0.0075 0.0005 -0.0009 0.0039 -0.0045 
101 1.6393 0.0086 0.0206 -0.0001 -0.0027 0.0015 -0.0031 
102 1.6557 0.0097 0.0251 -0.0006 -0.0024 -0.0017 -0.0006 
103 1.6721 0.0064 0.0201 -0.0008 -0.0002 -0.0041 0.0022 
104 1.6885 0.0002 0.0085 -0.0006 0.0023 -0.0044 0.0043 
105 1.7049 -0.0059 -0.0049 -0.0001 0.0033 -0.0024 0.0049 
106 1.7213 -0.0094 -0.0156 0.0005 0.0019 0.0008 0.0037 
107 1.7377 -0.0085 -0.0204 0.0007 -0.0011 0.0035 0.0010 
108 1.7541 -0.0039 -0.0184 0.0006 -0.0037 0.0044 -0.0023 
109 1.7705 0.0025 -0.0109 0.0002 -0.0040 0.0030 -0.0048 
110 1.7869 0.0075 -0.0006 -0.0003 -0.0014 0.0002 -0.0053 
111 1.8033 0.0090 0.0093 -0 .0006 0.0025 -0.0025 -0.0037 
112 1.8197 0.0063 0.0159 -0 .0005 0.0050 -0.0039 -0.0005 
113 1.8361 0.0008 0.0174 -0.0002 0.0045 -0.0033 0.0029 
114 1.8525 -0.0048 0.0137 0.0002 0.0009 -0.0012 0.0049 
115 1.8689 -0.0078 0.0060 0.0004 -0.0036 0.0014 0.0048 
116 1.8852 -0.0068 -0.0032 0.0004 -0.0061 0.0032 0.0028 
117 1.9016 -0.0027 -0.0112 0.0002 -0.0049 0.0034 -0.0002 
118 1.9180 0.0024 -0.0159 0.0000 -0.0005 0.0020 -0.0028 
119 1.9344 0.0057 -0.0158 -0 .0002 0.0044 -0.0002 -0.0040 
120 1.9508 0.0058 -0.0109 -0 .0003 0.0068 -0.0023 -0.0036 
121 1.9672 0.0030 -0.0024 -0.0002 0.0052 -0.0033 -0.0020 
122 1.9836 -0.0009 0.0074 -0.0002 0.0004 -0.0028 -0.0001 
123 2.0000 -0.0036 0.0151 -0 .0001 -0.0047 -0.0010 0.0014 
124 2.0164 -0.0039 0.0178 0.0001 -0.0070 0.0014 0.0024 
125 2.0328 -0.0020 0.0139 0.0002 -0.0053 0.0031 0.0028 
126 2.0492 0.0006 0.0045 0.0003 -0.0005 0.0035 0.0026 
127 2.0656 0.0023 -0.0068 0.0004 0.0044 0.0021 0.0019 
128 2.0820 0.0022 -0.0152 0.0002 0.0067 -0.0003 0.0004 
129 2.0984 0.0007 -0.0171 -0.0001 0.0050 -0.0027 -0.0017 
130 2.1148 -0.0010 -0.011 6 -0.0005 0.0006 -0.0039 -0.0036 
131 2.1311 -0.0018 -0.0016 -0.0006 -0.0039 -0.0032 -0.0046 
132 2.1475 -0.0013 0.0080 -0.0005 -0.0059 -0.0009 -0.0037 
133 2.1639 0.0000 0.0130 -0.0001 -0.0046 0.0020 -0.0010 
134 2.1803 0.0013 0.0114 0.0004 -0.0008 0.0039 0.0027 
135 2.1967 0.0018 0.0051 0.0008 0.0032 0.0040 0.0057 
136 2.2131 0.0013 -0.0024 0.0008 0.0052 0.0023 0.0063 
137 2.2295 0.0002 -0.0071 0.0004 0.0041 -0.0006 0.0040 
138 2.2459 -0.0010 -0.0076 -0 .0002 0.0009 -0.0032 -0.0004 
139 2.2623 -0.0016 -0.0044 -0.0009 -0.0027 -0.0044 -0.0050 
140 2.2787 -0.0017 0.0000 -0.0013 -0.0047 -0.0038 -0.0076 
141 2.2951 -0.0013 0.0035 -0.0012 -0.0041 -0.0016 -0.0066 
142 2.3115 -0.0005 0.0049 -0 .0006 -0.0011 0.0013 -0.0023 
143 2.3279 0.0006 0.0045 0.0007 0.0027 0.0038 0.0034 
144 2.3443 0.0019 0.0027 0.0021 0.0053 0.0052 0.0081 
145 2.3607 0.0031 0.0000 0.0031 0.0052 0.0049 0.0091 
146 2.3770 0.0036 -0.0036 0.0027 0.0020 0.0029 0.0056 
147 2.3934 0.0025 -0.0076 0.0004 -0.0034 -0.0009 -0.0018 
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148 2.4098 -0.0006 -0.0106 -0.0036 -0.0084 -0.0058 -0.0100 
149 2.4262 -0.0052 -0.0100 -0.0074 -0.0098 -0.0103 -0.0149 
150 2.4426 -0.0094 -0.0034 -0.0085 -0.0054 -0.0119 -0.0125 
151 2.4590 -0.0104 0.0091 -0.0043 0.0046 -0.0079 -0.0014 
152 2.4754 -0.0055 0.0238 0.0053 0.0163 0.0029 0.0153 
153 2.4918 0.0055 0.0330 0.0165 0.0225 0.0177 0.0296 
154 2.5082 0.0190 0.0281 0.0225 0.0164 0.0298 0.0315 
155 2.5246 0.0278 0.0048 0.0164 -0.0036 0.0298 0.0139 
156 2.5410 0.0238 -0.0327 -0.0040 -0.0308 0.0114 -0.0210 
157 2.5574 0.0031 -0.0689 -0.0319 -0.0503 -0.0232 -0.0587 
158 2.5738 -0.0294 -0.0824 -0.0519 -0.0454 -0.0598 -0.0761 
159 2.5902 -0.0588 -0.0552 -0.0470 -0.0086 -0.0762 -0.0531 
160 2.6066 -0.0656 0.0138 -0.0090 0.0497 -0.0527 0.0129 
161 2.6230 -0 .0361 0.1022 0.0513 0.1002 0.0131 0.0981 
162 2.6393 0.0268 0.1669 0.1036 0.1 070 0.0977 0.1570 
163 2.6557 0.0983 0.1629 0.1 106 0.0490 0.1562 0.1433 
164 2.6721 0.1393 0.0685 0.0503 -0.0609 0.1426 0.0390 
165 2.6885 0.1154 -0.0934 -0.0637 -0.1717 0.0394 -0.1241 
166 2.7049 0.0185 -0.2545 -0.1779 -0.2141 -0.1218 -0.2675 
167 2.7213 -0 .1192 -0.3266 -0.2203 -0.1398 -0.2635 -0.3005 
168 2.7377 -0.2326 -0.2459 -0.1413 0.0414 -0.2957 -0.1714 
169 2.7541 -0 .2520 -0.0159 0.0471 0.2496 -0.1678 0.0896 
170 2.7705 -0.1420 0.2774 0.2608 0.3659 0.0896 0.3668 
171 2.7869 0.0699 0.4943 0.3760 0.2960 0.3616 0.5068 
172 2.8033 0.2946 0.5062 0.2972 0.0362 0.4968 0.4003 
173 2.8197 0.4171 0.2673 0.0247 -0.3026 0.3883 0.0556 
174 2.8361 0.3537 -0.1453 -0.3227 -0.5373 0.0464 -0.3828 
175 2.8525 0.1027 -0.5530 -0.5§42 -0.5089 -0.3841 -0.6923 
176 2.8689 -0 .2414 -0.7535 -0.5098 -0.1 852 -0.6827 -0.6856 
177 2.8852 -0.5228 -0.6224 -0. 1649 0.2964 -0.6668 ·-0.3221 
178 2.9016 -0.5958 -0.1858 0.3297 0.6824 -0.3004 0.2501 
179 2.9180 -0.3992 0.3791 0.7095 0.7370 0.2657 0.7537 
180 2.9344 0.0045 0.8190 0.7385 0.3860 0.7555 0.9210 
181 2.9508 0.4488 0.9236 0.3555 -0.2171 0.9068 0.6412 
182 2.9672 0.7342 0.6290 -0.2659 -0.7553 0.6155 0.0306 
183 2.9836 0.7201 0.0515 -0.7941 -0.9178 0.0029 -0.6172 
184 3.0000 0.3919 -0.5630 -0.9201 -0.5844 -0.6367 -0.9802 
185 3.0164 -0.1263 -0.9523 -0.5436 0.0881 -0.9853 -0.8767 
186 3.0328 -0.6221 -0.9544 0.1514 0.7383 -0.8672 -0.3608 
187 3.0492 -0.8843 -0.5760 0.7861 1.0000 -0.3405 0.3082 
188 3.0656 -0 .7929 0.0196 1.0000 0.7161 0.3342 0.8041 
189 3.0820 -0.3719 0.5896 0.6640 0.0382 0.8319 0.9025 
190 3.0984 0.2174 0.9170 -0.0366 -0.6543 0.9279 0.5869 
191 3.1148 0.7391 0.8942 -0.7045 -0.9721 0.6032 0.0411 
192 3.1311 0.9776 0.5527 -0.9626 -0.7432 0.0383 -0.4606 
193 3.1475 0.8271 0.0371 -0.6756 -0.1120 -0.4917 -0.6976 
194 3.1639 0.3389 -0.4607 -0.0271 0.5494 -0.7568 -0.6026 
195 3.1803 -0 .2937 -0.7736 0.5960 0.8649 -0.6734 -0.2705 
196 3.1967 -0 .8121 -0.8121 0.8382 0.6738 -0.3221 0.1124 
197 3.2131 -1.0000 -0.5847 0.5852 0.1170 0.1127 0.3732 
198 3.2295 -0.7790 -0.1829 0.0201 -0.4611 0.4398 0.4285 
199 3.2459 -0 .2454 0.2553 -0.5026 -0.7263 0.5430 0.3029 
200 3.2623 0.3701 0.5916 -0.6799 -0.5508 0.4164 0.0925 



