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Abstract

In recent years, there is a visible trend for products/services which demand
seamless integration of cellular networks, WLANs and WPANs. This is a
strong indication for the inclusion of high speed short range wireless technol-
ogy in future applications. In this context UWB radio has a significant role
to play as an extension/complement to existing cellular/access technology.
In the present work, we have investigated two major types of wide band
planar antennas: Monopole and Slot. Four novel compact broadband anten-

nas, suitable for poratble applications, are designed and characterized, namely
1. Elliptical monopole
2. Inverted cone monopole
3. Koch fractal slot
4. Wide band slot

The performance of these designs have been studied using standard simulation
tools used in industry/academia and they have been experimentally verified.
Antenna design guidelines are also deduced by accounting the resonances in
each structure.

In addition to having compact sized, high efficiency and broad bandwidth
antennas, one of the major criterion in the design of impulse-UWDB systems
have been the transmission of narrow band pulses with minimum distortion.
The key challenge is not only to design a broad band antenna with constant
and stable gain but to maintain a flat group delay or linear phase response
in the frequency domain or excellent transient response in time domain. One
of the major contributions of the thesis lies in the analysis of the frequency
and time-domain response of the designed UWB antennas to confirm their
suitability for portable pulsed-UWB systems. Techniques to avoid narrow-
band interference by engraving narrow slot resonators on the antenna is also

proposed and their effect on a nano-second pulse have been investigated.
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This chapter surveys the current and emerging wireless communication
standards used and highlights the significance of Ultra Wide-Band (UWB)
communications. It further discusses the demand for compact & broad-band
planar antennas for mobile applications. A review of the various broadband
antenna types are done and their suitability for UWB applications is assessed.
A description of the stimulus behind the present investigations is presented
and we have concluded this chapter with the details of the organization of the

present thesis.

1.1 Modern Wireless Communication Systems

There are few technologies that have had a more profound effect on human
life than mobile communications. Its global growth is traced and compared

with that of the fixed subscribers over the past fifteen years in Fig.1.1. As
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Fig. 1.1: Global growth in mobile and fixed subscribers [Kim 2003|

recently as about two decades ago no one had a mobile phone, while today 1.8
billion men, women and children depend on them and it now easily exceeds
the number of land line users.

Apart from mobile telephone communications, Wireless Local Area Net-
works (WLANSs), which came on the scene little more than a decade ago
(1997), have also experienced phenomenal growth. The proliferation of WLAN
hotspots in public places, such as at airport terminals, has been astounding.
They have made their ways into our homes, riding on the back of xDSL and ca-
ble access modems, and are now integrated with WLAN Radio Access Points.
As a result, the number of wireless internet subscribers is expected to overtake
the number of wired internet users quite soon.

The backbone of modern wireless communication are the various commer-
cial wireless standards used for its management and the allocated frequency
bands that radio equipments use to transmit and receive data. They have
continued to evolve from the first - 1G, to the present - 2G and 3G, to the
future network system standards - 4G and 5G, that would support higher ca-
pacity digital systems with integrated and converged services with IP-based
seamless networks. Its evolution over the last few decades along with their
operating frequencies and fractional bandwidths (in %) are summarized and
shown in Fig.1.2. Fractional bandwidth is the ratio of the signal bandwidth

to the notional center frequency.
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Worldwide today, Global System Mobile (GSM) is the most widely used
cellular mobile standard and it also offers data communication services to
users, although its rates are limited to just a few tens of Kbps [Yo 2007]. 3G,
through suitable enhancements of the digital protocols have emerged with
increased bandwidth and data rates (up to 2Mbps) and include standards like
3GSM, CDMA2000 and GPRS.

In contrast, originally designed to provide fixed data network extension,
WLANs would support few hundreds of Mbps data transmission rates. WLAN
systems typically operate in a range from 10 to 100m while wireless personal
area network (WPAN) systems operate up to about 10m. WLAN (IEEE
802.11 family) and WPAN (IEEE 802.15 family) protocols are responsible for
wireless data connections of various speeds and bandwidths to the internet for
laptops, PDAs, and other wireless devices that operate in close proximity to
one another and has evolved several times responding to the sustained user

demands for higher bit-rates.

However, WLAN/WPANSs do not offer the kind of mobility, which mo-
bile systems do. In general there is a trade off between coverage and capac-
ity. Fig.1.3 shows the relationship between some of the various standards, in
terms of mobility (coverage) and capacity. Therefore as mobile communica-

tion systems seek to increase capacity, wireless data systems seeks to increase
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coverage; subsequently they will both move towards convergence. The 802.16
WiMAX protocol appears to lend weight to this notion of convergence. It is
one of the high-speed wireless broadband solutions that would provide greater
than 70Mbps data rates to high-density medium-size areas (1000 to 5000m)

such as city buildings, small and rural communities, and suburban malls.

For moving towards seamless roaming/handoff and the best connected
services, 4G shall deploy single global cell core network to replace the cell
network of 3G. Full IP will be applied in the network which can support
different access method by integrating wireless wide and local area networks
(IEEE 802.11a/b/g/n, IEEE 802.15 and IEEE 802.16) [Hui 2003|. The future,
5G mobile network is seen as user-centric concept instead of operator-centric
as in 3G or service-centric concept as seen for 4G and the development is seen
towards the user terminals. The terminals will have access to different wireless
technologies at the same time and should be able to combine different flows

from different technologies [Janevski 2009].

This increasing trend towards seamless integration of cellular networks
such as GSM & 3G and WLAN & WPAN is a strong indicator for the inclu-
sion of high-speed short range wireless in a comprehensive picture of future
wireless networks [Oppermann 2004a]. UWB radio will deliver the essential
new wireless bandwidth inexpensively, without using precious and scarce ra-
dio frequencies and hence has a significant role to play as an extension or

complement to cellular technology in future mobile systems.

1.1.1 Ultra Wide-Band Communication (UWB) Systems

A UWB signal, in general, can be defined as the one whose fractional band-
width, By, is greater than 0.25 or occupied a bandwidth of at least 500MHz
at all times during the signal. By is defined as

By = 2(fu—£) (1.1)

fn+ fi
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where f;, and f; are the upper and lower edge frequencies, respectively. In
2002, the Federal Communications Commission (FCC) regulated the emission
limits to -41.3dBm/MHz, for an allocated spectrum ranging from 3.1GHz to
10.6GHz |[Commission 2002].

This led to the emergence of UWB technology based applications for com-
mercial high-data-rate, short-range communications, radar systems and mea-
surement. They include high-speed file transfers and printing, high-definition
audio/video streaming and a myriad of other applications in the consumer
electronics, personal computing and mobile communication arenas. The UWB
systems should provide ~50Mbps through buildings within a range of at least
20m, as well as higher rates (up to 1Gbps) at shorter distances. UWB circuits
need very little power to achieve these data rates (around tens of mW), which
is between one tenth and one hundredth of the power required by devices
such as mobile telephones and existing WLANSs for the equivalent data rates,

respectively, and are thus ideal for battery-powered devices [Smyth 2004].

If we have a fixed amount of energy, we can either transmit a great deal
of energy density over a small bandwidth or a very small amount of energy
density over a large bandwidth. This is measured in terms of the power

spectral density (PSD) which is defined as

P

where P is the power transmitted in watts (W), B is the bandwidth of the
signal in hertz (Hz), and the unit of PSD is watts/hertz (W/Hz) or dBm/Hz
on a logarithmic scale. For UWB systems, the energy is spread out over a very
large bandwidth (hence the name ultra wide band) and in general, is of a very
low power spectral density. This can be confirmed when UWB technology is

compared with other wireless technologies as shown in Fig.1.3.

The maximum permitted power levels of the FCC approved UWB tech-
nology is low enough at 0.5mW over the entire 7.5GHz bandwidth (i.e. PSD

= -41.3dBm/MHz, the same level as unintentional radiation from common
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Fig. 1.4: FCC allocated spectral mask for UWB communications

electronics devices such as laptop computers). For wireless communications
in particular, this allows UWDB technology to overlay already available services
such as the WiMAX and the IEEE 802.11 WLANSs that coexist in the 3.1 to
10.6GHz.

In order to keep the interference to the minimum, the FCC and other reg-
ulatory groups specify spectral masks for different applications which shows
the allowed power output for specific frequencies. The spectral mask allocated
for UWB communications is shown in Fig.1.4. The major reasons for the ex-
tremely low allowed power output in the frequency bands 0.96GHz to 1.61GHz
is due to pressure from groups representing existing services, such as mobile
telephony, global positioning system (GPS) and military usage. However the
most obvious technology that will require coexistence next to UWB is WLAN
in the 5 to 6GHz spectrum. It is therefore essential, when designing a system,
that the interference issue is considered.

In short, the key attributes of UWB systems that make them suitable for
high-speed WPANSs are summarized in Table 1.1.

Unlike traditional narrow band systems, UWDB generates short pulses and
uses these pulses for data modulation. Therefore, UWB is alternatively re-
ferred to as impulse, carrierless or baseband transmission. However, UWB

does not always have to be impulse or carrierless.

Essentially, UWB communications comes in one of two types,
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Table 1.1: Features and advantages of UWB communications

Features Advantages

Coexistence with current narrow band Avoids expensive licensing fees
and wide band radio services

Large channel capacity Makes UWB systems perfect candi-
dates for WPANSs

Ability to work with low SNRs Offers high performance in noisy envi-
ronments

Low transmit power Provides high degree of security with
low probability of detection and inter-
cept

Resistance to jamming Reliable in hostile environments

High performance in multipath chan- Delivers higher signal strengths in ad-

nels verse conditions

Superior penetration properties Viable for through-the-wall communi-
cations and ground-penetrating radars

Carrierless transmission Simple transceiver architecture at a re-
duced cost

Spectrum of a Gaussian Doublet Spectrum of an OFDM Signal

Relative Power (dB)

S R A T R B :
Frequency (GHz) Frequency (GHz)

(a) (b)
Fig. 1.5: Comparison of (a) Impulse and (b) Multi carrier UWB spectrums.

e Single Band: Impulse radio falls in the category of single band UWB system
and is based on sending very short duration pulses to convey information. In
impulse radio, the signal that represents a symbol consists of serial pulses
with a very low duty cycle. The pulse width is very narrow, typically in
nanoseconds. As a result it has a better resolution of multi path in UWB
channels. The small pulse width gives rise to a large bandwidth as shown in

Fig.1.5(a). The high instantaneous power during the brief interval of the pulse
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helps to overcome interference to UWB systems, but increases the possibility
of interference from UWB to narrow band systems. Simple I-UWB systems
can be very inexpensive to construct as it eliminates the need for up and down

conversion and allows low-complexity transceivers.

e Multi Band: Since UWB can be any technique that generates signals oc-
cupying at least 500MHz of bandwidth within the spectrum mask placed by
FCC [Commission 2002], the UWB systems can also be classified as multi-
band based. Here, the 7500MHz of unlicensed spectrum can be considered
to provide a number of UWB “bands” as shown in Fig.1.5(b) and can be ex-
ploited in many ways like by using multi-carrier (MC) or OFDM modulation
with Hadamard or other spreading codes. MC-UWRB is particularly well-suited
for avoiding interference because its carrier frequencies can be precisely chosen

to avoid narrow band interference to or from narrow band systems.

1.1.2 Antennas for Modern Wireless Communications

Several demands are placed on modern antennas designed for multi-frequency
and multi-mode devices such as cellular phones, WLANs and WPANs. Fig.1.6
traces the progress in the antenna designs for mobile systems since its days of
conception. Primarily, antennas need to have high gain, small physical size,
broad bandwidth, versatility, embedded installation etc. depending on the
type of application. For fixed applications such as cellular base stations and
wireless access points, high gain and stable radiation coverage over the oper-
ating range are desired. For portable devices such as hand phones, personal
digital assistants (PDAs) and laptop computers; compact, radiation efficient,
omnidirectional antennas are preferred.

A few of its design challenges are discussed as follows:

e Size: Antennas for mobile terminals are desired to be small in physical size
so that they can be embedded in devices or conform to device platforms.

However the operation of electrically small antennas (< A/8) is dictated by
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Fig. 1.6: Progress in antenna designs for mobile systems

fundamental relationships which relate their minimum Q-factor to the volume
of the smallest sphere in which they can be enclosed, often referred to as the
Chu-Harrington limit [Huang 2008]. The fundamental limitations of electri-
cally small antennas are in terms of impedance bandwidth, gain and radiation

efficiency.

In addition, one has to also respect limits that come from practical consider-
ations of a compact antenna. For instance, smaller the mobile unit, greater
will be the influence of the components located near the antenna on its per-
formance. Efficient antennas are always preferred, so as to avoid frequent
battery re-charging. Then there are the finite ground plane affects due to
the radiating surface currents induced by the antenna element on the ground

plane.

e Bandwidth: As can be observed from Fig.1.2, the fractional bandwidths for
commercial mobile communication systems vary from 7% to 13% and reach
up to 109% for UWB communications. The antennas used must have the

required performance over the relevant operating frequency range.

Most importantly, the antennas should be well impedance-matched over the
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operating frequency range. Antennas with broad bandwidths have additional
advantages, such as to mitigate design and fabrication tolerances, to reduce
impairment due to the installation environment, and most importantly, to

cover several operating bands for multi-frequency or multi-mode operations.

In future, universal antenna solutions completely embedded into portable de-
vices are desirable, which may cover frequencies from 800MHz to 11GHz or
above in order to include all the existing wireless communication systems such
as GSM900, GSM1800, PCS1900, WCDMA /UMTS (3G), 2.45/5.2/5.8GHz-
ISM, U-NII, DECT, WLANS, European HiperLAN I, II, and the UWB sys-

tems as well.

e Conformability: For aesthetic reasons, antennas for portable devices has
to be embedded. Owing to unique merits such as small volume, low manu-
facturing cost and easy integration into planar circuits, planar antennas are
ideal candidates. In general, all antennas comprising planar or curved surface
radiators or their variations and at least one feed are termed “planar anten-
nas’. Printed microstrip patch antennas, slot antennas, suspended plate an-
tennas, planar inverted-L and inverted-F antennas (PILAs and PIFAs), sheet
monopoles and dipoles, roll monopoles, etc. are typical planar antennas used

extensively in wireless communication systems.

In general, portable communication systems need low-cost compact planar
antenna solutions with broad bandwidth and omni-directional radiation pat-

terns.

1.2 Broad-band Antennas: An Overview

Broadband antennas are those which operate over a wide bandwidth. A work-
ing definition for the same would be as whose parameters - the impedance
bandwidth, gain, polarization and radiation patterns, do not change signifi-
cantly over about an octave or more. In this section, we will review the concept

behind the operation of broadband radiators and, as it turns out in most cases,
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it is rooted in having ‘a smooth physical structure’ [Stutzman 1981|. Such an-
tennas usually require structures that do not emphasize abrupt changes in the
physical dimensions involved but instead has smooth boundaries. Such phys-
ical structures tend to produce patterns and input impedances that changes

smoothly with frequencies.

The difference between a transmission line and an antenna lies only in the
amount of radiation generated and not in the geometry itself. For instance,
an open ended two wire transmission line becomes an antenna if the spacing
between the lines is large with respect to wavelength such that diffractions
from the wires and wire ends do not cancel each other or incident fields in
the exterior region [Chen 2007al. A fundamental example would be a dipole
antenna as in Fig.1.7(a). They fall under the category of resonant anten-
nas whose bandwidths are generally low. For a resonant antenna, the waves
traveling outwards from the feed point to the end of the antenna is reflected,

setting up a standing wave type current distribution [Stutzman 1981].

If the strong localized diffractions on the antenna structure, which usually
arise from abrupt discontinuities, is carefully controlled via critically designing
the antenna geometry, a wide operating band is achieved. Common examples
of such wide band antennas include rolled-edge horns, ridged horns [Bird 2007]
and their planar versions like the tapered-slot antennas often called the Vivaldi
antennas [Langley 1993], where the aim is to taper the antenna geometry to

make a smooth transition from the input to the aperture.

Interestingly enough, even from an impedance bandwidth point of view,
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we arrive at a similar tapered structure for a wide band operation as in the
case of a twin Alpine-type horn shown in Fig.1.7(b) [Kraus 2005]. A two wire
transmission line is opened out until the conductor separation is a wavelength
or more. However, if the conductor spacing-diameter ratio is kept constant,
a constant characteristic impedance over a wide frequency band is achieved.
The result is a tapered graduation from the feed to the open end with a
relatively constant unidirectional radiation pattern. These properties makes
twin horn a classic broadband antenna. Unlike resonant antennas, reflected
waves are minimized here and the input impedances are predominantly real
as in the case of pure traveling waves on low loss uniform transmission lines.
They can be easily classified under traveling wave antennas.

On the same line of thought, an infinite biconical antenna is analogous to
an infinite uniform transmission line. The bicone would act as a guide for
a spherical wave in the same way that a uniform transmission line acts as a
guide for a plane wave. The input impedances of the infinitely long bicone is
uniform and real; and it reduces with increase in the cone angle [Kraus 2005].
However, practical biconical antennas, shown in Fig.1.7(c), are finite and are
analogous to a finite or terminated transmission line [Stutzman 1981]. Its
input resistance becomes very large and the input reactance very small for an
overall antenna length of approximately one wavelength similar to an ordinary
dipole.

The overall pattern of a bicone is essentially the same as that of a dipole
of length < X i.e. a solid revolution formed by a rotation of a figure of eight.
It is significant to note that the terminal impedance of the thicker biconical
antenna is more constant as a function of cone length than that of thinner
antennas. Just as it is proven in case of cylindrical antennas, the thicker bicon-
ical antennas are more suitable for wide band applications. This is because a
“fatter” structure will lead to a broader bandwidth since the current area and
hence the radiation resistance is increased. The biconical antennas are thus
one of the the earliest antennas used in broadband applications [Kraus 2005].

There are innumerable variations to the basic geometrical configurations
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of bicones and monocones. Discone is one such example comprising of a disk
and a cone as shown in Fig.1.7(d) [Balanis 1997]. 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
the feed line. At cutoff, the slant height of the cone is approximately \/4.
They have relatively constant input impedance and satisfactory pattern and
gain over wide bandwidths with beam widths tending to become smaller. The
antenna gains are larger with increasing frequency and that may be highly
desirable and useful.

However, the antennas mentioned above are seldom used in portable/mobile
devices due to their bulky size and high manufacturing costs. Therefore, pla-
nar versions of the bicones and monocones have been alternatively used in
wireless communications because they have shown excellent performance in
impedance and radiation along with their advantage of small size. The earli-
est planar dipole may be the bow-tie antenna invented by Brown-Woodward
[Chen 2007h].

Planar monopole antennas are also widely reported. They can be excited
by a coaxial cable vertically hosted above a large metal ground. The triangu-
lar monopole antenna is the planar versions of monocone antennas [Lin 2005].
The radiators of the planar monopole antennas can be of any shape for
broad operating bandwidth. Square [Amman 1999], [Amman 2004], trape-
zoidal [Chen 2000b|, diamond [Wu 2004b]|, pentagonal [Evans 1999, circu-
lar [Liang 2005b|, semi-circular [Lee 2005|, elliptical [Agrawall 1998|, annu-
lar [Chen 2003b], square with semi-circular bottom [Anob 2001], printed in-
verted cone (PICA) [Suh 2004] etc. are few of the geometrical shapes of the
radiators employed. Among the different configurations studied, the circu-
lar and especially the elliptical disk monopole appears to yields maximum
bandwidth for similar overall dimensions [Agrawall 1998].

In mobile wireless applications, antennas are expected to be embeddable
or easy to be integrated into wireless devices. Therefore, the antennas di-

rectly printed onto a printed circuit board (PCB) are the most promising
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designs. Such antennas are usually constructed by etching the radiators onto
a dielectric substrate and a ground plane around the radiators.

The planar broadband antennas proposed in the open literature mainly fo-
cus on the slot and monopole types. They have received considerable attention
owing to their attractive merits, such as ultra wide frequency of operation,
good radiation properties, simple structure and the ease of fabrication. The
typical shapes of these monopole radiators are circle [Jianxin 2005, ellipse [Kr-
ishna 2007] and square [Gopikrishna 2007|. Printed wide slot antennas have
also been widely reported especially those having a modified tuning stub, such
as the fork-like stub [Sze 2001], [Qing 2003], [Chair 2004], [Hsu 2006], the rect-
angular stub [Chen 2003a/, [Liu 2004a| and the circular stub [Jang 2003| inside
a wide slot in the ground plane. A detailed literature review of the same is
done in Chapter 3 and 4 of this thesis.

The other family of wide band antennas are called the frequency inde-
pendent antennas. The desired feature for such antennas are frequency in-
dependent behavior of the input impedance and pattern. It is the emphasis
on angles and complete removal of finite lengths which is the most distinctive
feature of such antennas [Rumsey 1966]. The typical realization is an angular
constant structure described only by the angles exhibiting scaling invariability.

Since in practical cases the physical size of the object is finite, a “truncation
principle” can be applied. It says that ‘provided that if the overall current on
the antenna decreases as we move away from the feed due to radiation, it is
possible to define an active region within which if the actual finite structure
is contained, truncation of the geometry does not modify the behavior of
the antenna’ [Balanis 1997|. A typical example would be a finite biconical
antennas and its planar counterpart - the bow-tie antennas.

