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ll| Abstract [[|

The thesis deals with the design of two types of compact printed
antennas suitable for Ultra-wide Band (UWB) applications in
WIiMAX/WLAN environment; truncated circular disc monopole antenna
and a modified rectangular slot antenna. Through structure modifications,
these antennas are made to support overlapping multiple modes to

provide UWB response.

The analyses of these antennas are performed using standard
simulation tools used in industry/academia and the characteristics are
verified with experimental results. Based on the current patterns and
parametric studies, design equations for the proposed antennas on any
substrates are deduced and validated using simulation tools. Then
techniques to circumvent interference from co-existing narrow band
services (WiMAX and WLAN) are also discussed for both the

antennas.

As far as the design of UWB system is considered, one of the
major criteria is the transmission of narrow pulses with minimum
dispersion in addition to compact size and stable gain. So these
antennas required linear phase response in frequency domain or
excellent transient response in time domain. Both the time domain and
frequency domain characterisation of the antennas are elaborately

discussed in the thesis.
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Chapter 1

INTRODUCTION

Broad Band Wireless Technologies
Vltra-wide Band (UW'B) Technology
Development of VWB antennas
Motivation of the present thesis
Organization of the thesis

This chapter encapsulates the broad band wireless communication
technologies which throw light into the development of new technology
called “Ultra-wide Band” (UWB). UWB signal waveforms and the
transmission schemes are described. It further highlights the features of
UWB which make it a leading standard for high speed data
communication over short distance. A brief history of various UWB
antennas developed from time to time is discussed. Motivation behind
the present work is described and the chapter is concluded with the

organization of the thesis.

1.1 Broad Band Wireless Technologies

Generally wireless broad band refers to technology that use point
to point or point to multipoint services to transmit signals between hub

and end-user receiver [1]. Broad band wireless services employ radio
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waves to transmit and receive data directly to and from the potential
users. It guarantees high-speed connection over the air. Higher
frequencies have the advantages of wide bandwidth, reduced antenna
size and ease of installation as compared to lower frequencies. But high
frequency systems suffer from range limitations under poor weather

conditions, eg. rain and fog.

Broad band wireless technologies can be classified into different
types depending on their features. Each wireless technology is designed
to serve a specific application. The requirements for each application
are based on different parameters such as data rate, distance and power.
Classification of wireless technologies based on the distance coverage

[2] is shown in Fig. 1.1.

WPAN \ WLAN
<10m \ 5
<100 m
|EEE 802.15 |EEE 802.11

Blue tooth ‘Wi-Fi
Zig Bee ;
uwB

Fig.1.1: Classification of broadband wireless technologies

(2 Department of Electronics, Faculty of Technology, CUSAT
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Wireless Local Area Networks (WLANSs), with a transmission
radius of the order of hundreds of meters, and Wireless Personal Area
Networks (WPANSs), with a transmission range of the order of tens of
meters or less, are rapidly established as popular applications of
wireless technology. For the above networks, the demand for high data
rate is continually increasing [3]. In addition to the IEEE 802.11
WLAN products (Wi-Fi) and Bluetooth-based IEEE 802.15 WPAN
products, there is a great variety of wireless networking products for
home and commercial applications [4]. So in recent years, the WPAN
aimed to provide reliable and high speed wireless connections between
computers, portable devices and consumer electronics within a short

range.

According to Shannon-Hartley channel capacity theorem, channel

capacity C in bps is given by

C =BW #10g,(1 4+ SNR) oo (1.1)

where BW is the bandwidth and SNR is the signal to noise ratio. From
(1.1), the capacity increases linearly with BW and logarithmically
with SNR, so the bit rate can be increased to the required level by

simply increasing the bandwidth rather than the transmitter power
P . . .

(SNR = P—t). Moreover, increasing the transmitter power beyond
N

certain limits may adversely affect the normal functioning of the

portable devices and living objects. As such large bandwidth is the best

solution to achieve high data rate.

Design and Analysis of Printed VB Antenna with Dual Band-notched Characteristics
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New generation wireless mobile radio systems serve many users
with the target to provide a wide range of applications to all the users.
This is not easy to achieve because of the constraints on the available
spectrum and power. The future wireless technologies will face the
problem of spectral scarcity as the number of mobile devices increases
and the co-existence of wireless devices will become a major issue. So
an innovative technology that can co-exist with devices operating at

various frequency bands is required [5].

These demands for high data rate and co-existence of wireless
devices led to the formation of IEEE 802.15.3 Task Group for
development of a standard for high-rate WPANSs [6] and then of a new
study group (IEEE 802.15.SG3a—mnow a task group, IEEE 802.15.3a)
to consider an alternative high-rate physical layer that possibly will be

implemented using Ultra-wide Band technology (UWB) [7].

1.2 Ultra-wide Band (UWB) Technology

UWB is a wireless communication technology which transmits
large amounts of data using low power narrow radio pulses/ impulses
of duration less than 1 nanosecond. Since it does not require a high
frequency carrier to deliver data over a short distance, it is also known

as carrier-free, impulse or base-band radio.

According to Federal Communication Commission’s (FCC’s)
definition, UWB is the one for which the fractional bandwidth is greater
than 20% or occupying an instantaneous bandwidth of at least 500 MHz

[8]. Fractional bandwidth B is a factor used to classify narrowband,

Department of Electronics, Faculty of Technology, CUSAT
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wideband or ultra-wideband and is defined as the ratio of signal

bandwidth B to the centre frequency f,

Bs 2(fn—f1)
B = o o e e 1.2
F= 1 Frtfi (1.2)

where f; and f; are the upper and lower edge frequencies of the

operating band respectively.

UWB technology offers a promising solution to the radio
frequency (RF) spectrum scarcity by allowing new services to co-exist
with other wireless narrow band systems [5]. The transmitted power of
UWB devices is controlled by the regulatory agencies to make these
narrow band systems immune to the UWB interferences. The low
power (approximately 0.5 mW) UWB signal is made to spread over a
wide band width of 7.5 GHz (3.1-10.6 GHz allotted by FCC) resulting
in a power spectral density of -41.3 dBm/MHz which is much less than
other wireless narrow band systems. This makes the UWB signals appear
as background noise to these wireless systems thus permit to co-exist
with them. Therefore, the UWB systems are allowed to co-exist with

other technologies only under stringent power constraints.

UWB was initially developed for military applications, so very
narrow development took place in the commercial area. A considerable
outpouring of research interest has occurred since 2002, when FCC
has recommended unlicensed/commercial use of UWB spectrum.
Subsequently, UWB attracted researchers and industrialists because of

its potential for high speed data communication over short distance.

Design and Analysis of Printed VB Antenna with Dual Band-notched Characteristics
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UWB offers attractive solution for many wireless communication areas
including wireless telemetry, telemedicine and wireless sensor
networks. The development of UWB has been carried out for many
years in the laboratories and now it has been regarded as the leading
standard of WPAN technology which allows high speed wireless
transmission of data to multiple devices within a distance of 10 m from

the host device [9] - [10] as shown in Fig. 1.2.

Fig. 1.2: UWB communication scenarios
(from www.exuberantsolution.com)

A brief overview of UWB history, FCC emission limits, concepts
of UWB signal waveforms, single band and multiband transmission
schemes, advantages and applications are presented in the following

sections.

(6 (¢ Department of Electronics, Faculty of Technology, CUSAT
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1.2.1 UWB History

UWRB radio is an old and at the same time a new technology also.
In 1887, Hertz generated the first UWB signals, which was in the form
of sparks and radiated using wide-band loaded dipoles. At that time,

short pulses were the easiest waveforms to generate [11].

The work by Hertz is refined by Guglielmo Marconi into a
transatlantic radio system in 1901 where the spark gap radio
transmitters were used to transmit Morse code sequences across the
Atlantic Ocean. Spark-gap transmitter generates impulse signals with
very wide bandwidth. However, the benefits of a large bandwidth and
possibility of multi-user systems were not considered at that time [12].
Later on, the communication systems concentrated more on the carrier-
based narrow band systems, which allowed many stations to share a
band of frequencies (multiplexing) with the technology available at that

time [11].

In the 1950s, the pulse based transmission gained interest in

military applications with the implementation of impulse radars.

Approximately fifty years after Marconi, contributions to the
development of UWB commenced in the late 1960's with the
pioneering contributions of Harmuth at Catholic University of America,
Ross and Robbins at Sperry Rand Corporation, Paul van Etten at the
USAF's Rome Air Development Centre and in Russia [13].

Harmuth published papers, 1969-1984, on the basic design for
UWRB transmitters and receivers. Ross and Robbins (R&R), 1972-1987,

Design and Analysis of Printed VB Antenna with Dual Band-notched Characteristics
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pioneered the use of UWB signals in a number of application areas,
including communications and radar. Ross’s US patent (1973) is a

landmark in UWB communications [13].

UWB radar system for penetrating the ground was designed by
Morey in 1974 and became a commercial success at Geophysical
Survey Systems, Inc. (GSSI). Other subsurface UWB radar designs
were also introduced [14]. Van Etten's empirical testing of UWB radar
systems in 1977 resulted in the development of system design and

antenna concepts [15].

Development of sample and hold receivers for commercial
applications (mainly for oscilloscopes) in the late 1960s, was also an
aild to the developing UWB field [16]. Other advances in the
development of the sampling oscilloscope were made at the Hewlett
Packard Company. These approaches were adopted into UWB designs

later.

In 1960s, the original research on pulse transmitters, receivers
and antennas were performed by both Lawrence Livermore National
Laboratory (LLNL) and Los Alamos National Laboratory (LANL).
LLNL expanded its laser-based diagnostics research into pulse
diagnostics. Thus the basic designs for UWB signal systems were
available by the early 1970s. By 1975, the construction of UWB
communications/ radar systems could be possible using the components
purchased from Tektronix. In 1978 Bennett & Ross summarised the

pulse generation methods [13].

(8 (¢ Department of Electronics, Faculty of Technology, CUSAT
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The USAF held a program in UWB system development during
the period 1977-1989, headed by Col. J. D. Taylor. At that time, a
number of synonymous terms such as: impulse, carrier-free, baseband,
large-relative-bandwidth radio/radar signals etc. were used to refer the
UWB technology. The term "ultra-wide band", was not applied to these
systems until about 1989, appeared in a publication of Department of

Defense in the United States (U.S.) [13].

By 1990’s, over 50 patents were issued on topics related to UWB
technology such as UWB pulse generation/ reception and applications
such as communications, radar, automobile collision avoidance,

positioning systems, liquid level sensing and altimetry [17].

By the late 1990s, UWB technology and its development had
advanced greatly. Commencing with a conference held at W.J. Schafer
Associates [18] and one at LANL in 1990 [19], there have been

numerous meetings held on impulse radar/radio.

The first patent with the exact phrase “UWB antenna” was filed
on behalf of Hughes in 1993.

In 1994, T.E. McEwan, then at LLNL, invented the Micro power
Impulse Radar (MIR) which provided for the first time a UWB
operating at ultra low power, besides being extremely compact and
inexpensive [20]-[21]. This was the first UWB radar to operate on only

microwatts of battery drain.

In earlier times, from 1960 to 1990’s, this technology was

restricted to highly protected military applications. Development in

Design and Analysis of Printed UWB_Antenna with Dual Band-notched Characteristics ) JRCA
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modern digital systems and high speed semiconductor technology made
UWB suitable for various commercial applications. This led to the
increased demand for the commercialization of UWB spectrum among
the developers of UWB systems. Since UWB signals occupy a large
frequency range, spectrum overlap with other conventional narrowband
systems will occur. Promoters of the technology claimed that the UWB
emissions would not interfere with other narrowband services. In
February 2002, Part 15 rules which govern the unlicensed radio devices
are amended by FCC to include the operation of UWB devices with
strict power emission limits [8]. A substantial growth in UWB systems
took place after the FCC allocated a bandwidth of 7.5 GHz, i.e. from
3.1 GHz to 10.6 GHz for commercial applications.

1.2.2 FCC Emission limits

In order make co-existing narrow band radio services unaffected
by UWB signals, FCC has assigned emission masks between 3.1 GHz
to 10.6 GHz for commercial UWB devices. The maximum allowed
power spectral density for these devices is —41.3dBm/MHz or
75 nW/MHz which is same as the level of unintentional radiators

(FCC Part 15 class) such as televisions and computer monitors [22].

Based on the FCC regulations, UWB devices are classified into
three major categories; communication, imaging and vehicular radar.
Since the thesis deals with antennas for communication devices, emission
limits applicable to the communication devices alone is discussed here.
Short-range communication systems including wireless personal area

networks and measurement systems are grouped under this category.

Department of Electronics, Faculty of Technology, CUSAT
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Extensive use of UWB devices in home, offices and public places

enhanced the growth of communication devices.

For indoor and outdoor UWB communication devices different
emission limits has been assigned by FCC. The spectral mask for
indoor devices is 10 dB more than that for outdoor devices, between
1.61 GHz to 3.1 GHz and 10.6 GHz to 29 GHz, as shown in Fig. 1.3
and Table 1.1. This is to protect various other Government systems in

the 1.61 GHz to 3.1 GHz band and satellite systems above 10.6 GHz.

-30
¥
= 404 __ ——————
S
E
m
=2
2 .50
(2]
3 |
© i
£ 60 ! e -
5 -
@
Q.
w
1
2 70 === part 15 limit
3 — jndoor mask
—--=— outdoor mask
'80 T T T T
0 5 10 15 20

Frequency (GHz)

Fig. 1.3: UWB indoor/outdoor emission limits for communication systems

Table 1.1: UWB emission limits for communication devices [8]

Operational bandwidth (GHz)

Power 096-  1.61-  199-  3.1- | 10.6- | 22.0-
spectral 161 199 31 106 220 290
density Indoor  -753 -533 513 -413 513  -51.3
(dBm/MHz)

Outdoor -753  -63.3 | -61.3 | 413 |-613 | -61.3
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According to FCC regulations, indoor UWB devices must be of
handheld equipment and are restricted to peer-to-peer operations inside
buildings. As per FCC's rule use of fixed infrastructure and antennas
mounted outdoor are not allowed for UWB communications in outdoor
environments. Therefore, outdoor UWB communications are restricted
to handheld devices. These devices are permitted to send information
only to their associated receivers. In addition, these devices must stop
emission within 10 seconds on non-receipt of acknowledgement from

an associated receiver [23]-[24].

1.2.3 UWB Signal Waveforms

All the pulses with spectra wider than 500 MHz can be used as
the UWB signals. Practically, pulses which have no DC component are
considered to avoid the wastage of transmitted power. Owing to unique
spectral properties, a family of Rayleigh (differentiated Gaussian)
pulses s, (t) are widely used as the source pulses in the UWB systems

[25] and is given by

s, (t) = e‘(f)z] .................................................. (1.3)

ant
where t represents time and 7 is the pulse width.

Gaussian monocycle, the first derivative of Gaussian pulse was
the original proposal for UWB radar and communication systems [26]

and is given by

§1(8) = 2e™ED% (1.4)

12 Department of Electronics, Faculty of Technology, CUSAT
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where t represents time and t is the pulse width. But its Power Spectral
Density (PSD) for different values of pulse width (7) does not fully fall
into the UWB band defined by the FCC.

| Gianssian ]:"l derivative Iml derivative jrd derivative 4lh derivative jlh derivative
7 |1. [ ]
L) I Ili. |
; {1y I
‘E 0 ! 4 F'!"' ] .J'ﬂl| A AL 8 s I'
._:.- T L 1 T |'.I||" T ¥ ||L|| . ”
5 I 2 | 3 4 s\ || Time, nS
< I
3 -l !
. |
L ..l.
2 [f
(@)
=i
'E FCC Speciral Mask
|
=
‘o
=
o
o]
g
3]
o
[t
#3]
™
k¥
=
(=]
=
0 2 4 (i) b 110 12
Frequency, GHz
(b)
Fig. 1.4: Family of Rayleigh pulses (a) wave forms and (b) power spectral

density
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Family of Rayleigh pulses and the corresponding PSD are shown
in Fig. 1.4. For Rayleigh pulses up to third order, the PSDs at frequencies
lower than 3.1 GHz is not within the FCC mask. As the order of the
pulse increases, PSD moves to higher frequencies. By choosing the order
and a suitable pulse width, a pulse that satisfies the FCC masks can be
obtained. Some higher order Rayleigh pulses such as fourth order
Rayleigh pulse with 67 < 7 < 76 ps and fifth order Rayleigh pulse with
72 < 1 < 91 ps can match the UWB band directly [25].

1.2.4 Transmission Schemes

Single band and multiband are two possible technologies for
transmission of signals over the UWB spectrum [5], [27]. The single
band technique supports the idea of impulse radio, the initial approach
to UWB technology. It uses narrow pulses so that their spectra occupy
a large portion of the UWB band as in Fig. 1.5 (a). Since the pulse
width is very narrow, typically in picoseconds, it can provide high
resolution of multi path in UWB channels. Pulse Amplitude Modulation
(PAM) or Pulse Position Modulation (PPM) is employed to modulate the
UWB waveforms. Here continuous radio frequencies are not used in the
modulation process as in narrow band and wide band technologies. Time

hopping schemes are used to support multiple users.

Direct Sequence-UWB (DS-UWB) is a single band approach which
transmits and receives data using narrow UWB pulses combined with
Direct Sequence Spread Spectrum (DSSS) technique. Data representation
in this approach is based on simple Binary Phase Shift Keying (BPSK)

modulation and can achieve data rates in excess of 1 Gbps. The Rake
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receivers are used to receive the signal from multiple paths in a multipath
channel. Simple Impulse-UWB (I-UWB) systems are inexpensive to
construct as it does not require any up and down conversion and result in
reduced complexity in transceivers. To mitigate the effects of narrow band

interferers, notch filters are required in impulse radios.

Spectrum of a Gaussian Doublet Spectrum of an OFDM Signal
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Fig. 1.5: Comparison of (a) impulse ralt-ii.o and (b) multi band UWB
spectrum

The multiband technique divides the available UWB frequency
spectrum (3.1 GHz to 10.6 GHz) into several small and non-
overlapping bands with bandwidths greater than 500 MHz to satisfy the
FCC’s definition of UWB signals as shown in Fig. 1.5 (b). This method
is similar to the narrowband frequency-hopping technique. Each of the
source pulses is designed to occupy only one sub-band. By dividing the
UWB spectrum into several frequency bands it is possible to avoid
transmission over certain bands, such as 802.11a at 5 GHz, so as to
prevent potential interference. In the multiband approach, since the

pulses are not too narrow, the synchronisation requirements are not too
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critical as in single band UWB transmission. A number of modulation
methods have been proposed by industry leaders for the multiband
approach; however, Orthogonal Frequency Division Multiplexing
(OFDM), which was initially proposed by Texas Instruments, offers

improved performance for high data rate applications [27].

1.2.5 Advantages of UWB

The spectral properties of narrow pulses used in UWB technology
offers several advantages over narrow band and wide band communication
systems. This section describes some of the benefits that UWB brings to

wireless communications [27], [28]-[29].

High channel capacity:

Channel capacity, or data rate, is defined as the maximum amount
of data that can be transmitted per second over a communications
channel. From Shannon-Hartley’s capacity formula (1.1), a data rate of
Gigabits per second (Gbps) can be obtained with UWB signals. High
data rate is available only for short ranges of less than 10 m because of
the FCC’s emission limit on UWB transmissions. This makes UWB
systems a perfect candidate for high speed, short-range wireless

applications such as WPANS.

Operate with low SNR:

Again from Shannon-Hartley’s formula (1.1), it is clear that
UWRB systems are able to offer large channel capacity even in the midst
of noisy environment since the data rate depends linearly on bandwidth

and logarithmically on the SNR .
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RF spectrum sharing:

As the emissions level of UWB is below the noise floor of co-
existing narrow band users as in Fig. 1.6, they are able to share
spectrum with these services with minimal or no interference. Thus
offers a promising solution to the scarcity in RF spectrum. This
co-existence brings the advantage of avoiding expensive spectrum

licensing fees that providers of all other radio services must pay.

= Narrgwband

3 Signal

[

5

= Spreadjspectrum

E Signal

= Ultra Wideband

s Signal

% g

Q- — — —/— —Noise Floor
Frequency

Fig. 1.6: Coexistence of UWB signals with narrowband and wideband
signals in the RF spectrum [30]

Immunity to intercept and detection:

In military communications, there are many potential threats
about the security of the signal. UWB communications systems have an
inherent immunity/ low probability to detection and intercept because
of their low average transmission power. Ultra-wide band communications
spread transmitting power across a wide spectrum of frequency,
resulting in power spectral density lower than the noise floor of the
other wireless services. So the UWB signals are relatively resistant to
intentional and unintentional jamming, because no jammer can jam

every frequency in the UWB spectrum at once.
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Robustness against multipath propagation:

Signals from the transmitter reach the receiver by direct or Line Of
Sight (LOS) and indirect (Multipath/NLOS) path. Multipath propagation
results from the multiple reflections of the transmitted signal from
various surfaces such as buildings, trees, mountains etc. This causes the
degradation in the resultant signal at the receiver end when LOS and
NLOS are out-of -phase. On the other hand, since the UWB pulses are
narrow pulses of duration less than nanoseconds the reflected pulses
(NLOS) will not get the sufficient time to overlap with the LOS pulses

at the receiver end, so the chances of signal degradation is reduced.

Ranging and imaging capability:

Signals in the lower band of the UWB spectrum are able to
penetrate a variety of materials, even the walls. This penetration
property improves the coverage of the UWB radios and makes these
systems useful for applications such as through - the - wall communication

and ground penetrating radars.

Simple transceiver design:

Since the [[UWB transmission is carrier less, it requires fewer RF
components than carrier based transmission like narrowband and
wideband technologies. There is no need for mixers and local
oscillators to translate the modulated signal to the required frequency
band; consequently there is no need for a carrier recovery stage at the
receiver end. Further, the transmission of low-power pulses eliminates

the need for a power amplifier in UWB transmitters.
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1.2.6 Applications of UWB

UWB technology offer major developments in three wireless

application areas: communications, radar and positioning or localization.

A brief summary of UWB applications [24], [31]-[32] are listed in

Table 1.2.
Table 1.2: Summary of UWB applications
Applications
Ar o .
cas Military Commercial
Data Covert military Local and personal area
Communications | communication networks (computer
peripherals sending
Wireless sensor networks messages to the same
(detection  of  biological = computer from anywhere
agents, tracking of enemies | in the given range)
on battlefield . . .

) Wireless streaming video
distribution (home
networking)

Wireless sensor networks
(health and habitat
monitoring, environment
observation, home
automation)
Radar High resolution radar Medical imaging (remote
heart monitoring)
Through-wall Imaging (for Ground-penetrating radar
law enforcement, fire- (detection of electrical
fighters) wiring, studs, etc. on
) construction sites)
Ground-penetrating radar o
(for rescue operations) Automotive industry
(collision avoidance, road
Surveillance and monitoring side assistance)
Localization Personnel identification Inventory tracking

Lost children

Prisoner tracking

Tagging and
identification (RFID)
Asset management
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Short range wireless data communication technologies currently
available are Bluetooth, UWB, ZigBee and Wi-Fi which are
corresponding to the IEEE 802.15.1, 802.15.3, 802.15.4, and 802.11a/b/g
standards respectively. Comparison of these technologies [24], [33] are

summarised in Table 1.3.

Table 1.3: Comparison of short range data communication technologies

Technology WLAN Bluetooth) UWB ZigBee
IEEE 802.11a 802.11b 802.11g 802.15.1 802.15.3a 802.15.4
standard

Frequency B

(GHz) 5 2.4 2.4 24  31-106 24
Max. data 54

rate (Mbps) 11 54 1 >100 250 Kbps
Max. range 100 100 10 10 50
(meters)

Band width

i 22 22 22 1 500-7500 2

1.3 Development of UWB Antennas

The antenna is an essential part of any wireless system since it
provides transition between guided wave and free-space wave.
According to the IEEE standard definitions for antenna, an antenna is

defined as a means for radiating or receiving radio waves.

UWRB antenna belongs to the class of broad band antennas which
operate over wide bandwidth. The term bandwidth refers to two types

of definition; impedance bandwidth and pattern bandwidth. Impedance
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bandwidth relates the parameters input impedance, voltage standing
wave ratio (VSWR), and return loss while the pattern bandwidth to

radiation pattern, gain and polarisation.
A brief history of UWB antennas is presented in [34] — [35].

Several advances in antennas were patented in 1897 by Lodge
and new terms such as matching, tuning and impedance were added to
the antenna theory. In 1898, Oliver Lodge [36] firstly introduced the
concept of UWB antenna design like spherical dipoles, square plate
dipoles, triangular or “bow-tie” dipoles and biconical dipoles. After
that, a number of types of UWB antennas were developed in the
following several years such as conical monopole, biconical dipole
incorporating a tapered feed, coaxial horn, volcano smoke antenna

etc.

Biconical dipole antenna in Fig. 1.7 (a) was the first UWB
antenna introduced by Oliver Lodge. The input impedances of the
infinitely long bi-cone is uniform and real. They can offer real constant
impedances and consistent pattern properties over a frequency
bandwidth greater than 10:1. Rumsey’s principle suggests that the
pattern properties of an antenna will be frequency independent if the
antenna shape is specified only in terms of angles. Infinite bi-conical
antenna is a good example whose shape is completely described by

angles.

Design and Analysis of Printed VB Antenna with Dual Band-notched Characteristics



Chapter 1

J I

METAL
HORNS

[ ; [
e’ "l

(@) (®) (©)
Fig. 1.7: (a) Bi-conical (b) Tapered feed bi-conical and (c) Discone

In 1939 Carter [37] improved Lodge’s original design by
incorporating a tapered feed as Fig. 1.7 (b), one of the key steps

towards the design of broadband antennas.

Discone antennas are obtained by introducing variation to the
basic geometry of the bi-conical antenna. Discone comprises a disk and
a cone as shown in Fig. 1.7 (c). The antenna performance as a function
of frequency is similar to a high-pass filter. Below an effective cutoff

frequency it becomes inefficient and produces severe standing waves in
. . . . A
the feed line. At cut-off, the slant height of the cone is approximately "

They have relatively constant input impedance, satisfactory radiation
pattern and gain over wide bandwidths with beam widths tending to
become smaller. The antenna gain is larger with increasing frequency

and that may be highly desirable and useful.

Department of Electronics, Faculty of Technology, CUSAT



Introduction

©

Fig. 1.8: (a) omni-directional coaxial horn (b) directional coaxial horn and
(¢) volcano smoke antenna

During the period 1940’s, coaxial transitions became one of the
design techniques for antenna researchers and designers. At that time
coaxial horns were the most well-known UWB antenna. L. N. Brillouin
[38] developed omni-directional and directional coaxial horns, as
shown in Fig. 1.8 (a) and (b). But these two antennas are difficult to

manufacture and install because of their bulky structure.

In 1940, J. C. Kraus [39] also developed an antenna similar to the
coaxial horn called as volcano smoke antenna as in Fig.1.8 (c), which
played a significant role as the foundation of television development.

Investigations carried out on this antenna showed that this bulging

monopole-like structure yields an impedance bandwidth ratio ( ];c—h) of 5:1.
l

Even though the conventional UWB antennas were widely used in
the broadcast communication applications, they are not suitable for
applications in modern communication systems due to their solid (3D)
structure, high manufacturing cost and difficulty in integration with the

systems.
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Last decade, some novel types of onmi-directional UWB antennas
such as planar monopole antenna and printed monopole antenna, have
been developed to meet the demands of wireless systems such as
miniaturisation and low fabrication cost. They can provide almost the
same bandwidth and radiation performances as the conventional UWB

antennas with much smaller volumes by using certain techniques.