201 

Index t (ns) * b* * d* * r a c e 
201 3.2787 0.8054 0.7282 -0.4388 -0.0745 0.1471 -0.0958 
202 3.2951 0.8858 0.6325 0.0369 0.3979 -0.1354 -0.1938 
203 3.3115 0.6001 0.3423 0.4385 0.5911 -0.3166 -0.1897 
204 3.3279 0.0986 -0.0476 0.5310 0.4197 -0.3396 -0.1175 
205 3.3443 -0.3860 -0.4144 0.2900 0.0214 -0.2202 -0.0287 
206 3.3607 -0.6520 -0.6424 -0.1029 -0.3462 -0.0320 0.0343 
207 3.3770 -0.6183 -0.6579 -0.3912 -0.4710 0.1306 0.0536 
208 3.3934 -0 .3468 -0.4545 -0.4087 -0.3072 0.1975 0.0379 
209 3.4098 0.0060 -0.0994 -0.1729 0.0161 0.1540 0.0119 
210 3.4262 0.2772 0.2848 0.1451 0.2914 0.0441 0.0004 
211 3.4426 0.3742 0.5605 0.3421 0.3648 -0.0583 0.0138 
212 3.4590 0.3037 0.6269 0.3109 0.2198 -0.0934 0.0417 
213 3.4754 0.1457 0.4621 0.0956 -0.0313 -0 .0506 0.0596 
214 3.4918 -0.0041 0.1357 -0.1534 -0.2303 0.0286 0.0453 
215 3.5082 -0.0861 -0.2183 -0.2833 -0.2718 0.0804 -0.0043 
216 3.5246 -0.0968 -0.4589 -0.2314 -0.1558 0.0628 -0.0676 
217 3.5410 -0.0730 -0.4995 -0.0515 0.0286 -0.0155 -0.1085 
218 3.5574 -0.0563 -0.3443 0.1347 0.1684 -0.1005 -0.0981 
219 3.5738 -0.0640 -0.0808 0.2188 0.1947 -0.1301 -0.0346 
220 3.5902 -0.0815 0.1674 0.1679 0.1129 -0.0769 0.0517 
221 3.6066 -0.0783 0.3009 0.0315 -0.0139 0.0316 0.1144 
222 3.6230 -0.0335 0.2879 -0.1004 -0.1108 0.1299 0.1179 
223 3.6393 0.0464 0.1679 -0.1560 -0.1341 0.1564 0.0593 
224 3.6557 0.1274 0.0204 -0.1192 -0.0871 0.0931 -0.0289 
225 3.6721 0.1665 -0.0825 -0.0274 -0.0076 -0.0230 -0.0975 
226 3.6885 0.1368 -0.1 105 0.0600 0.0595 -0.1233 -0.1094 
227 3.7049 0.0449 -0.0804 0.0993 0.0864 -0.1505 -0.0610 
228 3.7213 -0.0698 -0.0347 0.0819 0.0710 -0.0925 0.0171 
229 3.7377 ··0.1540 -0.0101 0.0306 0.0294 0.0129 0.0795 
230 3.7541 -0.1677 -0.0163 -0.0215 -0.0158 0.1031 0.0926 
231 3.7705 -0.1058 -0.0359 -0 .0506 -0 .0473 0.1289 0.0532 
232 3.7869 -0.0008 -0.0417 -0.0513 -0.0567 0.0817 -0.0121 
233 3.8033 0.0941 -0.0178 -0.0327 -0.0444 -0.0057 -0. 0647 
234 3.8197 0.1333 0.0296 -0.0082 -0.0168 -0.0815 -0.0769 
235 3.8361 0.1027 0.0760 0.0123 0.0155 -0.1060 -0.0463 
236 3. 8525 0.0256 0.0951 0.0249 0.0405 -0.0718 0.0055 
237 3.8689 -0.0522 0.0742 0.0288 0.0483 -0.0037 0.0480 
238 3.8852 -0.0885 0.0216 0.0245 0.0353 0.0588 0.0598 
239 3.9016 -0.0683 -0.0387 0.0127 0.0069 0.0842 0.0390 
240 3.9180 -0.0101 -0.0802 -0.0038 -·0.0239 0.0645 0.0018 
241 3.9344 0.0476 -0.0873 -0.0194 -0.0425 0.0156 -0.0294 
242 3.9508 0.0699 -0.0610 -0.0275 -0.0402 -0.0344 -0.0393 
243 3.9672 0.0455 -0.0164 -0.0238 -0.0186 -0.0611 -0.0270 
244 3.9836 -0.0083 0.0264 -0.0095 0.0107 -0.0552 -0.0037 
245 4.0000 -0 .0577 0.0523 0.0087 0.0323 -0.0245 0.0152 
246 4.0164 -0.0734 0.0559 0.0220 0.0360 0.0126 0.0203 
247 4.0328 -0.0468 0.0415 0.0241 0.0212 0.0379 0.0120 
248 4.0492 0.0060 0.0182 0.0148 -0.0027 0.0417 -0.0015 
249 4.0656 0.0554 -0.0051 -0.0005 -0.0225 0.0258 -0.0101 
250 4.0820 0.0753 -0.0226 -0.0138 -0.0284 0.0011 -0.0091 
251 4.0984 0.0570 -0.0318 -0.0189 -0.0189 -0.0195 -0.0004 
252 4.1148 0.0121 -0.0321 -0.0143 -0.0010 -0.0272 0.0090 
253 4.1311 -0.0353 -0.0241 -0 .0037 0.0151 -0.0208 0.0122 