There are other types of wideband antennas like the spiral and log-periodic
antennas which shows frequency-independent characteristics but are based
on different principles. Self complimentary antennas, characterized by self
complimentary metallizations, are one such family of frequency independent

antennas [Mushiake 1992]. By applying the Babinet’s principle, it is shown
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that self complimentary structures have a constant input impedance [Bala-
nis 1997]. Two-arm logarithmic spiral and archimedean spiral antennas are ex-
amples of antennas which realize the principle of frequency independence [Fil-
ipovic 2007].

Generating multiple resonances over the desired operating band is yet an-
other principle of frequency independent operation for antennas like log peri-
odic |Filipovic 2007] and fractal antennas [Kraus 2005|. Planar versions of the
same are also reported like for example the planar log-periodic design which
has its dipole elements with their one half etched on top layer and the other
on the bottom layer of a substrate [Pantoja 1987 .

Since the requirements of antennas vary with applications and system de-
signs, we can conclude this review on broad band antennas by categorizing the
antennas discussed so far in terms of geometry and radiation characteristics
as in Table. 1.2. Their suitability for high speed low power UWB communi-

cations systems is discussed in the following section.

Table 1.2: Types of broadband antennas [Allen 2007]

Directional Omni-directional
Vivaldi Antenna
Q. Tapered Slot Antenna Planar Dipole
™ Log-periodic Antenna Slot Antenna
Planar Log-Spiral Antenna Printed Antenna on PCB

Conical Spiral Antenna

a Loaded Cylindrical Dipole
TEM Horn Antenna

! ] Bi-conical Antenna
o) Ridge Horn Antenna )
Disc-cone Antenna

Reflector Antenna
Roll Antenna

1.2.1 UWB Antennas

The antenna requirements varies for the Multi-band (MB-UWB) and Impulse
UWB (I-UWB) communications. Fig.1.8 plots the desired amplitude and
phase response of the radiation fields of broadband antennas for the two types.

In the case of MB-UWB, while a stable antenna gain (amplitude response)
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Fig. 1.8: The desired antenna response for (a) Multi-band /Multi-carrier and (b)

Impulse UWB applications.

is a requirement, there are no constraints on the phase response as shown in
Fig.1.8(a). The signal at any given time can be viewed as a narrow band
signal and broad band antennas are used in such applications as multiple

narrow bands.

[-UWB requires antennas that can cover multi-octave bandwidth in order
to transmit pulses of the order of nano-seconds in duration with minimal
pulse distortion. Since such systems do not necessarily employ modulation
of a sinusoidal carrier, the signal at the antenna’s input can be considered as
the “message” signal and [-UWB antennas can be termed as “baseband pulse”
antennas |Lamensdorf 1994]. Because the data may be contained in the shape
or precise timing of the pulse, a clean impulse response can be considered as

the primary requirement for a -UWB antenna.

One of the challenges in implementation of UWB communication systems
is the development of a suitable UWB antenna that would enhance the advan-
tages promised by a pulsed communication system. To prevent distorting the
pulse, an ideal -UWB antenna should produce radiation fields with constant
magnitude and a phase shift that varies linearly with frequency as shown in

Fig.1.8(b).
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1.2.1.1 Radiation of Large Fractional Bandwidth Pulses

The conventional nomenclature used to describe a broad band antenna perfor-
mance (such as directivity, gain, VSWR, etc.) are not sufficient for evaluating
antennas with baseband-pulse excitations as they are deduced by the time-
harmonic (sine wave) solutions to Maxwell’s equations. They are only suitable
for antennas that are used for multiple narrow band services or channels. The
Maxwell’s equations can be applied in the case of radiation of UWB signals
as well. On using a time domain approach, they manifest some interesting

differences compared to the radiation of narrow band signals.

Radiation in free space occurs when the charges are accelerated and when
the electric current encounters certain discontinuities in the antenna. There is
also sometimes a partial time-delay derivative operation on the current density,
from the various parts on the antenna, involved in the radiating process.
Therefore, radiation manifests itself as a partial derivative in time and delay

of the current.

The difference between wide band and narrow band signals is that the
transmitted signals in narrow band systems are sine waves, so their time
derivatives are also sine waves. The signal shape for narrow band signals
remains sinusoidal throughout the radiation process. The wider the signal
bandwidth, the more a signal shape differs from its time derivative in ampli-
tude versus time [Siwiak 2004|. Hence the shape of the transmitting antenna
current signal plotted versus time with respect to the input pulse will, in

general, be different for different antenna orientations, size and shape.

An arbitrarily shaped antenna that supports surface currents J(r‘,7) at
points described by a vector r’ pointing from the coordinate origin to the
current density point and by a retarded time variable 7 = t — R/c is shown
in Fig.1.9. The retardation time, R/c, is explicitly the propagation time
required for a disturbance to travel the distance R with velocity c¢. Using
the space time integral equation (STIE) technique [Bennett 1978|, which is

a time-domain approach to electromagnetics, the general expression for the
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Field Point
Volume V'

Fig. 1.9: Arbitrarily shaped antenna with surface currents J(r*t)

magnetic far-zone field is

H(r t) = /—J T, T) X a,dV* (1.3)

drre

where a, is a unit vector pointing in the direction of radiation. The electric
far zone field is

E(r,t) = —noa, x H(r,t) (1.4)

where 7, is the intrinsic impedance of free space.

A key factor to note in the above equations is the appearance of the partial
derivative in 7, which includes both time and delay. The magnetic field H and
the electric field E are related to a time and delay derivative of the antenna

current density which tends to lengthen the signal in time.

Furthermore, the retardation time R/c means that the radiated signal
shape, as a function of time, will vary depending on where the observation
point is relative to the antenna. Because of this, the radiated field signal
shapes will be different from the signal shape supplied to the feed point of the
antenna. On a similar line, the radiated fields of an ideal infinitesimal antenna
would exactly be a time derivative of the transmitting signal everywhere in
space because it is too small to impose any signal-distance delays on the

antenna.

The receiving process is deduced from the principle of reciprocity in elec-

tromagnetic theory applied to the receiver antenna problem [Siwiak 2004].
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The principle allows us to write an expression for the voltage signal Vi at the
receiving terminal of the antenna in terms of the current density J(r‘,7) that
would be present if the receive antenna were used to transmit a feed-point
current I7; and the the electric field F;,. due to the transmit antenna that
would be incident on the receive-antenna location without the receive antenna
being present.

Valt) =~ [ Buelr,t)- 36 1)V (15)

TJV

The effect, that is of interest to us here, is that the incident electric field
undergoes a time delay before the fields impressed on the various parts of the
antenna travel to the feed point to be summed up in the antenna load. There
is no time derivative involved in receiving as there was in the transmitting
process; however, the received voltage is not simply proportional to the inci-
dent electric field, but is rather a weighted summation of time-delayed points
from the entire antenna surface. If the antenna were an infinitesimally small
receiving antenna, then the time delays are zero and the received voltage is
exactly proportional to the field strength.

Thus those antennas that appear to perform equally over wide frequency
ranges when using narrow band signals, however performs very differently
with impulse excitations. Broadband antennas for multi band operation are
not necessarily effective for UWB signals. Antennas must be understood in
their time-domain behavior as well, to observe the antenna effects on short

pulses.

1.2.1.2 UWB Antenna Characterization by Spatio-Temporal Trans-

fer Functions and Impulse Responses

There is a demand for both frequency domain and a time domain represen-
tation of UWB antennas. A common approach is to consider an impulse
fed broadband antenna, that acts as a pulse shaping filter, as a linear time

invariant (LTT) system [Sorgel 2005].



1.2. Broad-band Antennas: An Overview 21

A system is a mathematical model that relates the output signal to the
input signal of a physical process as shown in Fig.1.10. A linear system is
the one which follows the superposition theorem, and it is said to be time-
invariant if the input z(t — to) produces a response y(t — to) where t; is any
real constant. In time domain analysis, the important objective is to find the
impulse response of the system.

The impulse response h(t) of an LTI system is defined as the response of
the system when the input signal z(t) is a delta function 6(¢). The output
y(t) of an LTI system can be expressed as the convolution of the input signal

x(t) and the impulse response h(t) of the system as shown below;

y(t) = h(t) @ x(t); (1.6)

In the frequency domain, the Fourier transform of the above equation is

Y(w) = H(w)X(w); (1.7)

where H(w) is the Fourier transform of h(t). The function H(w) is called the
transfer function or the frequency domain response of the LTT system. As the
antenna characteristics also depend on the signal propagation direction (i.e.

spatially dependent), the transfer functions and impulse responses modeling

the UWB antennas are spatial vectors, H(w, 0, ¢) and h(t,0, ¢) [Sorgel 2005].

The frequency-domain transfer function H(w,#,¢) and the time-domain
impulse response h(t, 6, ¢) contains the complete information on the antenna
behavior. It enables the assessment of two important antenna effects, namely,
the ability of the antenna to effectively transmit and receive power and sec-

ondly, its distorting influence on the waveform to be transmitted or received.

Input Output

x(t) ——— System |————» y(it)

Fig. 1.10: Representation of a system with input z(?) and output y(t)
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This is quantified in the frequency domain in terms of parameters like
antenna gain and group delay which can be deduced from the transfer function
H(w,0,¢). A non-distorted structure is characterized by a constant group
delay i.e. linear phase response. The nonlinearities in group delay indicate the
resonant character of the device, which implicates the ability of the structure
to store the energy. It results in ringing and oscillations of the antenna impulse
response h(t, 0, ¢).

The dispersion can be analyzed from the envelope of the impulse response
h(t,0,¢) by determining the time-domain parameters like its peak value, full
width at half maximum (FW HM) and ringing. The time/frequency system
model for UWB antennas and the deduction of the antenna parameters are

discussed in detail in Chapter 2 of this thesis.

1.2.1.3 UWB Antenna Aspects

In the case of MB-UWB based communications, the antennas can be char-
acterized like a classical narrow band antenna and all the earlier discussed
types of broadband antennas including the log periodic antenna types are
suitable [Sorgel 2003|. However the antennas for I-UWB applications need a
closer look.

If in pulsed communications, the full FCC bandwidth from 3.1 to 10.6GHz
is covered with the derivative of Gaussian pulse, then the transient behavior
of the impulse response h(t, 6, ¢) of the antenna has to be taken in account. In
this case, the impulse distortion in the time domain and in the spatial domain
have to be examined for compatibility. An adverse behavior of the impulse

response h(t, 6, ¢) can characterized by [Weisbeck 2009]:
e low peak value;
e large width at half maximum;
e long ringing.

These have adverse effects on the system performance, like for example,
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e reduces the received signal strength;
e distorts the pulse transmitted;

e limits the data rate in communications.

The various broadband antennas discussed previously needs to be analyzed
for their time domain performance [Licul 2003|. Tapered waveguide antennas
like the ridged horn antennas and Vivaldi antennas are based on the principle
of traveling wave structures.

These structures have relatively high peak, short duration of the transient
response envelope and hence low dispersion. The ringing which is due to
the multiple reflections at the substrate edges and parasitic currents at the
outer substrate edges, is relatively low. The ridged horn antennas find ap-
plications as standard antennas for UWB antenna characterization and the
Vivaldi antennas are well suited for direct planar integration and also for
UWB antenna arrays for radar and communications [Sorgel 2003]. Because
of its non-resonant structure and that it offers proper radiation conditions for
all frequencies within the given bandwidth, these antennas are ideal -UWB
antennas.

Biconical antennas are based on the principle of angle dependent struc-
tures. It has a near omni-directional pattern accompanied by a small ringing
of the antenna. A planar example of the same is a bow-tie antenna which has
reasonably compact dimensions when designed for the FCC UWB frequency
band. Therefore this type of antenna can find applications in communications
in mobile devices.

Spiral antennas based on the principles of self complimentary-frequency
independent operation are however ill-suited for time-domain applications.
This is because of the frequency dependent position of the radiating areas
and therefore frequency dependent time delays. This results in broadening
and reduction in peak values of the impulse response.

All antennas with closely placed multiple resonances or spurious surface

currents are bad candidates and are disregarded for time-domain operations.
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Among them is definitely the log periodic antennas [Sorgel 2003] and fractal
antennas. Any UWB antenna with resonant elements broadens the radiated
impulse i.e. increases the width and reduces the peak value of the impulse
response.

For antennas that are electrically small, the impedance match is poor due
to the high quality factor but the radiation pattern is almost constant. With
a proper impedance transformation, the antennas can be made UWB. Typical
candidates are the small monopole antennas and their planar approximations
are the planar monopole antennas. They have omnidirectional radiation pat-
terns with radiations in large elevation angles. Its impulse responses are short
indicating small ringing. A good time domain behavior along with compact
size makes them suitable as UWB antennas for portable communications.
However, for smaller ground planes the matching is difficult for a 5082 ref-
erence impedance. The finite ground planes also effects the stability of the
radiation pattern versus frequency and the impulse radiating properties.

Hence, the choice of UWB antennas for portable, short-range applications
is restricted to small and traveling wave antennas. Candidates for portable

UWB applications are
e Planar monopole antennas;
e Bow-tie antennas;
e Small tapered slot antennas like Vivaldi antennas.

Some of the antenna specifications for portable UWB antennas for multi-band
and [-UWB applications are given in Table 1.3.

Despite the approval of the FCC for UWB to operate over 3.1 to 10.6GHz,
it may be necessary to notch-out portions of the band in order to avoid elec-
tromagnetic interference with the existing wireless networking technologies
such as IEEE 802.11a in the U.S. (5.15 to 5.35GHz, 5.725 to 5.825GHz) and
HIPERLAN/2 in Europe (5.15 to 5.35GHz, 5.47 to 5.725GHz). Therefore,
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Table 1.3: Portable wide band antenna design parameters for MB-UWB and I-
UWB applications [Oppermann 2004b]

Frequency Domain (3.1-10.6GHz)
Impedance : VSWR < 2

Pattern : Omnidirectional

Gain : 0dBi

Polarization : Constant
Radiation Efficiency : > 50%

Phase : Linear

MB-UWB

I-UWB

Time Domain

Dispersion : Minimum
Fidelity : > 0.7

UWB antennas with notched characteristics in the WLAN frequency band

are most often desired.

1.3 Motivation for the Present Work

Since communication systems are trending towards high speed-seamless inte-
gration, it is important to evolve suitable broadband antennas. Applications,
like UWB, requires additional parameters to be satisfied when it comes to
pulsed communications. Here we have summarized the following technical

and practical design goals for a UWB antenna:

e The antenna must be able to radiate or receive fast electromagnetic transients

with frequencies between 3.1 and 10.6GHz.

e A criterion, to guarantee high mobility and hand held application, is compact

dimensions and light weight.
e The antennas must be cheap for mass production

The issues concerning interference between wide band devices with other
existing narrow band communication networks can be sorted by implementing

filters to notch out the required frequency bands. However, since additional
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filters would increase the size of the devices, embedded filters on the antenna

is preferred.

Consumer electronics like wireless USB & next G bluetooth applications
requires narrow planar antennas with a width of ~11 to 24mm. However,
with the reduction of antenna size, impedance bandwidth degrades. Since
compact antennas show significant ground plane length/shape effects on its
performance, it is important to design antennas resistant to it. The conflicting
requirements of good performance and compact size make the design of such

antennas challenging.

The aim of the thesis is to investigate the requirements for a wide band be-
havior of compact planar antenna designs. This work looks in detail the wide
band performance of the monopole and slot antennas and identifies the de-
sign parameters of the same. Several novel designs on commercially available
microwave substrates are proposed that could be successfully implemented
in consumer electronics applications. It is important to characterize the de-
signed UWB antennas in terms of their transient performance. To throw light
on their suitability for pulse communications, their time-domain behavior is

studied in the final part of the thesis.

The shortcoming of the planar antenna designs, usually reported, is that
they are based on the lengthy trial and error method that involves computa-
tionally intensive full wave electromagnetic simulations. When one decides to
design an antenna using a different dielectric substrate, the time consuming
design process has to be fully repeated. In such circumstances, the design-
ers are interested in having simple design formulas that provide a very good
approximation to the final design when sophisticated EM analysis and design
software packages are applied. This thesis addresses this issue and provides
simple design formulas, which are suitable for the antennas designed. It is
shown that the antenna design parameters obtained using the equations de-
veloped in this thesis do not differ much from the optimized values obtained

using the commercial software
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1.4 Thesis Organization

The thesis is divided in three sections as described below,

The first section is constituted by the first two chapters: the Introduction
to the work and the Methodology adopted in the execution of the same. In
this part we have discussed the evolution & future trends of modern mobile
communication & wireless access and the significance of UWB communica-
tion. The conventional broad banding techniques for planar antennas are
reviewed. Considering the design requirements of radiators for modern wire-
less communications, two general categories of planar wide band antennas
namely Monopole and Slot-type are identified for further investigation.

The methodology for developing the antennas discussed involves simula-
tion studies in CST Microwave Studio®, fabrication of the same and measure-
ments done with the test set up. The antenna measurements in the frequency
domain for the return loss, radiation pattern and gain are described. The
relevant theory behind the time domain characterization of the antenna, in
terms of Full Width Half Maximum (FW H M), ringing and fidelity, which are
deduced from the measurements, are explained.

The second section consisting of Chapters 3 & 4 concentrates on Broad-
band Monopole and Broadband Slot antennas respectively. In this section, a
common approach is followed for the antenna development. We begin with a
detailed literature review of the available designs belonging to this broad cat-
egory, followed by a description on the evolution of the antennas presented.
The proposed antenna designs are simulated and their resonant modes are
identified. The antennas are CPW-fed for easy fabrication and better inte-
gration with monolithic microwave circuits except in some cases where it is
microstrip-fed. The surface current and field distributions on the antenna at
the resonant modes and their corresponding radiation patterns are analyzed
in detail.

The results of the analysis along with the parametric studies have enabled

us to deduce their design equations and design methodologies on any substrate
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for the desired operating frequencies. The measured results of the fabricated
antennas are then plotted with their corresponding simulated results which are
found to conform well in all cases. Further, to notch out selected narrow band
frequencies in the wide operating band, thin slot resonators are embedded in
the antenna. Such adaptations are incorporated, optimized and measured on
all the proposed designs.

There are two novel compact designs of planar monopole antennas pre-
sented: an elliptical antenna and an inverted cone antenna. These antennas
perform well in terms of its impedance match and gain, over a wide band and
easily comply with the FCC UWB frequency band of 3.1 to 10.6GHz. The
radiation patterns are omni-directional but in case of the elliptical antenna
they are distorted at the higher end of the spectrum. This is overcome by the
inverted cone monopole antenna which has the advantage of a compact size as
well. The slot resonators are engraved on either/both the radiator and ground
plane to disable the antenna from functioning at the narrow band frequencies
to be notched out. The photographs of the monopole antenna prototypes are
shown in Fig.1.11(i) - (iv).

We have investigated the performance of planar slot antennas by design-
ing a Koch fractal based slot antenna. The slot and feed geometry effects
on the antenna performance are studied in detail. The antenna structure is
compact and performs well over a frequency band wide enough to cover all
the WLAN/WiMAX bands. An improved slot antenna design is presented
next with a reduced size and enhanced bandwidth covering the FCC specified
UWB band. This design has the additional advantage that its performance
is independent of ground plane size making it suitable for wireless dongle
applications. The photographs of the slot antenna prototypes are shown in
Fig.1.11(v) - (vii).

In the third section presented in Chapter 5 of the thesis, we have inves-
tigated the influence of the antenna on radiation of a UWB pulse to confirm
their suitability for -UWB applications. The transfer function measurements

are performed for both the azimuthal and elevation planes and their impulse



1.4. Thesis Organization 29

responses are deduced. This is successfully verified against the simulated re-
sults obtained using the time domain capabilities of CST Microwave Studio®
From the impulse responses, we have computed and compared parameters such
as FW HM and ringing. The influence of the antenna on pulse transmissions
is evaluated by convoluting the impulse response with a UWB pulse. The time
domain distortions for the different designs are then characterized in terms of
mathematically tractable parameters like Fidelity.

Finally we have concluded the thesis in Chapter 6 by compiling the overall
work and their results along with a brief description on the scope for future
study.

The appendices to the thesis explain the design and development of two
types of microstrip slot antennas for dual band operation, suitably designed

for mobile/wireless access standards like GSM 1.8GHz, WLAN 2.4GHz etc.
e Appendix (A):Square patch antenna with triangular slots

e Appendix (B):Circular patch antenna with a sector-slot
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(iii) (iv)

) (vi)

(vii) (vii)
Fig. 1.11: Antenna prototypes (i) elliptical monopole, (ii) band notched elliptical
monopole, (iii) inverted cone monopole, (iv) band notched inverted cone monopole,
(v) Koch fractal slot, (vi) dual band Koch fractal slot, (vii) wide band slot, (vii)

band notched wide band slot antennas
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This chapter presents a detailed account of the simulation, fabrication
and measurement done for characterizing the antennas discussed in the fol-
lowing chapters. The antenna simulation studies are carried out using CST
Microwave Studio®. The designs are parametrically analyzed and this, along
with radiation pattern and current distribution studies, enables better under-
standing of their behavior and the formulation of design guidelines. The anten-

nas are fabricated on microwave laminates by photolithography and measure-



32 Chapter 2. Methodology
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‘ Antenna B

Substrate\ Meta1 Layer

Fig. 2.1: CAD of the antenna in CST Microwave Studio®

ments are carried out at our test facility consisting of vector network analyzer
and anechoic chamber. A detailed account of the measurement techniques,

for frequency and time domain studies, are presented in this chapter.

2.1 Simulation and Optimization

The simulation models of the investigated antennas are developed in CST
Microwave Studio®. Tt includes four different solvers and for our investiga-
tions, a time-domain solver is exploited. CST® is based on the description
of electromagnetic problems by differential Maxwell equations that are solved
by the finite difference method [CST 2009).