The planar monopole antenna was firstly reported in 1976 by
G. Dubost and S. Zisler [40]. This was realized by replacing a
conventional wire monopole with a planar monopole. The planar
monopole is located above a ground plane and fed using coaxial
probe. After that several planar monopole antennas with bandwidth
ratio varying from 2:1 to more than 10:1 have been developed as in
Fig. 1.9. Bandwidth comparison of several planar monopoles with
regular geometries such as rectangular, square, circular and elliptical
was carried out [41]. Among these the circular and elliptical
monopoles exhibit much wider bandwidth exceeding of 10:1. A
trapezoidal planar monopole proposed by Evans [42] achieved a
bandwidth ratio exceeding of 11:1. Besides the regular structures, Suh
[43] proposed an interesting structure, the Planar Inverted Cone
Antenna (PICA), which can provide an impedance bandwidth ratio of

more than 10:1.
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Fig. 1.9: various geometries of planar monopole antennas [35]

The planar monopoles mentioned above require a perpendicular
ground plane, resulting in large volume and inconvenience for
integration with portable wireless devices. So the printed monopole
antennas are more popular in portable wireless devices due to their
compact size and ease of integration with Monolithic Microwave
Integrated Circuits (MMICs). The printed UWB monopole antenna
usually consists of a monopole patch and a ground plane. Both of them
are printed on the same side of a substrate with Co-planar Waveguide

(CPW) line or on opposite sides with microstrip line to excite the patch.

Printed antennas became more attractive due to their features

such as wide impedance bandwidth, good radiation properties, simple
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structure and the ease of fabrication. Studies on various printed
monopole antennas performed mainly focussed on microstrip or CPW
fed monopole and slot type antennas. A detailed literature review of the

same is done in the second chapter of this thesis.

1.4 Motivation of the Present Work

Even though many significant developments has been taken place
in the UWB technology in past years still there are concerns which
make this field live even today. One of the concerns is related to UWB
antenna designs which have a considerable effect on the performance of
the UWB systems. Here we discuss the technical and practical design

goals for an antenna as far as the UWB system is considered.

By definition, UWB system operates in the frequency range of
3.1 GHz - 10.6 GHz, i.e., it extends over a bandwidth of 7.5 GHz. So
attaining a wide impedance bandwidth is the main challenge in the
UWB antenna design. As the UWB communication system 1is
considered the PSD of the system must comply with the FCC’s
emission limits to ensure the co-existence with the other wireless
services. Then for effective signal reception, antennas with high
radiation efficiency is required because the transmit power spectral
density is excessively low. Any excessive losses incurred by the

antenna could degrade the performance of the system.

Freedom in transmitter and receiver location is another important
requirement in data communication applications where many computer

peripheral devices communicate with the same computer from anywhere
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within a specified area. To meet this condition, antenna with nearly
omni- directional radiation patterns are desirable. Because of omni-
directional pattern, the gain of the antenna will be less compared to
directional antenna; anyway a flat gain response with gain between
2 dBi and 5 dBi is desired. Moreover, to improve the ease of integration
with these peripheral devices most of which are portable, low profile

antennas are highly appreciated.

UWB signals are narrow pulses with duration less than a
nanosecond. The capability of the antenna to handle these pulses
efficiently is evaluated in terms two important parameters, group delay
and antenna transfer function. Constant group delay and flat antenna
transfer function are required to reproduce the transmitted pulses
faithfully at the receiver end. Since the signal itself carries the useful
information, receiving the pulses with minimum distortion is the prime

goal for an efficient UWB antenna.

One of the main operational challenges of UWB systems is their
coexistence with narrow band wireless services such as IEEE 802.16
standard for Worldwide Interoperability for Microwave Access
(WiMAX) system (3.3-3.6 GHz) and IEEE 802.11a standard for
WLAN system (5.15-5.825 GHz). Fig. 1.10 illustrates the PSD of the

UWB and some existing narrowband services.
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Fig. 1.10: PSD of UWB and other existing narrow band services
(www.theiet.org)

UWB communication systems operating in the frequency band
from 3.1 to 10.6 GHz with an emission limit of -41.3 dBm/MHz
closing to the thermal noise floor for commercial applications could
easily be interfered by the co-existing communication systems; WiMAX
and WLAN. Thus a band-notch filter is needed in UWB systems to avoid
the possibility of this interference. But, the use of a separate filter circuit
will increase the complexity of the UWB systems and require more
space when integrated with other microwave circuits in the wireless
devices. Instead of that, it is possible to design the UWB antenna itself as
a band notched one i.e., by incorporating resonant structure within the
designed antenna to notch out the undesired bands. A detailed literature

review of the same is done in Chapter 2 of this thesis.

Since the UWB communication system mainly involves the
communication between portable devices antennas with reduced sizes

are required. Size of the antenna is one of the crucial design issues
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because it affects the gain and bandwidth. So the design of compact
antennas with wide impedance bandwidth and pattern bandwidth

(omnidirectional pattern with acceptable gain) is a challenging task.

The printed monopole antennas are promising candidate for
UWB applications due to their simple structure, low profile, ease of
fabrication. This thesis investigates wide band performance of compact
printed antennas where two different CPW fed antenna structures are
considered. In order to obtain the wide impedance bandwidth without
increasing the antenna size, certain matching techniques are applied to
the proposed UWB antennas. The thesis provides simple design
formulas for the fabrication of the proposed antennas on commercially
available microwave substrates which could be useful in consumer

electronics applications.

The objective of the thesis is to develop compact dual band
notched UWB antennas suitable for WLAN and WiMAX environment.
So the proposed UWB antenna structures are modified by incorporating
notch structures operating at WLAN and WiMAX bands. The transient
characteristics of both the antennas are also studied in order to confirm

its suitability for pulse communication applications.

1.5 Thesis Organisation

The thesis is divided into six chapters

Chapter 1 is an introductory chapter, which defines various broad

band technologies and their demands which lead to high rate PAN or
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UWB technology. Then continues with the evolution of UWB and
UWB definition, highlighted the advantages and applications of the
technology. Discussed various UWB antennas developed in early
stages and concludes with challenges in the UWB antenna design.
Considering the design requirements, printed antennas are identified as

a suitable choice for UWB communication devices.

Chapter 2 presents the review of the printed monopole and slotted
antennas which mainly deals with various bandwidth enhancement
techniques used for realising UWB response followed by a detailed
review on various band notching techniques employed in UWB

antennas.

Chapter 3 deals with the methodology for the analysis of the
proposed antennas. This includes structure simulation studies in Computer
Simulation Technology (CST) - Microwave Studio, fabrication by
photolithography and measurements using vector network analyser
(VNA). Both electrical and transient parameters of the antenna are

defined; the theory and measurement procedures are also discussed.

Chapter 4 and 5 describes the proposed printed antennas;
monopole antenna and slotted antenna. For both the antennas CPW
feeding method is selected because of easy fabrication, better
integration with monolithic microwave circuits, less dispersion and less
losses. The simulated radiation patterns at different resonant
frequencies are analysed and found remains omni-directional even at

higher resonances unlike most of UWB antennas reported. Design
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equations for the fabrication of the proposed structures on
commercially available substrates have been developed and verified

with CST simulation.

Chapter 4 presents a compact dual band-notched truncated circular
disc monopole antenna of size 25 mm x 20 mm (L x W). The antenna
exhibits wide band performance in terms of both input impedance and
radiation patterns. Moderate gain response even with this compact size is
an advantage over other similar designs. The resonant slots, folded U-slot
and U-slot etched on the radiating patch notch out the corresponding bands

effectively.

Chapter 5 illustrates the characteristics of dual band-notched
slotted antenna of size 30 mm x 27 mm. Various impedance
enhancement techniques such as extending ground plane to form slot
structure, inserting slits and bevelling the ground plane are employed to
attain UWB response. This antenna also exhibits wide pattern
bandwidth with flat gain response. To reject the WiMAX and WLAN
bands, a meandered (Z-shaped) parasitic element is etched on the
radiating aperture and quarter wavelength stubs are attached to the

upper edge of the ground plane respectively.

Time domain analyses are carried out to verify the suitability of the
proposed antennas for pulse communication applications. The influence
of the antenna on UWB pulse transmission is examined by performing
antenna transfer function measurements. The radiated pulse derived from

the measured transfer function is compared against the simulated results
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obtained using the time domain capabilities of CST. Another important

parameter called ‘fidelity’ which is a measure of pulse distortion due to

the antenna as a function of direction is also investigated.

Finally, the thesis is concluded in Chapter 6 by highlighting the

results of the research work along with a brief description on the scope

for future study.
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LITERATURE REVIEW

I 2.1 Printed UWB Monopole Antennas
Iy 2.2 Printed UWB Slot Antennas
N 2.3 Band-notched VW8 Antennas

Design and analysis of a CPW-fed monopole and a slot antenna for
UWB applications is the subject of this thesis. This chapter deals with
the literature review on various mechanisms employed to achieve wide
impedance bandwidth with monopole and slot antennas. Different
methods available in the literature to achieve multiple band-notched
functions are also discussed. Each section of this chapter is concluded
with a brief description of the proposed antennas i.e., monopole, slot

and dual-band notched antennas.

2.1 Printed UWB Monopole Antennas

Monopole antennas are the one of the most popular antennas
employed in wireless communication systems. Monopole antenna
geometry consists of a quarter wavelength thin wire mounted vertically
at the centre of a perfectly conducting, infinitely thin, circular ground

plane in free space. Radius of the ground plane varies from a fraction of

Design and Analysis of Printed UWB Antenna with Dual Band-notched Characteristics



Chapter 2

a wavelength to many wavelengths. Electrical properties of these

antennas depend on the parameters of the thin wire and ground plane.

Due to the increased demands for frequency band and shorter
waves, “thin-wire” quarter wave antenna dominated the market. In
1939, Carter reinvented bi-conical antenna and conical monopoles by
incorporating tapered transition between feed probe and the radiating
element to create a wide band response, one of the key steps towards
the design of broadband antennas [1]-[2]. Even though these designs
exhibit frequency-independent impedance matching and radiation
performance across a wide operating bandwidth, suffer from large

volume.

Later in 1976, planar monopole antennas were realised by
replacing the thin wire of a conventional monopole with a planar
element. The bow-tie antenna is the planar version of a bi-conical
antenna for which the volume is reduced by replacing three-
dimensional bi-conical radiators with their planar versions. The disc
and polygonal planar monopole antennas are the variations of bow-tie
antennas; in which largest dimension determine their lowest operating
frequency. Different monopole shapes have already been mentioned in
Chapter 1, section 1.3. Among various planar monopole antennas, the
square planar monopole is having simple geometry which possesses an
impedance bandwidth ratio of 2:1. From the antenna geometry, the feed
gaps formed between the edges of the upper and bottom radiators or
ground plane, the feed point location and the shape of the monopole’s

bottom, all may affect the impedance matching. Thus, several techniques
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such as bevelling [3], use of shorting pins [4], combining bevelling and
shorting [5], offset feed [6], double feed [7], trident-shaped feed [8] and
notching [9] etc. were proposed to expand the bandwidth of the square
monopole antenna. Designs such as double or three feeds not only
widen the impedance bandwidth, but also improve the stability of
radiation pattern. All the antennas mentioned above need a perpendicular
metallic ground plane. Since the UWB technology focussed more on the
consumer electronic devices for short-range wireless connections, the
antennas mentioned above are too bulky to use in portable/ mobile

devices.

Design concerns for antennas and source pulses in UWB wireless
communication systems were first presented in 2003, which discriminated
the existing UWB antenna design from the conventional ones from a
system point of view [10] — [11]. The suggestions of design thoughts

have significantly affected the later designs.

By printing the antennas on the printed circuit board (PCB), it is
possible to develop low cost compact antennas which can easily be
embedded into portable devices or integrated with other RF circuits. It
consists of a monopole patch and a ground plane, both printed on the
same side of a substrate for CPW line or on the opposite sides for

microstrip line to feed the monopole.

Printed antennas are widely used in wireless communications due
to its features like low cost, light weight and ease of fabrication but it

offers narrow band width. Many attempts have been made to widen the
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bandwidth of printed antennas. Since the bow-tie antennas are one of
the promising candidates for UWB applications several printed designs
have been attempted with bow-tie shapes. But the conventional printed
bow-tie antenna [12] is not sufficient to cover the UWB frequency
band. A double-sided printed bow-tie antenna, which presents stable

characteristics over the UWB frequency band, is presented [13].

Microstrip fed broad band rectangular printed monopole antenna
with a partial ground plane [14] is introduced in 2004. By employing
two steps at the lower corners and a single slot on the patch, the
antenna is made to operate from 3.2 GHz to 12 GHz. Since then many
monopole with varying geometries for the patch and ground plane have

been developed to realise the UWB bandwidth.

A novel design of a printed circular disc monopole fed by a
microstrip line is proposed [15]. The effect of feed gap and the ground
plane width on the operating bandwidth of the antenna are studied. It
produces an ultra-wide bandwidth from 2.78 to 9.78 GHz with
radiation patterns similar to those of a traditional monopole. Further
investigation of this structure is presented [16] where it analyses the
effect of disc dimension on bandwidth of the antenna and the time
domain performance of the antenna. It is concluded that the first
resonant frequency is directly associated with the dimension of the
circular disc because the current is mainly distributed along the edge of
the disc. CPW- fed version of the circular disc is proposed [17] and
demonstrated the optimal design of this type of antenna can achieve an

ultra wide bandwidth ranges from 2.64 GHz to more than 12 GHz.
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Knight’s helm shaped double-sided printed antenna with partial
ground plane [18] employed two techniques to obtain good impedance
match; cutting two slots on the rectangular patch and a tapered
transition between the rectangular patch and the feed line. Consistent
omni-directional radiation pattern is observed for frequencies from

4 GHz to 10 GHz.

A small microstrip-fed monopole antenna, which consists of a
rectangular patch and a truncated ground plane, is presented [19]. To
achieve the broad impedance bandwidth, a pair of notches is placed at
the two lower corners of the patch and a notch is embedded in the
truncated ground plane. The designed antenna satisfies the 10 dB return
loss condition from 3.1 to 11 GHz and provides monopole-like radiation

patterns.

The design, fabrication and measurement of a printed planar
triangular monopole antenna on a FR-4 printed circuit board (PCB) is
reported [20] for which the measured VSWR is less than 2 from
4.2 GHz to 7.2 GHz.

A CPW fed U-shaped monopole antenna [21] is analysed by
using the finite-difference time-domain (FDTD) method. The parameters
and shape of the antenna are determined by utilizing the genetic
algorithm to achieve an ultra-wide bandwidth characteristic. The measured
frequency response shows an impedance bandwidth of 7.25 GHz

or 104.7% over 3.3 to 10.55 GHz for VSWR less than 2.
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Technique for enhancing the bandwidth of a microstrip fed
elliptical monopole is discussed [22]. The ultra-wideband property for
the proposed antenna is achieved by cutting a slot on the truncated
ground opposite to the microstrip line. The slot width is more effective in
determining the matching bandwidth than slot length. It is also seen that
the impedance bandwidth performance of the antenna with increase in
major axis of the ellipse has similar effect of bevelling the lower edge of
the radiating element. The same technique of cutting rectangular slot in the
truncated ground plane is used to improve the impedance characteristics of

a printed rectangular monopole antenna [23].

The impedance bandwidth of a rectangular monopole with
truncated ground is increased by inserting a narrow slit near the lower
right corner of the printed monopole [24]. The use of a narrow slit
allows additional surface current paths [25] and thus a wideband

characteristic can be achieved by adjusting the height of the slit.

A novel design which combines the stepped-patch approach with
a number of resonating elements to achieve a bandwidth (VSWR < 2;
gain > 1 dBi) of more than 150% is discussed [26]. The gain and
bandwidth of the antenna are improved systematically by adding
resonators of different lengths along the line. These resonators are
arranged both vertically and horizontally and are fed through direct

electrical connection.

The impedance bandwidth of monopole antenna presented [27] is

improved by adding slit on one side of the monopole. By introducing a
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tapered transition between the monopole and the feed line and adding
two-step staircase cut in the ground plane improved bandwidth can be
achieved. The slit is placed to create additional path for the surface
current and results in bandwidth when the dimensions are properly
chosen. The tapered transition and two-step staircase cut results in good
impedance match i.e. make the VSWR less than 1.75 for the entire
operating band. The antenna operates over a bandwidth of 2.8 to

22 GHz with a compact size of 16 mm X 19 mm.

A new geometry of branch type UWB monopole antenna
discussed [28] consists of an L-shaped monopole and an I-shaped open
stub monopole connected at the end of a CPW feed line. The UWB
bandwidth ranges from 3.0 to 11.0 GHz is achieved by merging of
three resonant frequencies associated with the current paths controlled
by the structural parameters of monopole antennas. The proposed

antenna generates the omnidirectional radiation patterns.

Printed elliptical monopole antennas with two possible ways of
feeding, along the major axis and along the minor axis are studied [29].
Approximate formula to calculate lower band edge frequency is derived
and variation in bandwidth with ellipticity ratio is also investigated.
The measured bandwidth ratio of printed elliptical configuration is

12.4:1 with an ellipticity ratio of 1.1.

In printed UWB antennas with finite ground plane, the electric
currents present on both the radiator and the ground plane. So the

impedance bandwidth and radiation patterns of the antennas are
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affected by the shape and size of the ground plane also, especially when
the antenna becomes small in size [30] — [31]. This has been one of the
most challenging design issues in small antennas. A technique to reduce
the ground-plane effect on the performance of a small printed UWB
antenna by cutting a rectangular notch vertically from the printed radiator

and asymmetrically attaching a strip to the radiator is presented [32].

The planar binomial curved monopole antenna is investigated
[33] where the impedance bandwidth of the proposed antenna can
significantly be improved by selecting the suitable binomial function of
order N and the gap width G between the antenna and ground plane. A
stable omnidirectional radiation pattern was also obtained for the whole

impedance bandwidth.

UWB antennas with the radiating elements are formed by the
intersection of two ellipses or two circles are described [34]. To avoid
the time consuming trial-and-error approach, simple design formulas
for this type of radiators are presented and are validated. The time
domain test of transmission between two identical antennas at different

orientations are done and confirmed from the fidelity factor.

CPW-fed open crescent patch antenna consists of an open
annulus strip as a ground plane and an open crescent patch in the inner
space of the annulus as a radiating element is studied [35]. The radius
of the inner crescent patch and the inner radius of the outer annulus are
adjusted carefully to obtain optimal impedance bandwidth of 129 %,
which covers 3 to 14 GHz.
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Design and construction of a compact Ultra Wide Band (UWB)
antenna using stepped impedance matching technique on the microstrip
feed line to improve the impedance bandwidth is proposed [36]. The
antenna parameters in frequency domain are investigated to show its
capability as an effective radiating element. Furthermore, time domain

Gaussian pulse excitation analysis in UWB systems is also demonstrated.

A novel technique to enhance the bandwidth of the conventional
planar triangular monopole antenna is [37] presented. With two
symmetrical corrugations extended from the flat ground plane, a
significant improvement on the impedance bandwidth up to 4:1 can be
achieved. The proposed antenna design is a modification from the
conventional volcano smoke antenna (VSA) in which a smooth
transition from the feed line to the radiator yields a wideband
performance. The influences of geometric parameters of the ridged

ground plane on the impedance bandwidth are also studied extensively.

A CPW-fed printed monopole antenna consisting of a rectangular
monopole and a trapeziform ground plane introduced in [38] achieved
an impedance bandwidth ratio of 3.7:1 (0.76 to 2.86 GHz). This
structure can be considered as a printed version of the discone antenna
where the rectangular patch is used to replace the disc, the trapeziform
ground plane is used to replace the cone, and the CPW is used to
replace the coaxial feed. To enhance the bandwidth further, a linearly
tapered central strip line is used as an impedance transformer [39] and
an impedance bandwidth ratio of 10.7:1; covering frequencies from

0.76 to 8.15 GHz. By using the tapered CPW feeder, the impedance
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bandwidth of the antenna is enhanced by a factor of about 2.8 times
compared with a 50 Q CPW feeder. Later different monopole
geometries such as circular [40], annular ring [41] and elliptical [42]
are adopted to enhance the bandwidth. Among these the elliptical
monopole exhibits largest impedance bandwidth ratio of 21.6:1,
covering frequencies from 0.41 to 8.86 GHz. A modified version of
[42] is presented [43] in which the elliptical monopole is hollowed by
cutting a circular slot at its centre. The hollowed elliptical monopole
antenna achieved a bandwidth ratio of 25.1:1 (0.4 to 10.6 GHz) for
VSWR < 2 and exhibited a nearly omnidirectional radiation pattern. In
these designs, three techniques which help to broaden the bandwidth
are geometry of the monopole, trapeziform ground plane and tapered

CPW feeder.

A CPW-fed rectangular monopole antenna with a bandwidth of
about 2.3 times of the conventional one (164%) is proposed and designed
[44]. The enhancement of the bandwidth is achieved by an M-shaped

notch at the patch bottom a with a tapered CPW ground plane.

A printed rectangular monopole antenna with impedance
bandwidth enhancement techniques is presented [45]. The bandwidth
is enhanced by including the following modifications in the monopole
and the ground plane; notched semi-elliptical ground plane, cutting two
staircase steps at the lower corners of the monopole and slits on the
monopole. The proposed antenna has an omnidirectional pattern for all
the measured frequencies (2.9 - 10.8 GHz), which covers the commercial

UWRB band.
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Printed antenna designed with square slots of equal size on the
square (check-shaped) patch and a pair of L-shaped notches in the
corners of the ground plane is proposed [46]. By increasing the numbers
of slots inside the square patch, the upper and lower frequencies of the
band can be controlled. The effect of the ground plane notch on the

optimization of the return loss is discussed.

A modified square monopole antenna having multi-resonance
performance is proposed [47]. The proposed antenna consists of a
radiating square patch with a pair of T-shaped slots, ground plane with a
pair of rectangular sleeve and a T-shaped resonator. The antenna provides
a wide usable fractional bandwidth of more than 125% (3.05 -
13.57 GHz). By optimizing dimension of rectangular sleeves, T-shaped

slots and resonator, the total bandwidth of the antenna is greatly improved.

A planar microstrip-fed super wideband monopole antenna is
developed [48]. By embedding a fractal-complementary slot into the
asymmetrical ground plane, the proposed antenna is able to operate
from 1.44 to 18.8 GHz with bandwidth ratio up to 13.06: 1. The design

and effects of this fractal-complementary slot are discussed.

A technique to enhance the bandwidth of a double sided rectangular
printed antenna is presented [49]. Improvement in bandwidth is obtained
by cutting triangular shaped slots on the top edge of the truncated

ground plane.

A triple-band antenna with L and T-shaped stubs for PCS/WLAN/
UWB applications is proposed [50]. The proposed antenna consists of
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two symmetrical strips with two steps, L and T-shaped stubs which
help to produce the resonances at each frequency bands. The antenna

offers low dispersion and good impedance matching.

A novel CPW-fed UWB antenna without slot on the patch or
ground plane is proposed [51] to enhance the bandwidth of the antenna.
By using a pair of ellipse shape- combined design on the patch, a
proper control on the upper and lower frequencies of the band can be
achieved. In addition, a pair of ESC form is placed on the ground plane

for improving the impedance match.

A planar monopole UWB antenna with rounded patch and
rounded truncated ground plane for ultra-wideband applications is
investigated [52]. The geometry of the antenna is optimized to obtain

improved impedance bandwidth performance.

Later several CPW fed and microstrip fed monopole structures
such as folded monopole with asymmetric ground plane [53],
fan-shaped structure [54], circular disc with tapered feed line and
trapezoidal ground [55], rectangular patch with a pair of modified
L-shaped notches inserted on the patch [56], elliptical radiator with
three-step staircase on both sides of the feed line and a notched ground
[57], palmate leaf-shaped radiator with a modified shaped ground
plane [58], triangular radiating patch with a round-corner ground and a
step in the feed line [59], slot cut elliptical printed monopole [60] etc

are reported to realise UWB response.
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First part of Chapter 4 proposes a CPW fed truncated circular
disc monopole antenna for UWB application. This structure is derived
from [17] by removing the upper portion of the circular disc without
disturbing its radiation properties. The upper portion of the ground
plane is semi-elliptical in shape instead of rectangular. This antenna
provides a wide impedance bandwidth ratio of 5.8:1 (3.4 - 20 GHz)
with reduced overall size (25mm X 20mm) without employing any

additional bandwidth enhancement techniques.

2.2 Printed UWB Slot Antennas

The wide slot antennas are one of the most suitable candidates for
UWB applications because of its ability to provide impedance match
over wide bandwidth and negligible radiation from feed network [61].
This type of antenna consists of a wide-slot and a tuning stub connected
with a microstrip or CPW feed line. In conventional slot antennas, the
slot is fed by an open-ended microstrip line. Microstrip line fed printed
wide- slot antennas have received much attention and are useful for a
variety of radar and satellite communication applications. Characteristics

of printed wide-slot antennas excited by a microstrip line are extensively

studied [62], [63].

The bandwidth of the slot antennas are affected by the parameters
of the slot and the feed network. It is observed that for a rectangular
slot antenna, as the slot width increases the bandwidth increases. This
property continues up to a certain range of slot width and after that the
bandwidth decreases [64]. This is because the radiation resistance of

the slot increases as the width of the slot increases, which leads to
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impedance mismatch between the slot and microstrip line. This in turn

reduces the impedance bandwidth of the antenna [62].

Various methods for enhancing the impedance bandwidth of the
conventional slot antennas are reported. One of the techniques is to
modify the shape of the slot; design of a microstrip-line-fed printed
wide-slot antenna with a semi-circular slot incorporating a protruding
small rectangular slot for achieving a larger operating bandwidth
(1.7 — 2.734 GHz) is proposed [65]. Another technique for increasing
the bandwidth of the wide rectangular slot antenna is to excite the slot
with a T-shaped microstrip tuning stub; an improvement in bandwidth

(1.5 - 3.2 GHz) is obtained [66]

Study of microstrip-line-fed printed wide square slot antennas
with a fork-like tuning stub for bandwidth enhancement is presented
[67]. From experiments, the obtained impedance bandwidth ratio is
1.6:1 (1.821-2.912 GHz) which is much higher than that of a conventional
microstrip-line-fed printed wide-slot (1.61-1.725 GHz) antenna with a
simple tuning stub [62]. This bandwidth enhancement is obtained
mainly through the enhanced coupling between the microstrip feed line
and the printed square slot by the fork-like tuning stub. When dimensions
of the fork-like tuning stub vary, the coupling changes and the input

impedance curve can have different resonant loops on the Smith chart.

A few attempts have been made to increase the bandwidth of
CPW-fed slot antennas, including the use of a wide rectangular slot

[68], [69] or a bow-tie slot [70], [71]. However, for these published
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CPW-fed broadband designs, their impedance bandwidth ratio is less
than 1.5:1. An alternative method for enhancing the impedance
bandwidth of CPW-fed square slot antenna is proposed [72]. For this
design, a widened tuning stub is used. The location and size of the
tuning stub can control the coupling between the CPW feed line and
the radiating slot, which facilitates the impedance matching of the
antenna. This leads to an increased bandwidth ratio of 1.8:1

(1.56 -2.88 GHz).

A coplanar waveguide fed rectangular slot antenna excited using
U-shaped tuning stub is proposed [73] for enhancing the antenna band
width. The antenna operates over a frequency range of 2.79-9.48 GHz,
which corresponds to an impedance bandwidth of 110%. The wide
bandwidths are due to the multiple resonances introduced by the
combination of the rectangular slot and the U-shaped stub. The
resonant frequency and bandwidth are controlled by the size of the

rectangular slot and tuning stub.