202 

Index t (ns) 
. b* . d* . ( a c e 

254 4.1475 -0.0622 -0 .0093 0.0071 0.0212 -0.0059 0.0071 
255 4.1639 -0.0581 0.0084 0.0127 0.0156 0.0089 -0.0034 
256 4.1803 -0.0284 0.0236 0.0115 0.0028 0.0166 -0.0126 
257 4.1967 0.0102 0.0301 0.0050 -0.0096 0.0148 -0.0152 
258 4.2131 0.0390 0.0249 -0.0028 -0.0154 0.0060 -0.0097 
259 4.2295 0.0465 0.0098 -0.0080 -0.0128 -0.0044 0.0008 
260 4.2459 0.0326 ·-0 .0089 -0.0086 -0.0044 -0.0111 0.0106 
261 4.2623 0.0066 -0 .0227 -0.0050 0.0051 -0.0115 0.0146 
262 4.2787 -0.0181 -0 .0258 0.0004 0.0109 -0.0061 0.0113 
263 4.2951 -0.0306 -0 .0176 0.0048 0.0109 0.0018 0.0031 
264 4.3115 -0.0274 -0.0027 0.0064 0.0059 0.0083 -0.0056 
265 4.3279 -0.0123 0.0114 0.0047 -0.0012 0.0105 -0.0103 
266 4.3443 0.0060 0.0186 0.0011 -0.0071 0.0077 -0.0095 
267 4.3607 0.0185 0.0171 -0.0026 -0.0093 0.0015 -0.0045 
268 4.3770 0.0204 0.0091 -0.0046 -0.0070 -0.0052 0.0012 
269 4.3934 0.0123 -0.0007 -0.0042 -0.0016 -0.0093 0.0048 
270 4.4098 -0.0008 -0.0081 -0.0019 0.0043 -0.0092 0.0050 
271 4.4262 -0.0119 -0.0110 0.0009 0.0080 -0.0052 0.0029 
272 4.4426 -0.0160 -0.0098 0.0030 0.0077 0.0009 0.0005 
273 4.4590 -0.0119 -0.0062 0.0034 0.0034 0.0063 -0.0005 
274 4.4754 -0.0023 -0.0019 0.0023 -0.0027 0.0088 -0.0001 
275 4.4918 0.0077 0.0021 0.0003 -0.0073 0.0076 0.0006 
276 4.5082 0.0134 0.0052 -0.0015 -0.0080 0.0033 0.0002 
277 4.5246 0.0124 0.0069 -0.0024 -0.0044 -0.0019 -0.0015 
278 4.5410 0.0056 0.0069 -0.0023 0.0017 -0.0061 -0.0035 
279 4.5574 -0.0034 0.0049 -0.0012 0.0069 -0.0077 -0.0041 
280 4.5738 -0.0103 0.0015 0.0003 0.0083 -0.0061 -0.0023 
281 4.5902 -0.0123 -0.0022 0.0016 0.0050 -0.0022 0.0014 
282 4.6066 -0.0086 -0.0047 0.0021 -0.0010 0.0024 0.0051 
283 4.6230 -0.0012 -0.0054 0.0018 -0.0064 0.0060 0.0066 
284 4.6393 0.0063 -0.004:5 0.0006 -0.0082 0.0070 0.0048 
285 4.6557 0.0105 -0.00218 -0.0009 -0.0055 0.0051 0.0004 
286 4.6721 0.0097 -0.001 :3 -0 .0020 0.0000 0.0009 -0.0046 
287 4.6885 0.0046 -0.0002 -0.0021 0.0053 -0.0036 -0.0076 
288 4.7049 -0.0022 0.0010 -0.0012 0.0075 -0.0065 -0.0071 
289 4.7213 -0.0075 0.0026 0.0004 0.0056 -0.0064 -0.0033 
290 4.7377 -0.0089 0.0044 0.0018 0.0011 -0.0033 0.0022 
291 4.7541 -0.0062 0.0058 0.0023 -0.0035 0.0014 0.0069 
292 4.7705 -0.0008 0.0056 0.0016 -0.0060 0.0053 0.0086 
293 4.7869 0.0045 0.0032 0.0000 -0.0053 0.0066 0.0064 
294 4.8033 0.0071 -O.OOOS -0.0017 -0.0022 0.0047 0.0010 
295 4.8197 0.0061 -0.0052 -0.0024 0.0014 0.0006 -0.0051 
296 4.8361 0.0024 -0.008:3 -0.0018 0.0039 -0.0037 -0.0091 
297 4.8525 -0.0021 -0.008S -0.0003 0.0045 -0.0061 -0.0088 
298 4.8689 -0.0050 -0.0064 0.0015 0.0032 -0.0056 -0.0039 
299 4.8852 -0.0052 -0.0019 0.0024 0.0008 -0.0026 0.0033 
300 4.9016 -0.0029 0.00355 0.0019 -0.0017 0.0016 0.0092 
301 4.9180 0.0004 0.0080) 0.0005 -0.0035 0.0050 0.0103 
302 4.9344 0.0031 0.01033 -0.0012 -0.0040 0.0061 0.0056 
303 4.9508 0.0040 0.00955 -0.0022 -0.0030 0.0044 -0.0026 
304 4.9672 0.0028 0.0056) -0.0020 -0.0006 0.0007 -0.0096 
305 4.9836 0.0006 -0.000£4 -0.0006 0.0024 -0.0033 -0.0112 



8.2 Printed CPW-fed UWB Antenna 

Index of antenna positioning schemes for the printed CPW-fed antenna: 

a*: Face-to-face with substrates facing each other 

203 

b *: Narrow sides of substrate facing each other with antennas looking at identical 

direction 

c *: Face-to-face with antennas facing each other 

d*: Narrow sides of substrate facing each other but antennas looking at opposite 

directions 

e *: NaiTow side of one substrate facing antetma of the other one forming aT -section 

r*: Narrow side of one substrate facing the wide substrate side of the other one forming 