The antenna geometry is modeled in csT® by specifying the coordinates
for each point of the structure along with appropriate material specifications
as shown in Fig.2.1. The metallizations are specified as copper with a thickness
of 0.0lmm and substrates are assigned from either the in-built material data
base or user-defined. The waveguide ports are assigned to excite the antennas.
csT® gives the user an option to choose from its pre-defined templates like,
in this case, the planar antenna template which automatically assigns the mesh
type, mesh size etc. or it can as well be user-defined. The boundary conditions

are set as open along the three coordinates. The frequency sweep is set over
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the desired range of frequencies before the simulations are commenced.
From the simulated results, the antenna parameters like return losses,
VSWR and the input impedances are plotted as a function of frequency.
The antenna geometry can then be appropriately optimized for the desired
impedance response. The radiation patterns, gain, current and field distribu-

tions are also determined at the specified frequencies.

2.2 The Antenna Transfer Characteristics

In the present thesis, the antenna is modeled as a Linear Time Invariant
(LTT) system characterized by its spatio-temporal transfer function H(w, 6,
¢) |[Mohammadian 2003] |Zwierzchowski 2003|, whose magnitude and phase
would completely define the antenna behavior. The antenna impulse response
h(t,0,¢) can be calculated by inverse fourier transformation of its transfer

function.

1
I
! RX
I

TX ' .
e | Antenna Channel Antenna| s
e —»
TX ++  Channel v RX
Model Model Model
er(w) HCH(w) H, RX( a))

Fig. 2.2: Transmission model

Fig.2.2 presents a system model of a radio link made up of two antennas
in free space under the approximation of far-field and line-of-sight propaga-
tion |[Duroc 2007al. It consists of three blocks: the TX antenna, the free
space channel and the RX antenna. Each block is characterized by a trans-
fer function Hrx(w,,¢), Hog(w) and Hgx(w, 8, ¢), and associated impulse
responses hrx(t,0,¢), hop(t) and hrx(t,0,¢) respectively. The transient

transmission is written in the frequency domain and the time domain, as

s(w) = H(w,0,¢)e(w) = Hrx(w,0,0)Hop(w, 0, 0) Hrx (w, 0, d)e(w)  (2.1)



34 Chapter 2. Methodology

1
S e —
E, . I:X 7z V.
ntenna| g
2]
Reception
Model
RX Reception
Antenna Circuit

(a) (b)

Fig. 2.3: (a) Antenna reception model and (b) its equivalent circuit

s(t) = h(t,0,0)@e(t) = hrx(t,0,0) @hcr(t,0,0) @hrx(t,0,0) @e(t) (2.2)

where H(w, 0, ¢) and h(t,0,¢) are the over all system transfer function and
impulse response, respectively.

In order to deduce the transfer functions in terms of measurable param-
eters, the following analysis is carried out. Fig.2.3(a) and (b) represents the
reception model for an antenna and its equivalent circuit, respectively. FEj,.
is the incident electric field and s is the output variable (e.g. Voo, Vi, or Ip).
If herx(w,0, ) is defined as the receive (RX) antenna effective length, then
the open circuit voltage at the terminals of the antenna with impedance Z§%
is [Balanis 1997]

Voc(w) = hepx (w, 8, ¢) Eipe(w, 0, ¢) (2.3)

or in terms of the V7, the voltage across the load impedance 7, is

Zr,
VL(CU) = mheRx(Wa 0, ¢)Ein0(w7 0, 925) (2-4)
In time domain, V7, is
Z1,
VL(t) herx(t,0,0) ® Einc(t,0,9) (2.5)

Y
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Fig. 2.4: (a) Antenna transmission model and (b) its equivalent circuit

The transmission model for an antenna and its equivalent circuit is shown
in Fig.2.4(a) and (b), respectively. E,qq(w,6,¢) is the radiated electric far
field at a space point defined by (6, ¢), polar and azimuth angles, respectively.
e(w) is the considered input (e.g., voltage, current, or amplitude wave). Using

eqn.(1.3) and (1.4) in the frequency domain, E,.4(w, 8, ¢) is

Braa(,0,0) = 7 jwl(@)herx (w0, ¢)e 7 (2.6)

where herx(w, 0, ¢) is the effective length of the transmit (TX) antenna, I(w)
is the input current, ¢ is the speed of light, 7y is the free space intrinsic
impedance (12012), d is the observation distance from the antenna. In terms

of Vg (w), the generator voltage at the antenna input, eqn.(2.6) is rewritten as

Erad(wa 97 ¢) il J VG (w)

— ' —jwi 2
Arde wZG +Z£XheTX<w797¢)e ( 7)

where ZX is the TX antenna input impedance and Zg is the generator

impedance. In time domain,

Mo 1 dVe(t) d
E..a(t,0,0) = h t,0 ot — - 2.
rad( ) 7¢) Arde ZG + Z£X dt & eTX( ) a¢) X ( C) ( 8)

It is important to emphasize that the transient response of the antenna
he(t,0,¢) can introduce a spatio-temporal filter characteristic, that may be

far apart from an ideal Dirac pulse which would otherwise characterize the
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transmitting antenna as a mere differentiator in time.

The model of the transient transmission is then deduced by combining
eqn.(2.4) and eqn.(2.7), where E,qq(w, 0, ) is incident on the antenna in re-
ception. Considering the reflection coefficients (I'ry and I'rx) defined at the

antenna ports as,

Lo — L

Irx(w) = ﬁ (2.9)
G
Za— 27

Irx(w) = ﬁ (2.10)
L

the expression for V7, in terms of Vj is

o ju)?’]o ZL(]- — FRx)(l — FTX)

VL(W)  dxde AR R¢ herx (w’ Qa ¢)h6TX (w7 07 ¢)Vg(w>€_ng
(2.11)
The system transfer function H(w, 0, ¢) is then,
Vi(w)
H(w,0,0) = 212
(@6.0) = 15 (2.12)

and comparing eqn.(2.11) and (2.12) with eqn.(2.1), we define the expressions
for the transfer functions of the transmit and receive antennas, Hrx(w, 6, @)

and Hgy(w, 0, @), respectively, as

w w (1-T
Hix(,0,0) = 2 [2= O [ w0,0) 213)

w (1-T
HRX(w,Q,gb) = 2_71'6% %ZheRX(waea ¢) (214)

where the free space channel transfer function Hopy(w) is given by
Hop(w) = ——e 79 = ——e™We (2.15)

and the Zg and Z;, are assumed equal to the reference impedance Ry.

The impulse responses of the antenna in transmission and reception are

calculated by taking the inverse fourier transform of eqn.(2.13) and (2.14),
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Fig. 2.5: Ideal UWB receiving antenna response (a) impulse response and (b)
transfer function

respectively. The dimensional analysis of the eqn.(2.12) to (2.15) indicate
that the units of the system transfer function and free space channel transfer
function are dimensionless; and that of the TX and RX are [m~'/2] and [m?/?]
respectively. The units of the impulse responses are [m~'/2s7!] for TX and

[m!/2s71] for RX antennas.
From eqn.(2.13) and (2.14), the TX and RX transfer functions holds a

relation as ‘
w
Hrx(w,0,0) = ‘%HRX(@,Q@) (2.16)

and their impulse responses

I (£, 6, 6) = %W (2.17)

which allows the verification of the Lorentz reciprocity, i.e.

Shrx(t
hrx (t) oc Ohnx(t) (2.18)

ot
The consequence is that an ideal antenna (with hrx(t,6,¢) = 0(t)) will
radiate an electric field pulse that is proportional to the first-order time deriva-

tive of the input voltage pulse. An ideal receiving antenna will have a Dirac-
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delta impulse response (independent of arrival angle) as shown in Fig.2.5(a),
with the effect that the received voltage pulse will always have the same shape
as the incident field pulse on the antenna.

In the frequency domain this will relate to an antenna transfer function
with a constant amplitude response and a linear phase response (or constant
group delay). In the real world (because of the FCC regulations for UWB
communications) the received field pulse will always be band limited, and
for practical purposes the required receiving antenna transfer function is one
with a constant amplitude response and linear phase response within the 3.1

to 10.6GHz band [Papio-Toda 2007], as shown in Fig.2.5(b).

2.2.1 Choice of Source Pulse

In impulse radio, the signal that represents a symbol consists of serial pulses
with a very low duty cycle. The pulse width is very narrow, typically in
nanoseconds, and it can be any function which satisfies the spectral mask
regulatory requirements. Several non-damped waveforms have been proposed
in the literature for UWB systems, such as Gaussian, Rayleigh, Laplacian,
cubic and modified Hermitian monocycles.

In all these waveforms, the goal is a nearly flat frequency domain spectrum
over the bandwidth of the pulse with no DC component [Ghavami 2004]. In
principle, all the impulses with the spectra wider than 500MHz, stipulated by
the FCC, can be used as signals. However, the choice of the pulse shape is a
key design decision in UWB systems. Given the stringent transmission power
limitations, maximizing the received SNR requires efficient utilization of the
bandwidth and power allowed by the FCC masks [Chen 2004a].

A Gaussian pulse has been the original proposal for UWB radar and com-
munication systems |Taylor 1995]. However, its PSD has a direct current
offset and hence will not radiate effectively. In addition, it does not fit in to
the emission mask for any value of the pulse width.

One approach to the design of digital pulse shapers that comply with the
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Fig. 2.6: Gaussian pulse and its derivatives (a) waveforms in the time domain and
(b) their power spectral densities

FCC spectral masks is to employ prolate spheroidal wave functions to generate
pulses from the dominant eigen vectors of a channel matrix that is constructed
by sampling the spectral mask [Dilmaghani 2003|, [Parr 2003|, [Zhang 2004a].
The pulses generated from different eigenvectors are mutually orthogonal, but
require a high sampling rate that could lead to implementation difficulties.
Another possible solution for this is to shift the center frequency and adjust
the bandwidth so as to satisfy the requirements. This could be done by
modulating the monocycle with a sinusoid to shift the center frequency and by
varying the pulse width. Impulse radio being a carrier less system, modulation

will increase the cost and complexity.

Other pulse shaping methods include exploiting the properties of Hermite
orthogonal polynomials [Ghavami 2001|, and fine-tuning higher-order deriva-

tives of the Gaussian pulse [Sheng 2003].
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Owing to unique temporal and spectral properties, a family of differen-
tiated Gaussian pulses which resemble sinusoids modulated by a Gaussian
envelope, v,(t), is widely used as the source pulses in the UWB systems.

dn

= —[e ), 2.1
pl ) (2.19)

Un (1)

where the pulse parameter o stands for the time in radians when vg(o)=e™1,

as shown in Fig.2.6(a) and n is the order of differentiation. Some of the higher-
order derivative of gaussian pulses can match the UWB band directly, such
as the fourth-order Rayleigh pulses as shown in Fig.2.6(b), with the o chosen
such that the pulse spectrum peaks at 5.5GHz. This is the waveform template
chosen for pulse distortion analysis in this thesis. Note that the waveforms

are shifted in X-axis for clearer distinction in Fig.2.6(a).

2.2.2 Implementation in csT®

To study the antenna effects when used in pulsed communications, the input

voltage pulse Vi (t) is specified in CST Microwave Studio® as

Volt) = A3 — 6t — ) +

47
T2

2(t — 7) e 2T, (2.20)
This pulse is a 4" derivative Gaussian pulse which conforms to the FCC spec-
tral mask when A=0.333 and T=0.175nS. The radiated field pulses, E,.4(t, 8, ¢),
are calculated on a sphere of radius 1m. The Fourier transforms of these two
quantities are then calculated using an FFT.

The radiated electric fields are directly probed by inserting virtual probes
over a wide range of angles in the two coordinate planes as shown in Fig.2.7.
This simulation set up can be modeled as in Fig.2.4 and the transfer functions
can be deduced using eqn.(2.7), (2.13) and (2.16). The impulse responses are
deduced by taking the inverse fourier of the transfer functions. The antenna
characteristics in the principal radiation planes are visually presented as color

scaled plots in time or frequency in 2D for different antenna orientations,
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Fig. 2.7: Time domain simulation in CST Microwave Studio®

making it easy to comprehend the spatio-temporal behavior of the antennas.

2.3 UWB Antenna Quality Measures

The antenna model in Fig.2.2 covers all dispersive effects that result from
a particular antenna structure (e.g. the varying group delay due to nonlin-
ear phase response). The influences of frequency dependent matching and
losses are also covered since the feeding network is included in the model.
Thus quality measures of a particular UWB antenna, in terms of its ability
to transmit and receive power and the distorting influence on the waveform
to be transmitted or received, can be derived directly from its transient re-
sponse [Sorgel 2005]. In this thesis, the antennas are characterized in terms of
the receive transfer functions and impulse responses, since antenna transmit
characteristics are assumed to be simply their derivatives. For the sake of

simplification, the formulations are all given for the co-polarization.
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2.3.1 Frequency Domain Parameters

The effective continuous wave gain pattern, G.ss(€2), can be computed from

the transfer function as follows [Duroc 2007b]:
2w 9
Geps(w,0,¢) = —[H(w,0,9)] (2.21)

where H(w, 0, )=Hgx(w, 0, ¢). The IEEE standard antenna gain [Balanis 1997|,
which excludes the losses due to mismatching, is easily calculated from Gef(w)

by accounting for the antenna’s input reflection coefficient S;(w):

Gesy(w, 0, 0)

(2.22)

In order to obtain the measures for distortion in the frequency domain,
the group delay, 7,(w), is defined as
_dé(w) _ do(f)

(W) =—— = ondf (2.23)

where H(w)=|H (w)|e’*“) with magnitude, |H(w)| in m'/? and phase, ¢(w) in
radians. The group delay is the delay that a portion of the spectral energy at
a given angular frequency w encounters when transmitted through a filter. For
minimum distortion, the group delay should be constant within the frequency

band of interest, in which case the phase increases linearly with frequency.

2.3.2 Time Domain Parameters

The antenna effects on the signal transmission can be analyzed by consider-
ing the envelope of the transient response, which localizes the distribution of
energy versus time and is a direct measure for the dispersion of the antenna.
The fourier transform of the transfer function gives a complex response, so a

real valued antenna impulse response, h,(t,0, ¢), is used, as in

hr(t707¢) = 8%(hRX(taev ¢)) (224)
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According to eqn.(2.5), the peak output voltage from an incident waveform

depends on the peak value p(f, ¢) of the antenna’s transient response:
p(0, 9) = mazx|h,(t,0,d)|. (2.25)

A measure for the linear distortion of the antenna is the envelope width,
which is defined as the full width at half maximum (FW HM) of the magni-

tude of the transient responses envelope:
FWHMos5(8,¢) = ta|p — t1|p/2t1<t2. (2.26)

The duration in ringing is defined as the time until the envelope has fallen

from the peak value to below a fraction « of the main peak:

Ringinga, = ta]ap — tllpt1<t2. (2.27)

The lower bound for « is chosen according to the noise floor of the measure-
ment. In order to compare the ringing of antennas with different gains under

the constraint of constant noise floor, the fraction « is chosen to be o = 0.22

(-13dB).

2.4 Fabrication

The antennas are generally fabricated on commercially available microwave
substrates by photolithography. In our work, the antenna prototypes are
mostly fabricated on FR4 Glass Epoxy which is a very cost effective alterna-
tive. First, the mask is created by printing the negative of the desired geom-
etry on a transparent sheet. The single/double sided copper clad substrate is
cleaned with acetone and dried. It is then uniformly coated with a negative
photo resist and exposed to UV-radiation for a duration of 2 mins with the
mask over it. The exposed photo resist hardens and those in the unexposed

areas are washed off using a developer. The undesired metal portions are now
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removed using Ferric Chloride (FeCls) solution. FeCls dissolves the copper
coating on the laminate except which is underneath the hardened photo re-
sist layer. Finally, the laminate is washed in acetone solution to remove the

hardened negative photo resist.

2.5 Antenna Measurements

The antennas, in general, are characterized by parameters like input impedance,
efficiency, gain, effective area, radiation pattern, and polarization proper-
ties [Balanis 1997|. For narrow band applications, these are analyzed at the
center frequency of the system. For wider bandwidths, the parameters be-
comes strongly dependent on frequency and they themselves are not enough
to characterize the transient radiation behavior of the antennas. Their spatial
dependent impulse response is required to understand the antenna perfor-

mance when handling large fractional bandwidth pulses.

The transient response of the antenna can be measured either in the fre-
quency domain followed by the the fourier transform or directly in the time
domain. The measurements in time domain, using very short pulses or step
functions as driving voltage, can be faster than measurements in the frequency
domain. However, frequency domain measurements take advantage of the high
dynamic range and the standardized calibration of the vector network ana-
lyzer [Sorgel 2005] and can make use of the existing test facility available for
narrow band antenna measurements. The measurements in the present thesis

are based on this method.

The frequency domain measurements of the antennas are carried out at our
antenna measurement facility which includes network analyzers (HP8510C,
R&S ZVB20 and Agilent PNA E8362B), spectrum analyzer, automated an-
tenna positioner, broadband double-ridged horn antennas (2 to 20GHz) and

anechoic chamber.
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2.5.1 Frequency Domain Parameters

The methodology followed to determine the antenna parameters like impedance
matching, VSWR, gain, efficiency, and radiation pattern is described here. Be-
fore the measurements are carried out, the losses associated with the cables
and connectors needs to be nullified for measuring the scattering parameters
(S) of the antenna under test (AUT) accurately. This is done by calibrating
the network analyzer with known standards of open, short and matched loads

for the frequency range of interest.

e Input reflection coefficient and VSWR: The reflection coefficient (I") at
the antenna input is the ratio of the reflected voltage (current) to the incident
voltage (current) and is same as the Sj; when the antenna is connected at the
port 1 of the network analyzer. It is a measure of the impedance mismatch
between the antenna and the source line. The degree of mismatch is usually
described in terms of input VSWR or the return loss. The return loss (RL)

is the ratio of the reflected power to the incident power, expressed in dB as

The voltage standing wave ratio (V. SW R) is the ratio of the voltage maximum
to minimum of the standing wave existing on the antenna input terminals. A
well-matched condition will have return loss of 15dB or more. A VSWR equal
to 2 gives a return loss of &~ 10dB and it is set as the reasonable limits for a

matched antenna [Collin 2001].

The antenna input impedance is a complex quantity with a real and imaginary
part, namely the antenna resistance and antenna reactance respectively. It is
again a measure of the efficiency with which the antennas act as a transducer

between the source and the propagating medium.

The AUT is connected at the calibrated ports of the analyzer and reflection

mode is selected from the parameter menu. The input reflection coefficient,
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V. SW R and input impedance are characterized using a single port calibration.

The display is then set to give the |Si1|4p or the -RL as a function of frequency.

The return loss curve indicates good impedance matching at some frequencies
(dips on the return loss curve) and they are regarded as the resonances of the
antenna. The bandwidths are measured between the 2:1 VSWR or -10dB
|S11]ap points of the plot. Similarly, V.SW R, antenna impedance can as well

be plotted against frequency by changing the output format.

e Antenna Gain: Antenna gain is the ratio of the intensity of an antenna’s
radiation in the direction of strongest to that of a reference antenna when
both the antennas are fed by the same input power. If the reference antenna
is an isotropic antenna, the gain is often expressed in units of dBi. The gain
of the antenna is a passive phenomenon - power is not added by the antenna,
but redistributed to provide more radiated power in certain directions than

would be transmitted by an isotropic antenna.

In this thesis, gain transfer method is used to calculate the absolute gain of
the AUT [Balanis 1997]. The measurement setup is as shown in Fig.2.8. This
method uses two standard wide band ridged horn antennas and the AUT.
One of the antennas whose gain chart is available is chosen as the reference

antenna (G,.r(dB;)).

First, the two-antenna system made of the standard antennas are THRU cal-
ibrated for storing the reference gain in the analyzer as in Fig.2.8(a). Next,
the reference antenna is replaced by the AUT as in Fig.2.8(b) and the trans-
mission coefficient |Sy| AUT(dB), Which is the relative gain, is recorded. The

absolute gain can then be calculated as
G(dB;) = Gref(dB;) + [Sa1]avr(as) (2.29)

This procedure is repeated for different antenna positions and the peak gain

in dB; is plotted all through the thesis.

e Radiation Efficiency: The IEEE definition of the antenna efficiency is
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the ratio of total radiated power to the net accepted power by the antenna
at its terminals during the radiation process [I[EE 1979]. A more reasonable
definition would include the reflected power due to mismatch as an explicit
loss and radiation efficiency is defined as the ratio of the total power radiated

by the antenna to the net power applied at its terminals.

A method for assessing the efficiency over the UWB, that explicitly include
mismatch reflected power as a loss term, is presented in [Schantz 2002|. This
method is a modification of the Wheeler Cap method conventionally used to
measure radiation efficiency of narrow band antennas. Rather than inhibiting
radiation efficiency from the antenna to a radiation sphere with radius r =~
A/27 as in the narrow band approach, UWB Wheeler Cap method allows the

antenna to radiate freely and then receive its own transmitted-reflected signal.