Through proper selection of the parameters of the stub and slot
shape, the coupling between the feed line and the printed wide slot can
be controlled more effectively, which in turn provide significant
bandwidth enhancement for the printed wide-slot antenna [72]. Many
wide-slot antennas, with different slot shapes such as rectangular
[74]-[78], triangular [79], semi-circular [80] [81], square [82], rhombus
[83], hexagonal [84], [85], tapered [86], circular [87], [88], elliptical
[89] [90] etc. are studied.
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Rectangular wide-slot antennas with different shapes of the
tuning stub are studied for which the bandwidth ratios vary from 1.8:1
to 11.9:1. Rectangular wide-slot antennas fed by the microstrip line
with cross-shaped stub, m-shaped stub and fan shaped stub with
horizontal strip are presented [74] - [76] respectively. These slot
antennas achieve the impedance bandwidth ratios of 2.8:1 (1.7 - 4.9 GHz),
3.5:1 (1.7 - 6.0 GHz) and 3.6:1 (0.5 - 5.7 GHz) respectively. Later,
rectangular slot antenna with CPW fed novel radiator consists of two
semicircles with difference radii is proposed [77], which contributes a
bandwidth ratio of 11.9:1 (2.8 — 33.4 GHz), much greater than the other

rectangular slots reported.

Antenna employs a near-rectangular slot along with a tapered
tuning stub exhibits a wide impedance bandwidth ratio of 3.9:1
(2.9 - 11 GHz) is proposed [78]. The antenna performance is observed
to be unaffected by ground length, making the proposed design an ideal

candidate for Wireless Universal Serial Bus (WUSB) dongle antenna.

Microstrip fed semi-circular slot with square stub and triangular
slot with triangular stub are presented [79] to achieve an impedance
band width ratio of 3.9:1 (1.82 to 7.23 GHz) and 3.5:1 (2.42 to 8.48 GHz)
respectively. An increased band width ratio of 7:1 (1.5 — 10.6 GHz) is
obtained with semi-circular slot when the square stub is replaced by a
circular stub [80]. An antenna with semi-circle like slot fed with
modified circular radiating patch providing an impedance bandwidth
ratio of 5.24:1 (3.07 - 16.26 GHz) is discussed [81]. By choosing

suitable combinations of feed and slot shapes with proper dimensions,
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large impedance bandwidth with stable radiation patterns can be

obtained

A new design of microstrip-line-fed printed wide square slot
antennas with a rotated slot for bandwidth enhancement is proposed and
investigated [82]. The impedance bandwidth ratio of the printed wide
slot antenna can significantly be improved to 1.6:1 (3.4 — 5.6 GHz) by
simply rotating the square wide slot through a suitable angle. Also, the
antenna gain within the operating band is measured and studied. An
impedance bandwidth ratio of 2.2:1 (2.68 - 5.91 GHz) which is larger
than that of [82] is achieved by using an offset microstrip-fed line for a

rhombus-like slot antenna [83].

A forklike tuning stub and a polygon like wide slot are employed
in order to enhance the bandwidth of the slot antenna [84]. An
impedance bandwidth of about 3.2:1 (2.89 to 9.19 GHz) is achieved.
The characteristics of the antenna’s radiation patterns and gain over the

entire operation frequency range are also discussed.

A hexagonal slot excited by microstrip fed trapezoid patch with
rounded corners producing a band width ratio of 6.2:1 (2.9 - 18 GHz) is
studied [85].

Combination of rectangular tuning stub to excite the slots of
different shapes such as circular, elliptical, square and tapered are studied
[86]. Among theses the tapered slot excited by a rectangular tuning stub
achieves an impedance bandwidth ratio of 3.1:1 (3 - 11.2 GHz) with a

stable gain and radiation over the bandwidth.
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A comparative study on the impedance bandwidth and radiation
property of CPW fed circular slot antenna with different stub shapes
such as rectangular, hexagonal and elliptical are presented [87]. The
use of hexagonal stub allows broadening of the band up to 4.3:1
(2.7-11.84 GHz), but larger broadening of 19:1 (1.55-30 GHz) is
achieved for elliptical shaped stubs. All these antennas exhibit almost

similar radiation patterns.

A bandwidth ratio of 6.1:1 (2.3 - 13.9 GHz) is obtained [88]
when a circular slot is excited by CPW fed circular patch. The slot
diameter controls the lowest edge frequency of the antenna bandwidth
and the patch radius ensures the impedance matching between the line

and the slot across the operating frequency band.

Printed elliptical/circular slot antenna using tapered microstrip or
CPW feeding line with U-shaped tuning stub proposed [89] produces a
band width ratio of greater than 3.2:1 and 2.7:1 for elliptical and
circular slot respectively. In both designs, U-shaped tuning stubs
broaden the operating bandwidth of the antenna by enhancing the
coupling between the slot and the feed line. Further, the tapered feed

lines provide an additional bandwidth enhancement.

The antennas comprised of elliptical or circular stubs that excite
similar-shaped slot apertures are studied [90]. Elliptical slot with an
elliptical tuning stub and circular slot with circular tuning stub has
achieved an impedance bandwidth ratio of 7.5:1 (2.65 - 20 GHz) and
6.7:1 (2.95 - 20 GHz) respectively. It is concluded that for optimum
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impedance matching, the antenna feed and slot should be of almost

similar shapes.

Different from above regular shapes of the slot or tuning stub,
several special geometries of printed slot antennas are also introduced

for UWB applications,

Broad-band operation of a CPW capacitive coupled square slot
antenna with metallic strips loaded at the four corners of the square slot
1s demonstrated [91]. The proposed antenna has a simple structure, and
impedance matching can easily be achieved by tuning the lengths of the
CPWs signal strip in the slot and the loading metallic strips. An impedance
bandwidth of 1.5 - 2.5 GHz can be obtained by choosing suitable length

ratio.

Investigations of a printed microstrip slot antenna which consists
of a quarter wavelength monopole slot cut in the finite ground plane
with electromagnetically fed microstrip line is proposed [92]. It
provides a wide impedance bandwidth adjustable by variation of its
parameters, such as the relative permittivity and thickness of the
substrate, width and location of the slot in the ground plane and ground
plane dimensions. An impedance bandwidth up to about 60%
(2.3 - 4.25 GHz) is achieved by individually optimizing its parameters.
Further investigation of monopole slots with different slot shapes
straight, L and inverted T placed on a small ground plane are discussed
[93]. It is shown that, the variation in the slot shape, from straight to L.

and T shapes, helps in generating additional resonances, which when

Design and Analysis of Printed UWB Antenna with Dual Band-notched Characteristics



Chapter 2

coupled to the original resonances of the slot, further increases impedance
bandwidths. The measured impedance bandwidths of up to 60%
(242 - 431 GHz), 82% (2.42 - 5.78 GHz) , and 80% (2.74 - 6.4 GHz) are
achieved for these straight, L and inverted T slots respectively, by

suitably selecting their design parameters.

A planar annular slot antenna utilizes a unique tapered-slot
feeding structure is proposed [94]. The radiating annular slot and its
tapered-slot feeding structure are on the top layer of the substrate
whereas the microstrip line and its open stub are printed on the
bottom layer of it. The tapered-slot feeding structure serves as an
impedance transformer and guides the wave propagating from the
slot line to the radiating slot without causing reflection. The radiating
slot is curved to distribute part of the energy to the reverse side of
the feeding aperture. This antenna achieves an impedance bandwidth
ratio of 3.7:1 (2.95 - 11 GHz). By means of a normalized antenna
transfer function, both frequency domain and time domain characteristics

of the antenna are carefully investigated.

A coplanar waveguide- fed tapered ring slot antenna consists of
coplanar waveguide (CPW), a wideband coplanar waveguide-to-
slotline transition and a pair of curved radiating slots is considered [95].
In designing UWB antenna, there is a need for an impedance transformer
so that the wideband impedance matching between the transmission
line and free space can be accomplished. At the end of the CPW
feeding line, a pair of 100 Q slot lines is connected in parallel to ensure

impedance matching. By gradually changing the width of the radiating
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slots, impedance matching between the transmission line and free space

is achieved over a wide bandwidth of 3.1 GHz to more than 12 GHz.

T-shaped open-ended slot in the ground plane excited by a
microstrip feed line is presented [96]. To improve the impedance
matching around the lower resonant frequencies a small notch is
inserted into the slot while the impedance matching for the middle and
upper resonant frequencies are achieved by extending a small section to
the feed line. Thus multiple resonant frequencies are excited and

merged to form a large bandwidth from 3.1 - 11.45 GHz.

Linear tapered slot antenna excited using a microstrip line is
discussed [97]. A rectangular cut is optimised in the 50 Q feed line to
match multiple resonances in the antenna, resulting in wide impedance
bandwidth covering the 3.1-10.6 GHz. The antenna provides

omnidirectional coverage with appreciable gain throughout the band.

The antenna features a coplanar waveguide signal strip terminated
with a semi-elliptic stub and a ground plane shaped as a semi-ellipse near
the patch to achieve wide bandwidth from 2.85-20 GHz is investigated
[98]. The proposed antenna introduces only two resonances within the
operating band, each due to the modified ground and the semi elliptic
patch respectively. An exhaustive study of the radiation characteristics

of this antenna in the frequency and time domains are presented.

Bandwidth enhancement of open slot antenna by varying the

shape of the open slot is presented [99]. By cutting two notches along

Design and Analysis of Printed UWB Antenna with Dual Band-notched Characteristics



Chapter 2

the inverted-L shaped open slot in the ground plane, band width
extending from 3 to 10.9 GHz is obtained.

A special square slot antenna for circular polarization, which is
composed of a square ground plane embedded with two unequal-size
inverted-L strips around two opposite corners of the square slot [100],
is presented. The antenna owns an impedance bandwidth ratio of 4.7:1
(2.67 - 13 GHz) and a circular polarization bandwidth ratio of 1.5:1
(4.9 - 6.9 GHz).

Slot antenna comprised of an open-ended semi-circular slot and a
narrow rectangular slot is proposed [101]. To achieve good impedance
match within the band of 3.09 - 11.0 GHz, the 50 € microstrip feed-
line is loaded with an elliptical slot, while an extended substrate is

protruded above the upper edge of the antenna.

Study on printed binomial-curved slot antennas, where the slot
and the tuning stub both formed by a binomial curve function is
discussed [102]. To achieve an efficient excitation and wide impedance
matching, the signal strip is terminated to a tuning stub with the same
shape as the slot but with a smaller size, which has an offset from the
bottom edge of slot. As N (order of binomial curve function) equals to
1, both the slot and the tuning stub are the triangular shape. As N
increases, the bottom widths of the slot and the tuning stub expand
gradually, and their shapes look like bowls. It is found that the larger
order N is selected, the wider bandwidth may be obtained which allows
the antenna designers to find a suitable slot antenna structure according

to the required operation bandwidth.

Department of Electronics, Faculty of Technology, CUSAT



Literature Review

First part of Chapter 5 presents the design, study and experimental
results of the proposed CPW fed UWB slot antenna which covers a
frequency band from 2.5 GHz -12 GHz. The antenna consists of a
bevelled rectangular monopole and a ground plane extended to surround
the monopole to form a slot-like structure. In this design, certain
modifications are introduced in the extended ground plane to enhance the
impedance bandwidth of the antenna. Pair of rectangular slits inserted in
the ground plane extends the lower edge of the band without increasing
the overall size of the antenna. The upper edge of the band is enhanced

by bevelling the ground plane corners near the feed point.

2.3 Band-notched UWB Antennas

Some existing narrowband wireless services such as wireless
local area network (WLAN) IEEE802.11a and HIPERLAN/2 WLAN
occupy 5.15 - 5.35 GHz and 5.725 - 5.825 GHz frequency bands
respectively in the UWB band. World interoperability for microwave
access (WiMAX) service from 3.3 to 3.6 GHz also shares spectrum
with the UWB. This may cause interference with the UWB system.
One of the methods to overcome this problem is to use filters to remove
these interfering bands. However, the use of an additional filter will
make the UWB system complex and bulkier. Therefore, various printed
UWRB antennas with notched functions are introduced to overcome this
electromagnetic interference. This section deals with various band
notched techniques reported so far such as inserting slots, placing
parasitic elements, adding stubs and using different combination of

these notch structures (hybrid techniques) etc..
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Among the various band notched techniques one of the simplest
and common methods is etching slots of different shape on the patch or
on the ground plane. The band-reject operation is achieved when the
length of the embedded slot is approximately one-half wave length of
the desired notch frequency. In this case, a destructive interference for
the excited surface currents in the antenna will occur, which prevents

the antenna from radiating at that frequency [103].

A CPW-fed planar ultra-wideband antenna with hexagonal
radiating elements having a frequency band notch feature at the WLAN
frequency band is presented [104]. By inserting a V-shaped thin slot on
the hexagonal radiating element, the narrow frequency band notch is
created very close to the desired frequency. The notched frequency

band is adjustable by varying the length of the V-shaped slot.

Wideband monopole antenna with a narrow slit having frequency
band-notch characteristic is presented [105]. Band-notch characteristic
is achieved by inserting a modified inverted U-slot on the main patch.
Narrow slit is used to improve the VSWR performance of the

monopole antenna.

A microstrip line fed triangular monopole antenna with a
staircase shape to achieve wide bandwidth is presented [106]. By
etching a U-shaped slot in the radiating element, the antenna can relax
the requirements imposed upon the filtering electronics within the
wireless device and also prevents interference with WLAN systems.

The resonant frequency of a notched band is determined by the total
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length of the slot; the shorter the total length of the U-shaped slot, the

higher the resonant frequency.

A coplanar waveguide fed rectangular aperture antenna with a
T-shaped exciting stub is proposed [107]. The proposed antenna is
further extended to the band-notched function and two different band-
notched designs are provided. The design concept of the band-rejection
function is to make the input impedance resistive at the notch
frequency. To implement it, a narrow-band resonant structure is added
to the original wide-band antenna area. The first design embeds an
isolated slit of total length equal to half a wavelength for the frequency
at 5.5 GHz inside the T-stub. The second design employs two open-end
slits at the top edge of the T-stub where the effective length of each slit

1s around quarter wavelength for the 5.5 GHz resonance.

The configuration of a planar UWB antenna with the capability of
rejecting frequencies within the 4.0 - 6.0 GHz band is illustrated [108].
The radiating slot is the result of intersecting of two circles in a
conductive layer on top of the substrate. The antenna is fed with a
coplanar waveguide. An arc shaped tuning slot to reject a signal within

the 4-6 GHz band is introduced in the second circle.

The antenna consists of a bevelled rectangular metal patch and a
50 Q coplanar waveguide (CPW) transmission line is presented [109].
By etching two nested C-shaped slots in the patch, band-rejected
filtering properties in the WiMAX/WLAN bands are achieved. An
equivalent circuit model of the proposed antenna is presented to discuss

the mechanism of the dual band-notched UWB antenna.
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The proposed multiple band notched antenna consist of a planar
circular patch monopole UWB antenna and multiple etched slots on the
patch [110]. Two split ring slots and two arc slots have been etched on
the patch to generate triple notched bands. Two split ring slots are used
to generate notched bands with central frequency of 2.4 and 3.5 GHz,
respectively, while the couple arc slots with the same radius are

corresponding to the notched band centred on 5.8 GHz.

Planar ultra wideband (UWB) antennas with on-ground band-
notched structures are studied [111]. Two different slot resonators, which
feature quarter-wavelength and half-wavelength configurations, are
embedded into the arc shaped ground plane of the circular disk patch
antenna in order to obtain the desired band-rejection around 5.8 GHz.
This antenna retains a super wide working band which spans from
1.62 GHz - 17.43 GHz. Performance in both the frequency domain and

time domain for this antenna has been investigated carefully.

Analysis and the operational principles of the embedded slots,
both half-wavelength and quarter-wavelength types, in getting the
notched band function is discussed [112]. A straight, open-ended
quarter-wavelength slot is etched in the radiating patch to create the
first notched band in 3.3 - 3.7 GHz for the WiMAX system. In addition,
three semi-circular half-wavelength slots are cut in the radiating patch
to generate the second and third notched bands at 5.15 - 5.825 GHz
for WLAN and 7.25 - 7.75 GHz for downlink of C-band satellite
communication systems. Surface current distributions and transmission

line models are used to analyse the effect of these slots.
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The antenna consists of a circular monopole and two W-shaped
slots etched into the monopole and the truncated ground plane, which
lead to the desired high attenuation at the two notch frequencies:
WiIMAX (3.4 - 3.8 GHz), WLAN (4.8 - 6.2 GHz) is presented [113].
The circular monopole antenna is fed by a 50 Q microstrip line with a
double-fed structure which prevents the excitation of horizontal
currents and ensures that only the dominant vertical current mode is

present in the structure.

Similar to the inserting slot structure in the UWB antenna design,
another commonly used technique is attaching stubs to the patch,
ground or feed line. When the length of the open circuited stubs
approximately equal to one quarter of wavelength of the desired notch
frequency, a destructive interference of the current distribution takes

place and makes the antenna non-radiating at that frequency.

Band-notched printed monopole antenna with constant gain over
a wide bandwidth is presented [114]. By using a pair of coupled
T-shaped strip and by inserting a protruded rectangular strip in the
ground plane, the gain of the square antenna is enhanced, and also
much wider impedance bandwidth can be produced, especially at the
higher band. The notched band, covering the 5.05 - 5.95GHz WLAN
band, is obtained by electromagnetically adjusting the coupling

between a pair of T-shaped stubs protruded inside the square ring.

Microstrip slot antenna with very sharp frequency notched

function is proposed and investigated [115]. The antenna consists of an
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octagonal wide slot etched on the ground plane used as it radiator with
a rectangular tuning stub on the other side. Two small notches are used
to finely tune the impedance matching characteristic. By simply
introducing an embedded square ring resonator in the tuning stub of the
slot antenna, high, sharp gain reduction performance at WLAN band

can be achieved.

Technique for simultaneously adding an extra frequency band at
2.4 GHz (Bluetooth band) without increasing the size of the antenna
and two frequency notched bands centred at 3.5 GHz (WiMAX band)
and 5.8 GHz (WLAN band) to an octagonal shaped UWB slot antenna
are proposed [116]. The extra band and dual band notches, which are
independent of each other, are created by attaching the L-shaped stubs
of a quarter-wavelength to the ground plane near the feed line. The
centre frequency of the notched bands can be finely tuned by changing
the length of the stubs. The stubs act independently and their addition
to the slot antenna does not change the behaviour of the original UWB

slot antenna.

Double trapezoid slot monopole antenna with dual band-notched
performance at 3.5/5.5 GHz is discussed [117]. A U-shaped stub and a
T-shaped stub in the radiation patch are embedded in upper and lower
trapezoid slots of the radiation patch respectively to realise the dual

band-notched characteristics.

UWB monopole antenna with notched band at 3.3 - 3.7 GHz
(WiMAX) and 5.15 - 5.825 GHz (WLAN) is developed [118]. The
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original UWB antenna is mainly composed of a hexagon radiation
patch and a circular slotted ground plane. In order to obtain band-
notched characteristics at 3.3 - 3.7 GHz and 5.1 - 5.8 GHz, a pair of
bended dual-L-shape branches are added to the slotted ground
symmetrically. Also, one branch consists of two strips of different
length, but these two strips share a common circle centre. The different
strips control different notch-band, the longer strip for the lower notch-

band and the shorter one for the upper notch-band.

Another band rejection technique is parasitic strip method, in
which a certain piece of conducting strip is placed in the radiating
aperture or adjacent to the radiating element. This element is called
"Parasitic" since it is not directly fed to the radiating element. When the
parasitic element resonates at the desired notch frequency, the current
distribution across the radiating element is disturbed and leads to

reduced radiation.

The antenna composed of a rounded ground with a slit, a planar
half ellipse-shaped radiation patch with an ellipse-shaped slot is
designed to reject the limited band (5.15 - 5.825 GHz) by attaching the
parasitic strip to the bottom layer of the antenna [119]. The notched
frequency band is adjustable by varying the length and location of the

parasitic strip.

A segmented circular planar monopole antenna with a notched
band centred at 5.7 GHz is proposed [120]. Band-notched characteristic

at 5.7 GHz band is obtained by segmenting a circular monopole patch

Design and Analysis of Printed UWB Antenna with Dual Band-notched Characteristics



Chapter 2

into three parts. Through cutting apart a circular monopole patch with a
pair of symmetrical slots, the patch is divided into three segments: the
centre patch and two side patches. Practically, the side patches function
as two parasitic elements and work as band stop filters. The segmenting
method that brings on band notched function could be regarded as a
hybrid between the methods of cutting slots and attaching parasitic

elements.

Microstrip-fed antenna, consisting of a square slot patch with a
vertical coupling strip is discussed [121]. The vertical coupling strip at
the centre of the slot patch controls the WLAN rejection frequency
band for UWB system operation. This coupling strip acts as a quarter-

guid-wavelength resonator.

Method for the design of a UWB planar antenna with band-notch
characteristics is proposed [122]. In this method, parasitic elements in
the form of printed strips placed in the radiating aperture of the planar
antenna at the top and bottom layer are employed to suppress the
radiation at certain frequencies within an ultra wide frequency band.
The parasitic elements have dimensions which are chosen according to
a certain formula. They can be used to reject a single narrow band, a
wide band, or three narrow bands, while the normal performance of the

antenna is maintained at the remaining pass band.

Dual band-notched monopole antenna with increased bandwidth
is proposed [123]. To improve the bandwidth a pair of L-shaped slots is

inserted on the ground plane. Dual band-notched characteristic is
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obtained by using one single element with fork-like shape, which is
electromagnetically coupled to the radiation patch. Moreover, single
band-rejected function is provided by using an inverted U-shaped

parasitic element instead of fork-shaped element.

The split-ring resonator (SRR) and complementary split-ring
resonator (CSRR) structures can also be applied in UWB antennas for
the notched band design. A SRR consists of a pair of concentric annular
or rectangular rings with splits at the opposite ends. The length and
width of the rings determine the centre frequency and bandwidth of the

notched band.

Realisation of dual band-notched characteristics using CSRR is
presented [124]. By adjusting the size of the CSRR inserted in the
radiating patch of a UWB monopole antenna, dual stop bands can be
obtained. This design uses a single CSRR instead of two separate
notch structures to produce notched bands at 3.40 - 3.48 GHz and
5.40 - 5.98 GHz.

Microstrip-fed half-elliptic monopole antenna with band-notched
characteristics is studied [125]. Two elliptic single complementary
split-ring resonators (ESCSRRs) are embedded in the radiating patch to
cancel interferences due to WiMAX (3.3 - 3.7 GHz) and upper WLAN
frequencies (5.15 - 5.85 GHz). Furthermore, rectangular split-ring
resonators are placed as parasitic elements near the junction of feed line
and radiating element to reject the ITU-specified X-band communication

frequencies (7.9 - 8.4 GHz).
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Recently, electromagnetic band-gap (EBG) structures have been
introduced in the design of UWB antennas with a stop band
characteristic because of its filtering behaviour. An EBG consists of
metallic patches and short pins named vias that connect patches into the
ground plane. The operation of EBGs is similar to a LC filter array

[126].

Ultra wide band circular monopole antenna which employs EBG
structure to realise band-rejection characteristic is investigated [126].
Mushroom-like EBG structure is located near the feed line to achieve
this goal. The amount of coupling between the EBG and the proposed
antenna depends on the distance between the feed line and the EBG
structure. As the EBG nears the feed line, coupling is increased and
stronger rejection is achieved. The stop band can be adjusted by

changing the gap distance between EBG cells.

UWB antenna consists of a microstrip line fed bevelled
rectangular metal patch with a defective ground plane utilizing two
electromagnetic band-gap (EBG) structures to produce dual notched
band response is studied [127]. The corner-located vias mushroom-type
EBG (CLV-EBGQG) structure is utilized for frequency-rejected function
design as it is more compact than the edge-located vias mushroom-type
EBG (ELV-EBG) structure by moving via from edge to corner. Then,
by placing one or two CLV-EBG structures coupling to the microstrip
feeding line of the UWB antenna, single or dual notches are obtained as
desired. The time- domain characteristics of the antennas are also

investigated with good performances.
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Folded strip monopole ultra wideband antenna with band-notched
characteristics at WLAN is proposed [128]. This antenna is composed
of a forked-shape radiator and a 50 Q microstrip line. To achieve band-
rejected filtering property at the WLAN bands, the forked-shape strips
are folded back and result in a pair of coupled lines on the radiator. The
length and gap width of the coupled lines primarily determine the

notched frequency of the antenna.

A band-rejected circle-like slot antenna with a folded fork-shaped
tuning stub is proposed [129]. To achieve band-rejected filtering
property at 5 GHz WLAN bands, the forked-shaped strips are folded
back and result in a pair of coupled lines on the tuning stub. These
coupled line sections act as parallel resonators and prevent the antenna

from radiating at the targeted rejection band from 5.1 - 5.9 GHz.

UWB antennas structure which use various notched-band techniques
together (hybrid techniques) i.e., combinations of slot, stub and parasitic

element, to realise multiple band notched are common in literature.

The antenna consists of a U-shaped slot excited by microstrip fed
circular stub is proposed [130]. The band-notched characteristics are
realised by attaching a slot and a parasitic strip to the antenna. The
parasitic strip on the bottom layer deals with the WiMAX notched band
while the C-shaped slot inserted in the circular feeding stub aims at the

WLAN band.

Antenna consists of annular patch producing dual band notched

characteristics is presented [131]. The dual band-notched response in
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both 3.4 - 3.7 GHz and 5 - 6 GHz can be achieved by etching a
C-shaped slot in the annular patch and CSRR in the ground, respectively.
A rectangular notch on the top of the ground is proposed to improve
impedance bandwidth of the presented antenna. CSRR in the ground
plane, together with the open stub extended from feed line, can obtain

band-stop filtering property at 5.5 GHz with good out-off-band flatness.

Printed monopole antenna with dual band notched characteristics
used for UWB applications is presented and investigated [132]. By
inserting two I-shaped notches in both sides of the microstrip feed line
on the ground plane with proper dimensions, a wide impedance
bandwidth is achieved. Dual band-notched characteristic is achieved
using a G-slot defected ground structure (DGS) in the ground opposite
to the feeding line and a pair of I'-shaped stubs in the radiating patch.

The antenna consists of a spade-shaped radiation patch with
truncated ground is presented [133]. By employing three crescent-
shaped parasitic resonators on the back side and etching an inverted
U-slot in the ground plane, four efficient notched bands centred on

5.2 GHz, 5.8 GHz, 7.5 GHz and 8.2 GHz are achieved.

Ultra-wideband (UWB) antenna with dual-band notched
characteristics is presented [134]. To realise the narrow band of
WiMAX centred at 3.5 GHz, the circular patch is first cut to an annular
ring, and then a pair of Y-shaped strips are connected to the annular
ring. Then by etching an inverted -shaped slot on the patch, a notched
band of 5.2 - 5.98 GHz for WLAN band is achieved.
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Dual band-notched slot antenna with enhanced bandwidth from
2.1 - 20 GHz is proposed [135]. By embedding two L-shaped stubs on
the rear of the substrate, the total bandwidth of the antenna is greatly
improved. In addition, by inserting two parasitic strips inside the circle-
like slot and etching two L-shaped slots in the ground plane, dual band-

notched characteristics are obtained.

Open slot antenna with dual band notched characteristics is
investigated [136]. To achieve the UWB operating characteristic, a
L-shaped open slot is etched on the ground plane. The desired 5.2 GHz
and 5.8 GHz WLAN band-notched characteristics are achieved by
placing a slot resonator on the ground plane and a slot-type SRR inside

a circular exciting stub on the front side, respectively.

The antenna consists of a square patch and a modified ground
plane producing band-notched response is studied [137]. A T-shaped
stub on the radiating patch and a pair of U-shaped stubs near the
feeding line are adopted to generate notched bands with central

frequencies of 3.6 GHz and 5.5 GHz, respectively.