aT-section 

g *: Antenna side of one facing the wide substrate side of the other one 

Index t (ns) * b* . d. . ( . a c e 9 
1 0.0000 -0.0163 -0.0045 0.0110 -0.0048 0.0097 -0.0171 -0.0088 
2 0.0164 -0.0024 -0.0049 0.0236 0.0097 -0.0055 -0.0120 0.0029 
3 0.0328 0.0122 -0.0028 0.0177 0.0192 -0.0187 -0.0005 0.0133 
4 0.0492 0.0199 0.0004 -0.0022 0.0188 -0.0247 0.0112 0.0179 
5 0.0656 0.0171 0.0029 -0.0209 0.0090 -0.0208 0.0168 0.0146 
6 0.0820 0.0057 0.0037 -0.0240 -0.0049 -0.0081 0.0132 0.0046 
7 0.0984 -0.0082 0.0025 -0.0089 -0.0160 0.0091 0.0026 -0.0082 
8 0.1148 -0.0174 0.0003 0.0133 -0.0190 0.0238 -0.0090 -0.0178 
9 0.1311 -0.0176 -0.0017 0.0259 -0.0129 0.0293 -0.0154 -0.0196 
10 0.1475 -0.0093 -0.0025 0.0194 -0.0009 0.0219 -0.0130 -0.0118 
11 0.1639 0.0033 -0.0021 -0.0016 0.0109 0.0036 -0.0037 0.0023 
12 0.1803 0.0137 -0.0007 -0.0216 0.0172 -0.0184 0.0072 0.0162 
13 0.1 967 0.0173 0.0007 -0.0258 0.0154 -0.0338 0.0136 0.0224 
14 0.2131 0.0126 0.0014 -0.0111 0.0066 -0.0343 0.0121 0.0173 
15 0.2295 0.0022 0.0013 0.0117 -0.0049 -0.0178 0.0039 0.0029 
16 0.2459 -0.0089 0.0007 0.0260 -0.0138 0.0091 -0.0061 -0.0133 
17 0.2623 -0.0156 -0.0001 0.0212 -0.0161 0.0338 -0.0121 -0.0226 
18 0.2787 -0.0150 -0.0005 0.0010 -0.0108 0.0434 -0.0109 -0.0198 
19 0.2951 -0.0075 -0.0004 -0.0197 -0.0004 0.0318 -0.0036 -0.0065 
20 0.3115 0.0034 -0.0002 -0.0259 0.0099 0.0031 0.0054 0.0099 
21 0.3279 0.0125 0.0000 -0.0132 0.0152 -0.0290 0.0109 0.0204 
22 0.3443 0.0158 0.0000 0.0089 0.0130 -0.0482 0.0099 0.0195 
23 0.3607 0.0117 -0.0003 0.0243 0.0042 -0.0437 0.0032 0.0081 
24 0.3770 0.0022 -0.0004 0.0218 -0.0065 -0.0166 -0.0050 -0.0069 
25 0.3934 -0.0083 -0.0003 0.0036 -0.0136 0.0202 -0.0101 -0.0169 
26 0.4098 -0.0149 0.0000 -0.0170 -0.0136 0.0480 -0.0091 -0.0170 
27 0.4262 -0.0143 0.0004 -0.0249 -0.0065 0.0521 -0 .0030 -0.0080 
28 0.4426 -0.0070 0.0005 -0.0146 0.0039 0.0297 0.0046 0.0043 
29 0.4590 0.0036 0.0004 0.0060 0.0119 -0.0082 0.0093 0.0129 



Index t (ns) 
30 0.4754 
31 0.4918 
32 0.5082 
33 0.5246 
34 0.5410 
35 0.5574 
36 0.5738 
37 0.5902 
38 0.6066 
39 0.6230 
40 0.6393 
41 0.6557 
42 0.6721 
43 0.6885 
44 0.7049 
45 0.7213 
46 0.7377 
47 0.7541 
48 0.7705 
49 0.7869 
50 0.8033 
51 0.8197 
52 0.8361 
53 0.8525 
54 0.8689 
55 0.8852 
56 0.9016 
57 0.9180 
58 0.9344 
59 0.9508 
60 0.9672 
61 0.9836 
62 1.0000 
63 1.0164 
64 1.0328 
65 1.0492 
66 1.0656 
67 1.0820 
68 1.0984 
69 1.1148 
70 1.1311 
71 1.1475 
72 1.1639 
73 1.1803 
74 1.1967 
75 1.2131 
76 1.2295 
77 1.2459 
78 1.2623 
79 1.2787 
80 1.2951 
81 1.3115 
82 1.3279 

0.0122 
0.0149 
0.0103 
0.0012 
-0.0081 
-0.0130 
-0.0117 
-0.0052 
0.0029 
0.0089 
0.0105 
0.0077 
0.0023 
-0.0032 
-0.0069 
-0.0078 
-0.0061 
-0.0026 
0.0017 
0.0053 
0.0073 
0.0067 
0.0038 
-0.0007 
-0.0052 
-0.0078 
-0.0077 
-0.0045 
0.0006 
0.0057 
0.0090 
0.0088 
0.0050 
-0.0013 
-0.0076 
-0.0109 
-0.0095 
-0.0036 
0.0044 
0.0106 
0.0120 
0.0076 
-0.0005 
-0.0084 
-0.0120 
-0.0097 
-0.0028 
0.0052 
0.0103 
0.0101 
0.0051 
-0.0020 
-0.0078 

0.0002 
0.0000 
-0.0001 
-0.0001 
-0.0002 
-0.0004 
-0.0006 
-0.0006 
-0.0003 
0.0004 
0.0010 
0.0013 
0.0009 
0.0001 
-0.0009 
-0.0015 
-0.0014 
-0.0007 
0.0003 
0.0011 
0.0014 
0.0011 
0.0004 
-0.0003 
-0 .0009 
-0.0011 
-0.0008 
-0.0003 
0.0002 
0.0006 
0.0008 
0.0006 
0.0003 
-0.0001 
-0.0003 
-0.0004 
-0.0004 
-0.0004 
-0.0003 
-0.0002 
0.0001 
0.0004 
0.0007 
0.0007 
0.0003 
-0.0001 
-0.0006 
-0.0008 
-0.0006 
-0.0002 
0.0001 
0.0004 
0.0005 

0.0218 
0.0215 
0.0057 
-0.0138 
-0.0229 
-0.0150 
0.0035 
0.0190 
0.0203 
0.0066 
-0.0117 
-0.0211 
-0.0148 
0.0024 
0.0178 
0.0201 
0.0078 
-0.0103 
-0.0209 
-0.0164 
-0.0001 
0.0162 
0.0209 
0.0107 
-0.0071 
-0.0197 
-0.0182 
-0.0037 
0.0132 
0.0206 
0.0132 
-0.0036 
-0.0177 
-0.0190 
-0.0067 
0.0105 
0.0201 
0.0152 
-0.0006 
-0.0161 
-0.0199 
-0.0094 
0.0081 
0.0198 
0.0172 
0.0021 
-0.0147 
-0.0209 
-0.0119 
0.0059 
0.0196 
0.0191 
0.0046 

0.0134 
0.0077 
-0.0019 
-0.0102 
-0.0128 
-0.0085 
0.0001 
0.0084 
0.0119 
0.0091 
0.0017 
-0.0063 
-0.0107 
-0.0094 
-0.0034 
0.0041 
0.0092 
0.0093 
0.0046 
-0.0022 
-0.0076 
-0.0088 
-0.0054 
0.0006 
0.0061 
0.0082 
0.0058 
0.0005 
-0.0049 
-0.0075 
-0.0061 
-0.0015 
0.0037 
0.0068 
0.0062 
0.0024 
-0.0025 
-0.0059 
-0.0061 
-0.0031 
0.0013 
0.0048 
0.0056 
0.0035 
-0.0002 
-0.0036 
-0.0049 
-0.0035 
-0.0005 
0.0025 
0.0040 
0.0033 
0.0009 

-0.0425 
-0.0557 
-0.0407 
-0.0053 
0.0326 
0.0539 
0.0480 
0.0185 
-0.0195 
-0.0470 
-0.0507 
-0.0296 
0.0050 
0.0360 
0.0484 
0.0373 
0.0090 
-0.0223 
-0.0416 
-0.0406 
-0.0208 
0.0076 
0.0312 
0.0395 
0.0293 
0.0064 
-0.0186 
-0.0342 
-0.0339 
-0.0184 
0.0050 
0.0256 
0.0343 
0.0274 
0.0082 
-0.0146 
-0.0307 
-0.0327 
-0.0196 
0.0025 
0.0236 
0.0337 
0.0282 
0.0095 
-0.0137 
-0.0304 
-0.0329 
-0.0200 
0.0021 
0.0231 
0.0333 
0.0279 
0.0098 

( 
0.0085 
0.0029 
-0.0041 
-0.0084 
-0.0079 
-0.0030 
0.0033 
0.0074 
0.0072 
0.0031 
-0.0024 
-0.0062 
-0 .0063 
-0.0032 
0.0013 
0.0046 
0.0052 
0.0031 
-0.0002 
-0.0030 
-0.0039 
-0.0028 
-0.0005 
0.0016 
0.0027 
0.0024 
0.0009 
-0.0008 
-0.0020 
-0.0021 
-0.0011 
0.0004 
0.0018 
0.0022 
0.0013 
-0.0003 
-0.0019 
-0.0025 
-0.0017 
0.0002 
0.0020 
0.0028 
0.0019 
0.0000 
-0.0020 
-0.0028 
-0.0020 
-0.0001 
0.0018 
0.0026 
0.0019 
0.0002 
-0.0015 