The power budget for a transmit antenna may be expressed in terms of power
fractions. A fraction of the incident energy is dissipated in losses (I = %),
a fraction is reflected away due to mismatch (m = %), and a fraction is
radiated (n = #‘Zd) Averaging over a suitable time interval and applying

conservation of energy yields:

I+m+n=1 (2.30)

The spherical shell surrounding the AUT enforces a near ideal time rever-
sal of the transmitted signal. Thus the antenna receives the reflected signal
with negligible structural scattering, and the antenna mode scattering term
is simply the mismatch fraction (m=|Sj;_rg|?). The receive and transmit ef-

ficiencies (n) are identical by reciprocity. The scattering coefficient inside the
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UWB Wheeler Cap becomes:

1S1_wel® = m+n* + °m + Pm? + nPmd.

= |S1u-rs” +7° Z |Su—ps|™ (2.31)

n=0

1

1S P~
R

which solves to yield the following result for radiation efficiency:

n=/(1—|Sn-rs|?)(|Su—wcl? — [Sti—rs|?) (2.32)

For measurements, an oblate metallic chamber with diameter 70cm is used.
First, the AUT is placed in free space and the return loss S7;_pg is measured.
It is then placed at the center of the closed metallic chamber and the S11_w ¢ is
measured. Finally, eqn.(2.32) is employed to calculate the radiation efficiency.
The measurement is repeated several times and the average value at discrete

frequency intervals is computed.

¢ Radiation pattern: The radiation pattern of an antenna is graphical rep-
resentation of its radiation properties as a function of the space coordinates.
This assumes a three dimensional (3-D) pattern. Because of the limits set by
the practical measurement setup for measuring the 3-D pattern, usually pat-
terns are measured in the three principal coordinate planes(XY, YZ, XZ) for
antennas with omni-directional patterns. The far field patterns are measured
at a distance d > 2D?/\, where D is the largest dimension of the antenna and

A is the smallest operating wavelength.

As shown in Fig.2.8(b), the AUT is connected to Port 1 and the standard
ridged horn is connected to Port 2. The height and polarization of both
antennas are aligned for maximum transmission (|S2;1|) between them. The
desired frequency points are selected for measurements. A THRU calibration

is performed in this position which calibrates the S5, data to 0dB for every
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frequency point selected.

In order to avoid any spurious reflections from the nearby objects, the time do-
main gating facility of the analyzer is implemented. The gate span is selected
according to the largest dimension of the radiator. The antenna positioner
is now set to home which sets the current position as 0°. The radiation pat-
tern measurement software, ‘Cremasoft’ developed inhouse, controls the au-
tomated radiation pattern measurement process. The software is next evoked
and the normalized Ss; is measured. The number of frequency points are set
according to convenience. The start angle, stop angle and step angle of the
motor is also configured in ‘Cremasoft’ which then stores the measurements

as a text file.

2.5.2 Time Domain Parameters

It is very important to assess the performance of the UWB antenna prototypes
in the time domain apart from its conventional measurements in the frequency
domain. The antennas intended for UWB systems need to possess superior
pulse handling capabilities. This can be assessed directly in time domain as
in [Shlivinski 1997], [Jongh 1997]. In this thesis, the measurements are carried
out in the frequency domain and the time domain parameters are deduced by
taking fourier transform and this is equally accurate as the direct time domain

measurements [Sorgel 2005] [Yigiong 2005].

2.5.2.1 Transfer Function Determination

The transfer function of the TX and RX antennas are determined from the
measured values of S5; in the frequency domain. Using two identical standard
wide band horn antennas oriented for bore-sight transmission, the following

relations are derived from eqn.(2.1) and (2.16).

HTX(Wa 0’ ¢) _ \/jwsﬂ (Z‘j> 97 ¢) HC;(W> (233)
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S, 0
HRX(W79a Cb) = \/C 21;2, 7¢HC;(W) (234)

where the Heop is as given in eqn.(2.15). This enables the characterization of
the reference antenna.

With the reference antenna as the TX antenna and the AUT as the receive
antenna, the receive transfer function of the AUT is deduced for multiple

orientations by

. 521(w,(9, qb)
HRXAUT(w797¢) - HCH(W)HTx(w,e,Qﬁ). (235)

Eqn.(2.16) allows the determination of the corresponding TX transfer func-
tion. In order to obtain physical results, the phase of the transmission coeffi-

cient S5, should be unwrapped correctly.

2.5.2.2 Implementation in MATLAB®

The impulse responses are deduced from the measured transfer functions by
taking their inverse fast fourier transforms (IFFT) but with certain precau-
tions. The measured data used in this thesis is over a frequency range 2
to 12GHz. The data is complemented by zero padding for 0 to 2GHz and
12GHz to fi4e where f.,=64GHz. It is assumed that the antenna’s re-
sponse is so poor out of band that the data obtained is clearly dominated by
noise and it might be advantageous to blank or zero data in those frequency
ranges [McLean 2008]. To correspond to the spectrum of a real signal, the
conjugate of the zero-padded data is taken and reflected to the negative fre-
quencies resulting in a spectrum which is symmetric around DC. The IFFT of
the resulting measured data in frequency domain gives a real impulse wave-
form.

Fig.2.9 plots the measured transfer function amplitudes and impulse re-
sponses of the standard wide band horn antenna characterized as explained
above. The response is near-ideal with relatively constant amplitude of the

transfer functions and a receive impulse response which is similar to a Dirac-
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Fig. 2.9: Measured characteristics of the standard wide band horn antenna (a)
transfer function amplitudes, (b) receive impulse response and (c) transmit impulse
response

delta function.

2.6 Pulse Distortion Analysis: Fidelity Factor

Ideally, an impulse antenna should faithfully replicate the transmitted pulse
on reception. But the changes in the phase center position and radiation
characteristics alter the integrity of the transmitted pulses. The non-linearity
in the antenna phase response leads to pulse dispersion. In addition, its
radiation characteristics also have a significant impact on its performance.
Any distortion of the signal in the frequency domain causes distortion of the
transmitted pulse shape, therefore increases the complexity of the detection

mechanism at the receiver.
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(a) (b)

Fig. 2.10: Transmit-receive antenna orientations (a) face to face and (b) side by
side

The antenna gain should be smooth across the frequency band in order
to avoid frequency selective distortion of the transmitted pulse. Since the
antenna gain typically appears different from different angles, the shape of
received pulse show spatial dependence [Fortino 2008].

From the spatio-temporal antenna impulse responses, we are able to cal-
culate the pulse distortions introduced by the antenna along different orien-
tations. These distortions are often quantized as the fidelity factor which is a
measure of the faithfulness with which a device reproduces the time shape of
the input signal. For UWB systems, the commonly used receivers are based
on the pulse energy detection or correlation with the template waveform.
Therefore we need to examine the pulse distortions by calculating the fidelity

factor [Lamensdorf 1994].

The fidelity between waveforms x(t) and y(t) is generally defined as

Ja(t). [y(t—T)dt
VI (@21 de ] y(2at

F = max (2.36)

where 7 is the delay which is varied to maximize the numerator. The fidelity
parameter F', is the maximum of the cross-correlation function and compares
only shape of the waveforms not the amplitudes. It is deduced from the
measured and simulated data for different RX antenna orientations, with y(t)

as the incident and x(t) as the received waveform [Klemm 2005].
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To assess antenna performance as a system, we have considered a pair of
the designed planar antennas. One antenna is assumed to be transmitting and
the other receiving. The distance between the transmitting and the receiving
antennas is 120cms of free space, which is more than 12 wavelengths at the
lowest frequency of the considered band of operation i.e. the antennas are in
the far field of each other. The antennas are oriented in two extreme cases: face
to face and side by side as in Fig.2.10 and their corresponding fidelity factors

are determined with respect to the input pulse waveform |Telzhensky 2006].

2.7 Chapter Summary

This chapter has discussed the methodology to simulate, optimize and fabri-
cate the various planar antennas mentioned in the following chapters of the
thesis. It has deduced the complete theory behind the transfer function char-
acterization and the transient analysis of the antennas, along with their simu-
lation and measurement techniques. The performance of the UWB antennas
are assessed not only in terms of the conventional antenna parameters like
VSW R, return loss, gain and radiation pattern but also in terms of the UWB
quality measures derived from its transient analysis like the peak, FW HM,
ringing and group delay. The antenna’s ability to effectively transmit-receive a
UWB pulse waveform are also discussed and estimated in terms of the Fidelity

factor.
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In this chapter we have concentrated on the development of broadband
monopole antennas. We begin with a detailed literature review of the available
designs belonging to this broad category, followed by a description on the
evolution of the antenna designs presented. The designs are then simulated
and their resonant modes are identified. The antennas are mostly CPW-
fed for easy fabrication and better integration. The surface current & field
distributions on the antenna and their radiation patterns at the resonant
modes are analyzed in detail.

The results of the analysis along with the parametric studies have enabled
us to deduce their design equations and design methodologies on any substrate
for the desired operating frequencies. The performance of the fabricated an-
tennas are then experimentally verified and are found to conform reasonably
well with the simulated responses in all cases. Further, to notch out select
narrow band frequencies in the wide operating band, thin resonator slots are
embedded in the antenna. Such adaptations are incorporated, optimized and
experimentally verified for all the proposed designs.

There are two novel designs of compact planar monopole antennas pre-
sented in this chapter: an elliptical monopole and an inverted cone antenna.
These antennas perform well in terms of its impedance match and gain, over a
wide band and easily comply with the FCC approved UWB frequencies of 3.1
to 10.6GHz. The radiation patterns which are desired to be omni-directional
however are distorted at the higher end of the spectrum in the case of the
elliptical antenna. This is overcome by the inverted cone monopole antenna
design which has the advantage of a compact design as well. The slot res-
onators are engraved on either /both the radiator and ground plane to disable
the antenna from functioning at the select narrow band frequencies.

The antennas prove to be suitable for broadband mobile applications in
terms of their physical requirements and wide band characteristics. Their
suitability for pulsed UWB applications are confirmed by investigating their
effects on large fractional bandwidth pulses and this is carried out in Chapter

d.
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3.1 Planar Monopole Antennas: Review

One of the most popular antennas employed in mobile and wireless commu-
nications systems are the monopole antennas. These antennas are generally
convenient to match to 50¢2 and are unbalanced, thus eliminating the need
for a balun, which may have a limited bandwidth. The simplest member of

the family is the quarter-wave monopole above a perfect ground plane.

The impedance bandwidth achievable for the quarter-wave monopole an-
tenna is dependent on the radius of the cylindrical stub and increases with
radius. This is true up to a point where the stepped radius from the feed
probe to the cylindrical element becomes abrupt. Tapering this transition is
often employed in wide band elements, such as bi-conical dipoles and conical

monopoles [Amman 2003b].

A simpler and cost effective technique is to replace the cylindrical stub of
a conventional monopole with a planar element, yielding a planar monopole.
The different polygonal monopole shapes have already been mentioned in
Section 1.2 of Chapter 1. There are different techniques employed to improve
the impedance band. They include the use of shorting pins [Lee 1999] [Am-
man 2003al, beveling techniques [Amman 2001], offset feed [Amman 2004],
double feed [Antonino-Daviu 2003|, trident feed [Wong 2005b|, etc. The
monopoles have been further modified by arranging trapezoidal monopoles or-
thogonally with a circular patch shorted to the ground placed on top [Lau 2005],
square monopoles orthogonally [Anob 2001| etc. But such ultra wide band
metal-plate monopole antennas always need a perpendicular metal ground

plane.

In comparison, the printed monopole antennas are of a smaller volume
and are suitable for integrating with MMICs. It consists of a monopole
patch and a ground plane, both printed on the same or opposite sides of
a substrate, while a microstrip line or CPW is located in the middle of the
ground plane to feed the monopole patch. One of its earliest type is a Tab

monopole [Johnson 1997]. Many regular geometrical shapes have been em-
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Fig. 3.1: Different modifications on planar monopole antenna for wide band char-
acteristics

ployed as the monopole radiators with or without ground plane modifications

for the desired effects [Chen 2007b].

The simplest of all would be a square or rectangular monopole antenna
[John 2005] but their wide band impedance matching is limited unless mod-
ifications are made on the patch/feed geometry. On examining the reported
antenna geometries on planar wide band monopoles, we can categorize the
modifications made on the basic geometry, shown in Fig.3.1, in to three: ra-

diator edges, ground edges and feed transition modifications.

The different radiator types that have been reported are square monopole
with semi-circular base [Ray 2007], trapezoidal [Peyrot-Solis 2007|, trian-
gular [Ray 2006] [Lin 2005|, stepped rectangular patch [Choi 2004], circu-
lar [Liang 2005b], elliptical [Thomas 2007| and they are shown in Fig.3.1(a;-
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ag). The radiator edge near the ground is an important parameter which
affects the antenna performances and they have even been characterized by
binomial functions for ultra wide band performance [Ling 2007].

Even though such curved radiators along with straight ground edge gives
wide band performance, the antenna size can be reduced by making ground
plane and feed modifications. The ground edges have been slotted [Gopikr-
ishna 2007], rounded |[Dong 2009], notched [Wu 2007b|, curved and hexago-
nal [Wu 2007a], as shown in Fig.3.1(b;-bs). The feed transitions have been
trident shaped [Wu 2008] or with slits on the ground plane for improved band-
width performance [Bao 2007| [Peyrot-Solis 2007] as in Fig.3.1(cy-c3).

In this context, the use of the terms of planar monopoles requires an extra
explanation. The initial structure of planar monopole formed by a square
patch vertically positioned above a horizontal ground plane and fed from a
coaxial line was introduced in [Amman 1999|. The extension of this concept
was made in [Liang 2005b], where the patch and the finite size ground were
proposed to be formed on one plane. The justification for the use of the name
“planar monopole” in [Amman 1999| stemmed from the fact that a coaxially
fed wire monopole was stretched and became planar.

However, the structure introduced in |[Liang 2005b| and the ones that
followed includes a finite ground plane. In cases where the antenna size is
made compact by patch and ground modifications, both “planar monopole”
and “finite ground” can be considered as radiating elements and the entire
structure resembles a planar dipole antenna.

Several of the compact planar monopoles reported, falls in this category
and some are shown in Fig.3.1(d;-dg). Typical examples with their sizes are
the semi-elliptical dipole antennas (33x31mm?) [Zhang 2008|, semi-circular
patches as radiator and ground (25x25mm?) [Su 2006, pentagonal radiator
with curved ground (50x58mm?) [Shrivastava 2007|, hexagonal radiating el-
ements (22x31.3%) [Kwon 2004], stepped radiator elements (19x21mm?) [Va-
sylchenko 2008], stepped radiator with curved ground (25x26mm?) [Cho 2006],

circular patch with curved ground and a V-shaped slot on the ground at
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the feed transitions (38x28mm?) [Yoon 2004], elliptical radiating elements
(20x23mm?) [Xia 2008] and elliptical radiator and a trapezoidal ground plane
for very wide band operations (140x108mm?) [Zhong 2007].

This gives us an additional view on the operation of the planar monopoles.
These antenna elements feature a slot between the “monopole” and “ground”,
which as our studies reveal, plays an important role in obtaining wide band
behavior. This is because it forms a traveling wave type antenna.

This can be confirmed when we look at the fact that several such antennas
have been reported where the planar monopoles exhibit a wide band behavior
even when they have large slots inscribed in the radiator patch. For example,
elliptical monopole with a circular slot inscribed [Yan 2008, crescent shaped
monopole [Azenui 2007|, annular ring shaped radiator [Liang 2005a], half an-
nular ring monopole [Kan 2007]. [Fortino 2008| reports compact UWB planar
monopole antenna which has large slots inscribed in both the radiator and
ground.

The review of the planar monopole antennas confirms the requirement for
a tapered transformation from the feed to the antenna edges so as to have
a gradual impedance variation among the different resonant modes excited.
The ground and radiator edges basically operates as a pair of opposing tapered
slot lines which makes them inherently wide band. However, their radiation
patterns may deviate from the desired omnidirectional behavior as the tapered
slot line antennas are relatively directional.

Another implication of the tapered slot approximation is that it tends to
have the position of its phase center, the region of maximum radiation, varying
while operating over a large band frequencies. This would have an impact on
its time domain response as discussed in Section 1.2.1.1 of Chapter 1.

In this chapter, we begin by investigating an elliptical monopole antenna
to study the impact of antenna geometry on its wide band matching and
radiation patterns. Further, we modify the antenna design to optimize their
performance for portable UWB applications.

The elliptical monopole antenna has an ellipse as the radiator and another
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ellipse with a rectangular base as the ground. Based on the literatures re-
viewed, the elliptical geometry appears to be an ideal choice. The novelty
of the antenna designed lies in its simplicity. It is based on a Euclidean ge-
ometry and would make its design equations simpler. Its inherently tapered

radiator-ground interface, makes them impedance matched over a wide band.

The antenna is CPW-fed with compact dimensions of 31x32mm?. A de-
tailed parametric analysis is carried out to throw light on its operation. A
much compact printed inverted cone monopole antenna design with dimen-

2

sions 14x30mm~ is presented in the following section which better suits the

new-generation portable UWB applications.

3.2 Elliptical Monopole Antenna

The planar elliptical antenna is fundamentally derived from a volcano smoke
antenna [Kraus 2005|. It is one of the earliest wide band antenna designs with
a “fat” monopole and gradual tapering of the inner and outer conductors of a
coaxial transmission line; an appearance reminiscent of a volcanic crater and

a puff of smoke.

Theoretically, the radiators of the planar monopole antennas can be of
any shape for broad operating bandwidth. Small and gradual discontinuities
are desired for a reflection less transducer action over wide frequencies. The
planar monopole antennas with ellipse-shaped radiating elements are known
to operate effectively over a wide frequency band, making them natural can-

didates for broadband applications |[Agrawall 1998].

One may think that since the transformation is performed by just lower
portion of the ellipse it is possible to use a half ellipse. However, simulations
show that the diffraction caused by the sharp edge of the half ellipse degrades
the performance. Hence, the upper part of the element was also rounded into

an ellipse.
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Fig. 3.2: Geometry of the elliptical monopole antenna

3.2.1 Geometry

The geometry of the elliptical monopole is shown in Fig.3.2. It consists of
elliptical radiator patch and an elliptical ground plane with a rectangular
base. The radiator and ground ellipse dimensions are chosen as (a, & b,) and
(ay & b,) as the semi-major and minor axes, respectively. The radiator is fed
by a CPW line, with its center strip tapered from a 50€2 feed impedance at
the connector end to the impedance at the edge of the radiator ellipse. The
center strip width and the gap at the feed end is (s, w) and at the radiator
edge (s, w'), respectively. The antenna is printed on one side of a substrate
with height h and permittivity .. The overall dimensions of the antenna is

denoted by width W and length L.

3.2.2 Simulations

In this section, the performance of the antenna is investigated through sim-
ulations. Fig.3.3 illustrates the simulated return loss (Si1apy=RLap) of an

optimal design of the antenna with parameters as in Table 3.1, where all the
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Table 3.1: Dimensions of the elliptical monopole antenna
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Fig. 3.3: Simulated return loss curve of an elliptical monopole antenna

antenna dimensions are in mms. The simulated -10dB bandwidth appears to

span an extremely wide frequency range from 2.4GHz to more than 20GHz.

In order to identify the resonance modes of the antenna, its input impedance
is plotted against frequency in Fig.3.4. Traditionally, the zero crossings on the
reactance curve are identified as resonances which in this case compares well
with the dips in the return loss curve. Four resonances are identified from the
plots, the first (f.1) at 3.1GHz, then 4.2GHz, 6.8GHz, and 10.9GHz. From an

impedance point of view, the antenna designed appears as an ideal candidate

100 — 30
4. 2GH= — — Resistance | _
~ Reactance =
o R ~t ~ —_— —
g 50 / = S . 2T s o —_—
§ 4 0 v
E 1] e -/-‘\-—— —-"'_"'--‘h_ =10 -
B / N\ \/‘—‘-..,/ ‘\(7(\ ‘\-_:_ ~ &
§. . W I 4 \ o, \ 20 —r
= 50 e \/ NN N 2%l s
: I / A s
\\Jr \J'r - i)
f,, 3.1GH= 6.8GH= 10.9GH=
=100 T T - =50
¥ 10 15 20

Frequency (GHz)

Fig. 3.4: Simulated input impedance curve of an elliptical monopole antenna
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for UWB communications in the 3.1 to 10.6GHz.

3.2.2.1 Surface Current & Field Distributions and 3D Radiation

Patterns

The return loss or the input impedance can only describe the behavior of
an antenna as a lumped load at the end of a feeding line. The detailed
EM behavior of the antenna is revealed by examining the surface current
distributions and the radiation patterns.

The surface current distribution of the antenna and E-field distribution
on the substrate close to the resonance frequencies and their corresponding
simulated 3D radiation patterns are plotted in Fig. 3.5. The current is mainly
distributed on the conductor edges of the radiator and ground ellipses, which
gives an indication about the dependence of antenna geometry on the resonant
frequencies.

At the first (3.1GHz) and second (4.2GHz) resonance frequencies, the dis-
tributions are similar and the antenna has a dipole like behavior where the
current is oscillating and has a pure standing wave pattern along most part
of the ellipse edge. This is ascertained by their doughnut shaped radiation
pattern. However, the distribution is more confined in the gap between radi-
ator and ground edges near the feed at the second resonance. The parametric
analysis discussed in the following section would confirm this dependence of
the second resonance on the gap g.