A step-by-step design procedure aimed at achieving the required
UWB response with dual notched bands is presented [138]. The
radiator of the antenna is a slotted square patch. The ground plane is
located at the bottom layer, which also includes a n-shaped conductor-
backed plane to widen the impedance bandwidth. The first notched
frequency band is achieved by using a pair of mirror inverted L-shaped
slots embedded in the radiator, whereas the second notched band is

realised by an inverted T-shaped strip inside the radiator.

Design and Analysis of Printed UWB Antenna with Dual Band-notched Characteristics



Chapter 2

Design of multiple band notches for compact UWB antenna is
proposed [139]. The antenna consists of an elliptical radiator, a
microstrip-feed line and a ground plane. Four pairs of meander lines
(MLs), working as resonators, are added to the antenna to produce a
quadruple band notch characteristic, without increasing the overall
antenna size. Two types of feeding techniques, direct-connected feed
and parallel-coupled feed, are used in the resonators. The centre
frequencies and bandwidths of the individual notches can be
adjusted independently using the dimensions of the corresponding

MLs.

Microstrip-fed U-shaped monopole ultra-wideband antenna with
dual band-notched characteristics is proposed and investigated [140].
The dual band- notched operations are achieved by introducing a spiral
shaped quarter wavelength stub in the microstrip feed line and a pair of
symmetrical L shaped slots on the ground patch. The spiral stub in the
radiating patch is used to reject the frequency band limited by WiMAX
systems while the symmetrical L-shaped slot on the DGS is used to
reject the frequency band limited by WLAN systems. The dual band
rejections are thus mutually uncorrelated due to the placement of
structure in different places ie., in the radiating plane and the ground

plane.

Circular ultra-wideband planar monopole antenna designed to
obtain dual band-notched characteristics is presented [141]. The
antenna consists of a pair of arc-shaped strips near the patch and a pair

of two slots in the ground plane to realize the band-notched
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characteristics. The parasitic strips reject the upper band while the slots

in the ground plane deals with the lower one.

Dual band-notched monopole antenna with multi resonance
performance is presented [142]. The antenna consists of a square
radiating patch with an inverted T-shaped ring slot, surrounded by a
C-shaped slot, which provides a wide usable fractional bandwidth of
more than 125% (2.71 - 12.06 GHz). In the proposed structure, single
band-notched function is provided by cutting an inverted T-shaped slot,
surrounded by a C-shaped slot, in the radiating patch, and dual band-
notch characteristic is obtained by adding an inverted T-shaped
parasitic structure inside the slot in the radiating patch. By inserting this
parasitic structure, additional resonance is excited, the bandwidth is
improved and leads to a fractional bandwidth of more than 125%, with

respect to the multi resonance performance.

Microstrip-fed UWB antenna with dual notch-band, including
3.3 - 3.7 GHz (WiMAX) and 5.15 - 5.825 GHz (WLAN) is proposed
[143]. In order to get notch-band at 3.3 - 3.7 GHz, a meandering slot is
embedded into the junction of feed-line and radiation patch. The notch-
band at 5.15 - 5.825 GHz is achieved by symmetrically adding two
C-shaped strips to the feed-line. Both the slot and the symmetrical

strips are analysed and discussed.

A dual band-notched inverted U-shaped wide-slot UWB antenna
with a radiation patch similar to the slot shape is proposed [144]. The
rejection of the WLAN band is obtained by etching a C-shaped slot on
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the radiation patch. To achieve the band-notched function at the
WiMAX band, an L-shaped stub is extruded from the ground plane. By
putting the two band-notched structures in the right position and
choosing the appropriate length for both structures, a dual band-

notched UWB antenna with high performance can be acquired.

UWB antenna with 3.5/5.5 GHz dual notch-band characteristics
is presented [145]. Firstly, a modified UWB rotated cross monopole
antenna is obtained. Then by inserting a quarter wavelength stub and
etching two symmetrical half-wavelength L-shaped slots on the UWB

antenna, a dual band-notched ultra-wideband antenna is obtained.

CPW fed rectangular slot antenna with stepped impedance
resonator-defected ground structure (SIR-DGS) and fork-shaped stubs
to achieve sharp notches at frequencies of 3.5 GHz, 5.68 GHz and
7.48 GHz is proposed [146]. The proposed antenna operates from 2.8 to
11.3 GHz except for the selected notched bands. The main advantage of
the antenna is that the frequency of the notched band can be tuned

easily over a wide frequency range.

UWB antenna designed for rejecting the potential interference
from WLAN band (5.15 - 5.825 GHz) as well as X-band (7.25 - 7.75 GHz
and 7.9 - 8.4 GHz) is presented [147]. Two frequency rejection bands
are realized in the proposed design by using a stepped impedance stub
(SIS) and an arc-shaped parasitic element (ASPE). In addition, the
design enables one to tune the centre frequencies of these two rejection

bands by adjusting the dimensions of the SIS and the ASPE.
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CPW-fed ultra wideband antenna with 3.9/5.5 GHz dual band-
notched characteristics is presented [148]. The antenna consists of a
cup-like radiating patch and a 50 Q coplanar waveguide transmission
line. The dual band-notched characteristics are obtained by etching a
pair of L-shaped slots on the edge of ground plane and introducing two

symmetrical L-shaped stubs on the radiating patch.

This thesis deals with CPW-fed UWB antennas designed to reject
WiMAX and WLAN bands. Chapter 4 presents a truncated circular
disc UWB monopole antenna with dual band notched characteristics.
To realise the WiMAX notched band, a folded U-slot is etched near the
upper edge of the radiating patch. WLAN rejection band is realised by
inserting a  U-slot in the radiating patch near the feed point. Chapter 5
proposes a dual band notched UWB slot antenna, where the multiple
notched functions are achieved by using hybrid techniques. It employs
a combination of parasitic element and stub to realise the dual band
rejection. Parasitic element placed within the radiating aperture of the
antenna produces notch characteristics at WiMAX band while the stub
connected to the upper edge of the ground provides the notch function

at WLAN band.
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METHODOLOGY

3.1 Antenna Simulation

b 3.2 Time/Frequency model of UWB Antenna

§ 3.3 Fabrication

N 3.4 Antenna Measurement Facilities

B 3.5 UWB Antenna Characterisation and Measurements
3.6 Conclusion

This chapter highlights the fabrication, experimental methodology
employed to characterise the antenna and simulation tools used for the
analysis of the UWB antenna. The simulation, optimisation and
analysis of these antennas are done using CST Microwave Studio. A
detailed account on theoretical approach to analyse the transfer
characteristics of the antenna is discussed. The antennas are fabricated
on microwave substrates using photolithography facility available in
the department. This chapter concludes with a brief description of
experimental setup and measurement techniques for electrical properties

and transfer characterisation of UWB antennas.
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3.1 Antenna Simulation

CST Microwave Studio (CST MWS) facilitates fast and
accurate analysis of high frequency (HF) devices such as antennas,
filters, couplers, planar/multi-layer structures and EMI/EMC effects.
The simulation models of the investigated antennas are developed in
CST Microwave Studio. Among the different simulation methods in
CST, the transient solver could be best for wideband or planar

antennas [1].

Using the built-in Graphical User Interface (GUI), antenna
structure is drawn. Once the antenna structure is modelled as in
Fig. 3.1, the waveguide ports are assigned to excite the antennas. Then
the desired frequency range is selected before the transient solver starts.
The transient solver is executed to start the simulation. From the
simulated results, electrical properties/frequency domain parameters of
the antenna such as input impedance, return loss, VSWR, radiation
patterns, gain etc. can be conveniently displayed/ stored/ printed. The
parameterisation and optimization tools in CST can optimise any
parameter such as the dimensions or position of a component, the
materials properties, and the values of circuit elements connected to it.
The antenna geometry can then be appropriately optimised for the
desired impedance response. Transient response can be analysed by
inserting virtual probes at the desired positions on a spherical surface

surrounding the antenna as described in section 3.2.2.
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Fig. 3.1: CAD model of the antenna in CST

3.2 Time/Frequency model of UWB Antenna

Since the UWB systems are often employed in an impulse-based
technology, evaluation of the conventional parameters such as reflection
coefficient, efficiency, radiation pattern, gain, polarisation etc. as functions
of frequency is inadequate for the characterisation of the transient radiation
behaviour. So the transient properties have to be considered in addition to

the frequency domain characteristics of the antennas [2].

3.2.1 Transient Transmission Model

In order to take transient properties into account, the antenna is
considered as a Linear Time Invariant (LTI) system [3]. Fig. 3.2 presents
an approach to characterise the UWB radio link [4] which consists of three
blocks: the TX antenna, the free space channel and the RX antenna. In

frequency domain, each block is characterised by transfer functions

ﬁTX(w, 0,9), Hey(w) and ﬁRX(w, 68, @) under the approximation of far
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field and line-of-sight propagation. The associated transient responses are

Rpy (8,0, 9), hey(t) and ﬁRx(t, 0, ) respectively.

UTX Erad E inc URX

TX Model Channel model RX Model
Hrx(w, 8, ¢) Hey(w) Hpx(w, 0, @)

Fig. 3.2: UWB radio link model [4]

For a free space channel, the transient transmission can be written

in the frequency domain and the time domain, respectively, as

U ‘9‘ — —
% == 521 = HTX(O)' 0, ‘P)HCH((U)HRX(‘U' 0, (p) ........ (31)

Uy (£) = hry (£,0,9) * hey * hgx(t,0,9) * Urg () ..o (3.2)
where the free space channel transfer function is given by

Herr (0) = 7= exp () oo (3.3)

2r

ﬁTX(w, 0, @) is the transfer function that relates the transmit signal

Urx (o) to the radiated field strength Erad(w, r,0,¢) at a certain

distance r from an antenna in the transmit mode as in (3.4) whereas
ﬁRX (w, 0, @) is the transfer function that relates the received signal

amplitude Upx(w,) to the incident field strength Einc (w, 6, ¢) for an

antenna in the receive mode (3.5) [2].
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Eraa(w,1.6,9) eJor/c o Urx(w)

d\/z_o = " HTX((‘)! 9, (p) TXT ....................... (34)
Urx(w1.0,0) _ 13 Einc (0,0,9)
- Hpx(w, 0, ) TR e (3.5)

Z. and Z, are the characteristic impedance of the antenna port

and free space respectively.

For the transient response description, it is assumed that the
transmit antenna is excited with an impulse. In this case, the antenna’s
transient response h(t, 8, ¢) becomes more adequate for the description
of impulse systems. The impulse responses of the antenna in
transmission and reception are calculated by taking the inverse Fourier

transform of (3.4) and (3.5) respectively.

erad(t.,r.0, 1 7 @®)

LJZ_Z"’E; §(t=1)« hTX(t,B,go)*% .................. (3.6)
URx(t,7,0. _’ Einc(t,0,

W = hrx (£, 6, @) * LJZ_"’) .................................... 3.7)

Here, the mathematical operation multiplication in the frequency

domain is substituted by convolution in the time domain. The
convolution with the Dirac function §<t - g) represents the time

retardation due to the finite transit time r/c. As the antenna
characteristics also depend on the signal propagation direction (i.e., are
spatial dependent), the transfer functions and the transient responses
modelling the UWB antennas are spatial vectors [2]. As a consequence,

the antennas do not radiate the same pulse in all the directions.
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The application of the reciprocity theorem [5] yields the relation
between the receiving and transmitting mode transfer functions in the

frequency and in the time domain are as in (3.8) and (3.9).

Hrx(w,0,9) = % Hpx(w,0,9) = %HRX((», 0,0) oo (3.8)

1 0
hTX(t’ 6, (p) = % a th(t, 9, (p) ....................................... (39)

From (3.9) it is observed that the transmit impulse response
hrx(t, 8, @) is directly proportional to the time derivative of the receive
impulse response hpx(t, 8, ). Substituting (3.9), the transient radiation

in time domain (3.6) can be rewritten as (3.10), after exchanging the

. d :
derivative ( 5) and the convolution(*).

:ra t.r.0, 1 — 0 (t)
edl 00 = 5 (t =)+ Fax(t,6,9) « 5, 2. (3.10)

The expression (3.10) is similar to the known formulation for the
radiated fields of impulse radiating antennas (IRAs) [6] and it indicates
that an ideal antenna with hgzy(t, 8, @) = £5(t) will radiate an electric
field pulse that is proportional to the time derivative of the input
voltage pulse. i.e., ideal Dirac pulse would characterise the transmitting

antenna as a mere differentiator in time [2].

3.2.2 Transient Analysis in CST

Fig. 3.3 shows the setup in CST for transient analysis. The radial
distance and the separation between probes are selected according the

far field criterion and resolution required respectively. The orientations
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of the probes are parallel to the polarisation of the test antenna. The
antenna is excited with a pulse uryx(t) whose frequency bandwidth
covers the FCC specified UWB spectrum and its radiated field pulses
€raqa(t, 7,0, @) are detected on the surface of a sphere with radius r
satisfies the far field range criterion. Virtual probes inserted in the two
principal planes as shown in Fig. 3.3 detect both the radiated pulses and
the corresponding transfer functions. For antennas with nearly omni-
directional radiation patterns, the transient parameters are usually

investigated in azimuth plane (H-plane).

Fig. 3.3: Transient analysis setup in CST

Here, fourth order Rayleigh pulse (4™ derivative of the Gaussian
pulse) is chosen as the input pulse as discussed in Chapter 1, section

1.2.3 and its expression is given [7] by (3.11)

U (®) = 5:(0) = [t~ D* =2 (¢~ 1)2 + 2] exp (— (t;—l)z) (311
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where t represents time and t is the pulse width.

To avoid possible interference between the UWB communication

systems and co-existing narrow band wireless systems, the FCC has

regulated emission mask which defines the maximum allowable radiated

power for UWB systems. Fig. 3.4 shows the fourth order Rayleigh pulse

and its corresponding power spectral density (dBm/MHz) which comply

with the FCC indoor emission mask when t = 67 ps [7].

1.5

Normalised signal strength

-1.0
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Power spectral density{dBm/MHz)
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Fig. 3.4: (a) Fourth order Rayleigh pulse and (b) power spectral density
normalised to FCC emission mask
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3.3 Fabrication

The prototypes of the antennas are fabricated on microwave
substrate using photolithography. This technique is employed where high
accuracy in dimensions is required. First a negative mask of the antenna
geometry is printed on a butter paper by Laser printer. Copper clad sheet
of suitable size is cleaned using acetone to remove the oxide coating on
its surface. Using a high speed spinner, thin layer of photo resist material
is applied on the copper clad and dried. Then the copper clad is exposed
to UV rays with the prepared negative mask just on the substrate. The
layer of photo resist material in the exposed portion hardens while in the
unexposed region remains unaffected and can be removed by dipping in
developer solution. It is then rinsed in water. The unwanted copper is
now etched using Ferric Chloride (FeCls) solution. Finally, the board is

cleaned to remove the hardened negative photo resist.

3.4 Antenna Measurement Facilities

The antenna measurements are carried out using the antenna
research facility which includes Vector Network Analysers (HP 8510C,
R&S ZVB 20, Agilent PNA E8362B), automated antenna positioner

and anechoic chamber.

The network analyser is a versatile instrument which can evaluate
the characteristics of the antenna under test (AUT) with a high level of
precision through the use of scattering parameters. S-parameters have
long been the chosen method because they are relatively easy to derive at

high frequencies and are directly related to the measurement parameters
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of interest to microwave designers such as gain, return loss and reflection
coefficient [8]. To measure the S-parameters accurately, the Network
Analyser is first calibrated using the calibration standards over the
desired frequency range. This is done in order to eliminate the losses

associated with the cables and connectors used in the measurements.

Anechoic chambers are indoor free space antenna ranges designed
to simulate measurements that would be performed in free space. That is,
all reflected waves from nearby objects and the ground (which are
undesirable) are suppressed as much as possible. The walls, ceilings and
floor are covered with special electromagnetic wave absorbing material.
The tapered shapes of the absorber provide good impedance match for
the microwave power impinging upon it. Aluminium sheets are used to

shield the chamber from surrounding electromagnetic interference [9].

An automated antenna positioner is employed for the radiation
pattern measurement. It consists of a microcontroller based antenna
positioner, interfaced with the PC. The PC synchronises the movement
of the antenna and the network analyser measurements. The antenna
under test (AUT) is mounted over the antenna positioner and a
wideband standard horn antenna is used as the transmitter for the

radiation pattern measurement.

3.5 UWB Antenna Characterisation and Measurements

3.5.1 Electrical Properties

In general, the electrical properties of antennas are described in

frequency domain and are characterised by return loss, VSWR, efficiency,
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radiation pattern, gain and polarisation properties [9]. Theory and

measurement procedures are discussed in the following sections.

Reflection coefficient and VSWR:

Antenna is considered as an impedance matching device between
the transmission line connected to source and free space. When there is an
impedance mismatch between the antenna and the transmission line, a part
of the incident power is reflected back to the source. The ratio of reflected
voltage (or current) to the incident voltage (or current) is called as the
voltage reflection coefficient (I"). Reflection coefficient expressed in dB is
termed as S;; or Return loss. Return loss (RL) is defined as the ratio of the

reflected power to the incident power, its expression is
RL = —20108(I") = —(811) rerrereererererereneneeesieneeeenenene (3.12)

Voltage standing wave ratio (VSWR) is another term used to
represent the amount of impedance mismatch and is the ratio of
maximum voltage to minimum voltage of the standing wave formed on
the transmission line. VSWR < 2 is considered as the tolerable limits
for a matched antenna which gives S;; < —10 dB.

VSWR — Umax — 1+|r|

Umin 1-|r|

Firstly, the input port of the network analyser is calibrated using
standards such as short, open and matched loads in S;; trace mode over
the desired frequency range. When AUT is connected to the input port,
the display gives the S;; as a function of frequency. Using markers

resonant frequencies, bandwidth etc. can be easily displayed. The
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range of frequencies for which the S;; is within the -10dB points is
usually treated as the band width of the antenna. Plots of VSWR, real
and imaginary components of the input impedance etc. can also be

obtained by selecting the respective parameters from the format menu.

Efficiency:

According to IEEE standard test procedure [IEEE std. 149™-
1979], the radiation efficiency of an antenna is defined as the ratio of
the total power radiated by the antenna to the net power accepted by the
antenna at its input terminals during the radiation process. After
considering the reflected power loss due to impedance mismatch, a
more reasonable definition for antenna efficiency is given as the ratio
of the total power radiated by the antenna to the net power applied/

input at the antenna terminals [10].

NUWE = 8 oo (3.14)

Papplied

For evaluating UWB antenna efficiency, “UWB Wheeler Cap”
method has been developed which uses a much larger spherical shell
instead of a closed spherical shell of radius r = % at the frequency of

interest as for narrow band antennas. This allows the antenna to radiate
freely, and then receive its own transmitted, reflected signal. Fig. 3.5

shows the experimental arrangement using large ‘Wheeler cap’.
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Fig. 3.5: Antenna efficiency measurement setup [10]

The power applied to the transmit antenna can be expressed as the
sum of dissipation loss, mismatch loss and radiated power. All these can

be expressed in terms of power fractions, i.e., fraction of the input power

dissipated in losses (l = M), a fraction of reflected power due to

in

mismatch (m = Pre’:ﬂ) and a fraction of power radiated (n = %)
mn m
so that
LAmMAn =1 e (3.15)

The scattering parameter of the antenna obtained under free space
condition is the mismatch fraction (m = |S;;_gg|?) in free space. The
receive and transmit efficiencies (77) are identical by reciprocity. The

scattering coefficient inside the UWB Wheeler Cap becomes [10]:

ISqi—wel?> =m+n?2 +’m + ?m?2 + ?m3 + ... ..

1
= |S11-rs|* + 1?

1-|S11-rsl?
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which solves to yield the following result for the radiation efficiency:

77 = \/(1 - ISll—FS|2)(|Sll—WC|2 - |Sll—FS|2) .................. (317)

For measurements, a nearly spherical metallic chamber with diameter
50 cm is used. First, S;;_gs of the AUT is measured in free space
condition. Then the AUT is placed at the centre of the closed metallic
chamber and S;;_yy ¢ is measured. The radiation efficiency is calculated
using (3.17). The raw data thus obtained is smoothed by taking the

peak value over small frequency intervals [10].

Radiation pattern:

The radiation pattern of an antenna is graphical representation of
its radiation properties as a function of the space coordinates. In
general, the radiation pattern of an antenna is three dimensional in
nature. Because it is impractical to measure a three dimensional pattern,
a number of two dimensional patterns are measured which are used to
construct a three dimensional pattern. Usually the patterns are
measured in two orthogonal principal planes, E-plane and H-plane

(both co-polar and cross-polar). The far field radiation patterns are
. . 2D? .
measured on the surface of a sphere with radius r > - where D is

the largest dimension of the antenna and A is the smallest operating

wavelength.

The patterns of antenna can be measured by using test antenna in
the receiving mode. As shown in Fig. 3.6, the standard ridge horn

covering 1 GHz to 18 GHz band is connected to port 1(transmitter ) and
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the AUT is connected to port 2 (receiving mode) of the network
analyser and the frequency range for which S;; <-10 dB is selected. To
obtain two-dimensional patterns in the desired plane the AUT is mounted
on an automated antenna positioner, and then the height and polarisation
of both antennas are aligned for maximum reception (|S,;|) between
them. A THRU calibration is performed along the bore sight direction
over a selected frequency range. The radiation patterns of the antenna at
multiple frequencies are measured over a single rotation of the antenna
positioner in steps of fixed angle by using CREMA soft. The positioner
stops at each step angle and records S,; data till it reaches the final stop
angle. The entire measured data are stored in ASCII format and can be

used for further processing like pattern analysis and plotting.

< »
< '

R
A
vector network Automatic antenna
analyser positioner
O, 2
\ A
5 computer Antenna position
controller

Fig. 3.6: Antenna pattern measurement setup
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Gain:

Gain is the ratio of radiation intensity, in a given direction, to the
radiation intensity that would be obtained if the power accepted by the
antenna were radiated isotropically [9]. Gain transfer/ Gain comparison
is the most commonly used method to measure the gain of an antenna.
This method uses a standard gain antenna to determine the absolute
gain. Initially relative gain measurements are performed, which when
compared with the known gain of the standard antenna yield absolute

values.

The measurement setup used for the radiation pattern can be used
for the gain measurement also. Here, a wide band ridged horn antenna
is used as the standard gain antenna. Initially an arbitrary antenna is
connected to port 1 and a standard antenna is connected to port 2 of
network analyser and aligned for maximum reception. THRU calibration
is performed and is the reference for AUT gain. Now the standard
antenna at the receiving end is replaced by the AUT and S, is recorded

which gives the relative gain. The absolute gain can be calculated as
G (dBl) = Gref(dB) i |521|AUT(dB) ................................. (318)

3.5.2 Transfer Characterisation (Transient) Parameters

The transient parameters of a dispersive UWB antenna under test

(AUT) can be derived directly from either the antenna time-domain
impulse response HRx(t, 8, p)) or frequency domain transfer function

ﬁRx(w, 0,¢9) as both of them contain the full information on the
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antenna radiation [11]. Here, two important effects of the antenna are
considered, the ability of the antenna to transmit and receive power
effectively and then the distorting effects of antenna on the waveform

to be transmitted or received [2], [12]-[13].

3.5.2.1 Frequency Domain Parameters
Gain:

The gain in frequency domain can be calculated from the antenna

transfer function

G(f,0,9) = ZLNH(f, 0, 0) 12 oo (3.19)

It is important that the transfer function is multiplied by f?2.

Group delay:

The group delay 7,(w) of an antenna characterizes the frequency

dependence of the time delay. It is defined in frequency domain

dp(w) _ _do()

Tg(w) - dw 2ndf

where ¢ (f) is the frequency-dependent phase of the received signal. For
minimum distortion, the group delay should be constant within the

frequency band of interest, i.e. the phase increases linearly with frequency.

3.5.2.2 Time Domain Parameters

The effects of antenna on pulse distortion are also to be

investigated in time domain. For the sake of simplification, all the
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formulations are given for the co-polarisation. The dispersion of the
antenna can be analysed by considering the envelope of the pulse
response shown in Fig. 3.7, which is calculated by the Hilbert
transform H, commonly used in signal processing. The envelope
|h*(t,0, )| of the analytic pulse response shows the distribution of

energy versus time and hence is a measure of dispersion due to an

antenna [2], [12]-[13].

Pulse responses of the antenna h(t) and h*(t) are shown in
Fig. 3.7 for a given polarisation and direction (8, ¢) of radiation with
characteristic parameters like peak value, full-width at half-maximum
(FWHM) and the ringing duration 7,.. The parameters are dependent on

polarisation and spatial co-ordinates (8, ¢).

1.0 4 { peak value
I
£ i
=) i i
£ 05 I y envelope width
£ —f =
4] A .
= ringing
5
7 0.0 >
T
a
e
w®
E 0.5 -
[}
= — h({)
—Ta— +
-1.0 h ()
0.5 1.0 1.5 2.0 25 3.0
Time {ns)

Fig. 3.7: Characterisation of antenna transient response
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Peak value of the envelope:

The peak value p(6, ) of the analytic envelope |h*(t,0, )| is a
measure for the maximal value of the strongest peak of the antenna’s

transient response. It is mathematically defined as

p(0,9) = max;|ht(t,0, Q)| oo, (3.21)

Envelope width:

The envelope width describes the broadening of the received
pulse and is defined as the full width of the analytic envelope |h* (t)]
magnitude at full width half maximum (FWHM). Analytically, it is

defined as
TFWHM = t2|h+(t2)|:p/2 - t1|h+(t1)|:§, t2> tl ns......... (3.22)

Ringing duration:

The ringing 7, of a UWB antenna is undesired and usually caused
by resonances due to energy storage or multiple reflections within the
antenna. It results in oscillations of the received pulse. The duration of
the ringing 7,, which is defined as the time required for the envelope to
fall from the peak value p(0,¢) to below a certain lower bound

a.p(0, @), and is measured as follows

Tr = t2|h+(t2)|=ap o t1|h+(t1)|=’P. t2>1ty

The lower bound for a is chosen according to the noise floor of

the antenna measurement. In order to compare the ringing of antennas
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having different gains under the restriction of constant noise floor, the

fraction a is chosen to be 0.22 [2], [13].

3.5.2.3 Transient response Measurement

The antenna’s transient response measurements can be performed
either in time domain or in frequency domain. The results of both the
measurements match perfectly well. Usually, the measurement in
frequency domain is preferred because of standardised easy calibration
methods and high dynamic range of network analysers [11]. In this
thesis, the transient response of the antenna is derived from the

measured S,;.

Reference plane Reference plane

Transmitting ant Receiving ant

— >

%ﬁon

Positioner

[ ]
Virtual source

Vector Network Analyzer <
Port 1 Port 2

Fig. 3.8: Antenna transfer function S;; measurement setup [14]

The antenna measurement system includes two identical UWB
antennas with one as transmitting and the other as receiving antenna,
connected to port 1 and port 2 of the network analyser respectively as

in shown in Fig. 3.8. The antennas are separated by a distance of 15 cm
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so that they are in the far field. Before connecting the antennas, a
THRU calibration is done in S,; trace mode in order to eliminate
dispersive effects of the connecting cables. The transmission coefficient
S,1 between the transmitting and receiving antennas, which is given by
(3.1), is measured for different orientations of the receiving antenna.
With the same orientations of antennas the group delay is measured by
selecting delay option from the format menu. Fig. 3.9 shows the
orientations of the antennas for two extreme cases, face to face and face

to side.

ZN N N>

15¢cm 15cm
(a) (b)
Fig. 3.9: Antenna orientations for S,; measurement (a) face to face and
(b) face to side

From the measured scattering parameter S,; in the frequency
domain, the transmitting and receiving antenna transfer functions can

be deduced. Using two identical antennas, the following relation is
obtained by substituting Hry = %HRX in (3.1), [4]. In order to obtain

physical results, the phase of the transmission coefficient S,; has to be

unwrapped correctly.