204 

0.0136 
0.0073 
-0.0018 
-0.0086 
-0.0101 
-0.0067 
-0.0010 
0.0041 
0.0068 
0.0066 
0.0041 
0.0002 
-0.0040 
-0.0071 
-0.0074 
-0.0041 
0.0019 
0.0078 
0.0102 
0.0069 
-0.0009 
-0.0088 
-0.0121 
-0.0083 
0.0009 
0.0099 
0.0132 
0.0084 
-0.0016 
-0.0107 
-0.0132 
-0.0075 
0.0026 
0.0109 
0.0122 
0.0061 
-0.0033 
-0.0100 
-0.0103 
-0.0044 
0.0033 
0.0081 
0.0075 
0.0028 
-0.0026 
-0.0054 
-0.0045 
-0.0014 
0.0014 
0.0023 
0.0017 
0.0007 
0.0003 



Index 
83 
84 
85 
86 
87 
88 
89 
90 
91 
92 
93 
94 
95 
96 
97 
98 
99 

100 
101 
102 
103 
104 
105 
106 
107 
108 
109 
110 
111 
112 
113 
114 
115 
116 
117 
118 
119 
120 
121 
122 
123 
124 
125 
126 
127 
128 
129 
130 
131 
132 
133 
134 
135 

t (ns) 
1.3443 
1.3607 
1.3770 
1.3934 
1.4098 
1.4262 
1.4426 
1.4590 
1.4754 
1.4918 
1.5082 
1.5246 
1.5410 
1.5574 
1.5738 
1.5902 
1.6066 
1.6230 
1.6393 
1.6557 
1.6721 
1.6885 
1.7049 
1.7213 
1.7377 
1.7541 
1.7705 
1.7869 
1.8033 
1.8197 
1.8361 
1.8525 
1.8689 
1.8852 
1.9016 
1.9180 
1.9344 
1.9508 
1.9672 
1.9836 
2.0000 
2.0164 
2.0328 
2.0492 
2.0656 
2.0820 
2.0984 
2.1148 
2.1311 
2.1475 
2.1639 
2.1803 
2.1967 

-0.0096 
-0.0066 
-0.0005 
0.0057 
0.0089 
0.0076 
0.0023 
-0.0042 
-0.0086 
-0.0085 
-0.0038 
0.0031 
0.0086 
0.0097 
0.0055 
-0.0018 
-0.0085 
-0.0109 
-0.0078 
-0.0004 
0.0074 
0.0118 
0.0104 
0.0039 
-0.0047 
-0.0114 
-0.0128 
-0.0082 
0.0004 
0.0091 
0.0137 
0.0120 
0.0049 
-0.0044 
-0.0113 
-0.0129 
-0.0090 
-0.0019 
0.0045 
0.0079 
0.0080 
0.0065 
0.0054 
0.0049 
0.0031 
-0.0023 
-0.0120 
-0.0223 
-0.0268 
-0.0190 
0.0026 
0.0317 
0.0556 

0.0005 
0.0004 
0.0002 
0.0000 
-0.0004 
-0.0007 
-0.0007 
-0.0005 
0.0000 
0.0005 
0.0008 
0.0007 
0.0004 
0.0000 
-0.0003 
-0.0004 
-0.0005 
-0.0005 
-0.0004 
-0.0002 
0.0001 
0.0006 
0.0011 
0.0013 
0.0010 
0.0001 
-0.0013 
-0.0029 
-0.0037 
-0.0027 
0.0007 
0.0057 
0.0099 
0.0100 
0.0034 
-0.0093 
-0.0229 
-0.0284 
-0.0181 
0.0094 
0.0440 
0.0666 
0.0568 
0.0072 
-0.0673 
-0.1298 
-0.1366 
-0.0635 
0.0725 
0.2095 
0.2657 
0.1837 
-0.0264 

-0.0134 
-0.0218 
-0.0143 
0.0039 
0.0194 
0.0208 
0.0069 
-0.0123 
-0.0226 
-0.0164 
0.0021 
0.0192 
0.0224 
0.0090 
-0.0111 
-0.0233 
-0.0184 
0.0002 
0.0187 
0.0235 
0.0109 
-0.0099 
-0.0234 
-0.0193 
-0.0005 
0.0189 
0.0241 
0.0106 
-0.0121 
-0.0268 
-0.0213 
0.0020 
0.0273 
0.0356 
0.0183 
-0.0160 
-0.0460 
-0.0510 
-0.0236 
0.0244 
0.0678 
0.0814 
0.0524 
-0.0116 
-0.0848 
-0.1319 
-0.1224 
-0.0460 
0.0766 
0.1942 
0.2418 
0.1717 
-0.0123 

-0.0017 
-0.0032 
-0.0029 
-0.0011 
0.0012 
0.0027 
0.0026 
0.0012 
-0.0008 
-0.0023 
-0.0024 
-0.0013 
0.0005 
0.0019 
0.0023 
0.0014 
-0.0001 
-0.0015 
-0.0021 
-0.0016 
-0.0003 
0.0011 
0.0019 
0.0017 
0.0007 
-0.0005 
-0.0014 
-0 .0017 
-0.0013 
-0.0005 
0.0004 
0.0011 
0.0017 
0.0021 
0.0021 
0.0011 
-0.0010 
-0.0039 
-0.0066 
-0.0071 
-0.0038 
0.0034 
0.0122 
0.0184 
0.0169 
0.0055 
-0.0134 
-0.0322 
-0.0406 
-0.0306 
-0.0017 
0.0366 
0.0675 

-0.0126 
-0.0291 
-0.0321 
-0.0205 
0.0002 
0.0207 
0.0317 
0.0285 
0.0125 
-0.0090 
-0.0266 
-0.0324 
-0.0238 
-0.0044 
0.0173 
0.0316 
0.0320 
0.0179 
-0.0048 
-0.0261 
-0.0362 
-0.0299 
-0.0093 
0.0167 
0.0360 
0.0391 
0.0234 
-0.0045 
-0.0319 
-0.0451 
-0.0367 
-0.0093 
0.0248 
0.0488 
0.0496 
0.0247 
-0.0154 
-0.0515 
-0.0644 
-0.0446 
0.0016 
0.0532 
0.0839 
0.0744 
0.0233 
-0.0489 
-0.1075 
-0.1192 
-0.0698 
0.0252 
0.1238 
0.1752 
0.1450 

( 

-0.0023 
-0.0017 
-0.0003 
0.0013 
0.0020 
0.0016 
0.0003 
-0.0011 
-0.0019 
-0.0016 
-0.0004 
0.0010 
0.0019 
0.0018 
0.0007 
-0.0009 
-0.0021 
-0.0022 
-0.0010 
0.0009 
0.0024 
0.0026 
0.0013 
-0.0007 
-0.0024 
-0.0027 
-0.0015 
0.0004 
0.0018 
0.0017 
0.0006 
-0.0004 
-0.0001 
0.0016 
0.0032 
0.0025 
-0.0019 
-0.0085 
-0.0131 
-0.0107 
0.0010 
0.0185 
0.0326 
0.0321 
0.0112 
-0.0253 
-0.0608 
-0.0731 
-0.0472 
0.0141 
0.0860 
0.1306 
0.1158 