The distribution at 6.2GHz and 10.2GHz indicates that they are the sec-
ond and third harmonics of the fundamental resonance modes. Animations
of the same indicates that the current is traveling along the lower edge, but
oscillating at the top edge. Consequently the antenna phase center position no
longer remain constant. The radiation patterns also appears to loose its omni-
directionality in the XY plane. At the second harmonic frequency (6.2GHz),
the gain increases along §=30° in the YZ plane. At the third (10.2GHz), it is

more directional towards the sides (& Y axis). It can be concluded from these
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Fig. 3.5: Simulated surface currents and E-field distribution on an elliptical
monopole antenna along with its simulated radiation patterns at (a) 3.1GHz, (b)

4.2GHz, (c) 6.2GHz, and (d) 10.2GHz.
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observations that the radiation pattern is omnidirectional at the lower side of

the operating band but deteriorates at higher frequencies.

3.2.2.2 Parametric Analysis

Further insight on the antenna performance is obtained by carrying out a
detailed parametric analysis. Fig.3.6 shows the simulated return loss curves
for different antenna dimensions. A significant observation from the plots is
that a wide band impedance matching (S1; < -10dB) is inherently achieved
for the elliptical monopole antenna considered, in spite of variations in its
parameters. However, it shows a shift in the lowest resonance frequency f,q,
with the radiator height (b,), ground height (b,) and their gap (g).

Fig.3.6(a) plots the antenna return losses as b, is varied from 8.5mm to
4.5mm. A shift in the antenna frequencies towards a higher range can be
noted with a distinct increase in fr from 2.4GHz to 3.4GHz. This confirms
the monopole type operation of the antenna, where decrease in the radiator
length increases the resonant frequency.

But the second resonant frequency is observed to slightly reduce as b, is
decreased. This is due to the fact that the tapered gap between the radiator
and ground patch is decreased as b, is reduced while keeping a, same. This
corresponds well with the observations from the surface current/field distri-
butions at the second resonance.

Fig.3.6(b) notes little change in f,.; with variations in a, as the radiator
length b, is unchanged here. However, as a, reduces from 17mm to 9mm,
the second resonance increases from 4.2GHz to 4.7GHz, again confirming its
dependence on the radiator ground tapered gap. Similar observations can
be obtained in Fig.3.6(d) with variations in the ground width a, with an
exception at the first harmonic frequency which is lowered as a, is increased.

As the ground height b, decreases from 1lmm to 5mm, Fig.3.6(c) shows
that the antenna resonances are disturbed and show an increase with a distinct

shift in f7 from 2.1GHz to 2.6GHz. This would mean that the ground plane
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Fig. 3.7: Simulated return loss curves for antenna with and without feed tapering

is also a part of the antenna. The current distribution on the ground plane
affects the characteristics of the antenna. The monopole as well as the ground

plane forms an equivalent quasi-dipole antenna.

Finally, as the gap ¢ is varied from 1.5mm to 0.25mm, Fig.3.6(e) shows
that f,1 is slightly increased from 2.7GHz to 3.2GHz and the second resonance
decreases from 4.8GHz to 3.7GHz. The antenna continues to be impedance
matched over the whole band for the different values of g.

As noted before, the center conductor of the CPW feed in the designed
antenna is tapered from the 502 line at the feed end to higher impedance at
the radiator edge. To better understand the influence of tapering, the antenna

return loss is plotted with and without the tapering in Fig.3.7.

As can be observed, the impedance matching is improved by feed tapering.
Even though f; and f,; remain relatively unchanged, the second resonance
stands affected. It is noted that the second resonance and the rest of the
harmonic frequencies are decreased due to tapering. Basically, the tapered
CPW line acts as an impedance transformer matching the 50 impedance of
the SMA connector to the elliptical monopole with the ground plane acting
as a component to form the distributed matching network with the monopole.

Finally the antenna is designed on substrates with different permittivity
and heights. Corresponding to the substrate chosen, 502 CPW feed lines

are designed and tabulated in Table 3.2. The rest of the antenna dimensions
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Table 3.2: Elliptical monopole antennas on different substrates

Antenna Laminate gr h(mm) w(mm) s(mm) f.1(GHz)
I RT/duroid®5880 2.2 1.57 3.08 0.16 3.07
II Nelco NH9320 3.3 0.8 3 0.2 3.1
111 FR4 Epoxy 4.4 1.6 2.7 0.35 3.25
IV RT/duroid®6006 Epoxy 6.15  1.27 2.4 0.5 3.34

S,; (dB)

0 5 10 15 20

Frequency (GHz)

Fig. 3.8: Simulated return loss curves for the elliptical monopole antennas designed
on different substrates

remain same as in Table 3.1. The return loss curves of the antenna designed

on different substrates are plotted in Fig.3.8.

The same geometry gives wide band impedance matching with very little
variation in f;, for the different substrates used. This is due to the monopole
like radiation at the lower frequencies where the finite substrate dimensions
confines most of the field lines in air. While the f,; remains relatively undis-

turbed by the substrate, the higher harmonics do vary significantly.

Hence the following conclusions can be drawn from the analysis; the an-
tenna behaves like a quasi-dipole at the lower frequencies with its character-
istic doughnut shaped radiation pattern. As a result, antenna dimensions b,.,

b, and g are principally relevant for the lower frequency operations.

At higher frequencies, the traveling waves along the tapered edges of the
antenna dominates and hence behaves like a tapered slot antenna. The waves
traveling through the slots cause directional radiation patterns in the XY

plane. As a result, we obtain a wide beam in the direction along the slot



70 Chapter 3. Planar Broadband Monopole Antennas

4.0 . 1 4.5
. ° 4.0
— 5 Ty
] 35 - o 35 N
g : w B
o .
2R o e N 3.0 ~2__
T 30 R ~
. 2.5
25 - - 5 | ” - - = 2.0
5 6 7 8 9 9 4 [ 8 10 12
Design Equation
b o X :
(mm) o Simulation bg(mm)
4.5
4.0
~
% 35 3
-
= 30 : ° s >
~
254
2.0
0.2 04 0.6 0.8 1.0 1.2 1.4

£(mm)

Fig. 3.9: Simulated and calculated f,1 plotted for different b,, b, and g values

while shallow nulls are observed in the directions orthogonal to the slot.

3.2.3 Design

The planar elliptical monopole antenna is a very wide band design where the
lowest resonance is found to be critically determined by the antenna dimen-

sions. Hence, an approximate equation for f,; is deduced as

0.33¢
20, +2by + g/(1 — €esy)?

fr(GHz) = (3.1)
where ey is the effective permittivity of a CPW waveguide [Simons 2001]
with center strip width w’ and slot width s" and ¢ is the speed of light.

The validity of the equations are verified by designing elliptical monopole
antennas with different values of b,, b, and g with rest of the dimensions
as in Table 3.1. Wide band impedance matching is consistently observed
in all cases. The f.;, which is varied over a range of 2GHz to 4GHz for
different antenna dimensions, are found to compare well with the computed

ones deduced from eqn.(3.1) and are plotted in Fig.3.9.
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The following assumptions on the antenna dimensions are also observed

to be valid:
e~ 0.5,

b, =~ by,
s’ &~ g ~ 0.55mm, (3.2)
W = 2a,,
L~4b.+g

where e is the eccentricity of the radiator/ground ellipse.

The antenna is characteristically wide band in nature, but the lower edge
of the operating band can be suitably varied according to demand. Based on
the observations aforementioned, a simple design procedure for the elliptical
monopole antenna on the different commercially available laminates, as in

Table 3.2, is explained below.
e Design a 502 CPW line on a substrate with permittivity e, and thickness h.

e Calculate e.ff of a CPW waveguide with center strip width w and slot width

s and

e Calculate b, and the rest of the parameters using eqn.(3.1) and (3.2) for the
desired f,1

Once the geometrical parameters are deduced as per the steps described, the

antenna design can be optimized using any commercial EM software.

3.2.4 Measurements

A prototype of the antenna was fabricated on a substrate of ¢, = 3.3 and h
= 0.8mm with the parameters as in Table 3.1 and 3.2. Return loss measure-
ments indicate a wide band width from 2.5 to >12GHz, which is validated
by simulations as shown in Fig.3.10. The slight deviation at lower frequen-
cies could be due to the the soldering effect of the SMA connector and its

mechanical tolerance on the finite ground plane current distribution which is
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Fig. 3.10: Measured return loss of the elliptical monopole antenna

not accounted in the simulation. The normalized radiation patterns of the
antenna for co-polarization and cross-polarization in the X-Y, Y-Z and X-Z
planes for three different frequencies are shown in Fig.3.11. The patterns are
stable throughout the band and resembles that of a monopole; omnidirectional
in the azimuth (X-Y) and bidirectional in the elevation (Y-Z and X-Z) at the
lower resonance as shown in Fig.3.11(a).

However at 6.5GHz, instead of a figure of eight in the elevation plane, the
pattern appears raised to around #=30° as shown in Fig.3.11(b). At 9.5GHz,
as shown in Fig.3.11(c), the pattern is slightly directional towards the + Y
axis. The measured patterns compare well with the simulated pattern shown
in Fig. 3.5 and the polarization of the antenna is along the Z direction.

Measured peak gain of the antenna is shown along with its radiation effi-
ciencies in Fig.3.12. The gain appears to range between 0.5 to 5dBi and the

radiation efficiencies remain above 85% throughout the band.

3.3 Printed Inverted Cone Monopole Antenna

As discussed in Section 1.2.1.1 of Chapter 1, the radiated antenna far-field
is the weighted sum of time delay derivatives of its surface currents. So all
frequencies contained in the pulse should be radiated from the same point

on the antenna for minimum pulse distortion. This makes electrically small
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Fig. 3.12: Measured peak gain and radiation efficiency of the elliptical monopole
antenna

compact antennas a good candidate for low power small range UWB radios.
The compact size would also appreciate its suitability for the new-generation

portable equipments.

The planar inverted cone (PIC) monopole antenna shows excellent wide
band characteristics since it belongs to the bi-conical family of antennas.
[Suh 2004| reports a very wide band behavior exhibited by a PIC antenna,
however, the design is mounted on a large ground plane and is not suitable for
portable communication systems. A planar version of the same but inscribed
within a cone shaped slot and microstrip fed is reported in [Cheng 2008]. How-
ever, it is large in size (60x60mm?) and fails to retain its wide band matching

when the size is reduced.

Most of the surface currents in the elliptical monopole is distributed along
the tapered slot between the two radiation patches. There are small currents in
areas far away from the center of the antenna and makes little contributions
to the radiation performance. Hence, smaller antennas can be constructed
by carefully cutting the unimportant parts of the radiating patches without
creating any abrupt discontinuity. As a result, elliptical monopole is reduced
to an inverted cone shape and can achieve the same radiation performance if
their sizes are readjusted properly along with similar changes to the ground

patch. The design of the PIC antenna discussed in this section incorporates
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a U-shaped slot on the ground patch near the feed transition as well. The

overall size of the antenna is reduced to 14x30mm?.

3.3.1 Geometry

Fig.3.13 shows the geometry of the proposed printed inverted cone antenna.
The ground plane of the antenna is shaped as a semi-ellipse near the radiating
patch with dimensions b, and a,. An elliptical slot with b, and a4 as major
and minor axes is engraved on the ground edge and it is further shaped in to
a U-shaped slot. The radiator patch is of length b, and is an inverted cone
() with a circular base of radius a,..

The antenna is printed on FR4 substrate and fed by a 502 CPW line. The
tapering of the ground and the radiator edges ensures matching at the higher
frequencies of the UWB spectrum and the U-shaped slot at the ground edge,

near the radiator, ensures mid-band matching.

Fig. 3.13: Geometry of the inverted cone monopole antenna (a) ground plane with
dimensions

3.3.2 Design and Simulations

The design equation deduced for the first resonance f,; for an elliptical monopole

antenna (eqn.(3.1)) continues to stand valid in this case as well. It is slightly
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Table 3.3: Dimensions of the simulated PIC antenna
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Fig. 3.14: Simulated return loss curves of the inverted cone monopole antenna

modified in this case to take into account the dimensions of the PIC and is

0.33c
1(GHz) = 3.3
fl( Z) br+bg+g/(1_€eff)2 ( )

where e.¢7 is the effective permittivity of a CPW waveguide near the feed
transition (center strip w, and gap (%_wa)) and c is the speed of light. The

following assumptions are also made:

bg ~ br7
a’/‘ ~ b?"/27 (34)

ag ~ by

The dimensions of the designed antenna is deduced for f,; = 3.3GHz and are
optimized using the simulation software for UWB operation. It is tabulated
in Table 3.3.

The simulated return loss of the antenna is shown in Fig.3.14 which shows
that the antenna covers the UWB spectrum from 2.9GHz to around 11GHz
with resonances at 3.3GHz, 6.3GHz and 10GHz. Fig.3.15 shows the surface

currents & field distributions on the antenna along with their corresponding
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Fig. 3.15: Simulated surface current and E-field distributions on the inverted cone
monopole antenna along with its simulated radiation patterns at (a) 3.3GHz, (b)
6.3GHz, (c) 9GHz, and (d) 10.6GHz.
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3D radiation patterns at 3.3GHz, 6.3GHz, 9GHz, and 10.6GHz.

Antenna surface currents, shown in Fig.3.15, indicate that they are mainly
restricted to areas near the U-shaped slot over most of the UWB frequencies.
The slot appears to have a significant influence on the antenna behavior by
maintaining its phase center position almost constant. It is also noted that
the antenna performs in an oscillating or standing wave mode almost through
out the UWB band. It diverts from this behavior at the end of the spectrum
(at 10.6GHz) with the current traveling and oscillating at the extreme ends
of the geometry, and creating a pattern maximum along =300,

When compared to the elliptical monopole, the gain seems to have been
reduced which could be attributed to the reduced size. However, the antenna
exhibits near perfect omni-directional pattern almost throughout the UWB

spectrum.

3.3.3 Measurements

Fig.3.16 plots the measured return loss curves along with its simulated ones
and they appear to compare well. It indicates a broad impedance bandwidth
from 2.8GHz to 11GHz for S;; < -10dB.

The radiation pattern is measured at three different frequencies and is
plotted in Fig.3.17, for co and cross-polarizations. The patterns are observed

to be stable and omnidirectional and behave similar to the simulated pattern

-10 4

,, (dB)

=30 A

—— Simulated

—— Measured
T T r T T
2 4 6 8 10 12

Frequency (GHz)

Fig. 3.16: Measured return loss of the inverted cone monopole antenna
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Fig. 3.17: Measured radiation patterns of the inverted cone monopole antenna at
(a) 3.3GHz, (b) 6.3GHz and (c) 9.5GHz
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Fig. 3.18: Measured peak gain and radiation efficiency of the inverted cone
monopole antenna

in Fig.3.15. The antenna polarization is along the Z axis and has very low
cross-polarization as a result of the compact cross-section size of the antenna.
The measured gain and radiation efficiency plotted in Fig.3.18 indicate an
average gain of 2dBi and an efficiency >80% through out the UWB frequency
range.

The measurement of such compact antennas is however very sensitive to
the presence of the RF cable located in the near field of the AUT. The slight
differences between simulations and measurements are caused by neglecting
the parasitic effects of the cable and connector in the simulations and mea-

surements.

3.4 Band-notched Antennas

Because of the existence of other wireless standards, such as IEEE 802.11a
or HIPERLAN /2 operating in the 4.9 to 5.9GHz, an additional requirement
for UWB antennas is to reject some bands within the ultra wide pass band.
In these cases, UWB antennas with notched characteristics at certain bands
are desired. The function of rejecting certain frequencies can be accomplished
within the wireless transceiver by employing a band rejection filter. This calls

for allocating a suitable area within the transceiver for such a device. This
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requirement can be significantly relaxed by introducing the band rejection
function within the UWB antenna structure.

The literature review shows a number of methods that are used to achieve
the band-notch function. They can be basically categorized in to two groups;
the first group include the technique of adding a perturbation in the antenna’s
radiating element. Such a perturbation usually consists of a slot carved in the
antenna’s radiating element like cutting away rectangular portion from the
upper elliptical patch [Zhang 2008|, inverted U-shaped slot in the radiator
patch [Vasylchenko 2008|, two T-shaped stubs inside an ellipse slot cut in the
radiation patch [Hong 2007|, a tuning stub in the ring monopole [Gao 2006,
an arc shaped slot on the circular disk [Wong 2005a|, two slits within the
elliptic radiating element [Bahadori 2007].

In the second group, a perturbation on the antenna feeding line and
ground plane, rather than on the antenna’s radiating element itself, is added.
They include U-slot defected ground structure (DGS) in the ground of the
feed line [Yin 2008|, a compact coplanar waveguide (CPW) resonant cell
[Qu 2006a], a pair of square half-wavelength ring resonators on the ground
plane [Dong 2009], L-shaped slots in the ground plane [Pancera 2007|. The
perturbation would act as a band stop filter whose stop band is exactly the
unwanted 5 to 6GHz frequency interval.

There are of course other band-notch techniques like introducing split ring
resonators [Kim 2006|, employing a Koch-curve-shaped slot [Lui 2006], a para-
sitic open-circuit element within the printed slot antenna |[Lui 2005], attaching
parasitic elements near the radiating patch [Kim 2005] [Abbosh 2009].

In this section, we have incorporated thin slot resonators within the el-
liptical monopole radiator patch and the ground plane of the inverted cone
antenna to notch out the 5 to 6GHz WLAN bands. The investigations include
a parametric analysis by varying the slot dimensions. This is further extended
to the design of dual band-notched elliptical monopole antenna where a com-
bination of dual slots in the ground or a slot in the ground as well as patch is

implemented for a multiple band performance.
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3.4.1 Band-notched Elliptical Monopole Antenna

The band reject mechanism is achieved for the elliptical monopole antenna
by introducing a narrow \/2 thin horizontal slot inside the patch as shown in

Fig.3.19.

3.4.1.1 Simulation and Design

The simulated return loss of the antenna for different slot parameters namely
the slot length s;, width ¢, and position w; & d from the edge of the radiator
ellipse are plotted in Fig.3.20. The dimensions of elliptical antenna remains
same as in Table 3.1.

It is observed from Fig.3.20(a) that the center frequency of the notched
band is determined by the slot length s; and is approximately

Ag

2 (3.5)

S =

where \g=M\o/\/Ecsf, €cpp(e,+1)/2 and Ay is the free space wavelength at
the rejection frequency. This is confirmed in Fig.3.20(b) which shows that
on keeping s; constant and changing the slot position, the notch frequency
remains same but the matching varies.

Fig.3.20(c) shows the dependence of the notched bandwidth with slot

4

Fig. 3.19: Geometry of a notched elliptical monopole antenna

Top View
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Fig. 3.20: VSWR variations of a notched elliptical monopole antenna for different
(a) slot lengths s; with w; = 2.17mm and ¢ = 0.1mm, (b) slot positions w; with s
= 20.2mm and ¢ = 0.1mm, (c) slit widths ¢ with s; = 20.2mm and w; = 2.17, (d)
slit lengths s; and slit position w; with d = 0.2mm and ¢ = 0.1mm.

- 40

7 \ 3GHz \ 1GHz —— Without slot
-10 —— With slot 130
) <
m
= 20 ik 120 Z
7} P~
-30 \ J 110
. — i/ 3
40 L~ . : . : = ; 0
2 4 6 8 10 12 14

Frequency (GHz)

Fig. 3.21: Simulated return loss and VSWR curves of a notched elliptical monopole

antenna with and without the slot



84 Chapter 3. Planar Broadband Monopole Antennas

Fig. 3.22: Simulated radiation patterns of a notched elliptical monopole antenna
at (a) 3.1GHz, (b) 5.45GHz, (c) 7.0GHz, and (d) 10.2GHz and (e) the current
distribution at 5.45GHz.

thickness t. So while the slot length s; is fixed for the select notch frequency,
its bandwidth can be adjusted by changing its thickness ¢. From the para-
metric studies, it is observed that the best result, that is maximum signal
rejection at the desired notched frequency band, is obtained when a A/2 long
slot is placed at minimum distance d from the patch edge. This is confirmed
in Fig.3.20(d) with d = 0.2mm, for different notched frequencies.

The dimensions of the slot inscribed in the radiator ellipse is deduced using
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Fig. 3.23: Simulated impedance and return loss of a notched elliptical monopole
antenna

eqn.(3.5) at a notch frequency of 5.45GHz and are as follows; s; = 20.2mm, ¢
= 0.1lmm, d = 0.2mm and w; = 2.17mm. Fig.3.21 plots the simulated return
loss and VSWR with and without the slot. We can see that the antenna
resonances remain unaffected due to the presence of the slot except in the

frequency band 5 to 6.1GHz where a large VSWR is noted.

The band-notched property is also observed in Fig.3.22, where the simu-
lated 3D patterns plotted at 3.1GHz, 7.0GHz, and 10.2GHz remains similar to
the corresponding plots of the elliptical monopole antenna, without the slot,
shown in Fig.3.5 except at the notched frequency of 5.45GHz. At 5.45GHz,
a distinct reduction in radiation of more than 10dB is noted along all direc-
tions. Fig.3.22(e) shows that the surface current distribution appears stronger
around the slot at the notched frequency of 5.45GHz. It is more concentrated
at the farthest sides of the slot and is oppositely directed along its lower
and upper edges. This leads to destructive interference of the excited surface

currents in the patch.

The A,/2 long horizontal slot behaves like a parallel combination of two
shorted \,;/4 long slots resulting in a high input impedance at 5.45GHz and
causing the antenna to be non-radiating at that frequency. The antenna input
impedance plot in Fig.3.23 records a large resistance and a zero crossing on

the reactance curve at 5.45GHz validating our arguments.
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3.4.1.2 Measured Results
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Fig. 3.24: Measured VSWR curves of a notched elliptical monopole antenna

The simulated and measured VSWR of this antenna with and without
the slot is plotted in Fig.3.24. Good agreement between the simulated and
measured results is observed. It reveals a 2:1 VSWR bandwidth from 2.64GHz
to 10.9GHz. The VSWR remains high (>3) in the 4.85 to 5.95GHz band with
a very large value (>20) occurring around 5.45GHz. In the pass band, the
VSWR of the original UWB antenna is only slightly affected by the presence
of the slot.