1
S21(w,0,90) 1\2
Hex(w, 8, @) = (# ;)2 ............................................ (3.24)
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Then, the impulse response Hn(t, 0, ) can be easily deduced
from the transfer function by taking Inverse Fast Fourier Transform

(IFFT).

Fidelity - pulse distortion analysis:

For UWB systems, receivers are based on correlation of the
received pulse with a template waveform already stored in the receiver.

The received pulse can be obtained by convolving input pulse s;(t)

with the impulse response of the antenna ﬁn (t,0,p).

So(t) = Si(t) * hyy(£,0,0) e (3.25)

A well-defined parameter named fidelity is then proposed to

evaluate the pulse handling capability of an antenna [14].

f_+;° 5;(£)so (t+7,0,9)dt

F(6, ¢) = max,

\/ffo‘f P R
where 7 is the delay which is varied to maximize the numerator. The
fidelity is the maximum of the correlation coefficient of the template
and received pulses. It compares only shapes of the waveforms, not
amplitudes. The fidelity reaches unity as the two pulses are exactly the
same in shape, which means the antenna does not distort the incident
pulse at all. This measurement is performed for different spatial

orientations of the test antenna.
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3.6 Conclusion

Methodology adopted to simulate, analyse, fabricate and measure
characteristics of antennas in the following chapters are discussed.
Antenna structure simulation, optimisation and transient analysis using
CST are described. Detailed studies on transient transmission model
with supporting mathematical analysis are carried out. Theory and
measurement techniques of various parameters including electrical
properties such as reflection coefficient, efficiency, radiation pattern
and gain as well as transient characteristics such as peak value, FWHM,
ringing and group delay are explained to evaluate the performance of

the UWB antennas.
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Chapter 4

DUAL BAND-NOTCHED TRUNCATED CIRCULAR
DISC ANTENNA

4.1 Truncated Circular Disc Monopole Antenna
4.2 Dual Band-notched Truncated Circular Disc Monopole Antenna

V

W 4.3 Transient Analysis

=

& 4.4 Experimental results
4.5 Conclusion

A truncated circular disc monopole with improved radiation pattern for
ultra wide band applications is proposed in this chapter. The structure
is actually derived from a conventional CPW-fed circular disc by
removing the upper portion of the disc and reducing the width of the
ground. Planar circular monopole antenna is considered because it
offers large bandwidth compared to any other regular structures. The
antenna presented is having simple structure with compact size of
25 mm X 20 mm. To avoid the interferences with co-existing narrow
band wireless services like WLAN and WiMAX, band-notched design is
included. The effects of various geometric parameters on impedance
bandwidth and resonant frequencies are discussed. Experimental
studies on radiation properties and transient characteristics are

performed in frequency domain.
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4.1 Truncated Circular Disc Monopole Antenna
4.1.1 Evolution and Geometry of the antenna

A truncated circular disc monopole antenna covering UWB
spectrum is presented. The proposed antenna is derived from a circular
disc monopole [1] of size 1.31544, X 1.766A,. fabricated on a substrate
with relative permittivity €, = 3 and height h = 1.6 mm as shown in

Fig. 4.1 (a). A4¢ is the guide wavelength corresponding to the centre

frequency of UWB bandwidth.

-10

-15

$,, (dB)

2 4 6 8 10 12
Frequency (GHz)

(b)

dB
2.5
1.88
1.25
8.625

x  -9.38
-18.8
-28 .1
-37.5

Fig. 4.1: (a) Structure of circular disc monopole [1], (b) S;; of the
antenna and (c) radiation patterns at 3.1 GHz, 4.5 GHz and 5.5 GHz.
(W=1.76644., R=0.4691,, L, =0.3751 4., W,=4mm, G = 0.35 mm,
£ =3,h=1.6 mm)
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A 50 Q CPW feed line, which has a signal strip of width W; and a gap
G between the strip and the coplanar ground plane, is used to excite the
antenna. The antenna consists of a circular disc with radius R and a

rectangular ground of size Ly X W.

The work on ref [1] antenna is mainly concentrated on
widening the impedance bandwidth by increasing the ground width
W. The reflection coefficient characteristics S;4 is shown in Fig. 4.1 (b)
and exhibits a wide bandwidth extends from 2.7 GHz to more than
12 GHz. But from Fig. 4.1 (c), it is observed that at 5.5 GHz the
radiation pattern of the ref [1] antenna starts to lose its omni-
directionality, i.e., the direction of maximum radiation starts to
deviate from the xz-plane. This is due to the presence of immediate
second resonance which is a higher harmonic of the fundamental
mode [1]. i.e., its pattern bandwidth doesn’t cover the entire spectrum,
limited to 4.5 GHz make it less efficient in UWB communication

applications.

4.1.1.1 Evolution of the proposed antenna

In ref [1] antenna, the induced current on the ground plane
concentrates mainly along its upper edge. It is observed that the
radiation patterns of the ref [1] antenna can be improved to a certain
extent without sacrificing the impedance match by decreasing the
ground width and changing the relative permittivity to 4.4 (modifying
the dimensions of the signal strip W; and gap G). Thus a compact

circular disc antenna (antenna 1) similar to the ref [1] antenna structure
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with improved pattern bandwidth is derived using a substrate with
relative permittivity €, = 4.4 and height h = 1.6 mm. The radius of
the circular disc is reduced compared to ref [1] antenna so that the
impedance bandwidth of the antenna starts nearly from the lower edge

of the UWB spectrum.

o
=
@ 20
=25
-30
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>
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2.5
1.88
1.25
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X  -9.38
-18.8
-28 .1
-37.5

(©
Fig. 4.2: (a) Structure of antenna 1, (b) S;; of antenna 1 and (c) radiation
patterns at 3.3 GHz, 5.5 GHz and 7.0 GHz. (W = 0.7514,,
R = 036844, L, = 0.35644., W, = 3mm, G =0.4 mm, &, = 4.4,
h =1.6 mm)
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The antenna 1 structure, reflection coefficient and radiation
patterns of the compact circular disc antenna are shown in Fig. 4.2 (a) - (c).
The antenna 1 operates from 3.29 GHz to more than 12 GHz with first
and second resonances at 3.8 GHz and 7.3 GHz respectively as shown
in Fig. 4.2 (b). The resonant frequencies are increased because the size
of the circular disc is decreased. Compared to Fig. 4.1 (c), the pattern
maximum of antenna 1 remains in the azimuth plane (xz-plane) even at
5.5 GHz as in Fig. 4.2 (c), because its second resonance is far away
from that of the ref [1] antenna. It is also noted that pattern response
obtained at 7.0 GHz is comparable to the response of ref [1] antenna at

5.5 GHz.

For circular disc monopole, the current is concentrated mainly on
the lower edge of the disc for the fundamental mode [1]. So the size of
the antenna can further be reduced by truncating the upper portion of
the circular disc as in Fig. 4.3 (a) and is referred as antenna 2. The
circular disc is truncated at a point L, below the topmost point on its
circumference. The overall size of the antenna 2 is reduced to
0.939445, X 0.75124.. Fig. 4.3 (b) shows the reflection coefficient
characteristics of antenna 2 with first and second resonances at 4.2 GHz

and 7.8 GHz respectively.
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Fig. 4.3: (a) Structure of antenna 2, (b) S14 of antenna 2 and (c) radiation
patterns at 4 GHz, 5.5 GHz and 8 GHz. (L = 0.9394,,

W = 075145, R = 036814, L = 0.16514, L, = 03561,

W,=3mm, G =0.4 mm, £. =4.4, h = 1.6 mm)

Fig. 4.3 (c) shows a slight improvement in the direction of pattern
maximum (nearing xz-plane, 6 = 0°) at § GHz compared to Fig. 4.2 (¢).
i.e., truncation of the circular disc improves the radiation pattern
bandwidth with added advantage of size reduction. But the truncation
increases the lower cut-off frequency of the antenna, thus reduces the

impedance bandwidth slightly.
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The current is mainly distributed along its upper edge of the
ground plane, so the impedance characteristics can be tuned by
optimizing the shape and dimensions of the ground plane [2]. It is
known that smooth transition between the ground plane and the patch
near the feed point enhances the impedance bandwidth of the antenna
(eg. tapered feed bi-conical antenna & volcano smoke antenna) [3]-[4].
For enhancing the bandwidth, the ground plane is modified by adopting
semi-elliptical shape for its upper edge and results in the proposed

antenna structure.

4.1.1.2 Geometry of the antenna

The proposed antenna consists of a truncated circular disc and a
rectangular ground plane with semi-elliptically shaped upper edge. A
50 Q CPW feed line, which has a signal strip of width W, a gap G
between the strip and the coplanar ground plane, is used to excite the
antenna. R is the radius of the circular disc which is truncated at a point
L; below the topmost point on its circumference. The upper edge of the
ground plane is made semi-elliptical in shape by placing an ellipse on a
rectangular ground plane of size L, X W so that the lower half of the
ellipse is overlapped with the rectangular ground. Here, R, and R,, are

semi-major and semi-minor axes of the embedded ellipse respectively.
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Fig. 4.4: Geometry of truncated circular disc UWB antenna (a) top view
(b) side view and (c) photograph of the fabricated antenna
(L = 0939445, W = 0.751445, R = 036814, L = 0.1654,,
L, = 02064, Ry = 037544, R, = 0.154,, W, = 3 mm,
G =04 mm, g=0.3 mm, h =1.6 mm, &, =4.4)

Fig. 4.4 shows the geometry and photograph of the proposed
UWB antenna having a size of 25 mm X 20 mm, fabricated on a
substrate of relative permittivity €, = 4.4, tand = 0.02 and thickness

h=1.6mm.

4.1.2 Simulation, Parametric Analysis and Design
4.1.2.1 Simulation

Reflection coefficient:

Fig. 4.5 demonstrates the simulated reflection coefficient (S;;) of
UWB antenna shown in Fig. 4.4. The antenna operates from 3.4 GHz to
more than 12 GHz and resonates at 4.04 GHz, 7.93 GHz and
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11.84 GHz. The overlapping of these resonant modes results in UWB

characteristics.
0
_5 i
=10
T 151
=
w20 -
.25
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Fig. 4.5: Simulated S of truncated circular disc antenna (L = 0.9394,,,
W = 0.75144,, R = 0.36824,, L, = 0.1654,,, L, = 0.2064,,
Ry =0.37544, Ry =0.154 4., Wo=3mm, G =04 mm, g=0.3 mm,
h =1.6 mm, ¢. =4.4)

ge

Surface current distribution and radiation pattern:

By observing the surface current distribution at resonances,
polarisation and radiation properties of the antenna can be studied.
Surface current distribution and radiation pattern at three resonant
frequencies are plotted in Fig. 4.6. From the Fig. 4.6 (a), it is clear that
the first resonance (4.04 GHz) is due to the quarter wavelength current
variation along the edge of the radiator. Here, the current on the
radiator edges produces resultant electric field along Y-direction i.e.,

vertical polarisation. The radiation pattern observed at this frequency
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satisfies the polarisation condition and is nearly omni-directional

similar to that of a vertically polarised monopole antenna.
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Fig. 4.6: Simulated surface current distribution and 3D radiation patterns
at frequencies (a) 4.0 GHz (b) 793 GHz and (c) 10.5 GHz.
(L = 093924, W = 075144, R = 0.3681,4., L = 0.1654,,
Ly =0.2064 4., Ry =0.37544., Ry, = 0.154 5., W, =3 mm, G = 0.4 mm,
g =0.3 mm, h =1.6 mm, &, = 4.4)
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As the frequency increases, the current remains along the radiator
edge with nulls at which the currents are in opposite directions. The
current pattern corresponding to the second resonance is shown in
Fig. 4.6 (b). By observing the current pattern it is clear that this
resonance corresponds to second harmonic of the fundamental mode.
Fig. 4.6 (b) shows the radiation pattern at second harmonic (7.94 GHz)
and maintains its omni-directionality to a certain extent with maximum
radiation along ¢ = 0° and 0 = 40°. After 10 GHz, the antenna
exhibits multiple lobe radiation patterns with maximum radiation in
xy-plane as shown in Fig. 4.6 (c). It is observed that this antenna is
capable of maintaining its omni-directionality over a large frequency
range of 3.4 GHz to 7.9 GHz compared to the ref [1] antenna in
Fig. 4.1(a). Since the current present on the edges of the truncated disc
for all the modes, the resonant frequencies are related to the
circumference of the structure, i.e., truncated circular disc supports
multiple resonant modes which are the harmonics of the fundamental

mode like in circular disc antenna.

4.1.2.2 Parametric analysis

In this work, the radiating patch is a truncated circular disc
monopole antenna (TCDMA). With the truncation overall size of the
structure is slightly less compared to the one which uses a complete
circular disc. In section 4.1.1.1 it is seen that the truncation improves

the radiation pattern of the antenna slightly.
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Fig. 4.7: Effect of truncation length L; on S1; (L = 0.9394,,, W = 0.7514 4,
R = 036844, Li = 0.1654,, L, = 020644, Ry = 0.3754,,
R, = 0.15190 W, =3 mm, G = 0.4 mm, g = 0.3 mm, h =1.6 mm,

&=4.4)

Fig. 4.7 illustrates the effect of truncation L, on the reflection
characteristics S;; of the antenna. From Fig. 4.7, it is observed that for
L; = 4.4 mm,the S;; response obtained is comparable to that of
circular disc. It is found that as the truncation length increases the first
and second resonant frequencies increase even though the radius R is
kept constant. This is because the circumference of the TCDMA

decreases with increase in truncation length.

On the ground plane, the current is mainly distributed along the
upper edge which indicates that the portion of the ground plane close to
the disc acts as a part of the radiating structure [2], [S]. In this structure,

the analysis is done by increasing the semi-minor axis R, which is
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accompanied with decrease in length L, of rectangular portion of the

ground plane by the same quantity as in Fig. 4.8 so that the feed gap g

remains constant. i.e., sum of R,, and L, remains constant (= 9.5 mm).

Rm =4 mm
6 mm

0

S,, (dB)

=30 4 Rm =0, Lg =9.5mm
— Rm =4mm, Lg =5.5mm
- Ry =6mm, Lg =3.5mm

-40 T T T
2 4 6 8 10 12

Frequency (GHz)

Fig. 4.9: Effect of semi-minor axis Ry, on S11. (L. =0.9394,., W =0.7514 4,
R = 036844, L; = 0.16524., Ry = 0.3754,, R, = 0.154,,
Ly = 0206445, W,=3 mm, G = 0.4 mm, g = 0.3 mm, h = 1.6 mm,
e =4.4)
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In Fig. 4.9, the plot with L; = 9.5 mm corresponds to a structure
with rectangular ground plane whereas the plots with Ly < 9.5 mm
correspond to a structure with semi-elliptical ground with different
dimensions of semi-minor axis. It is found that as the shape of the
upper edge of the ground plane changes from rectangular to elliptical,
the lower resonance frequency decreases slightly and thus the lower
cut-off frequency of the S;; bandwidth. This is because of gradual
tapering between the radiating patch and the ground plane near the feed

point tends to improve the impedance bandwidth.
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Fig. 4.10: Effect of ground plane width W on Si;. (L = 0.9394,,
W = 0.75144,, R = 036844, L = 0.1654,4, L, = 0.2064,,

Ry = 0.375/1gc, R, =0.154,,, W,=3mm, G = 0.4 mm, g = 0.3 mm,

h =1.6 mm, . =4.4)
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In this structure, dimension of the semi-major axis Ry, determines

the width of the ground plane W, i.e., W = 2Ry,. Fig. 4.10, shows the
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variations in the S;4 characteristics of the antenna when the width of the
ground plane changes. It is observed that the S;; curve start to drop its
matching at lower operating band when the width is reduced to

W = 16mm.

S,,(dB)

-40 T T T T

Frequency (GHz)

Fig. 4.11: Effect of feed gap g on Sy1 (L = 0.9394,,, W = 0.7514,,

R = 036844c, Li = 0.1654., Ly = 020644, Ry = 0.3754,,
Ry = 0.15445,W; = 3 mm, G = 04 mm, g = 0.3 mm, h =1.6 mm,
=44

Fig. 4.11 illustrates the S;; curves with variations in feed gap g.
From Fig. 4.11, it is learnt that as the feed gap increases from 0.3 to
1.5 mm, the lower resonant frequency decreases, thus tends to increase
the bandwidth. It indicates that the ground plane act as an impedance
matching circuit and controls the operating bandwidth as the feed gap

varies [6]. For feed gap variations from 0.3 to 0.9 mm, the antenna
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continues to be impedance matched over the whole band. Further

increment in g to 1.5 mm drops the impedance match of the S;4 curve.

s,, (dB)

-40 T T T T

Frequency (GHz)

Fig. 4.12: Effect of substrate height h on S;; (L =0.9394,4,, W = 0.7514,
R = 0.3684,., L; = 0.1654,., L, = 0.2064,,, Ry = 0.3754,,
Ry =0.1544,, W, =3 mm, G = 0.4 mm, g = 0.3 mm, h = 1.6 mm,
=44

From Fig. 4.12 it is seen that as the substrate height h increases
the resonant frequency decreases slightly, thus increases the operating
bandwidth. For large variation in substrate height from 0.5 to 2.5 mm,
the structure covers the entire UWB bandwidth. When h > 3.5 mm,

impedance match of the structure falls.

For a CPW structure the effective relative permittivity is the

. e . . +1
average of relative permittivity of air and the substrate (g, = ETZ ).

From Fig. 4.13 it is observed that as the relative permittivity increases
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both the first and second the resonant frequencies decrease, satisfying

the relation f, « . An improvement in bandwidth is observed on

1
VEre
increasing the relative permittivity of the substrate. It is also seen that
for a wide variation in €, from 2 to 8 the antenna covers the entire

UWB spectrum.
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Fig. 4.13: Effect of substrate permittivity &, on S;4 (L = 0.9394,,
W = 0.75144, R = 0.3684,, L = 0.1654,., L, = 0.2064,,
Ry = 0.375/1gc, R, =0.154,.,, W,=3mm, G =0.4 mm, g = 0.3 mm,

h =1.6 mm, ¢. =4.4)
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4.1.2.3 Design

Design procedures for the truncated circular disc UWB antenna
on any substrates are outlined. For deriving the design equations, the

centre frequency f, of the UWB operating bandwidth is considered.
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=  Design a 50-Q CPW line on a substrate with permittivity €,

and thickness h.

= (Calculate the effective relative permittivity for CPW line

ert+1

using €, = >

* Calculate the guide wavelength A4 corresponding to the

centre frequency f,

Age = T s 4.1)

=  Calculate the radius R and truncation L; using

| 13- 3 O 4.1)
Lp = 0.165 Age cooveveeereeerssssssssseeeeneesssssssssesessensssse 4.2)

=  (Calculate semi-major R, and semi-minor R, axes of
elliptical curve placed at the upper portion of ground plane

and length L, of the ground plane using

Rap = 0.3751 400 rveeevrrrerssssssmsssesssesssssssmeesssssssssssse (4.3)
Rim = 0.15 g cooveeeevnnnesssssssneesessesesssssseeessseeses s (4.4)
Ly = 0.206 Agannmmmmeeerrreesssssssiieeeesseessssssssnesessesssssssn 4.5)

The geometrical parameters are calculated for different substrates in
Table 4.1 to validate the design equations and the S;; characteristics

obtained with computed values are shown in Fig. 4.14.
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Table 4.1: Description of substrates

Parameters Rogers FR4 Rogers Rogers
5880 Epoxy RO3006 6010LM
h (mm) 1.57 1.6 1.28 0.635
Er 2.2 4.4 6.15 10.2
Eeff 1.6 2.7 3.575 5.6
Wy (mm) 4 3 2.58 2.05
G(mm) 0.17 0.35 0.45 0.5

s,, (dB)

'50 T T T T
Frequency (GHz)

Fig. 4.14: Simulated S of truncated circular disc using different substrates

Fig. 4.14 shows that a wide impedance bandwidth with slight
variations in the resonant frequencies is obtained for all substrates and

hence satisfies the design equations.

Radiation patterns at resonant frequencies of the antenna on
different substrates are shown in Fig. 4.15 (a) — (c). At first resonant

frequency all the three antennas exhibit omni-directional patterns with
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maximum radiation along xz-plane (6 = 0°). Radiation patterns at the
second resonance are almost similar for all the three antennas with the
direction of maximum radiation slightly tilted from the xz-plane. From
the Fig. 4.15 it is learnt that the antenna is characterised by wide pattern

bandwidth which make it suitable for UWB communication applications.

dB
2.83
2.12
1.42
6.708

-9.29
-18.6
-27.9
-37.2

3.56 GHz 8.77 GHz

a8
2.49
1.87
1.25
8.623

* -9.38
-18.8
-28.1
-37.5

4.43 GHz 8.6 GHz
(b)

9.6 GHz

(©
Fig. 4.15: Radiation patterns at resonant frequencies of the antenna on
different substrates with relative permittivity (a) 2.2 (b) 6.15
and (c) 10.2
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4.2 Dual Band-notched Truncated Circular Disc Monopole
Antenna

To realise the dual band-notched characteristics, two resonant
slots are etched on the radiating patch as shown in Fig. 4.16. A folded
U-slot (slot 1) near the truncated edge of the disc and a U-slot (slot 2)
near the feed point which produce a rejection band at WiMAX
(3.30 3.6 GHz) and at WLAN (5.5 — 5.9 GHz) respectively.

IS h
(b)

()

Fig. 4.16: Geometry of dual band-notched UWB antenna (a) top view
(b) side view and (c) photograph of the fabricated antenna.
(L = 093944, W = 0.75144.. Folded U-slot: 1, = 0.0984,;,
L, =0.0454,,1, 15 =0.2784,,1, w = 0.4 mm. U-slot: I, = 0.1774,,5,
Is = 0.1954,5,, w = 0.4 mm; where 4,; and 4,, are the guide
wavelength corresponding to the notch frequencies)
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4.2.1 Simulation and Parametric Analysis
4.2.1.1 Simulation

Reflection coefficient:

The reflection coefficient characteristic S;; of the dual band
notched antenna is shown in Fig. 4.17. The antenna covers frequencies
from 3.1 GHz to 12 GHz with resonant frequencies at 4.1 GHz,
7.93 GHz and 11.8 GHz. From the Fig. 4.17, it is seen that the slots
incorporated within the radiating patch of the antenna notch out the
WiIMAX and WLAN bands effectively without distorting the S;;

characteristics of the truncated circular disc antenna.

-10 4

-20 -

S, (dB)

-30

-40 T T T T
2 4 6 8 10 12

Frequency (GHz)

Fig. 4.17: Simulated S;{; of dual band-notched truncated circular disc
antenna. (Folded U-slot: 1, =0.0984,,, 1,=0.0454,,4, 3= 0.2784,,4,
w = 0.4 mm. U-slot: 1, = 0.1774,,5, 1s= 0.1954,,5 , w = 0.4 mm)
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Radiation pattern, Surface current distribution and Design:

The 3D radiation pattern of dual band-notched antenna at 4.04 GHz,
7.95 GHz and 10.5 GHz shown in Fig. 4.18 (a) - (c) are similar to the
corresponding plots of the antenna without notch structures. From
Fig. 4.18 (d) & (e) which corresponds to 3.45 GHz (f,,;) and 5.65 GHz
(fn2) respectively, it is observed that the radiations in all the
directions are much reduced compared to that at the resonant
frequencies. This indicates that the antenna rejects these frequencies
efficiently. For analysing the frequency rejection mechanism
involved, surface current distribution at the centre frequencies of the
notched bands, 3.45 GHz and 5.65 GHz, are presented in Fig. 4.19 (a)
& (b). It is observed that at the centre frequency of the rejection
bands, the current distribution is more in the respective slots than any
other portion of the antenna. At the WiMAX band, the surface current
distributes mainly around the edge of the slot 1 as shown in Fig. 4.19
(a) and at the second notch band of WLAN, current concentrates
around the edges of the slot 2 as in Fig. 4.19 (b). This indicates that
the slot 1 and slot 2 controls the notch properties at 3.45 GHz and
5.65 GHz respectively.
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(d (e)
Fig. 4.18: Simulated 3D radiation patterns at frequencies (a) 4.0 GHz
(b) 7.93 GHz (c) 10.5 GHz (d) 3.45 GHz and (e) 5.65 GHz

(@) (b)
Fig. 4.19: Simulated current distribution at notch frequencies
(a) 3.45 GHz and (b) 5.65 GHz
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Since the current distribution in these slot structures are
symmetrical and in opposite directions, the radiation fields so generated
cancel each other [7] — [8]. Performance of the notch structures are
further confirmed from the radiation patterns at these frequencies in
Fig. 4.18 (d) and (e) which show a considerable reduction in the
radiation in all the directions. At notch frequency the current
distribution on the slot structure presents a half wavelength variation,
reveals that it acts as a half wavelength resonator. So to reject a
particular frequency the total length of the slot is to be approximately

half the guide wavelength at that frequency. The guide wavelength is

defined as
e = fnkCJa ........................................................................ (4.6)
joer = 20 + 20 + 13 = 2 4.7)
otz = g+ 205 = 22 Lttt 4.8)

where c is the velocity of light, f, is the k" notch frequency and &,

is the effective relative permittivity.

4.2.1.2 Parametric Analysis:

Fig. 4.20 (a) - (e) illustrates the effects of various parameters of
the slot structures on the notch characteristics with all the other

dimensions of the truncated disc same as in Fig. 4.4.
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Fig. 4.20: Effect of (a) length l; and (b) length I, of the folded U-slot
(c) length I5 and (d) length I, of the U-slot on S, of the dual
band-notched antenna. (Folded U-slot: 1; = 0.0984,4,
12 e 0.045).1!1, 13 e 0.278)."1, w = 0.4 mm. U-slot: 14 = 0.1771.,!2,
I5=0.1954,,5, w = 0.4 mm)
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As the length of the slots increases, [; of slot 1 and [5 of slot 2, the centre
frequencies of the notch bands decrease as expected and are shown in
Fig. 4.20 (a) & (c). From Fig. 4.20 (b) & (d) an increase in [, in slot 1 and
[, in slot 2 not only decrease the notch frequencies but also increase the
notch bandwidth. This is because the variations in [, & [, change the
spacing between the parallel arms of the slots along with its total
length, thus changes the effective capacitance which in turn controls the
notch bandwidth. Here, it is also seen that as the rejection band
becomes narrower the signal rejection level tends to reduce slightly.
Widths of the slot w make slight variation in the centre frequency and

notch bandwidth as seen in Fig. 4.20 (e).

=10 4

=20 A

8, (dB)

=30 A

-40 T T T T
2 4 6 8 10 12

Frequency (GHz)

Fig. 4.20: (e) Effect of width w of the slots on S of the dual band-
notched antenna. (Folded U-slot: 1; = 0.0984,,1, 1, = 0.0454,,1,
I; = 0.2784,,1, w = 0.4 mm. U-slot: I, = 0.1774,,5, 15 = 0.1954,,5,
w =0.4 mm)
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From the parametric analysis, the best result is obtained at

WiMAX band for the dimensions of l; =5.2mm, [, =2.4mm,

[; =14.8mmand w = 0.4 mm of slot 1 (folded U-slot). Similarly at

WLAN band, the dimensions are [, = 5.6 mm, ls = 6.3 mm and

w = 0.4 mm for slot 2 (U-slot). The simulated reflection coefficients

with and without the slots are plotted in Fig. 4.21. From Fig. 4.21, it

is seen that the insertion of slot 1 results in the rejection of WiMAX

band. Then with the insertion of slot 2, antenna response remains

unchanged except over the desired rejection band 5 GHz to 6 GHz.