205 

0.0004 
0.0002 
-0.0008 
-0.0021 
-0.0025 
-0.0011 
0.0017 
0.0040 
0.0038 
0.0009 
-0.0031 
-0.0054 
-0.0042 
0.0000 
0.0045 
0.0063 
0.0039 
-0.0011 
-0.0055 
-0.0063 
-0.0030 
0.0021 
0.0057 
0.0056 
0.0020 
-0.0025 
-0.0049 
-0.0041 
-0.0011 
0.0018 
0.0028 
0.0019 
0.0004 
0.0000 
0.0010 
0.0018 
0.0008 
-0.0026 
-0.0068 
-0.0085 
-0.0051 
0.0033 
0.0132 
0.0192 
0.0163 
0.0036 
-0.0149 
-0.0312 
-0.0366 
-0.0255 
0.0008 
0.0336 
0.0592 



Index 
136 
137 
138 
139 
140 
141 
142 
143 
144 
145 
146 
147 
148 
149 
150 
151 
152 
153 
154 
155 
156 
157 
158 
159 
160 
161 
162 
163 
164 
165 
166 
167 
168 
169 
170 
171 
172 
173 
174 
175 
176 
177 
178 
179 
180 
181 
182 
183 
184 
185 
186 
187 
188 

t (ns) 
2.2131 
2.2295 
2.2459 
2.2623 
2.2787 
2.2951 
2.3115 
2.3279 
2.3443 
2.3607 
2.3770 
2.3934 
2.4098 
2.4262 
2.4426 
2.4590 
2.4754 
2.4918 
2.5082 
2.5246 
2.5410 
2.5574 
2.5738 
2.5902 
2.6066 
2.6230 
2.6393 
2.6557 
2.6721 
2.6885 
2.7049 
2.7213 
2.7377 
2.7541 
2.7705 
2.7869 
2.8033 
2.8197 
2.8361 
2.8525 
2.8689 
2.8852 
2.9016 
2.9180 
2.9344 
2.9508 
2.9672 
2.9836 
3.0000 
3.0164 
3.0328 
3.0492 
3.0656 

0.0598 
0.0363 
-0.0112 
-0.0661 
-0.1043 
-0.1046 
-0.0582 
0.0242 
0.1143 
0.1744 
0.1716 
0.0928 
-0.0447 
-0.1930 
-0.2870 
-0.2702 
-0.1 240 
0.1115 
0.3416 
0.4513 
0.3609 
0.0767 
-0.2917 
-0.5694 
-0.5982 
-0.3264 
0.1441 
0.5904 
0.7745 
0.5727 
0.0570 
-0.5244 
-0.8671 

1

-0.7740 
-0.2701 
0.3969 
0.8806 
0.9192 
0.4800 
-0.2175 
-0.8141 
-1.0000 
-0.6781 
-0.0135 
0.6546 
0.9907 
0.8335 
0.2724 
-0.4062 
-0.8684 
-0.8992 
-0.5019 
0.1149 

-0.2755 
-0.4283 
-0.3744 
-0.0998 
0.2838 
0.5795 
0.6059 
0.3051 
-0.2028 
-0.6636 
-0.8170 
-0.5454 
0.0422 
0.6501 
0.9470 
0.7517 
0.1462 
-0.5553 
-0.9723 
-0.8707 
-0.2999 
0.4286 
0.9133 
0.8903 
0.3826 
-0.3148 
-0.8070 
-0.8281 
-0.3899 
0.2344 
0.6793 
0.7046 
0.3293 
-0.1946 
-0.5468 
-0.5362 
-0.2072 
0.2045 
0.4329 
0.3513 
0.0428 
-0.2669 
-0.3657 
-0.1946 
0.1203 
0.3582 
0.3534 
0.1039 
-0.2299 
-0.4322 
-0 .3713 
-0.0821 
0.2597 

-0.2397 
-0.3940 
-0.3683 
-0.1325 
0.2277 
0.5343 
0.6027 
0.3509 
-0.1320 
-0.6091 
-0.8118 
-0.5939 
-0.0324 
0.5918 
0.9366 
0.7920 
0.2113 
-0.5025 
-0.9579 
-0.8962 
-0.3451 
0.3905 
0.8996 
0.9007 
0.4042 
-0.2966 
-0.7992 
-0.8283 
-0.3916 
0.2350 
0.6804 
0.7013 
0.3193 
-0.2080 
-0.5563 
-0.5353 
-0.1948 
0.2228 
0.4484 
0.3565 
0.0357 
-0.2830 
-0.3841 
-0.2081 
0.1170 
0.3670 
0.3720 
0.1257 
-0 .2141 
-0.4308 
-0.3876 
-0.1106 
0.2321 

0.0738 
0.0464 
-0.0095 
-0.0741 
-0.1195 
-0.1209 
-0.0687 
0.0253 
0.1285 
0.1973 
0.1936 
0.1 026 
-0.0546 
-0.2213 
-0.3221 
-0.2943 
-0.1221 
0.1426 
0.3889 
0.4905 
0.3687 
0.0453 
-0.3483 
-0.6208 
-0.6141 
-0.2950 
0.2075 
0.6504 
0.7953 
0.5396 
-0.0134 
-0.5922 
-0.8920 
-0.7388 
-0.1 921 
0.4749 
0.9140 
0.8872 
0.3975 
-0.3073 
-0.8631 
-0.9813 
-0.6001 
0.0845 
0.7232 
0.9953 
0.7719 
0.1752 
-0.4912 
-0.9001 
-0.8630 
-0.4163 
0.2079 

0.0357 
-0.1088 
-0.2203 
-0.2383 
-0.1419 
0.0351 
0.2155 
0.3131 
0.2744 
0.1 060 
-0.1245 
-0.3171 
-0.3835 
-0.2864 
-0.0575 
0.2135 
0.4130 
0.4493 
0.2921 
-0.0092 
-0.3361 
-0.5432 
-0.5201 
-0.2486 
0.1717 
0.5524 
0.6976 
0.5053 
0.0363 
-0.4937 
-0.8111 
-0 .7270 
-0.2522 
0.3881 
0.8594 
0.8965 
0.4563 
-0.2439 
-0.8343 
-0.9933 
-0.6275 
0.0710 
0.7281 
0.9936 
0.7337 
0.1009 
-0.5573 
-0.8937 
-0.7500 
-0.2314 
0.3655 
0.7254 
0.6830 

0.0350 
-0.0829 
-0.1826 
-0.2078 
-0.1322 
0.0222 
0.1889 
0.2868 
0.2597 
0.1070 
-0.1111 
-0.2989 
-0.3677 
-0.2777 
-0.0576 
0.2048 
0.3980 
0.4326 
0.2803 
-0.0093 
-0.3218 
-0.5193 
-0.4980 
-0.2415 
0.1571 
0.5217 
0.6671 
0.4934 
0.0520 
-0.4578 
-0.7754 
-0.7133 
-0.2695 
0.3496 
0.8234 
0.8852 
0.4766 
-0.2056 
-0.8031 
-0.9893 
-0.6524 
0.0348 
0.7056 
1.0000 
0.7641 
0.1334 
-0 .5457 
-0.9115 
-0.7845 
-0.2577 
0.3670 
0.7547 
0.7197 

206 

0.0639 
0.0407 
-0.0067 
-0.0624 
-0.1035 
-0.1081 
-0.0659 
0.0151 
0.1077 
0.1734 
0.1768 
0.1024 
-0.0341 
-0.1846 
-0.2832 
-0.2725 
-0.1335 
0.0953 
0.3225 
0.4373 
0.3618 
0.0985 
-0.2536 
-0.5314 
-0.5826 
-0.3489 
0.0872 
0.5250 
0.7373 
0.5904 
0.1275 
-0.4351 
-0.8086 
-0.7826 
-0.3457 
0.2937 
0.8072 
0.9177 
0.5516 
-0.1135 
-0.7361 
-0.9902 
-0.7382 
-0.1062 
0.5820 
0.9754 
0.8776 
0.3457 
-0.3454 
-0.8494 
-0.9252 
-0.5529 
0.0676 