The measured radiation patterns in the X-Y, Y-Z and X-Z planes of the an-
tenna at the notched frequency is plotted in Fig.3.25. The pattern at 5.45GHz
has been normalized w.r.t that at 3.5GHz. We can observe a reduction in gain
by ~10dB along all directions uniformly.

Fig.3.26 plots the measured gain which shows relatively constant values in
the pass band with a large decrease in gain in the rejected band which goes
as low as -13dB compared to the rest of the band. Corresponding dip in the

radiation efficiency can also be noted here.

3.4.2 Band-notched Printed Inverted Cone Antenna

For compact antennas like the inverted cone UWB antenna discussed in Sec-

tion 3.3 of this chapter, accommodating a half wavelength slot resonator in
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Fig. 3.26: Measured peak gain and radiation efficiency of a notched elliptical
monopole antenna
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Fig. 3.27: Geometry of a notched PIC monopole antenna

Table 3.4: Dimensions of the band-notched inverted cone antenna
e W L h a, o wy by g by b a, by d ls ts
44 18 30 16 9 8 28 153 1.8 127 75 26 3 03 82 0.1

the radiating patch, to filter out the 5 to 6GHz WLAN bands, would be a
challenge due to the space constraints imposed. Instead, we have incorporated
a pair of symmetrically placed quarter wavelength slot resonators etched in
the ground plane for the band-notch action. Fig.3.27 shows the geometry of
the band-notched inverted cone monopole antenna. In this case the inverted

cone is fed by a 50€) microstrip line.

3.4.2.1 Simulated and Measured Results

Fig.3.28 plots the simulated VSWR of a UWB antenna optimized to notch out
the 5.2/5.8GHz WLAN frequencies. The dimensions (in mm) of the antenna
are tabulated in Table 3.4. The antenna with the slots record a VSWR >3 for
frequencies from 5.2 to 5.9GHz which goes as high as VSWR ~ 7 at 5.5GHz.
For other frequencies in the pass band, the response remains similar to that

of the antenna designed without the slots.

The quarter wavelength slot resonators are open at one end and their
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Fig. 3.28: Simulated VSWR curves of a notched PIC monopole antenna

length (I,) is deduced as
[y =-2 (3.6)

where \g=\o/\/Ecfs, €crr(er+1)/2 and )¢ is the free space wavelength at
the rejection frequency. However, a sharper notched band is observed as the
slots are located closer to the microstrip feed-monopole transition.

The surface current distribution at 5.5GHz in Fig.3.29 shows that most
of the currents are surrounding the slots at the notched frequency with a
maxima at its shorted end and a minima at its open ends. It is the destructive
interference of the surface currents that causes the antenna to be non-radiative
at the notched frequency.

The measured VSWR and return loss of this antenna with and without
the slot resonators are plotted in Fig.3.30. For the antenna without the slot
resonators, the VSWR characteristics reveal UWB behavior with a 2:1 VSWR
bandwidth from 3.07GHz to >12 GHz. When the quarter wave slot resonators
are introduced, the VSWR is high (=6) at 5.5GHz. The value of VSWR >
3 is noted in the 5.1 to 5.9GHz band and is only slightly affected in the pass
band.

The measured radiation pattern of the antenna at 5.5GHz that has been
normalized w.r.t that at 3.5GHz is plotted in Fig.3.31. We can observe a
reduction in gain by ~10dB along all directions uniformly.

The gain and radiation efficiency of the antenna is measured and plotted
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Fig. 3.30: Measured return loss and VSWR curves of a notched pic monopole
antenna

in Fig.3.32. An average gain of 2dBi is noted throughout the operating band
except at the notched frequency where dip >10dB is obtained. The antenna
designed has a radiation efficiency of more than 80% in the pass band and

reduction in the rejected band.

3.4.3 Dual Band-notched Elliptical Monopole Antenna

The multiple slots etched on the elliptical monopole antenna, that filter out

the undesired frequencies without disturbing the antenna characteristics in
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Fig. 3.31: Measured radiation patterns of a notched PIC monopole antenna
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Fig. 3.32: Measured peak gain of a notched pic monopole antenna

the rest of the band, is presented in this section. Two types of combination
slots are used to reject dual bands of choice as shown in Fig.3.33. Antenna
design 1 employs two U-shaped thin slots in the radiator ellipse where each
measure half a wavelength at their corresponding reject frequencies. Similarly,
antenna design 2 employs a U-shaped half-wavelength slot resonator in the
radiator ellipse and dual symmetrically placed quarter-wavelength L-shaped

slot resonators in the ground patch, all measured at their corresponding reject
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Fig. 3.33: Geometry and simulated return loss of a dual-notched elliptical monopole
antenna (a) Design 1 (b) Design 2

frequencies.

The dimensions of the elliptical monopole remains the same as given Table
3.1 and 3.2 where the antenna 1 is designed on FR4 (g,=4.4 and tand=0.02)
and antenna 2 on NH9320 substrate (¢,=3.3 and tand=0.0012).

The simulated return loss of the designed antennas are plotted in Fig.3.33
where a VSWR >3 is recorded for frequencies 2.8 to 3.1GHz and 4.3 to 4.9GHz
for design 1 and for frequencies 2.9 to 3.2GHz and 4.5 to 5.05GHz for design
2. While design 2 records large VSWRs (>10) in the notched bands, design
1 records relatively lower rejection (VSWR >5) in the notched bands. It is
also interesting to note that when antenna design 1 was simulated on an FR4
substrate with no loss (tand=0) a sharp increase in the VSWRs (>10) are
noted in the rejected bands (Fig.3.33(a)). Therefore the substrate loss factor
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Fig. 3.34: Surface current distribution on a dual-notched elliptical monopole an-
tenna; Design 1 at (a) 3GHz, (b) 4.6GHz and Design 2 at (c¢) 3GHz and (d) 4.8GHz
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appears to have an impact on the rejection capability in the notched band.

The destructive interference of the antenna radiation at the reject frequen-
cies is confirmed from the surface currents on the antenna which is particularly

concentrated around the slots as shown in Fig.3.34.
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Fig.3.35 plots the measured return loss of the antenna which shows rea-
sonable comparison with simulated plots. The slots rejects 2.7 to 3.2GHz and
4.2 to 5.1GHz and gives a triple band performance from 2.08 to 2.7GHz, 3.2
to 4.2GHz and 5.1 to >10GHz. Thus it covers the 2.5 to 2.69GHz, 3.4 to
3.69GHz, and 5.25 to 5.85GHz WiMAX bands and the IEEE 802.11 WLAN
standards of the 2.4GHz (2.4 to 2.484GHz), 5.2GHz (5.15 to 5.35GHz) and
5.8GHz (5.725 to 5.825GHz) bands. The antennas designed are suitable for
operation as WLAN/WiMAX antennas for portable equipments.

3.5 Chapter Summary

In this chapter, we have presented two designs of broadband planar monopole
antennas, namely the elliptical monopole and inverted cone monopole. The
planar elliptical monopole antenna has a wide band operation (2.54GHz to
>12GHz), simple structure and nearly omnidirectional radiation patterns at
the lower end of the spectrum. The antenna has the convenience of compact
size (31x32mm?) and a CPW feed. It is composed of a monopole element
and a finite ground plane and both the radiator (monopole element) and
ground plane contribute to the field radiation. The monopole and the ground
plane forms a quasi-dipole antenna at its lowest resonance. The extremely
wide impedance band is ensured by the exponential impedance transformer
arrangement between the ground and the patch.

The antenna appears to be an ideal candidate for the 3.1 to 10.6GHz UWB
operation from the frequency domain studies. Since the antenna operates over
a multi-octave bandwidth, it would be excellent to transmit pulses of the order
of a nanosecond in duration with minimal distortion. However neither its
radiation pattern remain omnidirectional nor its phase center location remain
constant over the whole bandwidth as would have been desired. This would
in turn mean that the pulse transmission would differ according to their space
coordinates and that it may be distorted. The space dependency & distortion

of the pulse transmitted /received is predicted here but its extent and whether
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it is within the tolerable limits can only be determined by the transfer function
characterization of the antenna which involve both the amplitude and phase
of the radiated fields. This is studied in detail in Chapter 5.

The inverted cone monopole antenna presented in the following section
has a reduced size (14x32mm?) and wide band operation (2.8 to 11.2GHz). It
appears to be perfectly ideal for UWB hand held applications with a compact
size, stable & omnidirectional antenna pattern and an almost constant regions
of radiation, otherwise called the phase center. From this we can predict that
the antenna should exhibit pulse transmission with minimum distortion and
independent of the space coordinates. However, the analysis of the antenna
performance, in terms of any ringing if at all present, would be complete only
by looking at its transient response which is studied in detail in Chapter 5.

In final section of this chapter, the designed wide band antennas are
adapted to coexist with existing WLAN bands (5.2/5.8GHz) with minimum
interference. A thin half wavelength long slot resonator is inscribed on the
radiator patch of the elliptical monopole antenna to filter out the 5 to 6GHz
frequencies. Similar performance is achieved by dual symmetrically placed
quarter wavelength slot resonators inscribed on the ground patch of the in-
verted cone monopole antenna. The time domain performance of these an-
tennas for assessing their suitability for UWB applications is carried out in
Chapter 5. Finally, a combination of such multiple slots are implemented
to adapt the designed elliptical monopole antenna for triple band operation
particulary for the 2.5/3.5/5.5GHz WiMAX as well as the 2.4/5GHz WLAN

standards.
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In this chapter, we have investigated the performance of planar slot an-
tennas. We begin by designing a Koch fractal based slot antenna along with
a detailed study of their slot & feed geometry effects on the antenna perfor-
mance. The antenna structure is compact and performs well over a frequency
band wide enough to cover all the WLAN/WiMAX bands. A UWB slot an-
tenna design is presented next with a reduced size and an enhanced bandwidth
covering the FCC specified UWB frequencies. This design has the unique ad-
vantage of its performance being independent of ground plane size making it

suitable for wireless dongle applications.
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4.1 Planar Broadband Slot Antennas: Review

In the search for low profile, light weight and wide band antennas, there has
been particular emphasis given to printed slot antennas, especially wide-slot
antennas, as they are completely planar and have a wide operating band
width [Yoshimura 1972| [Kahrizi 1993].

The technique is to excite a narrow rectangular slot with a simple mi-
crostrip feed line as in [Yoshimura 1972] and [Pozar 1986]. In [Yoshimura 1972],
the feed point is shifted from the center of the slot and is short-circuited
through the dielectric substrate. A similar technique of feed point shifting
close to the slot end is used in [Pozar 1986]. In both cases, the offset of the
feed point leads to impedance matching in a narrow frequency band with ~
20% bandwidth .

The geometrical and physical parameters of the slot as well as the feed
network are also observed to affect the bandwidth of slot antennas. By con-
sidering a slot antenna as an aperture with a known electric field distribution,
it is possible to obtain its fields [Balanis 1997]. Using the antenna field, the
radiated and stored energies can be found and a quality factor (Q) is defined
for the antenna which is a function of the antenna dimensions. It is shown that
for a rectangular slot antenna, as the slot width is increased, the () decreases
or equivalently bandwidth increases.

This increase is much faster for the smaller antenna widths and decreases
as the width increases beyond a certain range [Behdad 2004|. This is because
as the width of the slot increases, the radiation resistance of the slot increases
which leads to impedance mismatch between the slot and microstrip line. This
in turn would reduce the impedance bandwidth of the antenna [Kahrizi 1993].
However, terminating the open end of the feed line within the width of the
slot have been reported as a means for increasing the bandwidth of the wide
rectangular slot antenna in [Shum 1995] even though substantial bandwidth

improvement could not be achieved.

When a T-shaped microstrip tuning stub is used to excite a wide rectan-
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gular aperture, a relatively broad bandwidth is noted (=~ 58%) from 1.5 to
3.2GHz |Kim 2000]. Similarly, modifications in the shape of the slot can also
result in broadband operation as in [Chen 2000a] where a semi-circular slot
and a protruding square shape is used to realize a bandwidth of 46%.

Experimental results show that by choosing suitable combinations of feed
and slot shapes and tuning their dimensions, good impedance bandwidth and
stable radiation patterns can be obtained. Wide-slot antennas with differ-
ent slot shapes such as triangular [Chen 2005] [Liu 2004b|, square [Sze 2001]
[Chen 2003a], rectangular [Wu 2004a], rhombus |[Jan 2007]|, pentagonal [Ra-
jgopal 2009], hexagonal [Jan 2005|, L-shaped [Dissanayake 2008|, circular,
elliptical |Li 2006] [Angelopoulos 2006] have been investigated.

Different feed shapes are also reported like the simple extension of the
microstrip [Jan 2005] and CPW [Jan 2006] [Chiou 2003], fork like [Sze 2001]
[Qing 2003] [Chair 2004], rectangular [Chen 2003a], triangular |[Liu 2004b],
circular [Qu 2006b], elliptical [Angelopoulos 2006], U-shaped [Li 2006] etc. In
wide-slot antennas, a high level of the electromagnetic coupling to the feed
line results due to the large size of the slot. Therefore, varying the feed shape
or slot shape will change the coupling which means that this technique can
be used to control the impedance matching.

In addition to these regular shapes of the slot and feed types, there has
been several other modifications reported for a wide band operation. In
[Chiou 2003], conducting strips are incorporated on each corners diagonally
to achieve bandwidths greater that 60%. A similar approach is followed
in [Sze 2003| where a broadband circular polarization is achieved by protrud-
ing a T-shaped metallic strip from the ground towards the slot center and
feeding the square slot antenna using a 502 CPW with a protruded signal
strip at 90° to T-shaped strip.

Different types of feed for the simple rectangular aperture have been re-
ported to operate over varying range of frequencies with different bandwidths.
[Sze 2001] reports a wide aperture, of size 54mm x 54mm, fed by a fork like tun-

ing stub realizing a bandwidth of 1GHz centered around 2GHz. [Chen 2003a]
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reports over 60% bandwidth around 2GHz when a rectangular aperture, of
size 44mm x 44mm, is fed by a rectangular stub. In [Jang 2001], an inverted
T-shaped microstrip tuning stub excites a wide aperture to operate from 1.877
to 5.638GHz (~ 114%).

[Chair 2004| reports a CPW fed fork shaped tuning stub exciting a rect-
angular aperture of size 32.2mm x 21mm and optimized for operation in the
FCC approved UWB band of 3.1 to 10.6GHz. [Qing 2003] also records a sim-
ilar geometry for UWB operation. [Lin 2006] reports a very compact UWB
slot antenna design which has a rectangular aperture fed by a rectangular
stub where the aperture size is restricted to 13mm x 23mm .

Further review of the literature reveals that the feed-slot gap significantly
affects the antenna bandwidth. The effects of feed-slot combination and feed-
gap widths are studied in [Liu 2004b| for UWB operation of the antenna. For
the study, an antenna with an arc-shaped slot and a square patch feed and
another antenna that has a triangular shape slot and an equilateral triangular-
patch feed are used to achieve around 100% bandwidth.

Detailed investigations in the above design indicates that rounded corners
in the slot can improve the bandwidth and [Qu 2006¢| reports an improve-
ment as high as 158%. A simpler version of the above antennas are proposed
in [Denidni 2006] wherein the authors have used a circular slot and a cir-
cular tuning stub to realize an antenna with as much as 110% bandwidth.
In [Habib 2006], the use of stubs other than the circular one to excite the
circular slot is explored. It reveals that slots and stubs of similar geome-
try can result in the widest possible bandwidth of all the possible combina-
tions. [Cheng 2008| is based on similar principle but with an inverted cone
geometry with a circular base. As an extension, ellipses of different ellipticity
for the ground as well as the tuning stub is studied [Angelopoulos 2006]. Their
studies propose the use of an elliptical design for compact applications and a
circular design for wider bandwidth.

Tapering the feed gap is another technique which is observed to improve

the impedance bandwidth. This can be either achieved by tapering the feeding
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line as in [Li 2006] [Yoon 2006] or introducing a narrow slot on the ground
edges beneath the feed as in [Chen 2006| [W.-F. Chen 2008].

The electric field distribution (or the magnetic current) in the slot is identi-
cal to the electric current distribution on a complimentary wire. The electric
field everywhere is normal to the surface of the slot antenna except in the
region of the slot. Hence the currents in the sheet can be directly deduced
from the distribution of the electric field in the slot. Consequently, the radi-
ated field of the magnetic current element within the slot boundaries should
include the contribution of the electric current flowing on the metal surface.
As a result the wide slot antennas features a dependence of the frequencies of
operation on the slot geometries. [Li 2006] derives an empirical relation for the
lower edge frequency in terms of the elliptical slot dimensions by regarding
it as an equivalent magnetic surface. [Chen 2005] and [Chen 2006] relates the
slot perimeter to the lowest operating frequency.

However, the performance of the antenna printed on a PCB can be sig-
nificantly affected by the shape and size of the ground plane of the antenna
which is usually located electrically close to the radiator, particularly for de-
vices with limited space such as a W-USB dongle [Zhang 2004b| [Chen 2004b]
[Kwon 2003]. In addition, the printed UWB antenna consisting of a planar
radiator and system ground plane is essentially an unbalanced design, where
the electric currents are distributed on both the radiator and the ground plane
so that the radiation from the ground plane is inevitable. Such a ground-plane
effect causes severe practical engineering problems such as design complexities
and deployment difficulties.

An investigation was performed to study the effects of a housing device on
the antenna performance in [Bahadori 2007|. The hosting device was repre-
sented by a metal box. It was shown that if the antenna is placed vertically, the
main features of its performance does not change significantly. In [Su 2007],
a U-shaped, metal-plate monopole, fabricated from bending a simple metal
plate onto a foam base of width 20mm is reported. Small ground-plane length

effects on the antenna impedance bandwidth have also been observed which
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makes them well suitable for internal, UWB-antenna applications in wireless
USB dongles with various possible system ground-plane or PCB lengths. A
small slotted PCB-printed UWB antenna is presented in [Chen 2007c| which
has a rectangular notch cut vertically from the printed radiator and a strip
asymmetrically attached to the radiator. The effects of the ground plane and
RF cable on the antenna performance are reported to have been suppressed
greatly.

In contrast to planar dipole/monopole antennas which have relatively large
electric near-fields that are prone to undesired coupling with near-by objects,
slot antennas have relatively large magnetic near-fields that tend not to couple
strongly with near-by objects [Schantz 2003]. Thus, slot antennas are ideal
candidates for applications wherein near-field coupling is required to be min-
imized like in the case of USB Dongle type applications as discussed before.

In this section, there are two types of antenna designed. In the first type,
the concept of space filling characteristics of fractal curves which has been
used in the design of compact and multi band patch antennas [Werner 2003]
is applied for the design of wide slot antennas with reduced size. There exists
a contradiction between enlarging the impedance bandwidth and enhancing
the radiation pattern bandwidth by widening the slot [Kim 2000]. So, in the
design presented, a Koch snowflake fractal shaped slot, whose the perimeter
increases by 33% with every iteration without increasing the overall size is
implemented.

The Koch snowflake fractal shaped slot is employed for a compact and wide
band antenna operation. The antenna designed has a bandwidth sufficient
enough to cover the 2.4/5.2/5.8GHz WLAN and 2.5/3.5/5.5GHz WiMAX
bands. The over all size of the antenna is 29mm x 38mm. A CPW-fed
modified Koch snowflake slot antenna operating over a dual wide frequency
bands covering the WLAN and WiMAX bands are also designed.

The second type of antenna designed is a UWB slot antenna which employs
a near-rectangular slot with a tapered tuning stub. The antenna operates from

2.9 to 11GHz and is only 20mm in width. The antenna performance is found
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to be tolerant to any changes in the length of the ground conductor and finds
applications in wireless USB dongles. The antenna is further improved so as
to coexist with the WLAN communication bands, by notching out the 5 to
6GHz frequencies.

4.2 Koch Fractal Slot Antenna

In this section, a Koch snowflake fractal shaped slot is employed for a compact
and wide band operation covering 2.2 to 6.3GHz. The designed antenna is
observed to have a relatively stable and omnidirectional radiation pattern
throughout the operational band.

Design equations are empirically deduced relating the size of the slot with
the lowest resonance of the operating band. The optimized dimensions of the
tuning stub and the ground, for a wide band operation, are also presented.
The validity of the derived equations are verified by designing the antenna
on different substrates and when scaled for operation in different frequency

bands.

Y

Fig. 4.1: Geometry of the Koch fractal slot antenna
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4.2.1 Geometry

The geometry of the microstrip-fed Koch fractal based slot antenna is illus-
trated in Fig.4.1. The antenna is implemented on a low loss substrate of
thickness h and permittivity e,. A Koch fractal slot is printed on one side
of the substrate and is fed by a 502 microstrip line along with a tuning stub
printed on the other side.

4.2.2 Simulation and Design

We begin this section with a detailed parametric study of the antenna perfor-
mance for different iterations and sizes of the Koch fractal slot and for different
ground plane sizes. It also looks at the effects of flaring the tuning stub. Based
on this as well as the surface current and aperture field distribution on the

antenna, design equations are derived.