S,, (dB)

Fig. 4.21:

-10

-20 -

-30 -

uwb antenna wlo slots
——— e with slot1
with slot 1 & slot 2

'40 T T T T
2 4 6 8 10 12

Frequency (GHz)

Simulated S of truncated circular disc with and without

slots. (L = 0.93944,, W = 0.75144., R = 0.3684 4., Lt = 0.1654 .,
Lg = 0.206 4,5, Ry =0.3754,., Ry, = 0.154,5,, W, = 3mm,
G =04 mm, g =0.3 mm, h =1.6 mm, €,_4.4, Folded U-slot:
I; = 0.0984,,1, , = 0.0454,,4, 5 = 0.2784,,1, W = 0.4 mm, U-slot:

I, = 017745, 1s= 0.1954,,,, w = 0.4 mm)
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4.3 Transient Analysis

In this section, the antenna transfer functions H(jw) obtained
from CST simulation are discussed. The transfer function for two
different orientations of the virtual probes in CST as described in
Chapter 3, section 3.2.2, i) azimuth plane (¢p = 0° — 360° for 8 = 0°)
& ii) elevation plane (6 = 0° —360° for ¢ = 0°) are shown in
Fig. 4.22 and Fig. 4.23 respectively. These are actually field
intensity image plots with angles along x-axis, and frequency along
y-axis. So these plots gives a two dimensional view of antenna field
pattern over a spherical surface for the entire operating frequency

range.

Antenna transfer function H(jw):

From Fig. 4.22 (a) it is clear that the antenna exhibits nearly
omni-directional field pattern for all the frequencies in the azimuth
plane. Reduced intensity in transfer function observed at
frequencies above 7.9 GHz matches well with the radiation patterns
shown in Fig. 4.6 (b) & (c). Sharp reduction in intensity at
3.45 GHz and 5.65 GHz band observed in Fig. 4.22 (b) for all the
angles confirm the band rejection capability of the band-notched

antenna design.
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Fig. 4.22: Magnitude of simulated antenna transfer function H(jw) in the
azimuth plane (a) UWB antenna and (b) dual band-notched
UWB antenna.

o

The elevation plots shown in Fig. 4.23 follow ‘figure of eight’
radiation pattern with nulls at 90° and 270°. Null at 270° spreads over a
larger portion at frequencies around 7.9 GHz compared to null at 0°.
From the simulated radiation patterns in Fig. 4.6 and Fig. 4.18, the
antenna produces less radiation in the lower hemi-sphere for
frequencies greater than 7.9 GHz. This results in reduced intensity
spread over a wide angle around 270° in the elevation plane as in
Fig. 4.23 (a) and (b). Two narrow, reduced intensity bands at 3.45 GHz
and 5.65 GHz in Fig. 4.23 (b) correspond to the rejection bands of the

dual band-notched antenna.
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Fig. 4.23: Magnitude of simulated antenna transfer function H(jw) in the
elevation plane (a) UWB antenna and (b) dual band-notched
UWB antenna.

Gain response:

Gain of the antenna can be deduced from the transfer function
using the equation (3.19) as described in Chapter 3, section 3.5.2.1
and are plotted in Fig. 4.24 and Fig. 4.25. From Fig. 4.24 (a) and (b) it
is found that the antenna exhibits fairly flat gain response in the
azimuth plane for all the angles. A considerable reduction in antenna
gain observed in the frequency bands of 3.45 GHz and 5.65 GHz in

Fig. 4.24 (b) ensures the reasonable rejection of these bands.
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Fig. 4.24: Simulated gain in azimuth plane (a) UWB antenna and (b) dual
band-notched UWB antenna.

Gain pattern in the elevation plane Fig. 4.25 (a) and (b) are
more distorted compared to that in azimuth plane, especially around
90° and 270° which corresponds to the nulls of ‘figure of eight’
pattern in that plane. In the elevation plane, flat gain response is
obtained at angles around 0° and 180° only. The reduced intensity
bands at 3.45 GHz and 5.65 GHz in Fig. 4.25 (b) indicates the

rejection of these bands.
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Fig. 4.25: Simulated gain in elevation plane (a) UWB antenna and
(b) dual band- notched UWB antenna

Received pulses:

Normalised signal strength of the pulses received by virtual
probes oriented around the antenna in CST simulation is shown in
Fig. 4.26 and Fig. 4.27. It is observed that the received pulse retains the
shape of the excitation pulse (4™ order Rayleigh pulse) for all the
orientations in the azimuth plane. Fig. 4.26 (b) displays the received
pulses of the band notched structures in azimuth and have more ringing
compared to Fig. 4.26 (a). Ringing durations of these pulses are plotted
in Fig. 4.28 and are within the tolerable limits of few hundreds of

picoseconds [9].
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Fig. 4.26: Normalised received pulses in azimuth plane (a) UWB antenna
and (b) dual band- notched UWB antenna

Received pulses in the elevation plane shown in Fig. 4.27 are
found to be distorted more compared to that in azimuth plane. The
discontinuities/distortions seen around 90° and 270° in the elevation
plane correspond to the ‘figure of eight’ shape of the antenna transfer
function. Moreover, the pulses are inverted over the angles from 90° to
270°. From Fig. 4.27 (b), it is also observed that the band-notched

structure possesses more ringing compared to the one without notch

functions.
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Fig. 4.27: Normalised received pulses in elevation plane (a) UWB antenna
and (b) dual band- notched UWB antenna

Parameters of received pulse:

Envelope width (FWHM) and ringing duration are two important
parameters of the received pulses which are mentioned in Chapter 3,
section 3.5.2.2. For high data rate communication FWHM should not
exceed few hundreds of picoseconds. Ringing is not desirable in UWB
applications and its duration should be less than few envelope widths
[9] — [10]. The FWHM and duration of ringing are calculated using
equation (3.22) and (3.23) respectively given in Chapter 3. Fig. 4.28 (a)
and (b) describes the FWHM and ringing of the radiated pulses in the
azimuth and elevation planes respectively. The envelope width varies

from 150 — 250 ps (picoseconds) in both the planes. In the azimuth
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plane, the ringing duration has an average value of 280 ps for UWB
antenna and 540 ps for band-notched antenna. In the elevation plane,
plot of ringing duration shows more variations around 270°, but limited

to tolerable range.
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Fig. 4.28: FWHM and ringing duration of simulated received pulses in
(a) azimuth plane and (b) elevation plane
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4.4 Experimental results

Reflection coefficient:
Measured reflection coefficient of the proposed UWB antenna

shown in Fig. 4.29 (a) covers a band from 3.4 GHz to more than 12 GHz.

)
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o
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Frequency (GHz)

s,, (dB)

. /|
=== simulated \;
measured

Frequency (GHz)
(b)

Fig. 4.29: Simulated and measured S;; of (a) UWB antenna and (b) dual
band- notched UWB antenna

Department of Electronics, Faculty of Technology, CUSAT



Dual Band-Notched Truncated Circular Disc Antenna

Fig. 4.29 (b) shows the measured S;; of the dual band notched UWB
antenna which produces notched bands at 3.45 GHz and 5.65 GHz
while maintaining the S;;response unchanged over the remaining
frequency range. The measured results are validated by the simulated

results in the respective plots.

Radiation pattern:

Normalised radiation patterns of the dual band-notched UWB
antenna at different frequencies in two principal planes, azimuth (xz-
plane) and elevation (yz-plane) for co-polarisation and cross-
polarisation are shown in Fig. 4.30 (a) - (d). The patterns are similar
to that of monopole antenna; non-directional in xz-plane (azimuth
plane) and ‘figure of eight’ in the yz-plane (elevation plane). It is
observed that the radiation patterns at different frequencies are
similar, which is expected from a wideband antenna. Moreover,
cross polarisation of better than 9 dB is observed along the bore
sight for all the measured radiation patterns. Measured co-polar
radiation patterns for both the planes match well with the simulation

results.
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Fig. 4.30: Simulated and measured radiation patterns of dual band-
notched UWB antenna at frequencies (a) 3.1 GHz (b) 6 GHz
and (c) 7 GHz and (d) 11 GHz

Gain and efficiency:

Measured peak gain shown in Fig. 4.31 (a) exhibits an almost flat
response throughout the operating band of 3.1 GHz — 10.6 GHz with
gain varying from 1.6 dBi to 4.4 dBi. Fig. 4.31 (b) shows the gain
response of the dual band-notched antenna where the gain falls to - 5.1 dBi

and - 6.8 dBi at 3.45 GHz and 5.65 GHz respectively. Measured
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radiation efficiency shown along with the gain possesses values within
the range of 73% to 88% over the entire bandwidth. At notched bands
sharp decrease in efficiency observed agree well with the dips in the
gain response. All the measured results are validated with simulation

results in the respective plots.
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Fig. 4.31: Measured and simulated peak gain and efficiency of (a) UWB
antenna and (b) dual band-notched UWB antenna
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Time domain analysis:

Response of antenna to narrow pulses (pulse width << 1 ns) are
studied using the method described in Chapter 3, section 3.5.2.3. All the
measurements based on pulse response check whether the antenna is
capable of receiving the source pulse without distortion in all the
directions. From the simulated received pulse response shown in Fig. 4.26
& Fig. 4.27, it is clear that the response in the elevation plane is distorted
compared to that in the azimuth plane because of the pattern nulls (‘figure
of eight’ pattern) of receiving antenna in the elevation plane. So all the
time domain measurements are carried out in the azimuth plane where the

antenna is expected to provide uniform response in all the directions.

Antenna transfer function S,1 and group delay:

Two important parameters considered for the pulse dispersion
analysis of UWB antenna are 1) antenna transfer function S,; and
(i1) group delay [11]. The measured antenna transfer function and group
delay taken for two extreme orientations of the transmitting and receiving
antennas in azimuth plane, (i) face to face and (ii) face to side, are
displayed in Fig. 4.32. From Fig. 4.32 (a), the response of the antenna
transfer function is almost same for both the orientations except over the
frequencies around 7.9 GHz. It indicates that the antenna possesses good
radiation characteristics in all the directions in the azimuth plane. The
variations in S, response (< 5dB) and group delay (< 1 ns) are within the
reasonable levels to assure good spatial radiation properties of the radiated
pulses. Sharp variations in S,; and group delay responses observed in

Fig. 4.32 (b) correspond to the notch bands of the antenna.
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Fig. 4.32: Measured antenna transfer function S,; and group delay in
azimuth plane of (a) UWB antenna and (b) dual band-notched
UWB antenna

Received pulse:

The normalised received pulses measured for two different
orientations of the antennas in the azimuth plane are plotted in Fig. 4.33.
Here, 4™ order Rayleigh pulse is chosen as the input pulse. The received

pulses are derived from the measured antenna transfer function S,; by
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using (3.24) in Chapter 3, section 3.5.2.1. It is observed in Fig. 4.33 (a)
that the measured pulses are almost similar to the simulated pulses for both
the orientations. With the notch structures, the shapes of the measured

pulses are not much distorted and shown in the Fig. 4.33 (b).

measured (face to face)
] —=—=measured (face to side)

simulated (0°)
=== simulated (90°)

'2 T T T T
0.5 1.0 1.5 2.0 25

A

Normalised signal strength

Time (ns)

(a)

Normalised signal strength

1 |,l measured (face to face)
—=—=— measured (face to side)
simulated (0°)
=== simulated (90°)
'2 T T T T
0.5 1.0 1.5 2.0 25
Time, ns
(b)

Fig. 4.33: Measured and simulated normalised received pulses in
azimuth plane of (a) UWB antenna and (b) dual band-notched
UWB antenna

Design and Analysis of Printed VWB Antenna with Dual Band-notched Characteristics



Chapter 4

Fidelity:

Similarity between the received pulse and the source pulse is
measured by a term called fidelity which actually compares the shapes
of the pulses not the amplitudes. Fig. 4.34 (a) and (b) compare the
measured and simulated fidelity in azimuth plane, calculated using
(3.26) in Chapter 3, section 3.5.2.3, for the UWB and band-notched

UWRB antennas respectively.

1.2

=y
o 0.6 -
k=]
[T8
0.4 4
=== simulated
0.2 A measured
0.0 T T T T T T T
0 50 100 150 200 250 300 350
Azimuth angle {(degrees)
(a)
1.2

0.6

Fidelity

0.4

0.2 —=—=simulated
measured

0.0

1} 5I0 1 (;0 1 I50 2(')0 2.;)0 3(;0 3.;)0
Azimuth angle (degrees)
(b)
Fig. 4.34: Simulated and measured fidelity in azimuth plane of (a) UWB
antenna and (b) dual band- notched UWB antenna
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Fidelity values obtained is greater than 0.8 in both the cases,
indicate that the antennas radiate uniformly in all the directions in the
azimuth plane. On comparing, the fidelity values for dual band-notched
antenna are slightly less than that for the UWB antenna. In Fig. 4.34,
lowest fidelity values (0.81 - 0.83) are seen around the angles 90° and
270°, i.e., the received pulses experience maximum distortions in these

directions which correspond to face to side orientation of the antennas.

4.5 Conclusion

A coplanar waveguide fed, modified circular disc antenna with
improved radiation pattern is presented in this chapter. The antenna
exhibits wide impedance bandwidth from 3.4 GHz to greater than
12 GHz with a compact size of 25 mm X 20 mm. The antenna consists
of a truncated circular disc and a finite ground plane. In this design, the
radiation pattern is improved compared to ref [1] by reducing the
ground width and truncating upper edge of the circular disc as
discussed in section 4.1.1. The impedance bandwidth of the truncated
disc is further improved by including gradual tapering in ground plane
near the feed point i.e., adopting elliptical shape for the upper portion
of the ground plane. Measured impedance and radiation characteristics

reveal that the designed antenna is suitable for UWB applications.

Then the proposed UWB antenna is further modified to eliminate
the interference with the co-existing WiMAX and WLAN services.
Frequency rejection at these two bands are achieved by inserting a

folded U-slot and U-slot of length equal to half of the guide wavelength
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at WiMAX and WLAN respectively within the radiating patch. From
the impedance and radiation characteristics it is observed that these
notch structures reject the unwanted bands very effectively without
changing the antenna properties over the remaining portion of the

operating bandwidth.

Time domain analysis reveals that the proposed antenna can
support impulse radio which uses narrow pulses of duration less than
1 ns as the source/input pulse. Features of the radiated pulses depends on
the transfer characteristics of the antenna, thus on the shape of the
radiation pattern. In this design the antenna exhibits nearly omnidirectional
radiation patterns, thus radiated pulses with almost similar features are
expected in all the directions, i.e. independent of space coordinates. From
the discussions, it is clear that pattern bandwidth is an important parameter

as far as the impulse radio application is concerned.

Features of the radiated pulses are verified by the time domain
measurements such as antenna transfer function S,; and group delay
taken for different orientations of two identical antennas. The extent of
pulse distortion by the antenna is further confirmed by fidelity
measurement over the azimuth plane and reveals that the antenna is
capable of reproducing the narrow input pulses with negligible

distortions.

With the above performance studies, the antenna is proved to be a
promising candidate for various UWB applications in WiMAX/WLAN

environment.
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Chapter 5

DUAL BAND-NOTCHED UWB SLOT ANTENNA

.1 UVUWB Slot Antenna
I 5.2 Dual band-notched Slot Antenna
*3 5.3 Transient Analysis
N 5.4 Experimental Results
5.5 Conclusion

Performance of CPW-fed slot antenna suitable for UWB communication
application is discussed in this chapter. The antenna has wide impedance
bandwidth from 2.5 GHz tol2 GHz which occupies the unlicensed UWB
spectrum specified by FCC regulation. The structure is derived from a
conventional CPW-fed monopole antenna. The ground plane is extended
to surround the patch which act effectively as a slot structure and then
modified to introduce multiple resonances. The slot structure supports
multiple modes and provides coupling between these modes to enhance
the bandwidth of the structure. To notch out the co-existing WiMAX
and WLAN bands, a band rejection mechanism for the present structure
is also proposed. Studies on both the frequency domain and time

domain characteristics are also discussed in this chapter.
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5.1 UWB Slot Antenna
5.1.1 Evolution and Geometry of the antenna

5.1.1.1 Evolution of the antenna

The evolution of the proposed antenna from a simple CPW-fed
monopole structure is presented. Firstly, a 50 € CPW line of width Wy
and gap G on a substrate with & = 4.4 and height h = 1.6mm is
considered. The geometry and reflection coefficient characteristics (S;1)
are shown in Fig. 5.1(a) and (b) respectively. CPW line presents severe
impedance mismatch over the UWB spectrum and from the radiation

studies it is not acting as an antenna.

—_ |

S,,(dB)

-10

2 4 6 8 10 12
w "(—;" Frequency (GHz)

(a) (b)

Fig. 5.1: CPW line (W = 1.0134 ., L, = 0.3074 4., W; =3 mm, G = 0.3 mm,
h =1.6 mm, & = 4.4, where A, is the guide wavelength
corresponding to the centre frequency of UWB bandwidth)

The length of the feed line is increased to L,, as in Fig. 5.2 (a)

resulting in a quarter wavelength monopole structure. The reflection

168 (@ Department of Electronics, Faculty of Technology, CUSAT



Dual Band-Notched UWB Slot_Antenna

coefficient characteristic is shown in Fig. 5.2 (b). A well matched

resonance which depends on the extended length L,, is produced. The

c . e _ &t1
4lmfere - T 2

where ¢ is the velocity of light in free space, &, is the relative

expression for the resonant frequency is f, =

permittivity of the substrate. In this case the width of the extended line

is equal to the signal strip width of the CPW line.

=10 1

S,,(dB)

=15 1

W 7 5 2 4 6 8 10 12
G Frequency (GHz)

(a) (b)

Fig. 5.2: CPW-fed monopole (W = 1.0134,, L, = 0.3114 4, L, = 0.3074 4,
Wi=3mm, G =0.3 mm, h =1.6 mm, ¢, =4.4)

Width of the extended feed line (L,,) is increased to W, after
leaving a gap g above the ground plane. The geometry and its Sq4
characteristics are shown in Fig. 5.3 (a) and (b) respectively. The S;;
response is almost similar to that of the previous geometry with slight

increment in resonant frequency (because now the length is L, — g).
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0
5
-10
o
Z .15
a
-20
25
-30 T T T T
2 4 6 8 10 12
w G ? Frequency (GHz)

(@) (b)
Fig. 5.3: CPW-fed rectangular monopole (W = 1.0134,., L, = 0.3114 4,
W, =0.18744., L;=0.30744, g = 0.3 mm, W; =3 mm, G = 0.3 mm,
h =1.6 mm, &, = 4.4)

The rectangular patch is modified by bevelling its bottom edge as

shown in Fig. 5.4 (a). Here, in the geometry L, +L, = L, — g.

0
_5 H
-10 4
[
=
o
-15 4
-20 1
-25 T T T
w 2 4 6 8 10 12
l‘T'l ‘ Frequency (GHz)
(a) (b)

Fig. 5.4: CPW-fed bevelled rectangular monopole (W = 1.0131,4,
L, = 022544, Ly = 0075445, W, = 0.18744., L, = 0.3074,,
0, =63°, W;=3mm, G = 0.3 mm, h =1.6 mm, ¢, = 4.4)
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From the geometry shown, the length of the bevelled patch is

L, + #(”a), slightly greater than earlier one. So the resonant frequency

of the rectangular strip decreases when its bottom edge is bevelled and

is confirmed from the S, characteristics shown in Fig. 5.4 (b).

Then the structure is modified by extending the ground plane by a
length Ly+W; to surround the rectangular patch as shown in Fig. 5.5 (a). It
can be seen from Fig. 5.5 (b) that the extended ground lowers the resonant
frequency to f,,. The new resonant frequency f,,, results from the coupling
between the modes due to the extended ground plane and the bevelled
rectangular patch. The coupling of these modes is verified by varying the
separation d between these elements in the structure in Fig. 5.5 (a). This

is clearly demonstrated in Fig. 5.6.

1

s,, (dB)

2 4 6 8 10 12
W i‘?.' Frequency (GHz)
(a) (b)

Fig. 5.5: CPW-fed monopole with extended ground. (W = 1.0134
L, = 0.2254 4., Ly = 0.07544,, W, = 0.1874,, L, = 0.8184,,
L; = 0.1544., Wy = 037544, W, = 0.1544., L, = 0.3074,,,
W,=0.71344.,d = 026214, g = 0.3 mm, W; =3 mm, G = 0.3 mm,
h =1.6 mm, . =4.4)

gcs
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Fig. 5.6 illustrates the effect of separation 'd’between the
extended ground plane and the bevelled rectangular patch. In Fig. 5.6 f,
and f}, represent the resonance due to the extended ground and bevelled
rectangular strip respectively. For d = 12.5 mm, these two frequencies
are highly separated. From Fig. 5.6, it is seen that as the value of d
decreases f; and f, come closer due to the coupling between their
respective modes. Ford = 7mm (0.2624,.), f, and f, are merged to

form a single resonance at f,,.

S,, (dB)

-20 4

dE 7 mm; W =27 mm

d=7.5mm; W=28mm
-25 1 [ — d=85mm; W=30mm
M eeecescances d=125mm; W =38 mm

'30 T T T T
2 4 6 8 10 12

Frequency {(GHz)

Fig. 5.6: Reflection coefficient of the structure in Fig. 5.5 (a) with varying

the separation d. (W = 1.0134,, L, = 0.2254,,, L, = 0.0751,,,
W, = 0.18744,, Ly = 0.8184,, L, = 0.151,, W, = 0.375,,,
W, = 0.154,, L, = 0.3074,,, W, = 0.7134,., g = 0.3 mm,

d=0.26244,, Wy =3 mm, G = 0.3 mm, h =1.6 mm, ¢, = 4.4)
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By cutting slits W3 X L3 from the extended ground as shown in
Fig. 5.7 (a), the effective current path length in the extended ground is
increased. As a result the resonant frequency due to the extended
ground plane is retrieved and decreases to f; as in Fig. 5.7 (b). i.e., pair
of slits W53 X L3 cut in the extended ground plays an important role in
achieving the lower band of UWB spectrum without increasing the
antenna size. This is clear from the parametric analysis of this structure

by varying W3 as shown in Fig. 5.8.

-10 4

s,,(dB)

-15 4

-20

2 4 6 8 10 12
Frequency (GHz)
(b)
Fig. 5.7: CPW-fed monopole with slits on extended ground. (W = 1.0134
L, = 0.2254 4., Ly = 0.07544,, W, = 0.1874,., Ly = 0.8184

gcs

go gcs gcs
Ly = 0.154,5,, W, = 0.37544., L, = 0.4124,5,, W, = 0.154 4,
L3 = 025544,, W3 = 0.1124,, L, = 0.3074,4,, W, = 0.7134,,,
d = 026244, g = 0.3 mm,W; = 3 mm,G = 0.3 mm, h =1.6 mm,

&=44)
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-
g ]
Z s A
3 AL
)
-20 - j,‘
1 T W3=0
?'.‘ ............ W3 =1 mm
251 :!f W3 =2 mm
*'m
¢ —_— W3=3mm
'30 T T T T
2 4 6 8 10 12

Frequency (GHz)

Fig. 5.8: Effect of W3 on S characteristics of the structure shown in

Fig. 5.7 (a). (W = 1.0134,, L, = 0.2254,, Ly, = 0.0754,,

W, = 0.1874,, Ly = 0.8184,,, L, = 0.151,, W, = 0.3751,,,
L, = 0412445, W; = 0.151,,, Ly = 0.2551,,, W; = 0.1124,,,

Ly=0.3074,, W, = 071345, d = 0.2624 5, g = 0.3 mm, W, = 3 mm,

G =0.3 mm, h =1.6 mm, ¢. = 4.4)
From Fig. 5.8 as the slit width W3 increases the resonant frequency
due to the extended ground decreases to fywithout changing f,,. The f,
remains unchanged indicate that there is no change in the coupling effect

of extended ground on the rectangular strip.

The S;; characteristics shown in Fig. 5.7 (b) has poor impedance
match over the UWB region. Bevelling is one of the techniques [1] to
improve the impedance bandwidth of wide band planar antennas. This
is achieved by bevelling the portion of the structure close to the feed
probe having high current density, i.e., ground plane corners near the
feed probe are bevelled or tapered symmetrically. These bevels provide

a considerable improvement in the impedance match of the antenna,

Department of Electronics, Faculty of Technology, CUSAT



Dual Band-Notched UWB Slot_Antenna

thus results in proposed antenna with broad band response from

2.5 GHz to 12 GHz.

5.1.1.2 Geometry of the proposed antenna

The proposed antenna structure consists of a CPW-fed bevelled

rectangular patch with bevel angle , and a ground plane extended to a

length of Ly + W;. Then to enhance the impedance bandwidth of the

antenna certain modifications are introduced in the extended ground plane.
w

<

(b) (©)

Fig. 5.9: Geometry of the proposed UWB slot antenna (a) top view

(b) side view and (c) photograph. (L = 1.12644., W = 1.0134

gcs

L, = 0.22544., W, = 0.18724, Ly, = 0.0754,., Ly = 0.3194,,

Ly = 081844, Wy = 0.2624,., L, = 0.151

L2 = 0.412190 W2

gc gcs

W, = 0.3754,,,
0154, Ly = 0.255 Ay, W; = 01124,

W, = 0334 ., Ls = 008225, L, = 030745, W, = 0.4374,,,
W, = 07134, d = 026245,, W; =3 mm, G = 0.3 mm, ¢, = 63",

a,=16.7°, h =1.6 mm, ¢, = 4.4)
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Pair of rectangular slits W5 X Ljinserted in the ground plane
extends the lower edge of the band without increasing the overall
size of the antenna. By bevelling the ground plane corners near the
feed point with a bevel angle @, impedance match over the entire
bandwidth is obtained. The CPW fed monopole and the ground
plane are printed on the same side of a substrate with relative
dielectric constant €, = 4.4 and thickness h = 1.6 mm. The
geometry and photograph of the proposed antenna are shown in

Fig. 5.9.

5.1.2 Simulation, Parametric Analysis and Design

5.1.2.1 Simulation

Reflection coefficient:

The antenna structure is simulated using EM simulation tool
CST. Simulated impedance bandwidth extends from 2.5 GHz to
12 GHz with four resonant frequencies as shown in Fig. 5.10.
Resonant frequencies observed at 2.6 GHz, 4.0 GHz, 6.9 GHz and
10.7 GHz correspond to the dips in the reflection coefficient
characteristics. Like any other UWB antenna the overlapping of the
multiple bands centred at these four resonant frequencies results in

UWRB response.
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-10 4

=20 ~

S,,(dB)

=30 4

40
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'50 T T T T
2 4 6 8 10 12

Frequency (GHz)

Fig. 5.10: Simulated S1 of the UWB slot antenna in Fig. 5.9. (L = 1.1264 4,

W = 10134y, L, = 0.2251,, W, = 0.1874,,, L, = 0.075,,,
L = 03194, Ly = 0.8181,,, W, = 0.2621,,, L, = 0.151,,,
W, = 0.37514,, L, = 041245, W, = 0.1544,, Ly = 0.255 1,
W; = 01124, Wy = 0.334,,, Ly = 0.0821,, L, = 0.3074,,
W, = 043715, W, = 071344, d = 02624,,, W; = 3 mm,

G =03 mm, o, = 63°, 0,= 16.7°, h =1.6 mm, &, = 4.4)

Surface current distribution and radiation pattern:

Fig. 5.11 shows the simulated current distributions and 3D
radiation patterns at four resonant frequencies. Simulated surface
current distribution is very useful in the antenna design since it
identifies the current path responsible for each resonant frequency

within the impedance bandwidth of the antenna.
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Fig. 5.11: Simulated surface current distribution and 3D radiation
pattern at resonant frequencies (a) 2.6 GHz (b) 4 GHz
(¢) 6.9 GHz and (d) 10.7 GHz

178 (@ Department of Electronics, Faculty of Technology, CUSAT



Dual Band-Notched UWB Slot_Antenna

Fig. 5.11 (a) shows that there is a half wavelength surface current
variations along the extended ground. So the lowest resonance f; is due

to this length. This occurs when the length
yl
W4+L3+W3+L2+(W1—W2):%1 .................. (5.1)
where A4, is the wavelength inside the substrate at 2.6 GHz.