Index t (ns) 
189 3.0820 
190 3.0984 
191 3.1148 
192 3.1311 
193 3.1475 
194 3.1639 
195 3.1803 
196 3.1967 
197 3.2131 
198 3.2295 
199 3.2459 
200 3.2623 
201 3.2787 
202 3.2951 
203 3.3115 
204 3.3279 
205 3.3443 
206 3.3607 
207 3.3770 
208 3.3934 
209 3.4098 
210 3.4262 
211 3.4426 
212 3.4590 
213 3.4754 
214 3.4918 
215 3.5082 
216 3.5246 
217 3.5410 
218 3.5574 
219 3.5738 
220 3.5902 
221 3.6066 
222 3.6230 
223 3.6393 
224 3.6557 
225 3.6721 
226 3.6885 
227 3.7049 
228 3.7213 
229 3.7377 
230 3.7541 
231 3.7705 
232 3.7869 
233 3.8033 
234 3.8197 
235 3.8361 
236 3.8525 
237 3.8689 
238 3.8852 
239 3.9016 
240 3.9180 
241 3.9344 

0.6482 
0.8506 
0.6444 
0.1489 
-0.3873 
-0.7107 
-0.6819 
-0.3350 
0.1482 
0.5318 
0.6401 
0.4374 
0.0377 
-0.3569 
-0.5576 
-0.4783 
-0.1723 
0.2007 
0.4567 
0.4780 
0.2667 
-0.0624 
-0.3433 
-0.4427 
-0.3226 
-0.0543 
0.2234 
0.3753 
0.3360 
0.1377 
-0.1122 
-0.2886 
-0.3111 
-0.1808 
0.0264 
0.2028 
0.2643 
0.1902 
0.0286 
-0.1331 
-0.2145 
-0.1817 
-0.0605 
0.0816 
0.1717 
0.1687 
0.0810 
-0.0414 
-0.1349 
-0.1548 
-0.0963 
0.0061 
0.0989 

0.4496 
0.3798 
0.0992 
-0.2235 
-0.4055 
-0.3559 
-0.1203 
0.1574 
0.3244 
0.3043 
0.1291 
-0.0910 
-0.2365 
-0.2431 
-0.1268 
0.0364 
0.1587 
0.1861 
0.1194 
0.0051 
-0.0953 
-0.1366 
-0.1082 
-0.0335 
0.0464 
0.0941 
0.0922 
0.0480 
-0.0127 
-0.0598 
-0.0731 
-0.0504 
-0.0065 
0.0353 
0.0552 
0.0460 
0.0153 
-0 .0197 
-0.0413 
-0.0404 
-0.0194 
0.0092 
0.0309 
0.0355 
0.0225 
-0.0003 
-0.0212 
-0.0302 
-0.0243 
-0.0077 
0.0110 
0.0228 
0.0230 

0.4379 
0.3925 
0.1321 
-0.1867 
-0.3852 
-0.3652 
-0.1561 
0.1141 
0.2985 
0.3117 
0.1671 
-0.0436 
-0.2075 
-0.2503 
-0.1668 
-0.0132 
0.1288 
0.1937 
0.1600 
0.0540 
-0.0671 
-0.1450 
-0.1465 
-0.0773 
0.0235 
0.1040 
0.1257 
0.0823 
0.0012 
-0.0724 
-0.1006 
-0.0728 
-0.0095 
0.0511 
0.0763 
0.0566 
0.0086 
-0.0372 
-0.0557 
-0.0409 
-0.0065 
0.0249 
0.0371 
0.0278 
0.0076 
-0.0100 
-0.0175 
-0.0158 
-0.0110 
-0.0071 
-0.0034 
0.0036 
0.0141 

0.7035 
0.8422 
0.5777 
0.0575 
-0.4583 
-0.7269 
-0.6367 
-0.2522 
0.2268 
0.5676 
0.6166 
0.3681 
-0.0417 
-0.4071 
-0.5552 
-0.4267 
-0.0988 
0.2597 
0.4738 
0.4475 
0.2059 
-0.1229 
-0.3754 
-0.4334 
-0.2795 
0.0001 
0.2630 
0.3832 
0.3116 
0.0952 
-0.1513 
-0.3066 
-0.3019 
-0.1516 
0.0597 
0.2239 
0.2646 
0.1719 
0.0026 
-0.1532 
-0.2195 
-0.1708 
-0.0405 
0.0997 
0.1791 
0.1626 
0.0656 
-0.0577 
-0.1438 
-0.1526 
-0.0850 
0.0203 
0.1087 

0.2980 
-0.1976 
-0.5387 
-0.5688 
-0.3093 
0.0733 
0.3709 
0.4458 
0.2903 
0.0127 
-0.2338 
-0.3333 
-0.2586 
-0.0707 
0.1246 
0.2340 
0.2187 
0.1041 
-0.0422 
-0.1483 
-0.1715 
-0.1132 
-0.0118 
0.0804 
0.1230 
0.1036 
0.0398 
-0.0333 
-0.0814 
-0.0861 
-0.0511 
0.0030 
0.0497 
0.0690 
0.0555 
0.0183 
-0.0242 
-0.0533 
-0.0574 
-0.0360 
0.0004 
0.0357 
0.0545 
0.0490 
0.0220 
-0.0143 
-0.0438 
-0.0533 
-0.0390 
-0.0079 
0.0258 
0.0469 
0.0464 

( 

0.3151 
-0.2147 
-0.5808 
-0.6080 
-0.3168 
0.1069 
0.4281 
0.4910 
0.2925 
-0.0346 
-0.3062 
-0.3892 
-0.2631 
-0.0174 
0.2087 
0.3027 
0.2327 
0.0537 
-0.1313 
-0.2283 
-0.1989 
-0.0726 
0.0757 
0.1685 
0.1649 
0.0771 
-0.0412 
-0.1262 
-0.1375 
-0.0764 
0.0193 
0.0973 
0.1192 
0.0782 
0.0002 
-0.0727 
-0.1044 
-0.0821 
-0.0211 
0.0459 
0.0859 
0.0818 
0.0391 
-0.0185 
-0.0623 
-0.0728 
-0.0481 
-0.0033 
0.0385 
0.0575 
0.0469 
0.01 50 
-0.0206 
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0.6259 
0.8589 
0.6744 
0.1845 
-0.3615 
-0.7038 
-0.6951 
-0.3618 
0.1 195 
0.5142 
0.6420 
0.4583 
0.0674 
-0.3340 
-0.5537 
-0.4955 
-0.2007 
0.1772 
0.4512 
0.4927 
0.2921 
-0.0411 
-0.3377 
-0.4545 
-0.3439 
-0.0728 
0.2169 
0.3828 
0.3523 
0.1 540 
-0.1033 
-0.2900 
-0.3213 
-0.1950 
0.0142 
0.1973 
0.2678 
0.2015 
0.0431 
-0.1218 
-0.2119 
-0.1894 
-0.0749 
0.0674 
0.1649 
0.1725 
0.0930 
-0.0277 
-0.1265 
-0.1555 
-0.1047 
-0.0047 
0.0913 



Index t (ns) 
242 3.9508 
243 3.9672 
244 3.9836 
245 4.0000 
246 4.0164 
247 4.0328 
248 4.0492 
249 4.0656 
250 4.0820 
251 4.0984 
252 4.1148 
253 4.1311 
254 4.1475 
255 4.1639 
256 4.1803 
257 4.1967 
258 4.2131 
259 4.2295 
260 4.2459 
261 4.2623 
262 4.2787 
263 4.2951 
264 4.3115 
265 4.3279 
266 4.3443 
267 4.3607 
268 4.3770 
269 4.3934 
270 4.4098 
271 4.4262 
272 4.4426 
273 4.4590 
274 4.4754 
275 4.4918 
276 4.5082 
277 4.5246 
278 4.5410 
279 4.5574 
280 4.5738 
281 4.5902 
282 4.6066 
283 4.6230 
284 4.6393 
285 4.6557 
286 4.6721 
287 4.6885 
288 4.7049 
289 4.7213 
290 4.7377 
291 4.7541 
292 4.7705 
293 4.7869 
294 4.8033 