4.2.2.1 Effect of the Fractal Geometry

The basic geometry of the slot is an equilateral triangle of side a, on which
repeated iterations lead to the Koch snowflake geometry as shown in Fig.4.2.
The simulated return loss of antenna I, with parameters as in Table 4.1 and di-
mensions in mm, for various iteration stages of the fractal geometry is plotted
in Fig.4.3.

As can be observed, the resonant frequencies of the slot antenna decrease

with the increase in the number of iterations. It is also noted that the Koch

(a) (b) (©) (d)

Fig. 4.2: Koch snowflake geometry in its different iteration stages (a) basic geom-
etry, (b) 1% iteration, (c) 2" iteration, and (d) 3"¢ iteration.
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Table 4.1: Dimensions of the Koch slot antennas for different frequencies (£,=3.38,
h=0.8mm)
Ant. W L a S 9 Gw 9f Sw Sf St f @
I 29 38 28 18 06 05 5 7 37 173 1 60°
o 205 27 195 18 06 05 5 5 3.0 126 0.6 57
II 47 575 45 1.8 06 05 5 12 53 264 12 60°

fractal geometry improves the coupling between the feed stub and the slot, in
turn enhancing the impedance bandwidth of the slot antenna. The operating
band of the antenna shifts from 4.1 to 5.6GHz to 2.2 to 6.3GHz as the number
of iterations increase to 2. Further increase in the iteration order is observed

to cause only minor changes in the operating frequencies.

Equilateral
Triangle
1" Iteration

S, (dB)
A
R

N
/ (
N\

-30 i 2" Iteration

i — = 3"Iteration
th -

40 + : : = - 4" Iteration.

1 2 3 4 5 6 7

Frequency (GHz)

Fig. 4.3: Simulated return loss of the Koch fractal slot antenna for different itera-
tions of the slot

4.2.2.2 Effect of Slot Size

To get further insight on the effect of slot geometry on the antenna perfor-
mance, the proposed second iteration Koch slot antennas are designed with
three different slot sizes, namely antennas I, IT and III, as tabulated in Table
4.1. The return loss plotted in Fig.4.4 shows that over 90% bandwidth is
observed for all the antennas and their first resonant frequency, f,; is lowered
from 3.9 to 1.5GHz as the size of the slot is increased from 19.5 to 45mms .
To understand the dependence of slot geometry on the antenna behav-

ior, the surface current distributions on the antennas are plotted at f,.q1, in
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Fig. 4.4: Simulated return loss of the Koch fractal slot antenna for different sizes
of the Koch slot

(a) (b) (©)

Fig. 4.5: Current distribution on (a) antenna II at 3.9GHz, (b) antenna I at
2.33GHz, and (c) antenna IIT at 1.5GHz

Fig. 4.6: Dimensions of the Koch slot antenna in terms of slot size ‘a’
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Fig. 4.7: The simulated return loss of the second iteration Koch slot (antenna I) for
various ground widths W with rest of the parameters remaining same as in Table
4.1

Fig.4.5(a), (b) and (c). In all the cases, the surface current is observed to be
following the fractal slot edges and a half wavelength variation in current is

observed along the slot boundary ‘pq’ as shown in Fig.4.6.

4.2.2.3 Effect of Ground Size

Simulations indicate that the ground length L has minor influence on the
antenna performance while the width W has a prominent effect on the wide
band matching of the slot antenna. While g, has almost negligible effect,
length [; is found to affect the antenna response when reduced to less than
4.0mm. Therefore, for the design of a compact antenna, the values of g; and

l¢ are fixed at 0.5mm and 5mm respectively.

Fig.4.7 plots the variation in the return loss of antenna I as W is varied
over a range from 29mm to 45mm with rest of the parameters remaining
same as in Table 4.1. It is observed that as the width reduces, the impedance
matching at the lower frequencies improve. The value of g,, of the antenna is
fixed at 0.5mm for an optimum performance in terms compact size and broad

bandwidth.
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Fig. 4.8: The simulated return loss of second iteration Koch slot (antenna I) with
(@=90") and without (a=0") the flaring in the tuning stub

4.2.2.4 Effect of Tuning Stub

Fig.4.8 plots the effect of flaring of tuning stub on the return loss of the
antenna. It is observed that a broad impedance bandwidth is observed when
the flare angle o is 60°. In the proposed design, a second resonance observed
at fro, is similar to that of a quarter wave monopole where the stub length s;

corresponds to approximately A/4 and is computed as

C
r ) 4:1
Jro /e (4.1)

where e.¢~(e,+1)/2 and c is the speed of light.

The flaring of the tuning stub guarantees a smooth change in impedance
from one resonant mode to the other. With this a smooth transition be-
tween the resonances at f,; and f.o and its higher order modes, a wide band

operation of the antenna is achieved.

4.2.2.5 Aperture Electric Fields

The aperture field plotted at f,;, fo and at higher resonances corresponds
to different modes of field distribution. The field distributions shown in Fig.
4.9(a) and (b), at f,;=2.4GHz and f,»=3GHz, are the fundamental modes

excited in the antenna. This conforms with the simulation studies carried out



4.2. Koch Fractal Slot Antenna 109

Afm
N £ 20.0
14.9
3 1.5
Cass--- b P
Eeaad By P
£~ S ieny 489
K iiged babe el 3.50
—i ¢ Lida - 4 2.39
2 “—&’{, 1.51
8.802
0

1 b

Fig. 4.9: Electric field in the antenna aperture and their surface current distribu-

tions at (a) 2.4GHz, (b) 3GHz, (c) 4.95GHz and (d) 6GHz

in the previous sections, where resonance at f.o is by virtue of the tuning
stub acting like a quarter wave monopole and f,; is due to slot boundary
surrounding the stub.

Their higher derivatives are excited at 4.95GHz and 6GHz and are shown
in Fig.4.9(c) and (d). Strong Y-field components on either sides of the stub
cancel in the far field for all cases resulting in linear polarization along the

Z-axis.

4.2.2.6 Design

Based on the above observations, equations for designing the wide band Koch

slot antenna are summarized as follows

e Feed line: Choose the width of the microstrip feed line s for 502 impedance

on a substrate with permittivity ¢, and thickness h.

e Slot Geometry: For the desired frequency band of operation, calculate the
slot dimension a. With reference to Fig.4.6, the boundary of the slot (pq)
and the wavelength (A1) at the first resonant frequency f,; of the antenna is

related as

Ar1 = 2pg. (4.2)

The fractal nature of the slot enables deduction of the boundary pq in terms
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of the side a of the basic equilateral triangle geometry as

20a

pg =g (4.3)

Corresponding to the first resonance frequency f,1, a can be computed from

the following equation after substituting eqn.(4.3) in eqn.(4.2),

675

=+ (4.4)

a

where a is in mm and f,; is in GHz.

e Ground: Based on the simulation studies, the dimensions are fixed for opti-

mum performance as below,

g = G = 0.5mm
(4.5)
gy = dmm.

e Tuning Stub:The dimensions of the tuning stub is also deduced in terms of

the slot dimension a and shown in Fig.4.6 as

a
St = —=
3

V3a
Sf = —g5

18

_ 2a (4.6)
Sw—g

_a

27
a = 60°

Using the parameters so computed, antennas designed on different substrates
and for different frequencies are tabulated in Table 4.2 where all dimensions
are in mm. The computed dimensions are optimized slightly for wide band
matching by simulations and their return losses are plotted in Fig.4.10. As

noted in Table 4.2 and Fig. 4.10, the resonances of these antennas, especially
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Fig. 4.10: Simulated return loss of the antennas in Table 4.2

fr1, show only slight deviation from the computed values and there is wide

impedance matching throughout the band.

4.2.3 Measurements

A prototype of the antenna I is fabricated on a substrate of £,=3.38, h=0.8mm

with the parameters given in the Table 4.2 and its impedance and radiation

characteristics were measured. The antenna return loss is plotted in Fig.4.11

with simulated results and it shows good agreement. The 10dB bandwidth of
the antenna is from 2.33GHz to 6.19GHz with resonances at 2.45GHz, 3.2GHz
and 5.4GHz. Thus the antenna covers the 2.4 to 2.484GHz, 5.15 to 5.35GHz,
and 5.725 to 5.825GHz WLAN bands, and the 2.5 to 2.69GHz, 3.4 to 3.69GHz,
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Fig. 4.11: Measured return loss of the Koch slot antenna
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and 5.25 to 5.85GHz WiMAX bands.
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Fig. 4.12: Measured radiation pattern of the Koch slot antenna at (a) 2.45GHz (b)
3.2GHz and (c) 5.4GHz

The measured radiation patterns of the antenna in the X-Y, Y-Z and X-Z
planes of the antenna for three different frequencies are shown in Fig.4.12.
The patterns are stable throughout the band and are omnidirectional in the

azimuthal plane (X-Y) and bidirectional in the elevation planes (Y-Z and X-
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Fig. 4.13: Measured peak gain and radiation efficiency of Koch slot antenna

Z) throughout the band. Polarization of the antenna is along the Z direction.
Cross-polarization is observed in the X-Y plane due to the strong horizontal
component of aperture electric field.

Measured peak gain of the antenna is plotted in Fig.4.13 along with its ra-
diation efficiency. The plots show that the gain remains above 2.0dBi and also
indicates that the antenna radiation efficiency is greater than 90% throughout

the operating band.

4.2.4 Dual-band Modified Koch Fractal Slot Antenna

In this section, we present a CPW-fed modified Koch snowflake slot antenna
operating over dual frequency bands. The CPW feed makes them more suit-
able for compact wireless communication devices owing to its features like
uni-planar structure, easy fabrication and circuit integration.

Even though a wide-band antenna operating from 2.3 to 6GHz is suffi-
cient, a dual band antenna design would significantly relax the requirements
imposed upon the filtering electronics within the wireless device for multi-
band applications and would be cost-effective. A half wavelength tuning slot
is integrated with the wide-band Koch slot antenna for the filter action. This
way the antenna achieves dual wide-band operation satisfying the WLAN and

WiMAX bands simultaneously along with a compact profile by virtue of the
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Fig. 4.14: Geometry of the CPW-fed modified Koch fractal slot antenna

=
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Fig. 4.15: Evolution from (a) the 2"? iteration Koch slot to (b) the modified 2"¢
iteration Koch slot

Koch fractal based slot geometry.

The configuration of the proposed modified Koch slot antenna for dual
band operation is illustrated in Fig.4.14. The modified Koch snowflake slot
is fed by a 502 CPW feed along with a tuning stub embedded with a U-
shaped slot. The antenna is implemented on a low loss substrate of relative
permittivity €, and thickness h. Fig.4.15 shows the evolution of the modified
Koch slot from the 27¢ iteration Koch slot. It is observed that with the
modified slot, the operating bandwidth of the antenna is improved from 2.3
to 5.1 to 2.36 to 6.26GHz as shown in Fig.4.16. The antenna parameters are

tabulated in Table 4.3 where all dimensions are in mm.
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Table 4.3: Dimensions of the CPW-fed Koch slot antenna
& w L h a ly d s S1 S2 83 Sy
4.4 285 335 16 26 55 035 22 25 25 9.1 6.2
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Fig. 4.16: Simulated return loss of the CPW-fed Koch slot antenna and the CPW-
fed modified Koch slot antenna

4.2.4.1 Modified Koch Slot Antenna with a Narrow Slot Resonator

A half wavelength U-slot etched out on the tuning stub of the wide-band
antenna notches out the corresponding frequency (fnoen) leading to a dual
wide-band operation. Fig.4.17 plots the simulated return loss of the antenna
for different slot lengths. As the length of the slot increases from 19.6mm (¢,
= 7.8mm) to 21.6mm (¢, = 9.3mm), the notched frequency shifts from 5.0 to
4.3GHz, following the eqn.(4.7).

Cc

N — 4.7
2fnotch\/€eff ( )

Si

where e.7p~(e,+1)/2 and c is the speed of light.

4.2.4.2 Measurements

The simulated and measured return loss of the antenna plotted in Fig.4.18,
show good agreement. The -10dB bandwidth of the wide-band antenna (with-
out the slot) is 3.77GHz (2.33 to 6.1GHz). With the tuning slot, the antenna
gives dual wide-band performance with a -10dB bandwidth of 1.57GHz in
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Fig. 4.17: Simulated return loss of the antenna for different slot resonator lengths
(t;) with t,,=4mm and t;=0.5mm and rest of the parameters as in Table. 4.3
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Fig. 4.18: Measured return loss of the antenna with and without the slot with
t;=8.8mm, t,—4mm, t,—0.5mm and rest of the parameters as in Table. 4.3

the lower band (2.38 to 3.95GHz) and 1.1GHz in the upper band (4.95 to
6.05GHz). Thus, it covers the 2.4 to 2.484GHz, 5.15 to 5.35GHz, and 5.725 to
5.825GHz WLAN bands, and the 2.5 to 2.69GHz, 3.4 to 3.69GHz, and 5.25
to 5.85GHz WiMAX bands.

4.3 UWRB Slot Antenna

In this section, a compact UWB printed slot antenna is described, suitable for
integration with the printed circuit board (PCB) of a wireless, universal, serial-
bus (WUSB) dongle. The design comprises of a near-rectangular slot fed by a
CPW printed on a PCB of size 20x30mm?. It has a large bandwidth covering
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Fig. 4.19: Geometry of the CPW-fed UWB slot antenna

Table 4.4: Dimensions of the CPW-fed UWB slot antenna
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the 3.1 to 10.6GHz UWB band, with omnidirectional radiation patterns.
Further, a notched band centered at 5.45GHz WLAN bands is obtained

within the wide bandwidth by inserting a narrow slot inside the tuning stub.

Details of the antenna designed are described and measured results of the

fabricated prototype are discussed.

4.3.1 Geometry

Fig.4.19 shows the geometry of the slot antenna. The antenna consists of a
near-rectangular aperture etched out from the ground plane of a PCB and a
CPW-fed tapered tuning stub. The CPW feed is designed for 502 on FR4
substrate with €,=4.4 and thickness h=1.6mm. Since the feed and the ground
are implemented on the same plane, only one layer of substrate with single-
sided metallization is used, making the antenna easy and cost-effective to

manufacture.

4.3.2 Simulation and Design

The simulated return loss of the designed slot antenna with parameters as in

Table. 4.4 is plotted in Fig.4.20. It indicates that the antenna covers the 3.1 to
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Fig. 4.20: Simulated return loss of the antenna with the parameters as in Table.
4.4

10.6GHz UWB frequencies with three distinct resonances, 3.35GHz, 6.5GHz
and 10GHz. A smooth transition from one antenna mode to another enables
a wide band impedance matching. In this case, it is achieved by tapering the
tuning stub and by smoothening the slot boundary especially near the feed
and at the top of the tuning stub.

The surface current distribution on the antenna along with its aperture
electric field at its resonances are plotted in Fig.4.21. It indicates that the
first resonance (at 3.35GHz) is due to the slot geometry since longest current
path is following the slot boundary. A half wavelength variation is observed

along the slot boundary ‘ab’ (shown in Fig.4.21(a)) and follows eqn.(4.8).

)\01
2\/Cerf

ab = (4.8)

where ),y is the free space wavelength at the first resonance and e.sy~(g,+1)/2.

The second resonance (at 6.6GHz) is due to the monopole like behavior of

the tuning stub as in eqn.(4.9).

)\02
4, /5eff

(4.9)

St =

where )\, is the free space wavelength at the second resonance. The third res-

onance (at 9.9GHz) is observed to be a higher order mode which is confirmed
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Fig. 4.21: Surface current distribution and aperture electric field of the slot antenna
at (a) 3.35GHz, (b) 6.6GHz and (c) 9.9GHz

from the aperture field distribution as plotted in Fig.4.21(c).

The overall size of the proposed UWB antenna is compact (20x30mm?)
with its width comparable with practical, wireless USB dongles. However,
while integrating the UWB antenna with the system ground plane of USB
dongles, with lengths typically ranging at 70mm, generally the antenna per-
formance gets de-tuned. Hence to prove the suitability of the proposed design

for WUSB applications, the effect of the ground plane length on the antenna
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Fig. 4.22: The UWB slot antenna integrated with the system ground plane of USB
dongles

S,, (dB)

Frequency(GHz)

Fig. 4.23: The return loss of the UWB slot antenna for different ground lengths L’

needs to be studied.

Fig.4.23 plots the return loss of the antenna for different ground lengths
(L') as shown in Fig.4.22. It shows that there is negligible variation in the
matching and the impedance bandwidth of the antenna for different values
of I'. Fig.4.24(a~c) plots the surface current distribution on the antenna
integrated with the PCB of a USB dongle. It is observed that the majority of
the electric currents are concentrated around the slot with very little current
on the rest of the ground plane. As a result, the performance of the antenna

is insensitive to the system ground plane of the USB.
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Fig. 4.24: The surface current intensity distribution on UWB slot antenna with
L'=75mm at (a) 3.3GHz, (b) 6.5GHz, (c) 10GHz

Inset View

Fig. 4.25: The UWB slot antenna with a slot resonator inscribed with t; = 0.3mm,
tqg = 1.4mm, ¢, = 1.8mm, ¢; = 3.3mm, t; = 4.2mm, to = 1.8mm and the rest of the
parameters as in Table 4.4

4.3.2.1 Band-notched UWB Slot Antenna

A narrow half wavelength slot embedded in the tuning stub is incorporated
in the design to notch out the undesired WLAN frequencies in the 5.15 to
5.825GHz band as shown in Fig.4.25. Fig.4.26 which plots the simulated
return loss of the UWB slot antenna with the narrow slot inscribed shows

good rejection with a VSWR > 9 observed at 5.5GHz.
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Fig. 4.26: The simulated return loss of the UWB slot antenna with the narrow slot
inscribed in the tuning stub
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4.3.3 Measurements

10

The measured VSWR of this antenna with and without the slot in the tuning

stub is plotted in Fig.4.27 and is validated with the simulated results. The

VSWR characteristics reveal UWDB behavior with a 2:1 VSWR bandwidth

from 2.9GHz to 11GHz. When the slot is introduced in the tuning stub a

high VSWR (> 4) occurs at around 5.5GHz. In the pass band, the VSWR of

the antenna is only slightly affected by the presence of the slot in the tuning

stub.

The measured radiation patterns in the X-Y, Y-Z and X-Z planes of the

antenna for three different frequencies are shown in Fig.4.28. The patterns

are stable throughout the band and resembles that of a monopole; omnidirec-
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Fig. 4.29: The measured gain and radiation efficiency of band-notched UWB slot

antenna

tional in the H-plane (X-Y) and bidirectional in the E-planes (Y-Z and X-Z)
throughout the band. Polarization of the antenna is along the Z direction.
Measured peak gain of the antenna is plotted in Fig.4.29 along with the
radiation efficiency. The plots show a peak gain above 2dBi throughout the
band except at the notched frequency where it is as low as -13dB while the

radiation efficiency is more than 85% in the pass band.

4.4 Chapter Summary

Two types of broadband slot antennas, (a) Koch fractal slot and (b) UWB
slot antenna, are presented in this chapter. The compact Koch fractal slot
antenna is designed to operate 2.3 to 6.2GHz. Simulated results showed that
the introduction of a Koch fractal slot instead of the triangular slot geometry
lowers the frequency of operation. Use of a compact ground plane improves
the coupling between the slot and feed line along with a reduction in the
overall size of the antenna. Wide band matching is ensured by an optimized
tapered tuning stub.

Empirical equations are deduced and validated to design the Koch slot
antenna on different substrates. Measured results indicate a large impedance

bandwidth with relatively stable and omnidirectional radiation patterns which
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makes the design suitable for broadband wireless communication applications.
The bandwidth of the antenna is wide enough for WLAN 2.4/5.2/5.8GHz and
WiMAX 2.5/3.5/5.5GHz operations.

A CPW-fed modified Koch fractal printed slot antenna is presented next.
The antenna has the advantage of CPW feed and the 2"¢iteration Koch slot is
modified for a bandwidth covering 2.3 to 6.3GHz. A half wavelength tuning
slot is integrated within the wide-band Koch slot antenna for the filter action
which in this case is optimized to notch out 4 to 5GHz. This way the antenna
achieves dual wide-band operation satisfying the WLAN (2.4 to 2.48GHz,
5.15 to 5.35GHz in the United States and 5.725 to 5.825GHz in Europe) and
WiMAX bands (2.5 to 2.69GHz/ 3.4 to 3.69GHz/ 5.25 to 5.85GHz bands)
simultaneously along with a compact profile by virtue of the Koch fractal
based slot geometry.

In the final section, a compact UWB slot antenna fed by a CPW suitable
for wireless USB dongle applications is presented. The impedance bandwidth
of the designed antenna ranges from 2.9 to 11GHz. A half-wave length slot
inscribed on the tuning stub is also incorporated in the design to notch out
the 5.4GHz WLAN band. The antenna features all the desirable characteris-
tics demanded by UWB communication systems such as adequate impedance
bandwidth and stable radiation patterns throughout the ultra-wide band. In
addition to compact size, the antenna is insensitive to ground plane length
variations, making it suitable for WUSB dongle and mobile UWB applica-
tions.