At second resonance, the current distribution in Fig. 5.11 (b)
shows a quarter wavelength surface current variations on the bevelled
rectangular strip. So the current path length which produces the second
resonance f, is

Ly

sin(ay)

T T (5.2)

where A4, is the wavelength inside the substrate at 4 GHz.

For the third resonant frequency f3, high current density present
on both the strip and the extended ground simultaneously as in
Fig. 5.11 (c). This indicates that the resonance is due to the combined
effects of these two structures. Since these currents are in same
direction there exists a strong coupling between the fields of these
structures which in turn affect the resonant frequency. So the resonant
frequency obtained not only depends on the current path lengths but

also on the coupling between them.
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In Fig. 5.11 (d), current present on the rectangular bevelled strip shows
a half wavelength surface current variation; therefore the fourth
resonance f; is related to the length

Lp
sin(ay)

A
+L, = %‘* ................................................. (5.3)

where A4, is the wavelength inside the substrate at 10.7 GHz.

The expression for the guide wavelength Ay, in terms of resonant

frequency f, given by [2]

gr — fr\/ €re

where ¢ is the velocity of light and €,, is the effective relative

)

grt+1
2

permittivity ( €., =

The simulated 3D radiation patterns at different resonant
frequencies are also shown along with the current distributions in
Fig. 5.11. Compared with other UWB antennas in literature it produces
nearly omnidirectional patterns even up to the upper limit of the
operating band. From Fig. 5.11, for frequencies more than the centre
frequency of the operating band, the direction of maximum radiation is
observed along ¢ = 0° in the azimuth plane. At the fourth resonance,
the radiation maximum is shifted slightly from the bore sight and forms

small radiation lobes in the xy-plane.
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5.1.2.2 Parametric Analysis

Effects of various geometric parameters on the reflection

coefficient characteristics of the proposed antenna are discussed here.

Effect of extended ground length (L):

From the surface current distribution shown in Fig. 5.11(a) and
(c), it is evident that the first and the third resonant frequencies are
influenced by the length of the extended ground, i.e., the resonant

frequency decreases as the length increases.

104 ¥

-20 A

=30 A

s,,(dB)

-40

=== Lg=19.8 mm
-50 — Lp=21.8mm

—=Llp=238mm

-60 .. : T _ T T
2 4 6 8 10 12

Frequency (GHz)

Fig. 5.12: Effect of extended ground length Ly on S;; (L = 1.1264,4,
W = 1.0134,,, L, =0.2254,,, W, = 0.1871,, Ly, = 0.0754,,
L = 0.3194,., Ly = 0.81844,, Wy = 0.2624,, L; = 0.154,,
Wi = 037544, Ly = 0412445, W, = 0.154,4., L3 = 0.255 44,
W3 = 0.1124,5,, Wy = 03344, Ly = 0.0824,., L, = 0.3074,,
W, = 043725, Wy = 071344, d = 0.2624,5,, Wy = 3 mm,
G =0.3 mm, ¢, = 63°, 0,=16.7°, h =1.6 mm, ¢, = 4.4)
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Effect of extended ground length L, on the reflection coefficient is
shown in Fig. 5.12. As the length L, increases first and third resonant
frequencies decrease while the second and fourth resonant frequencies
remain almost constant. The first resonant frequency can be calculated

using (5.2) in which Lz + L, = Ly — L, .

Effect of slot width (W ):

Top end of the extended ground is folded to a length W; in order
to decrease the first resonant frequency without increasing the overall
size of the antenna. Now the structure can be approximated as a slot
structure and the effect of widening the slot structure is studied and
shown in Fig. 5.13. It is seen that the slot width W is an important
parameter in determining the bandwidth of the antenna. For slot
width W, less than 15 mm the antenna doesn’t cover the entire
bandwidth because of the impedance mismatch over the frequency
range from 4 GHz to 7 GHz. Similarly for slot width Wy = 21 mm, the
impedance match of the S;; characteristics drops at the lower band,
unable to cover the entire UWB band. So the desired bandwidth
performance is obtained for Wy = 19 mm (0.7134,4,) which is

considered as the optimum slot width.
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s,,(dB)

Frequency (GHz)
Fig. 5.13: Effect of slot width W on S, (L = 1.1264,.,, W = 1.0131

c’ (4]
L. = 0.2254,, W, = 0.1874,,, L, = 0.075/156, L; = 0.319/1;,
Lo = 0.8184,, Wy = 026245, L; = 0.154,,, W, = 0.3751,,,
L, = 041245, W, = 0.154,,, Ly=0.255 A, W5 = 0.112,,,
W, = 0332, Ls = 0.08225,, L, = 0.3074,,, W, = 0.4372,,,

W, = 0.71344,, d = 0.2622,, Wy =3 mm, G = 0.3 mm, a, = 63",
a,=16.7°, h =1.6 mm, &, = 4.4)

As the slot width W, varies all the resonant frequencies vary as
shown Fig. 5.13. This structure supports two fundamental modes and
their harmonics, one is due to the extended ground which acts as a slot
structure and the other is due to the bevelled rectangular strip. In the
evolution of the structure it is observed that there exists some sort of
coupling between these modes which in turn influence the resonant
frequencies. The amount of coupling depends on various factors such
as slot width, direction and concentration of current present on the strip

and the extended ground. So when the slot width W increases the first
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and second resonances moves away due to variation in coupling
between the modes. So the current path lengths at first, second and
fourth resonances i.e., (5.1) to (5.3) are valid only for the optimum slot

width W, = 0.7132,,.

Effect of bevelled strip length (L,.):

Fig. 5.14 illustrates the effect of strip length L, on the reflection
coefficient characteristics. It is seen that as the strip length L, increases
the second and fourth resonances decrease while the first resonant

frequency remains unchanged.

-10
20
5 -30
@
40
50
60
2 4 6 g 10 12

Frequency (GHz)

Fig. 5.14: Effect of patch length L, on S1; (L = 1.1264 4., W = 1.0131,,
L, = 022544, W, = 0.18744., Ly = 0.07544., Ly = 0.3194,,
Ly = 0.8184,,, Wy = 0.2624., L, = 0.154,4,, W, = 0.3754,,
L, = 041244, W, = 0.1544,, L3= 0.255 A4, W3 = 0.11244,
Wy = 03344, Ly = 008244, Ly = 0.3074 4., W, = 0.43744,,
W, =0.71344¢, d = 0.2624 5, Wy =3 mm, G = 0.3 mm, a, = 63,
a,=16.7°, h =1.6 mm, &, = 4.4)
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It indicates that both the second and fourth resonances are
controlled by the strip length but in different proportion because the
path length of current distribution is quarter wavelength for second
resonance and half wavelength for the fourth resonance. The observed
results agree well with the surface current distributions shown in
Fig. 5.11 (b) and (d). From Fig. 5.14, it is observed that as the strip
length L, increases impedance match over the lower and upper portions
of the frequency band improves while over the middle portion

degrades. So the dimension L, is optimized to 6 mm.

The current pattern in Fig. 5.11(c) shows that the third resonance
results from the combined effect of extended ground length and the
strip length. From Fig. 5.14, it is seen that as the strip length L,
increases the third resonance moves away from the second resonance

due to increase in coupling area between the strip and extended ground

Effect of the slit width (W 3):

The effects of the slit width W; on the lower resonances are
shown in Fig. 5.15. When W3 = 0, i.e., slits are not present, the lowest
resonant frequency is 3.65 GHz and the curve exhibits high impedance
mismatch over the entire frequency range. As the width W5 increases,
this frequency splits into two slightly different frequencies and start to
move apart resulting in first (2.7 GHz) and second (4.0 GHz)

resonances when W3 = 3 mm.
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Fig. 5.15: Effect of slit width W3 on S44, (L = 1.126/190, W = 1.013/190
L, = 0.2254 ., W, = 0.1874,, L, = 0.0754,, L; = 0.3192,,
Ly = 0.8184,,, Wy = 0.2624,,, L; = 0.154,,, W, = 0.3754,,,
L, = 041245, W, = 0.154,,, Ly = 0.255 A5, W3 = 0.1124,,,
Wi = 0.334,, Ly = 0.0824,,, L, = 0.3074,,, W, = 0.4374,,,
W, = 0.7134 ., d = 0.2624 ., Wy =3 mm, G = 0.3 mm, a, = 63",
a,=16.7°, h =1.6 mm, &, = 4.4)

On comparing Fig. 5.13 and Fig. 5.15, the resonant frequencies
behave in the same manner as the either W; or W5 varies. This indicates
that same phenomenon is involved in both the cases. Now the
characteristic curve possesses the required impedance matching of
S11 < —10dB over the entire operating band. Even though increase in
W5 decreases the lower resonance, it is observed that the width
W3 = 3.5 mm results in an impedance mismatch at lower frequency
region and hence reduces the bandwidth of the antenna. So W3 = 3 mm

(0.11224,) is taken as optimum dimension.
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Fig. 5.16 (a) and (b) show the input impedance behavior of the

antenna structure with and without slits on the extended ground plane.
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Fig. 5.16: Simulated input impedance of the antenna with and without
slits on ground plane (a) real component and (b) imaginary

component

It is found that these slits are actually acting as impedance matching

elements for the antenna structure by eliminating sharp variations in
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real and imaginary input impedances. Thus forms a major component

in determining the operating bandwidth of the proposed antenna.

Effect of the bevelling angle (. ag):

Effects of bevelling angle a; on the reflection coefficient
characteristics are shown in Fig. 5.17. It is observed that the bevelling
angle (ag) on the ground plane has significant effect on the impedance
match of the antenna. Without bevelling the S;; characteristics exhibits

poor impedance match as shown in Fig. 5.17.

s,, (dB)

Frequency (GHz)

Fig. 5.17: Effect of bevelling angle atj on S14, (L = 1.12644,, W = 10134,
L, = 022544, W, = 0.1874 4, Ly, = 0.07544., L = 0.3194
Lo = 0.8184,,, Wy = 0.2624,, L; = 0.154,4,, W, = 0.3751
L, =0.4124,., W, = 0.151

gcs

gcs
L3 =0.255 A4, W3 = 0.1124 5,

gcs gcs
Wy = 0332, Ly = 0.0824 ., L, = 0.30745,, W, = 04374,
W, =0.71344, d = 0.2624 5, Wi =3 mm, G = 0.3 mm, a, = 63°,

a,=16.7°, h =1.6 mm, &, = 4.4)
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Improved impedance match over the entire band is obtained as the

bevelling angle a, increases and the optimum response is obtained for

a; = 16.7°.
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Fig. 5.18: Simulated input impedance of the antenna with and without

bevels on ground plane (a) real component and (b) imaginary
component

Meanwhile, these bevels act as an impedance matching element

to control the impedance bandwidth of the proposed antenna. From the
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impedance plots in Fig. 5.18 (a) and (b), it is clear that the bevels
reduce drastic variations in real and imaginary components of input
impedance of the proposed antenna respectively. Thus the bevels play a

key role in determining the operating bandwidth of the antenna.

Effect of substrate height (h) and relative permittivity (&, ):

Fig. 5.19 shows the effect of substrate height h on the reflection
coefficient characteristics of the antenna. For substrate height from
0.5 mm to 1.6 mm, the antenna exhibits ultra-wide band response. For
height more than 1.6 mm impedance match of the antenna degrades and

loses the ultra-wide band response.

s,, (dB)

-50 T T T T

Frequency (GHz)

Fig. 5.19: Effect of substrate height h on Sy;. (L = 11264,
W = 1.0131,., L, = 0.2254,.,, W, = 0.1874,., L, = 0.0754

gcs gcs gcs gcs
L; = 031944, Ly = 0.8184,., W, = 0.26244,, L, = 0.15,,
W, = 03754, L, = 0.41245,, W, = 0.1545,, Ls= 0.255 A,
W; = 01124, Wy = 0.334,,, Ly = 0.0824,, L, = 0.3074,,,
W, = 04374, W, = 0.7134,,, d = 026245, W, = 3 mm,

G =03 mm, o, = 63°, 0,= 16.7°, ¢, = 4.4)
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S,, (dB)

Fig. 5.20:

-50 T T T T

Frequency (GHz)

Effect of relative permittivity €.on Sq1. (L = 112644,

W = L0134y, L, = 0.2251,,, W, = 0.1874,,, L, = 0.0751,,,
L; = 031944, Ly = 0.8184,., W, = 0.26244,, L, = 0.15,,
W, = 03754, L, = 0.4124,,, W, = 0.1544,, Ly = 0.255 A,
W; = 011245, Wy = 0.3314,, Ly = 008244, L, = 0.3074,,,
W, = 043725, W, = 0.7132,,, d = 0.26245, W; = 3 mm,

G =0.3 mm, a, = 63°, 0,=16.7°, h =1.6 mm)

From Fig. 5.20, it is observed that as the relative permittivity €,

increases the lower resonant frequency decreases, so the operational

bandwidth shifted towards lower frequencies. Moreover, the antenna

can maintain its impedance match response for a variation in the

relative permittivity from 4 to 6.

5.1.2.3 Design

Based on the above observations the design criterion for the

UWB antenna is developed and discussed in the next section. Design

procedures for the proposed UWB antenna on any substrates are

summarised as follows
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. Design a 50-Q CPW line on a substrate with permittivity €, and
thickness h

. Calculate the effective relative permittivity for CPW line using
_ ert+1
Sre - 2

For calculating the dimension of each section of the structure, the

centre frequency f. of the operating band is considered.

. Calculate the guide wavelength A4 corresponding to the centre

frequency f.

. The first resonant frequency is determined by the extended

ground length as in (5.1).

Here, a rectangular ground of size Wx L, is extended to a length

Lo as shown in Fig. 5.5 (a) with width W, and then folded to a

length W;with width L.

Ly = 0.307 Age commmieiieiiiciiccc (5.5)
W = 1.013 Agc oo (5.6)
Lo =0.818 Agc ourrrriririniiiiiniiinicisiciiiiiii 5.7
Wy =1Ly =015 Agc e (5.8)
Wi = 0375 Age e (5.9)

. Insert slits on the extended ground as shown in Fig. 5.7 (a)

L3 = 0.255 Agc o (5.10)
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W3 =0.112 Agereeoniiiiiiieiiciicicici (5.11)
. Taper the ground plane corners near the feed point as shown in
Fig. 5.9 (a)
Wy =033 Agcecammiiiiieiiiiiii (5.12)
Ls = 0.082 Agc oo (5.13)

. The second and fourth resonances are determined by the length of

the bevelled rectangular strip as per (5.2) and (5.3)

Bevelled rectangular strip with CPW feed line:

Ly = 0.225 g oovvvvvveeveeeneeesssssssssssssssossssssssseeeeeeees (5.14)
Ly = 0.075 Agg woeeeeeeeereeneneersssssssssssssssoneeeseneeneneeeees (5.15)
A (S 7 SO (5.16)
IV 5 L OO ((5.17)

Table 5.1: Description of substrates

Parameters | Rogers FR4 Rogers Rogers
5880 Epoxy R0O3006 6010LM
h (mm) 1.57 1.6 1.28 0.635
€ 2.2 4.4 6.15 10.2
Eeff 1.6 2.7 3.575 5.6
Wr(mm) 4 3 2.58 2.05
G(mm) 0.17 0.35 0.45 0.5

The antenna structure is simulated on different substrates as listed
in Table 5.1 with parameters calculated using the above design

equations. Fig. 5.21 shows the S, characteristics obtained for different
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substrates. From Fig. 5.21 as the substrates changes, the resonant
frequencies vary slightly, but exhibit broad impedance bandwidth

response, thus validating the design equations.

10 {

-20 -

s,, (dB)

-30

-40 -

2 4 6 8 10 12
Frequency (GHz)

Fig. 5.21: Simulated S{{of UWB slot antenna with different
substrates.

Simulated radiation patterns at resonant frequencies of the
antennas on different substrates with relative permittivity 2.2, 6.15 and
10.2 are shown in Fig. 5.22 (a) — (c) respectively. It is observed that the
maximum radiations for all the antennas are in z-direction over the
entire operating bandwidth, indicating that the proposed antenna is

characterised by wide pattern bandwidth performance.
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(©

Fig. 5.22: Radiation patterns at resonant frequencies of the antennas on
different substrates with relative permittivity (a) 2.2 (b) 6.15
and (c) 10.2.

5.2 Dual Band-notched Slot Antenna

Two compact band-reject elements are employed to realise dual
band-notched characteristics in planar UWB slot antenna. A meandered
line (Z-shaped) parasitic element placed in the radiating aperture of the
antenna suppresses the radiation at WiMAX band (3.3 - 3.6 GHz). The
meandered structure is actually a microstrip line folded back and forth to

lower its resonant frequency with miniaturised size [3]. This requires less
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space for implementation compared to the other designs using parasitic
strips that are straight and have length comparable to the radiating
aperture. A pair of symmetric L-shaped quarter-wavelength stubs attached
to the upper edge of the ground plane eliminates the WLAN band
(5.2 - 5.75 GHz) effectively. This approach is very efficient for
dual/multiple band-notched design as it has the advantage of controlling
both the centre frequency and the bandwidth of the each notched-band
independently by adjusting the parameters of the corresponding notch
structures. The geometry and photograph of the dual band-notched

antenna are shown in Fig. 5.23.

W

(b) (©)
Fig. 5.23: Geometry of the dual band-notched antenna (a) top view
(b) side view and (c) photograph. (Z-shaped parasitic element:
I=0.5 mm, wz=0.2031,7, w = 0.5 mm, s = 2 mm; L-shaped
stub: wp= 0.2434,,5, g1, = 0.3 mm, t = 0.3mm; where 4,,; and 4,,,
are the guide wavelength corresponding to the notch frequencies)
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5.2.1 Simulation and Parametric Analysis
5.2.1.1 Simulation

Reflection coefficient:
Fig. 5.24 shows the simulated S;;characteristics of the UWB
antenna with band-notched elements inserted in it. The impedance

bandwidth extends from 2.5 GHz to 11.8 GHz with two rejection bands
at 3.3 - 3.6 GHz and 5.2 - 5.75 GHz. Similar to UWB slot antenna, the

S11 response of band-notched structure also exhibits resonances at

2.6 GHz, 4 GHz, 7 GHz and 10.7 GHz within the operating band.

o]

=20 -

=30 -

s,,(dB)

-40

50
simulated

-60 T T T T
2 4 6 8 10 12

Frequency (GHz)

Fig. 5.24: Simulated S of the dual band-notched UWB slot antenna in
Fig. 523 (Z-shaped parasitic element: 1; = 0.5 mm,
wz = 0.2034,4, w = 0.5 mm, s = 2 mm; L-shaped stub:
wi=0.2434,,5, g1, = 0.3 mm, t = 0.3mm)

Radiation pattern and Surface current distribution:
The 3D radiation patterns of dual band-notched antenna at four
resonant frequencies are similar to the patterns of the UWB slot

antenna and are shown in Fig. 5.25 (a) to (d).
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(e)

Fig. 5.25: Simulated 3D radiation pattern of the dual band-notched antenna
(a) 2.6 GHz (b) 4 GHz (c) 7 GHz (d) 10.7 GHz (e) 3.44 GHz and
(f) 5.42 GHz

To study the capability of the notch structures to reject the
unwanted bands, radiation pattern at the centre frequencies of WiMAX
band (f,;; = 3.44 GHz) and WLAN band (f,,, = 5.42 GHz) are plotted.
From Fig. 5.25 (e) and (f), it is seen that the radiations along all the
directions are much reduced w.r.t. the radiation at other resonant
frequencies which reveals that the notch structures used are very

efficient.
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Fig. 5.26 (a) and (b) show the surface current distribution at
3.44 GHz and 5.42 GHz respectively. At the notch frequencies the
current is concentrated on the respective notch structures. It is also
observed that the current is not present on any portion/part of the

antenna, which means antenna does not radiate at these frequencies.

The Z-shaped meandered structure and its parameters are
described in Fig. 5.23 (a). At 3.44 GHz, the current is present on the
Z-shaped meandered structure alone as in Fig. 5.26(a). Since the
spacing between the horizontal strips is small, current on the
horizontal strips dominates more compared to that on the vertical
strips and are in opposite phase between adjacent horizontal strips.
Hence these currents do not contribute much to the radiation. The

resonant frequency of a meander line is given by the expression

1
ﬂ_ZHJE

capacitance of the meandered line. The values of L and C depend on

; where L and C are the equivalent inductance and

the parameters of the meander line [4] - [5].

At 5.42 GHz, the surface current is present not only in the
L-shaped stubs but also in the upper edge of the ground plane as shown
in Figure 5.26 (b). It is clear that the current present on the upper edge
of the ground plane is actually the mirror image of that in the stubs,
1.e., these two currents are in opposite phase. These currents do not
contribute to the radiation, as done for the Z-shaped meandered

structure.
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(a) (b)
Fig. 5.26: Surface current distribution at notch frequencies (a) 3.44 GHz
and (b) 5.42 GHz

Here, the L-shaped stub acts as a quarter-wavelength resonator and its
approximate length [; ; is given by the expression:

202 /1n2
lip = S e e e e s (5.18)

4 er+1 4
\I 2

where [z = (w,—t)+g,; t is the thickness of L-shaped stub

(t =0.3mm) and Ay, is the free space wavelength at the notch

frequency f5.

5.2.1.2 Parametric Analysis

Z-shaped parasitic element - Effects of horizontal strip length (wz)
and vertical strip length(lz):

Fig. 5.27 (a) and (b) illustrate the effect of horizontal strip length w,
and vertical strip lengthl, on S;; characteristics of the antenna

respectively.
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Fig. 5.27:
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Effects of (a) horizontal strip length w; and (b) vertical strip
length 1 of Z-shaped parasitic on S, of the single band-notched
UWB antenna (1= 0.5 mm, wz=0.20341,,1, w = 0.5 mm)

It is observed that increasing either w; or [, decreases the notch

frequency (WiMAX) because the inductance increases as the length of
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the strip increases. Another important parameter of a meander line is the
strip width (w); narrow strip width offers high inductance which in turn
lowers the notch frequency again. Therefore, length of the strip
required to obtain a given notch frequency can be reduced by using
narrow strips, which provides a compact notch structure for WiMAX

band. Considering these factors the strip width (w) is chosen as 0.5 mm.

In Fig. 5.27 (b), a significant reduction in notched bandwidth is
observed with decreasing ;. When [; decreases the spacing between
the horizontal strips of the meandered structure also decreases. Thus the
effective parallel-plate capacitance increases and results in narrowing
of rejected bandwidth. From Fig. 5.27 (b), the required notch response
is obtained for [; = 0.5 mm. After exhaustive simulation studies, with
w = [, the length of the horizontal strip is given by an empirical

expression:

Wy = =
z er+1
2

where Ay, is the free space wavelength at the designed notch frequency

fn1. From Fig. 5.27 (a), it is found that the desired notch response at
WiMAX is attained for w, = 10.8 mm..

L-shaped stubs - Effects of horizontal strip length (wr) and the gap (g1):

Effects of horizontal strip length w; and the gap g, of the
L-shaped stub on S;; characteristics are described in Fig. 5.28 (a) and
(b) respectively. In both the cases, as either w; or g; decreases, the

notch frequency (WLAN) increases without disturbing the S;;
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characteristics of the single band- notched UWB antenna discussed in

the previous section .

o
= 30
o
40 4
——— W =9.2mm
-50 —aw =8.7mm
— W] = 8.2 MM
-60 T T T T
2 4 6 8 10 12
Frequency (GHz)
(a)
)
=
-

Frequency (GHz)
(b)

Fig. 5.28: Effects of (a) horizontal strip length wy and (b) gap g of
L-shaped stub on $; of the proposed antenna (I = 0.5 mm,
wz=0.2034,,1, w = 0.5 mm, s = 2 mm, wy= 0.2434,,5, g, = 0.3 mm,
t=0.3mm)
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Fig. 5.28 (b) reveals that the notched (WLAN) bandwidth is
mainly determined by the parameter g; which is actually the spacing
between the horizontal strip of L-shaped stub and upper edge of the
ground plane. Here, the notched bandwidth decreases as the parameter
g, decreases because of parallel-plate capacitance effect. Fig. 5.28 (a)
and (b) show that by choosing g; = 0.3 mm and w;, = 8.2 mm, the

required notch response at WLAN band can be achieved.

The simulated S;; confirm that Z-shaped meandered parasitic
element and the L-shaped quarter wavelength stubs operate independently
and have little effect on each other. Hence, offers great flexibility in the

design of each notched band.

5.3 Transient Analysis

Antenna transfer functions in azimuth and elevation planes
obtained from the CST simulations are described in Fig. 5.29 and
Fig. 5.30. Transfer function and radiation patterns are two important
parameters of UWB antenna. These two parameters are related and
from the transfer function it is easy to analyse the distribution of the

radiation pattern of the antenna at different frequencies.

Antenna transfer function H(jw):

From Fig. 5.29 (a) it is clear that the antenna possesses nearly
non-directional pattern in the azimuth plane over the entire operating
bandwidth. For frequencies around 8 GHz, there is a slight reduction in
radiation level at angles around 90° and 270°. Transfer function of the

dual band-notched antenna is shown in Fig. 5.29 (b) is similar to that in
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Fig. 5.29 (a) with sharp reduction in intensity at 3.44 GHz and 5.42 GHz.
Fig. 5.29 (b) also shows that these frequencies are effectively notched

for all the orientation of the antenna in the azimuth plane.
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Fig. 5.29: Magnitude of simulated antenna transfer function H(jw) in the
azimuth plane (a) UWB antenna and (b) dual band-notched
UWB antenna.

Fig. 5.30 (a) and (b) illustrates the transfer function in elevation
plane. Black portions in the plots represent the nulls at 90° and 270° of
the ‘figure of eight pattern’ of the antenna in this plane. Notch bands
are visible in Fig. 5.30 (b) but not too sharp as in that of Fig. 5.29 (b).
Further the transfer function in the elevation plane has more distortion

in the vicinity of 90° and 270°.
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Fig. 5.30: Magnitude of simulated antenna transfer function H(jw) in
the elevation plane (a) UWB antenna and (b) dual band-

notched UWB antenna.

Gain response:

Fig. 5.31 shows the gain of the antenna calculated from the

transfer function using (3.19) in Chapter 3. From Fig. 5.31 (a), it is seen

that the antenna has flat gain response over the entire operating

frequency for all the orientations in the azimuth plane. A sharp

reduction in gain is observed at 3.44 GHz and 5.42 GHz in Fig. 5.31 (b)

account for the satisfactory rejection of these frequencies.
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Fig. 5.31: Simulated gain in the azimuth plane (a) UWB antenna and
(b) dual band-notched UWB antenna.
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Fig. 5.32: Simulated gain in the elevation plane (a) UWB antenna and
(b) dual band-notched UWB antenna.
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Fig. 5.32 (a) and (b) show the gain response in the elevation plane
which are highly distorted around 90° and 270° corresponding to the
null points of the ‘figure of eight pattern’ in that plane. Gain reductions
in the unwanted bands for the elevation plane are not as prominent as

that in azimuth plane.

Normalised received pulse:

Fig. 5.33 (a) and (b) illustrates the behaviour of the normalised
received pulses in the azimuth plane for different orientations of virtual
probes around the antenna in CST. From the Fig. 5.33 (a), it is observed
that the received pulses are exact replica of the input Rayleigh pulse

and remains unchanged throughout the azimuth plane.
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Fig. 5.33: Normalised received pulses in the azimuth plane (a) UWB antenna
and (b) dual band-notched UWB antenna.