0.1368 
0.1052 
0.0245 
-0.0622 
-0.1123 
-0.1043 
-0.0466 
0.0286 
0.0834 
0.0931 
0.0571 
-0.0030 
-0.0556 
-0.0758 
-0.0571 
-0.0124 
0.0336 
0.0580 
0.0509 
0.0191 
-0.0189 
-0.0432 
·-0.0428 
-0.0204 
0.0102 
0.0323 
0.0353 
0.0195 
-0.0051 
-0.0247 
-0.0294 
-0.0180 
0.0020 
0.0195 
0.0252 
0.0171 
0.0002 
-0.0159 
-0.0228 
-0.0172 
-0.0025 
0.0134 
0.0219 
0.0185 
0.0052 
-0.0111 
-0.0216 
-0.0206 
-0.0084 
0.0086 
0.0212 
0.0224 
0.0114 

0.0129 
-0.0018 
-0.0139 
-0.0181 
-0.0138 
-0.0041 
0.0059 
0.0116 
0.0113 
0.0062 
-0.0006 
-0.0060 
-0.0079 
-0.0061 
-0.0021 
0.0023 
0.0054 
0.0060 
0.0042 
0.0005 
-0 .0036 
-0 .0065 
-0 .0067 
-0.0038 
0.0013 
0.0065 
0.0092 
0.0079 
0.0025 
-0.0047 
-0.0103 
-0 .0114 
-0.0070 
0.0011 
0.0091 
0.0131 
0.0107 
0.0031 
-0.0063 
-0.0126 
-0.0127 
-0.0064 
0.0030 
0.0108 
0.0128 
0.0083 
-0.0004 
-0.0084 
-0 .0118 
-0.0088 
-0.0014 
0.0062 
0.0101 

0.0229 
0.0219 
0.0072 
-0.0158 
-0.0338 
-0.0339 
-0. 0131 
0.0175 
0.0391 
0.0372 
0.0120 
-0.0207 
-0.0399 
-0.0330 
-0.0050 
0.0250 
0.0370 
0.0237 
-0.0046 
-0.0277 
-0.0301 
-0.0116 
0.0132 
0.0261 
0.0187 
-0.0018 
-0.0187 
-0.0191 
-0.0034 
0.0151 
0.0206 
0.0079 
-0.0135 
-0.0263 
-0.0187 
0.0054 
0.0287 
0.0331 
0.0132 
-0.0182 
-0.0392 
-0.0340 
-0.0049 
0.0286 
0.0432 
0.0288 
-0.0049 
-0.0347 
-0.0403 
-0.0187 
0.0142 
0.0354 
0.0311 

0.1 381 
0.0982 
0.0135 
-0.0716 
-0.1159 
-0.1014 
-0.0397 
0.0356 
0.0875 
0.0932 
0.0544 
-0.0064 
-0.0580 
-0.0769 
-0.0575 
-0.0130 
0.0328 
0.0579 
0.0527 
0.0230 
-0.0143 
-0.0404 
-0 .0440 
-0.0261 
0.0022 
0.0260 
0.0343 
0.0249 
0.0047 
-0.0151 
-0.0249 
-0 .0212 
-0.0076 
0.0077 
0.0168 
0.0160 
0.0072 
-0.0040 
-0.0112 
-0.0110 
-0.0045 
0.0037 
0.0087 
0.0075 
0.0013 
-0.0059 
-0.0093 
-0.0065 
0.0011 
0.0090 
0.0120 
0.0077 
-0.0019 

0.0256 
-0.0052 
-0.0320 
-0.0433 
-0.0352 
-0.0125 
0.0140 
0.0327 
0.0362 
0.0241 
0.0026 
-0.0188 
-0.0310 
-0.0294 
-0.0153 
0.0050 
0.0226 
0.0299 
0.0239 
0.0071 
-0.0129 
-0.0272 
-0.0291 
-0.0175 
0.0026 
0.0219 
0.0312 
0.0259 
0.0081 
-0.0139 
-0.0297 
-0.0316 
-0.0184 
0.0037 
0.0243 
0.0334 
0.0268 
0.0074 
-0.0155 
-0.0310 
-0.0318 
-0.0175 
0.0049 
0.0248 
0.0327 
0.0250 
0.0056 
-0.0160 
-0.0296 
-0.0289 
-0.0147 
0.0059 
0.0231 

( 
-0.0418 
-0.0397 
-0.0179 
0.0105 
0.0302 
0.0320 
0.0169 
-0.0056 
-0.0229 
-0.0265 
-0.0158 
0.0022 
0.0174 
0.0224 
0.0156 
0.0018 
-0.0115 
-0.0177 
-0.0149 
-0.0057 
0.0048 
0.0116 
0.0124 
0.0081 
0.0013 
-0.0047 
-0.0080 
-0.0080 
-0.0054 
-0.0015 
0.0025 
0.0057 
0.0070 
0.0059 
0.0026 
-0.0020 
-0.0061 
-0.0080 
-0.0067 
-0.0023 
0.0034 
0.0080 
0.0092 
0.0064 
0.0005 
-0.0061 
-0.0102 
-0.0099 
-0.0049 
0.0028 
0.0098 
0.0126 
0.0094 
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0.1356 
0.1096 
0.0314 
-0.0563 
-0.1096 
-0.1049 
-0.0498 
0.0240 
0.0789 
0.0902 
0.0574 
0.0013 
-0.0485 
-0.0694 
-0.0553 
-0.0175 
0.0233 
0.0480 
0.0475 
0.0255 
-0.0053 
-0.0300 
-0.0381 
-0.0279 
-0.0058 
0.0168 
0.0295 
0.0269 
0.0115 
-0.0084 
-0.0225 
-0.0239 
-0.0127 
0.0044 
0.0176 
0.0198 
0.0105 
-0.0042 
-0.0150 
-0.0156 
-0.0062 
0.0068 
0.0148 
0.0126 
0.0017 
-0.0106 
-0.0163 
-0.0113 
0.0014 
0.0138 
0.0182 
0.0116 
-0.0021 
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Index t (ns) * b* * d* * ( * a c e g 
295 4.8197 -0.0058 0.0084 0.0059 -0.0116 0.0289 0.0013 -0.0149 
296 4.8361 -0.0200 0.0024 -0.0212 -0.0154 0.0213 -0.0081 -0.0194 
297 4.8525 -0.0232 -0.0043 -0.0308 -0.0104 0.0044 -0.0141 -0.0130 
298 4.8689 ·0.0138 -0.0082 -0.0176 0.0011 -0.0137 -0.0133 0.0004 
299 4.8852 0.0030 -0 .0074 0.0071 0.0130 -0.0249 -0.0056 0.0134 
300 4.9016 0.0179 -0.0029 0.0244 0.0183 -0 .0247 0.0055 0.0191 
301 4.9180 0.0228 0.0027 0.0218 0.0137 -0 .0138 0.0142 0.0149 
302 4.9344 0.0153 0.0062 0.0026 0.0013 0.0024 0.0159 0.0035 
303 4.9508 -0.0004 0.0061 -0.0176 -0.0124 0.0169 0.0093 -0.0092 
304 4.9672 -0.0154 0.0029 -0.0232 -0 .0198 0.0240 -0.0024 -0.0171 
305 4.9836 -0.0217 -0.0014 -0.0102 -0.0168 0.0211 -0.0132 -0.0167 
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