Fig. 5.33 (b) which corresponds to dual band-notched antenna shows

more ringing in the received pulses compared to Fig. 5.33 (a).
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Fig. 5.34 (a) and (b) describe the pulse response in the elevation
plane. These plots show some distortions around 90° and 270° in the
elevation plane. The received pulses are inverted compared to the
reference input pulse over the angle from 90° to 270°. Ringing effect is
more pronounced in Fig. 5.34 (b) which corresponds to elevation plane

of dual band-notched antenna.
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Fig. 5.34: Normalised received pulses in the elevation plane (a) UWB
antenna and (b) dual band-notched UWB antenna.

Parameters of received pulse:

Fig. 5.35 describes the FWHM and ringing of the received pulses. In
the azimuth plane, the variations in FWHM (envelope width) and the
ringing w.r.t angle are very small, i.e., almost constant for all the

orientations. The ringing duration for dual band-notched antenna is around
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300 - 370 ps which is slightly higher than that of the UWB antenna
(192 - 260 ps). In elevation plane both the plots exhibits more variations
compared to azimuth plane. In both the planes the parameters FWHM and
ringing are within the tolerable limits of few hundreds of picoseconds,

hence the antenna can support high speed data transmission.
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Fig. 5.35: FWHM and ringing duration of the simulated received pulses
in the (a) azimuth plane and (b) elevation plane.
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5.4 Experimental Results

Reflection coefficient:

Measured reflection coefficient of the UWB slot antenna is

compared with the simulated result in Fig. 5.36 (a) and agrees reasonably

well. The antenna covers frequencies from 2.5 GHz to 12 GHz with four

resonant frequencies within the band. Fig. 5.36 (b) shows the reflection
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Fig. 5.36: Simulated and measured S;; of (a) UWB slot antenna and
(b) dual band- notched UWB antenna.
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coefficient characteristics of the dual band-notched UWB antenna
which rejects frequencies in the WiMAX and WLAN bands without
changing the characteristics of the UWB antenna in Fig. 5.36 (a). Sy

can be improved by modelling the coaxial connector in simulation.

Radiation patterns:

Fig 5.37 (a) - (d) displays the normalised radiation patterns of the
UWB band-notched slot antenna at four resonant frequencies 2.7 GHz,
4 GHz, 7 GHz and 10.7 GHz within the operating band. The measured
radiation patterns are compared with the simulated results and agree
reasonably well. Co-polarised patterns in the H-plane (x-z plane) are
nearly non-directional and it continues to remain as such till the upper end
of the UWB band. Co-polar patterns in the E-plane (y-z plane) follow
‘figure of eight” shape over the entire band. i.e., the antenna exhibits
nearly omni-directional radiation patterns over a wide bandwidth which is
an attractive feature for UWB communication applications.
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=== cross polar simulated
co-polar simulated
co-polar measured

=== Cross polar measured
90 90

Fig. 5.37: Simulated and measured radiation patterns of the UWB dual
band-notched slot antenna at frequencies (a) 2.7 GHz (b) 4 GHz
(c) 8 GHz and (d) 10.7 GHz.
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It is also observed that the antenna has polarisation discrimination
better than -15 dB throughout the operating band in the both the planes
along the bore sight. This is because of the current distribution shown
in Fig. 5.11 (a) to (d), where at all the resonant frequencies the major
part of the current is contributed by the vertical components rather than
the horizontal components, thus less cross polar radiations. Deviation in

signal strength is less than 5 dB for H-plane patterns.

Gain and efficiency:
Measured gain and efficiency of the UWB antenna are compared

with the simulated one in Fig. 5.38 (a). The gain is measured using gain

comparison method as mentioned in Chapter 3, section 3.5.1.

The proposed antenna exhibits a moderate gain response with
variations less than 2.3 dB throughout the desired UWB frequency
band. The radiation efficiency is measured using a wideband Wheeler
cap method mentioned in Chapter 3, section 3.5.1 and is found to be
varying from 80% to 90% across the operating band. Fig. 5.38 (b)
shows the gain and efficiency of dual band-notched antenna. The
responses are almost similar to that in Fig. 5.38 (a) with sharp dips in
the notched bands. The efficiency also drops to 45% at the notched
frequencies. Sharp decrease in gain and efficiency at the notched bands
ensures the band-rejection behaviour of the proposed band-notched

antenna.
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Fig. 5.38: Simulated and measured gain and efficiency of (a) UWB slot
antenna and (b) dual band-notched antenna.

Time domain analysis:

Since the UWB antennas are mainly used for short distance pulse
communication applications, it is recommendable to evaluate the pulse
handling capability of the antenna; i.e., the amount by which the
radiated pulse is dispersed by the UWB antenna. Two important

parameters which are used to evaluate the amount of pulse dispersion
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are antenna transfer function S,; and group delay. The pulse related

measurements are carried out in the azimuth plane.

Antenna transfer function S, and group delay:

Antenna transfer function and group delay are measured using
two identical UWB antennas mounted in two different orientations;

face to face and face to side as described in Chapter 3, section 3.5.2.3.
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Fig. 5.39: Measured antenna transfer function S,; and group delay of
(a) UWB slot antenna and (b) dual band-notched antenna.
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Measured S,;and group delays are shown in Fig. 5.39. Antenna
transfer function displayed in Fig. 5.39 (a) is almost flat within the
operating band while it drops drastically outside the desired band.
Group delay response remains almost constant throughout the band.
So the pulse dispersion due to the antenna will be negligible. Fig.
5.39 (b) displays the measured values for the dual band-notched
antenna. Both S, and group delay are similar to that in Fig. 5.39 (a)
except sharp dips at the notched bands. At the notched bands,
fluctuations in S,; are more than 10 dB and the group delay drops
below -0.7 ns. It indicates that the notch functions of the antenna

perform reasonably well.

Received pulse:

Fig. 5.40 illustrates the simulated and measured normalised
received pulses for the two extreme orientations of the proposed
antennas. Measured pulses in Fig. 5.40 (a) are observed to be the
replica of the simulated result with negligible ringing tails.
Fig. 5.40 (b) shows the received pulses corresponding to the dual
band-notched antenna and found to be same as that of UWB antenna
without notches but with slight increase in ringing tails. In these
plots, the pulses are shifted along the time axis to display them

clearly.
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Fig. 5.40: Normalised received pulses of (a) UWB slot antenna and
(b) dual band-notched antenna.

Fidelity:

It measures the extent to which the received pulse is distorted

w.r.t. the source pulse. This compares the shape of the received pulse

with the source pulse. Fig. 5.41 illustrates fidelity of the received pulse.

High fidelity values greater than 0.9 observed in Fig. 5.41 (a) reveal
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that the radiated pulse from the UWB antenna is an exact replica of the
source pulse. Fig, 5.41 (b) shows the fidelity resulting from dual band
notched antenna. High fidelity value is observed i.e., pulse distortions

due to the proposed antenna are negligible.
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Fig. 5.41: Simulated and measured fidelity of (a) UWB slot antenna and
(b) dual band-notched antenna
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5.5 Conclusion

A CPW-fed slot antenna suitable for UWB applications is
presented in this chapter. The bandwidth defined by S;; < —10dB
extends from 2.5 GHz to 12 GHz. Ground plane of a bevelled
rectangular strip is extended around the strip to form a slot structure.
The slot structure improves the coupling between the modes due to the
extended ground and the strip and thus supports multiple modes to
derive UWB bandwidth. Slits cut on the extended ground produce
resonant frequency at the lower end of the operating band without
increasing the size of the antenna. This is equivalent to reducing the
overall size of the antenna. Impedance match over the entire bandwidth
is obtained by bevelling the ground plane corners near the feed point.
By placing Z- shaped parasitic element with in the radiating aperture
and attaching quarter wave length stub to the ground plane, co-existing

WiMAX and WLAN bands are rejected respectively.

Exhaustive parametric studies are carried out to analyse the
properties of resonant frequencies and bandwidth of the proposed
structure. Design equations are developed and validated to design the
antenna on any substrates. Simulation analysis on antenna transfer
function and radiated pulses are performed to evaluate the response of

the antenna to the pulse input.

The antenna exhibits broad impedance match, stable radiation
pattern and moderate gain response over the entire operating bandwidth

as required by UWB communication systems. To verify the suitability
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of the antenna for UWB pulse communication applications, time

domain analysis are performed. Measured results show that the antenna

has flat transfer characteristics S,; and constant group delay throughout

the band which ensures minimum pulse dispersion. Another parameter

called fidelity is also calculated for analysing the amount of pulse

distortions due to the antenna. High fidelity value obtained reveals that

the antenna is capable of handling the narrow pulses efficiently.
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CONCLUSIONS

6.1 Thesis summary and conclusions
§46.2  Suggestions for future works
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The thesis describes the outcome on the design and analysis of dual
band-notched UWB monopole and slot antennas. This chapter
summarises the results of the research work carried out, then follows

the suggestions for future work.

6.1 Thesis Summary and Conclusions

The thesis presented a detailed study on the design and
characterisation of dual band-notched UWB antennas. Mainly two
categories of antennas are considered; monopole and slot antennas.
Two UWB designs proposed are truncated circular disc monopole and

a slot antenna, both with dual band-notched characteristics.

Firstly, the evolutions of the proposed antenna are considered to
learn how UWB impedance band response of the antenna can be
achieved. Through structure modifications these antennas are made to

support multiple modes. The overlapping of these modes results in
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UWB characteristics. Gradual tapering on the radiating patch and
ground plane near the feed point is employed for the proposed antennas
for enhancing the impedance bandwidth. Gradual transitions from feed
to radiator/ground avoid sharp variations in impedance from one

resonant mode to another, lead to wide band performance.

Effects of various geometrical parameters of the antenna on
reflection coefficient characteristics are analysed. The behaviour of
current pattern and radiation pattern at different resonant frequencies
are studied. Then based on these observations, simple design equations
for the UWB antennas on any substrates are developed and validated

using CST.

The proposed UWB antennas are modified by incorporating
resonant structures within the radiating patch or ground plane to reject
the interferences from co-existing narrow band wireless services. These
embedded notch filters avoid the need for separate filter thus make the
system bit compact, so suitable for portable wireless devices.

Summary of the proposed dual band notched UWB antennas:

1.  Truncated circular disc monopole antenna

This antenna is derived from a CPW fed conventional circular
disc monopole of size 38 mm X 47 mm which exhibits omnidirectional
pattern especially at the lower end of the spectrum (limited to 4.5 GHz).
By modifying its geometry as described in Chapter 4 the pattern
bandwidth (omnidirectional pattern) of the proposed antenna is

extended to around 7.5 GHz with a reduction in size to 25 mm X 20 mm.
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The antenna has wide impedance bandwidth from 3.4 GHz to more
than 12 GHz with gain varies from 1.6 dBi to 4.4 dBi and radiation

efficiency not less than 74% over the entire bandwidth.

Half-wavelength resonator slots are incorporated in this design to
avoid the interferences from the co-existing narrow band wireless
services. By employing multiple slots on the radiator as well as on the
ground, multiple notch functions can be achieved. In this design,
narrow folded U-slot and U-slot etched on the radiating patch reject the
WiMAX band and WLAN band respectively. Band-notched UWB
structure operates over a wide bandwidth of 3.1 GHz to more than
12 GHz with rejection bands at 3.45 GHz and 5.65 GHz. The gain
response drops to - 5.1 dBi and — 6.8 dBi at the notch frequencies.
Similar variations in efficiency is also observed, which decreases to
35% and 50% at the notched bands. The designed notch structures

reject the unwanted bands very efficiently. (Chapter 4, pages 154-158)

2. UWRB slot antenna

The proposed UWB slot antenna is obtained by employing
impedance bandwidth enhancement techniques on a CPW-fed
rectangular monopole operating at 5.6 GHz. Bandwidth enhancement
techniques involve extension of rectangular ground to surround the
monopole to form a slot structure, inserting slits on the extended
ground and bevelling the ground plane corners near the feed point.
With these geometrical modifications the resultant antenna structure
covers a wide impedance bandwidth from 2.5 GHz to more than

12 GHz with omni-directional radiation patterns in the entire band. The
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overall size of the antenna is 30 mm X 27 mm. The antenna exhibits a
flat gain response (2.1 dBi to 4.3 dBi) with efficiency greater than 80%

over the operating bandwidth.

A combination of parasitic element and stub employed in this
design facilitate the satisfactory functioning of the antenna even in the
midst of WiMAX and WLAN environment. Z-shaped parasitic element
in the vicinity of radiating aperture rejects WiMAX band and quarter
wavelength stubs connected to the ground plane rejects the WLAN
band. The impedance bandwidth of the band-notched antenna extends
from 2.5 GHz to more than 12 GHz with rejection bands at 3.44 GHz
and 5.42 GHz. A sharp decrease in gain to -7.4 dBi & -4.8 dBi and
efficiency to 45% observed at the notch frequencies ensure the
frequency rejection capability of the resonant structures employed in

this design. (Chapter 5, pages 211- 214)

Since the UWB is an impulse-based technology, the transient
response is also considered in addition to the conventional electrical
parameter. For analysing the transient response of the antennas,
measurements are carried out in frequency domain using a vector
network analyser (VNA). The antenna transfer function S,; and group
delay are measured in the azimuth plane. Flat S,; response over the
operating bandwidth is obtained for UWB slot antenna and it decreases
drastically outside the operating band. Truncated circular disc antenna
possess flat response up to around 8 GHz, after that there is a slight
decrease in power level. Group delay observed is almost constant with

variations less than Ins for both the antennas. With band-notched
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structures, truncated circular disc monopole antenna shows group delay
variations of 2.0 ns at 3.45 GHz & -1.5 ns at 5.65 GHz while the UWB

slot antenna exhibits -1.8 ns at both the notch frequencies.

Received pulses derived from the measured S,; are similar to the
excitation pulse and the amount of pulse distortion due to the antenna is
calculated using a parameter called fidelity. Fidelity for dual band-notched
UWSB slot antennas is greater than 0.9 (0.9 -0.95) while for the dual band-

notched truncated circular disc it is in the range of 0.78 to 0.88.

The proposed antenna designs can provide ultra wide band
response with band-notched functions. The truncated circular disc
presented gives an improved performance in terms of radiation pattern
compared to conventional circular disc monopole, thus its transient
response also. The UWB slot antenna exhibits superior transient
response for different space coordinates with fidelity greater than 0.9,
owing to their nearly omnidirectional pattern over the whole
bandwidth. The band-notched antenna designs proposed in this thesis
have good performances in terms of return loss, radiation pattern, gain,
efficiency, transient response etc. over the entire ultra wide bandwidth,
which make them a promising candidate for UWB pulse communication

applications. (Chapter 4, pages 159-163, Chapter 5, pages 215-219)

6.2 Suggestions for Future Work

Dual band-notched UWB antenna designs presented in this thesis
have fixed band-notched characteristics once it is fabricated. Since

interferences from narrow-band systems vary with environment,
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provision to electronically enable or disable the band-notched functions
and tune the notch frequencies within the pass-band of a UWB antenna
may be investigated in future. This allows the antenna to operate in
multiple predefined frequency bands which supports the cognitive radio
(CR) concept. When the antenna is in the UWB mode, it can be used
for sensing the spectrum and when it is in the reconfigured modes, the
antenna can be used for communication purpose. Electronic switching
of the notch bands can be realised by loading the resonant structures
with RF switches eg. PIN diode or and Micro Electro Mechanical
Systems (MEMS) switches. While varactor diodes can be used for

achieving tuneable band-notched characteristics.

UWB systems suffer from multipath fading like other wireless
communication systems. So design of multiple-input-multiple-output
(MIMO) UWB antenna with less mutual coupling may be considered to

improve the capacity and link quality of wireless UWB systems.

UWRB receiver requires low noise amplifier (LNA) due to the low
transmission power level of UWB systems. Co-design and
co-optimisation of UWB-LNA architecture may be investigated to get a

best compromise between gain and noise figure.

Most of the research on UWB antenna is mainly focussed to
improve short distance wireless communication systems which require
omnidirectional patterns. But there are applications like through-the-
wall radar imaging which need to cover distance up to 3 to 5 m behind

a 20 cm thick, solid concrete wall or a 25 m without any obstacles.
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Directional antenna with high gain is required in these cases because
the power level of the UWB transmitter is limited by the FCC’s
emission mask. Therefore, research on high gain UWB directional

antenna and antenna array may be carried out.
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EQUIVALENT CIRCUIT MODEL OF BAND-NOTCHED
UWB ANTENNAS

Nl . Introduction

R 2. Equivalent circuit modelling

1. Introduction

One of the major challenges in the development of UWB
communication systems is the co-design of UWB antennas with other
function blocks of the system. This is necessary for optimising the
performance of the whole system. The front end of a UWB receiver is
low noise amplifier (LNA), optimisation of UWB antenna-LNA is to be
carried out to get a best compromise between gain and noise figure. So
it is necessary to do co-simulation of the antennas with the UWB
transmitter and receiver. Since circuit simulation is traditionally done in
a time-domain simulator such as SPICE, a general equivalent circuit
model of UWB antennas is required [1]. The basic requirements for the
equivalent circuit model of UWB antennas is that input impedances or
admittances of the equivalent circuit model should match up with those

of the modelled antenna.

For UWB antennas, large bandwidth is due to the overlapping of

several adjacent resonances and can be represented by serially
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connected parallel R-L-C resonant circuits [2] as shown in Fig. 1. Two
additional elements, Ly and C, are added to the equivalent circuit model
of the UWB antenna to account for the impedance transformation due
to probe inductance and the static antenna capacitance [2]. The band-
notched functions are realised according to conceptual circuit model by
connecting the antenna input impedance with either a parallel or a
series R-L-C resonant circuit depending on the impedance
characteristics at the notched frequency [3] — [5]. The final element
values are obtained by curve fitting the impedance response of the

circuit model developed in ADS with the CST simulated impedance.

Cll Ch ’—i‘-l_

— A — L [Tl ]
Ea

Fig. 1: Equivalent circuit / impedance model of UWB antenna [2]

The modelling procedure begins with the extraction of the R-L-C
element values of each of the individual resonances within the
bandwidth of UWB antenna without notch structures. This can be
derived by transforming the resonant peaks of the simulated input
impedance of reference UWB antenna into the equivalent parallel

R-L-C resonant circuit using (1) to (3). Here, to determine the values of
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R-L-C components the real part of the input impedance alone is

considered [2].

Qk = B_Vl/k ........................................................................ (1)

Qk = Rk\/i:: = (l)kRka .............................................. (2)
1

Wy = \/Tck ...................................................................... (3)

where Qy, is the quality factor, f; is the resonant frequency, R} is the
real part of the impedance at resonance, BW, is the range of
frequencies where the real part of the input impedance is equal to or
greater than 0.707 of the maximum value of the k" resonant peak. The
initial values of fj, R, and BW}, can be obtained directly from the CST

simulated input impedance of the UWB antenna.

2. Equivalent circuit modelling
(a) Dual band-notched truncated circular disc UWB antenna

CST simulated real input impedance of the truncated circular disc
UWRB antenna discussed in Chapter 4 is shown in Fig. 2. It is observed
that the simulated real input impedance of the UWB antenna has four
resonance peaks (parallel resonance modes) within the UWB band, so
the impedance model of the antenna which thereafter called as
reference antenna consists of four parallel resonant circuits as given in

Fig. 3. The values of Ly and C are obtained after exhaustive trial and

Design and Analysis of Printed UVWB_Antenna with Dual Band-notched Characteristics



Appendix

error method using ADS. It is observed that these components

improve the accuracy of the input impedance characteristics of the
circuit model.

100

80 4

60

/

Zin__, (Ohm)

40

20—

simul. UWB antenna
equivalent circuit model

2 4 6

8 10 12
Frequency (GHz)

Fig. 2: Real input impedance Z;, of truncated disc the UWB antenna
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0 l k=4 k Lo
L = L
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Fig. 3: Lumped element impedance model of the UWB antenna
The reflection coefficient characteristics obtained from the Fig. 3

is compared with the CST simulated and measured reflection

coefficient characteristics in Fig. 4.
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Fig. 4: Comparison of reflection coefficient of the UWB antenna

From the simulated impedances of the truncated circular disc dual
band notched antenna shown in Fig. 5 (a) & (b), it is seen that in the
WiMAX (3.45GHz) notched frequency band, the imaginary component
crosses zero and changes from capacitive to inductive while the real
component presents a low resistance (2.078Q2), similar to the behaviour
of a series RLC circuit, i.e., the corresponding band rejection structure
(folded U-slot) acts as a series RLC circuit. At WLAN (5.65GHz)
notched frequency band, the real component has a low resistance
(5.10Q) like series RLC circuit. An additional sharp resistance peak
similar to a parallel RLC circuit (75€2) is observed very close to the
notched frequency compared to reference UWB antenna, when the
WLAN band is rejected. Here, the imaginary component follows
neither parallel RLC characteristic nor series RLC characteristics. So

the impedance model of the corresponding band rejection structure
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(U-slot) is considered as formed by a combination of a series and a

parallel RLC circuits operating close to 5.65 GHz.

100
m
£
=
e
:
=
N
equivalent circuit model
-20 A simul. band notched antenna
—— simul. UWB antenna
40 -
2 4 6 8 10 12
Frequency (GHz)
(a)
140
120 4 equivalent circuit model
— Simul. band notched antenna
100 1 e

simul. UWB antenna

{Ohms)

img.

Zin,

Frequency (GHz)

(b)
Fig. 5: Input impedances Z;,, of the UWB antenna and dual band-notched

antenna (a) real component (b) imaginary component
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Fig. 6: Equivalent circuit model of the dual band- notched truncated disc
UWRB antenna in Chapter 4

The equivalent circuit model of the dual band-notched truncated
circular disc antenna is shown in Fig. 6. In this model series RLC
circuit operating at 3.45 GHz and then the combination of series and
parallel RLC circuits operating close to 5.65 GHz are connected in
parallel with Zyy,5. When the band notched antenna operates at either
at WIMAX or WLAN band, the corresponding RLC circuit resonates
and leads to high impedance mismatch at that frequency. Consequently,

the antenna cannot radiate at this band.

From the CST simulation results in Fig. 5 (a), the initial lumped
element values of each resonant circuit are calculated using the
standard equations of parallel and series resonant circuits.

For parallel resonant circuits [2]

C
Q, =R, \/g = RpCpp wevvevrrsesssieeerrsneesssssssseesssseees @)
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where @, & Qg represent the quality factors and w, & w; represent
angular resonant frequencies. Then by employing curve fitting
approaches [5] the final values of these unknown parameters are

obtained and are listed in Table 1.

Table 1: Lumped element values of the equivalent circuit in Fig. 6

Circuits No. f(GHzy R(Q) L@mH) C (pF)

1 3.92 65.67 09427 = 1.7520

leléaizlls 2 6.6 62.8 | 0.5797  1.0152

Zuows) 3 8.9 52.8 | 0.2483  1.2870

4 13.0 61.6  0.1829  0.7887

RLC Notch | series 1 3.46 2078  19.049  0.1105
CIrCUits - ies 2 55 510 | 17.067  0.04919
parallel 5.8 200  0.059 | 0.0126nF

Series LC Lo 0.42 nH Co 1.32 pF

The input impedance of the proposed band notched antenna by
the equivalent circuit model is compared with the CST simulated

impedance in Fig. 5 (a) and (b). Further, the reflection coefficient
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obtained by the equivalent circuit model is compared with the CST
simulated and measured reflection coefficient of the proposed band-
notched antenna in Fig. 7. These plots agree reasonably well over the

entire UWB frequency range with minute fluctuations.

8,,(dB)

-40 1 e gimul. band-notched antenna
equivalent circuit model
— ¢ n measu. band-notched antenna
-50 T T T T
2 4 6 8 10 12

Frequency (GHz)

Fig. 7: Comparison of reflection coefficient of truncated circular
disc dual band-notched antenna in Chapter 4

(b) Dual band-notched UWB slot antenna

Fig. 8 shows the simulated input impedance of the UWB slot
antenna and its dual band-notched version presented in Chapter 5. The
plot of reference UWB slot antenna (blue colour) has four resonance
peaks (parallel resonance modes) within the UWB band, so its

impedance model consists of four parallel R-L-C resonant cells.
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Fig. 8: Input impedances (Zin) of the UWB antenna and dual band-
notched antenna (a) real component (b) imaginary component

From Fig. 8, it is seen that at the notched frequencies 3.44 GHz &

5.42 GHz, the real components have a low resistance values of 12.76 Q

and 19.0 Q respectively like series R-L-C circuit. The values of the
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remaining lumped elements L. and C are derived by using the standard
equations of series R-L-C resonant circuit. Further, it is seen that
additional resistance peaks of 47.4 Q and 68.4 Q are occurred very
close, prior to the notched frequencies 3.44 GHz and 5.42 GHz
respectively compared to the reference UWB antenna. These resonance
peaks can be approximated to parallel R-L-C circuits where the values of
L and C are calculated using the standard equations of parallel R-L-C

resonant circuit.

So the circuit model of the corresponding notch structures i.e.,
Z-shaped parasitic element as well as pair of L-shaped stubs are
regarded as formed by the combination of a series R-L-C and parallel

R-L-C circuits.

Z - Shaped parasitic element L - Shaped stubs

f____R____'I f___R_____'I

| _/\/V\i | | _/\/\/\ﬂ |

| Lpi | | Lpz |

| 000 I 00¢ | &

l I l Cr1 | | l I Cp2 |

| Rs: | | Rsz |

I f=3.44 GHz | | f=5.42 GHz |

Zin | | | | Zyws

I:">| Lsi | | Ls2 |

| [ [

| T T e

l L 5

L - —_— — — — = b e e e e - = = J

Fig. 9: Lumped element equivalent circuit model of proposed dual band-
notched UWB slot antenna in Chapter 5

The equivalent circuit model of the proposed antenna can be
considered as the combination of reference UWB antenna (Zyyp),

Z-shaped parasitic element and a pair of symmetrical L-shaped stubs
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connected as shown in Fig. 9. When the proposed antenna operates at
either at WiIMAX or WLAN band, the corresponding R-L-C circuits
resonate and provide high impedance mismatch at that frequency.

Consequently, the antenna cannot radiate at this band.

Table 2: Element values of equivalent circuit model shown in Fig. 9.

R-L-C cells 1 2 3 4
Rk (Q) 38.62 50.94 52.019 54.199
Lk (nH) 0.6142 0.7662 0.3775 0.1168
Ck (pF) 5.1600 1.8624 1.1912 1.8159
Lo-Cy Ly—0.48 nH Cy—1.049 pF
Notch circuits Series 1 | Parallel 1 = Series 2 | Parallel 2
R (Q) 12.76 11.833 10.13 22.36
L (nH) 28.770 0.0421 14.9755 0.1431
C (pF) 0.0714 55.341 0.0547 7.050

The circuit model is built, tuned and optimized in ADS. The
extracted lumped element values of the proposed dual band-notched
UWSB slot antenna are summarised in Table 2. The input impedance of
the proposed antenna by the equivalent circuit model is compared with
the CST simulated impedance in Fig. 8 (a) & (b) and the curves agree
reasonably well over the entire UWB frequency range with minute
fluctuations. For further validation of the extracted equivalent circuit
model, the reflection coefficient (dB) of the proposed antenna by circuit
model is compared with the measured and CST simulated results in

Fig. 10.
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Fig. 10: Comparison of reflection coefficient (dB) of the dual
band-notched antenna in Chapter 5

From the impedance models developed behaviour of notch
structures can be studied. It is seen that at frequency rejection bands,
the notch structures behave either as a parallel R-L-C, series R-L-C
resonant circuit or combination of these two. The equivalent circuit
developed is very useful for the optimisation of antenna-LNA
architecture from the view point of a UWB system designer. It also
allow the system designers to consider the effect of the UWB antennas

in the simulation of the whole communication system
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