However, to ascertain the performance of the antenna for transmission of
short UWB pulses of nano-seconds duration, the UWB slot antenna needs to
be analyzed in time domain. This aspect of the antenna is studied in detail

in Chapter 5.
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In this chapter, the transfer characteristics and the transient responses of
the UWB planar antennas described in Chapters 3 & 4 are investigated and
compared. These antennas are well-matched in the 3.1 to 10.6GHz communi-
cation bands. Since they may behave differently while transmitting /receiving
large fractional bandwidth pulses, their time-domain studies are of extreme
importance for high speed pulsed communications. The theory behind the
simulations and measurements are discussed in Chapter 2. Measurements
are performed in the azimuth and elevation planes and are verified with the

simulations carried out using CST-Microwave Studio®

5.1 Spatio-Temporal Transfer Characteristics

In this thesis, three UWB antenna designs and their 5 to 6GHz band-notched

versions, namely, the elliptical monopole, the printed inverted cone (PIC)
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monopole and the slot antennas are optimized to have an impedance band-
width wide enough to cover the 3.1 to 10.6GHz UWB frequencies. Their
design aspects are discussed in Chapter 3 & 4. In this chapter they are as-
sessed for their suitability for pulsed UWB applications by examining their
transient responses.

With the transfer function characterization process, the transient response
of the antenna is analyzed and the effects of the antenna on the waveform of the
transmitted pulse are predicted. Efforts can be made on the transceiver circuit
side to compensate for any unwanted effects caused by antenna. For example,
in the receiver circuit, the gain of the low noise amplifier can be increased
at a certain frequency range, where the magnitude of the antenna transfer
function is relatively low. It is even possible to pre-distort the waveform in
the transmitter circuit in such a manner that, when the distorted pulse passes
through the antenna, it is distorted for the second time in such a way that its

original waveform is recovered.

5.2 Antenna Transfer Function

With the antenna modeled as an LTT filter, the transfer characteristics which
holds the complete information of the antenna performance, is investigated in
this section. As discussed in Section 2.2.3, the frequency domain parameters
of the antenna, namely gain and group delay, are then deduced from its receive

transfer function Hgx (w).

5.2.1 Simulation Study

Fig.5.1 shows the plot of the transfer function magnitudes (|Hrx(w)| in dB),
derived from simulations as described in Section 2.2 of Chapter 2. The plot
has different orientation angles; ¢ = 0° to 360° at # — 90° for the azimuth
and 6 = 0° to 360° at ¢ = 0° for the elevation planes; that are depicted on

the horizontal axis and frequencies are marked on the vertical axis. Since the
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antenna radiation properties are directly proportional to its transfer character-
istics, this plot provides a two-dimensional evaluation of the antenna radiation

along its different orientations over the entire range of operating frequencies.

As can be observed from the plots in the azimuthal planes, the designed an-
tennas are omnidirectional for frequencies below 7GHz. The doughnut shape
is confirmed from the elevation plane plot which shows a wide angular cov-
erage with nulls at § = 0° and § = 180". The transfer function magnitudes
of band-notched designs in Fig.5.1(b),(d), and (f) show clear nulls, over all
orientation angles, at the notched frequencies in the 5 to 6GHz WLAN bands.

However, some of the designed antennas have squinted radiation proper-
ties at the higher frequencies. Especially in case of the elliptical monopole
antennas (Fig.5.1(a)&(b)) where sharp nulls are observed for frequencies >
7GHz between ¢—=30" to 150° and ¢—=210" to 330" in the azimuth. The rest
of the antennas show nulls around ¢=90" and 270° at the higher end of the
spectrum. The inverted cone monopole antenna shows a constant magnitude
of the transfer function almost through out the UWB spectrum except for

frequencies > 10GHz.

To get an insight into the antenna performance, the antenna gain and
group delay, deduced as in eqn.(2.22) and (2.23) of Chapter 2, are plotted
in Fig.5.2 and Fig.5.3. More than 10dB reduction in the antenna gain is
recorded in the 5 to 6GHz band of the band-notched designs as shown in
Fig.5.2(b),(d), and (f). Corresponding discontinuity is observed in the group
delay plots Fig.5.3(b),(d), and (f).

Peak gains of 4dBi, 2.0dBi and 3dBi are observed in the Fig.5.2, for the
elliptical monopole, the inverted cone monopole and the slot antenna designs
respectively and they compare well with their corresponding measured peak
gains reported in Chapters 3 & 4. The designed antennas show a group delay
response within the range of £0.3nS over the entire operating frequency range.
It can be noted that the inverted cone monopole antenna exhibits a uniform

group delay as shown in Fig.5.3(c).
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Fig. 5.1: The simulated transfer function magnitudes in the azhimuth and elevation
planes of the (a) elliptical monopole, (b) band notched elliptical monopole, (c)
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Fig. 5.3: The simulated group delays in the azimuth and elevation planes of the
(a) elliptical monopole, (b) band notched elliptical monopole, (c) inverted cone
monopole, (d) band notched inverted cone monopole, (e) wide band slot, (f) band
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5.2.2 Measurements with the Prototype Antennas

The procedure for the transfer characteristics measurements are as explained
in Sections 2.5.2 of Chapter 2. The transmitting and receiving antennas are
positioned in their far-fields, at a distance of 25cms for measurements. the
source power levels of the VNA is set at +10dBm to improve the signal to
noise ratio (S/N) of the measured data. Measurements are performed in steps

of 30°.

The measured antenna transfer function amplitudes are plotted in the
azimuthal plane and in the elevation planes and shown in Fig.5.4. It can be
observed that they compare well with the intensity variations in the simulated

transfer characteristics plotted in Fig.5.1.

The group delay deduced from the phase of the measured transfer function
as in eqn.(2.23) of Chapter 2, is plotted in Fig.5.5 for two extreme angles
¢=0° and 90° in the azimuth and 6=0° and 90° in the elevation. Except at
the notched frequencies of the band notched designs (Fig.5.5(b), (d) and (f))
and at #—0°, 180° in the elevation plane, the measured group delay is within

the tolerable range of +1nS.

Among the UWB antennas designed in this thesis, all exhibit reasonably
good performance with a constant group delay and a steady transfer func-
tion magnitude within the operating frequency range. Some deviations are
observed at the higher end of the UWB spectrum where the transfer func-
tion magnitude varies for different antenna orientations. The inverted cone
monopole shows minimum spatial variations among the antennas investigated.
The superior performance of the inverted cone monopole is confirmed from

the antenna transfer function and group delay measurements as well.
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Fig. 5.4: The measured transfer function magnitudes in the azimuth and elevation
planes of the (a) elliptical monopole, (b) band notched elliptical monopole, (c)
inverted cone monopole, (d) band notched inverted cone monopole, (e) wide band
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5.3 Impulse Response and UWB Quality Mea-

sures

The transient behavior of the antennas are assessed from their impulse re-
sponses which are obtained by taking the inverse fourier transform of their
transfer functions. The UWB antenna quality measures, namely the FWHM
and ringing are directly deduced from the magnitude of the impulse response
envelop as in Section 2.3.2 of Chapter 2. An ideal antenna for UWB portable
applications should show a uniform impulse response performance for different

antenna orientations with minimum FWHM and ringing.

The simulated antenna impulse responses are derived from their corre-
sponding transfer functions plotted in Fig.5.1 and the envelopes of their real
terms are shown in Fig.5.6. Even though all of them are within the accept-
able range of performance in the azimuth as well as elevation, the extent of
any amplitude degradation noted in their antenna transfer function leaves a

signature in their impulse response behavior.

We can notice that the nulls in the transfer function plots in the elevation
plane at § = 0° and 180° corresponds well with their impulse response plots.
In case of the band notched designs, shown in Fig.5.6(b), (d), and (f), an
increase in the number of ripples is clearly visible. The pattern degradation
at higher frequencies observed especially in case of the elliptical monopole
between ¢—30° to 150° and 210° to 330 in the azimuth, leads to an increased
ringing along those orientation angles. This in turn makes the impulse re-
sponses slightly non-uniform in the azimuth. Predictably the inverted cone
monopole comes out with a superior behavior in terms of its transient response
with a uniform response in azimuth and wide angle performance in elevation
with minimum ringing.

The impulse response deduced from the measured transfer functions are
plotted for different orientation angles in the azimuth and elevation planes in

Fig.5.7. Most of the responses resemble the delta function. The increase in
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Fig. 5.6: The simulated impulse responses in the azimuth and elevation planes of
the (a) elliptical monopole, (b) band notched elliptical monopole, (c) inverted cone
monopole, (d) band notched inverted cone monopole, (e) wide band slot, (f) band

notched wide band slot antennas
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ringing is clearly observed in the case of the band notched antenna designs in
Fig.5.7(b), (d), and (f).

To compare the antenna performance qualitatively, their simulated and
measured FWHM and ringing, derived using eqn.(2.26) and (2.27), are tab-
ulated in Table 5.1. They appear to compare well and a narrow FWHM (<
200pS) is seen in azimuth and within +60° of elevation in most cases. The
band-notched antenna designs record a clear increase in ringing (> 400pS).

The planar elliptical and the inverted cone monopole show superior tran-
sient response with the latter having a uniform response and minimum spatial
variations in the azimuth. In the case of the slot antenna, even though it shows
a reasonably good performance in the azimuth it has a slightly narrower per-
formance in the elevation plane. This corresponds well with the magnitude
distortion noted in their transfer function plots in the elevation plane, shown

in Fig.5.1(e) and (f).

5.4 Pulse Distortion Analysis

Antenna effects on nano-second pulses are studied using the method outlined
in Section 2.6 of Chapter 2. The template pulse chosen is 4th derivative
Gaussian as shown in Fig.2.6 of Chapter 2. The measured and simulated
normalized pulses in the azimuth and elevation planes are plotted in Fig.5.8.

It is observed that the measured and simulated received pulses agree well.
The band-notched designs record an increase in pulse dispersion complying
well with their impulse response characteristics studied in the previous section.
Their fidelity factors, tabulated in Table 5.1, record values > 90% in the
azimuth plane except in the case of band-notched where it is > 80%. The
inverted cone monopole gives a superior performance with a fidelity >95%
reported uniformly in the azimuth.

The antenna performance as a transmit-receive system is assessed based
on the method outlined in Section 2.6 in Chapter 2. The simulated and

measured output pulses for both face to face and side by side orientations of
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Fig. 5.7: The measured impulse responses in the azimuth and elevation planes of
the (a) elliptical monopole, (b) band notched elliptical monopole, (c) inverted cone
monopole, (d) band notched inverted cone monopole (e) wide band slot and (f) band
notched wide band slot antennas
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Fig. 5.7: Continued from the previous page

the antennas are plotted with respect to the normalized face to face response
and is plotted in Fig.5.9. It can be observed that they compare well and that
the band notched designs exhibit visible ringing effects.

In the case of the elliptical monopole antennas (Fig.5.9(a) and (b)) even
though the output pulses are slightly distorted, they remain acceptable. But
the maximum amplitude of the received waveform for the side by side case is
about 20% lower than that of the face to face case. The inverted cone and
slot antennas show very little difference in the face to face and side by side
cases. The fidelity factor for the simulated and measured pulses are tabulated

in Table 5.2 for the antennas in their face to face and side by side orientations.
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Fig. 5.8: The measured received pulses in the azimuth and elevation planes of
the (a) elliptical monopole (b) band notched elliptical monopole, (c) inverted cone
monopole, (d) band notched inverted cone monopole (e) wide band slot and (f) band
notched wide band slot antennas
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Fig. 5.8: Continued from the previous page

5.5 Chapter Summary

In this chapter, the spatio-temporal transfer characteristics of the antennas
presented in this thesis for UWB operation are studied. This would confirm
their suitability for pulsed UWB applications and is quantified further by
their pulse distortion analysis. Any distortion in the frequency domain and
any abrupt discontinuity in the antenna geometry is reflected in the time
domain as dispersion. The FWHM and ringing measures this dispersion.
Fidelity, which is the cross correlation of the transmitted and received pulses,

measures the antenna effects on the transmitted pulse.

The study reveals a close correspondence between the geometry of the
antenna with its performance in the time domain. The surface current distri-
bution analysis has revealed a relative shift in the phase center for the different

frequencies of operation in the case of the planar elliptical monopole antenna.
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Table 5.1: FWHM, ringing (Ring.) and fidelity (Fid.) in the azimuth and elevation
planes

Angle
¢ or @ in degrees
0 30 60 90 120 150 180
FWHM | Sim. | 143 144 96 104 116 134 136
- pS Meas. | 192 176 123 117 125 133 130
é Ring. | Sim. | 248 224 312 316 320 228 249
ié 5 pS Meas. | 256 320 336 327 345 318 208
2 Fid. Sim. | 96.8 96 93 92 93 954 96.7
= % Meas. | 95.5 94.6 935 93.3 948 935 95.5
6 FWHM | Sim. | 189 132 125 142 135 146 175
Ea o pS Meas. | 268 176 152 198 178 244 128
= % Ring. | Sim. | 240 228 210 246 292 296 320
5» pS Meas. | 396 157 276 250 340 377 472
Fid. Sim. | 74 978 965 96.8 959 90.1 84
% Meas. | 83 947 937 95 923 982 74
FWHM | Sim. | 134 108 103 109 118 113 135
%; = pS Meas. | 128 135 112 117 109 114 126
% | Ring. | Sim. | 380 376 336 344 375 390 384
= 5 pS Meas. | 440 488 420 408 416 456 432
3 Fid. Sim. | 88 86.6 82.6 8 819 868 89
z % Meas. | 81.7 81.7 80 80.15 80.3 81.8 81.3
E FWHM | Sim. | 157 192 98 134 112 96 173
% g pS Meas. | 208 152 120 128 132 600 197
S| Z| Ring. | Sim. | 585 380 38 376 372 370 569
?% é) pS | Meas. | 600 488 408 448 508 506 520
M Fid. Sim. | 67 90.1 86.7 88 844 743 80.5
% Meas. | 60 70.7 80 81.8 81.5 723 63.1

The antenna is relatively large in size when compared to the rest (width ~
30mm). So, for certain frequencies, the surface currents from different parts
of the antenna combine out of phase while receiving a signal depending on
the antenna orientations. By reciprocity, the antenna exhibits this feature in
transmitting mode as well. The result is a distorted radiation pattern which
in this case occurs at the upper end of the UWB spectrum. This deviation

from the omni-directional pattern is confirmed in the transfer function of the
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Table 5.1: FWHM, ringing (Ring.) and fidelity (Fid.) in the azimuth and elevation
planes (Continued)

Angle

¢ or @ in degrees
0 30 60 90 120 150 180
FWHM | Sim. | 142 146 152 154 150 146 142
= pS Meas. | 144 141 128 112 119 127 144
< é Ring. Sim. | 320 328 314 327 320 328 329
g g pS Meas. | 312 309 320 336 315 328 314
§ Fid. Sim. | 95.6 955 952 95.2 95 95.3 95.6
g % Meas. | 95.5 954 955 957 955 956 952
S FWHM | Sim. | 175 124 136 142 147 138 166
E o pS Meas. | 190 144 148 144 152 150 188
E’ 'ag Ring. Sim. | 476 276 280 320 294 292 315
~ é) pS Meas. | 664 566 160 312 360 316 421
Fid. Sim. 79 808 953 956 954 874 64.3
% Meas. | 68 61.4 95.5 95.3 95.04 90.3 77.9
9 FWHM | Sim. | 121 112 104 96 100 112 110
%‘ — pS Meas. | 144 149 157 155 153 149 145
é’ é Ring. Sim. | 424 428 425 432 427 431 430
ﬂé g pS Meas. | 552 464 470 472 456 460 462
O Fid. Sim. | 92.7 91.1 90.5 899 904 91.1 913
E % Meas. | 90 92 90.2 90.1 90.3 89.6 90.2
g FWHM | Sim. | 179 175 189 121 147 200 310
; o pS Meas. | 350 210 198 144 167 200 290
4%_2 ‘% Ring. Sim. | 550 408 414 424 420 428 523
% E) pS Meas. | 667 534 590 551 496 584 615
:% . Fid. Sim. | 84.4 909 90.3 927 88 87.1 83
A % Meas. | 65 76.3 87.9 90 884 86 69

antenna and reflected in their transient responses.

In the case of the inverted cone monopole, the phase center is relatively
constant over the entire UWB spectrum except for frequencies >10GHz and
has a compact size (width ~ 14mm). As a result the antenna shows excellent
time domain performance which is uniform in azimuth and a wide angle of
operation in elevation. But this is at the cost of a slightly reduced gain. The

slot antenna performance falls in between. Its size is ~ 20mm and has a
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Table 5.1: FWHM, ringing (Ring.) and fidelity (Fid.) in the azimuth and elevation
planes (Continued)

Angle

¢ or 0 in degrees
0 30 60 90 120 150 180
FWHM | Sim. | 120 125 171 183 175 125 121
~ | pS | Meas. | 112 128 144 160 152 135 120
é Ring. | Sim. | 296 350 409 413 401 296 245
S| pS | Meas. | 248 256 432 440 437 224 184
g Fid. | Sim. | 923 914 894 886 90.6 93 94
= % | Meas. | 9225 91.1 90.5 87.9 88.14 925 93.9
= FWHM | Sim. | 430 224 208 120 112 104 136
= 4| pS | Meas. | 350 288 244 112 127 152 128
-% Ring. | Sim. | 552 312 320 295 272 420 570
é pS | Meas. | 671 400 432 248 432 480 413
Fid. | Sim. | 75 79 80.7 923 91.8 8 80
% Meas. | 75 68 86 92 865 86 75.8
FWHM | Sim. | 114 118 134 189 126 113 118
_ | pS | Meas | 128 126 136 152 144 136 121
g ‘g Ring. | Sim. | 394 406 422 426 418 394 374
= S| pS | Meas. | 411 448 413 442 416 427 409
12 Fid. | Sim. | 907 90 894 865 87.7 89.7 91
@ % Meas. | 90 89.4 87 843 86 884 90.5
g FWHM | Sim. | 409 118 119 114 255 276 290
“é S| pS | Meas | 388 120 121 127 300 281 315
@ |Z| Ring | Sim. | 612 392 311 395 418 452 473
S 2] pS | Meas. | 650 209 399 408 416 440 519
R4 | sim | 655 615 877 907 883 83 761
% Meas. | 68 61.8 87.2 90 84 813 69.7

response which does vary in azimuth but it is better than that of the planar

elliptical antenna.

Thus we can conclude here, that even though a wider bandwidth is ensured
by a smooth impedance transformation in the antenna geometry at the cost
of its increased size, it is basically the antenna phase center location over
the operating frequency range which determines its suitability for the pulsed

UWRB operation. As studies reveal in the case of the inverted cone and the
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Fig. 5.9: Simulated and measured transmitted pulses by two identical antennas in
their face to face and side by side orientations. (a) elliptical monopole, (b) band
notched elliptical monopole, (c¢) inverted cone monopole, (d) band notched inverted
cone monopole, (e) wide band slot, (f) band notched wide band slot Antennas

Table 5.2: Fidelity of the transmitted pulses

Fidelity (%)

Antenna Face to Face Side by Side
Simulated Measured Simulated Measured
Elliptical Monopole 96 89 85 81
Band-notched Elliptical Monopole 89 83 78 73
Inverted Cone Monopole 95 92 95 91.6
Band-notched Inverted Cone Monopole 91 87 91 86.2
Slot Antenna 93 90 89 87.3

Band-notched Slot Antenna 90 89 87 85
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slot antenna, a compact size with good impedance matching within the UWB
3.1 to 10.6GHz band and a uniform response in terms of the space coordinates
would be better option for portable UWB applications than antennas with a
large bandwidth and that consume PCB space. The retardation caused by any
displacement in the antenna phase center location, if any, by such compact

antennas (width ~ 20mm) is negligible for nano-sec pulses .
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This chapter sums up the results and highlights the achievements of the
research work carried out. This is followed by few suggestions for future
work. The results presented in the thesis have been published by the author

in different international journals and conferences.

6.1 Thesis Summary and Conclusions

The aim of the thesis was to investigate the design requirements of compact
planar antennas for wide band applications. Two types of antennas belonging
to this class were identified: monopole and slot antennas; and four novel
compact antennas were designed, namely elliptical monopole, inverted cone
monopole, Koch fractal slot and wide band slot antenna

The evolution of the designed antennas were investigated in detail to have
an insight into their wideband behavior. As the studies reveal, the key to
a broadband antenna performance lies in having a smooth transition from
the feed to the ground edges. On observing the geometry of all the antennas
designed in this thesis, we can notice that abrupt discontinuities in their ge-
ometry, especially near the feed-radiator transitions, have been avoided. As a
consequence, the impedance change from one resonance mode to the other is

minimized, resulting in wideband performance of the antenna.
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The design aspects, based on the geometrical parameters of the antenna,
were first investigated. The simulation studies, in terms of their return loss
and current/field distribution on the antenna at different resonances, reveal
their dependence on the antenna dimensions. Dimensional parameters, crit-
ically determining the resonances and wideband impedance matching of the
antenna, were identified and simple empirical relations were deduced. These
equations, whose validity was also verified, can help the antenna designer to
deduce the antenna geometry on any desired substrate for the desired fre-
quency range of operation. The deduced geometry can act as a precursor to
the final design optimized using any of the simulation softwares.

The designs also incorporates thin slot resonators inscribed within the
radiator and/or ground patch to reject narrow frequency bands. Such embed-
ded filters avoids the use of additional filters in the circuits which may not be
desired for portable wireless systems with space constraints.

A brief summary of the different antennas designed are;

1. Elliptical monopole antenna

This antenna has a wide band operation (2.54GHz to >12GHz), sim-
ple structure and an omnidirectional radiation patterns especially at
the lower end of the spectrum. The elliptical monopole as well as the
ground plane forms a quasi-dipole antenna at its lowest resonance and
the extremely wide impedance band is ensured by the gradual impedance
transformation arrangement between the ground and the patch. The an-
tenna is CPW fed with a size-31x32mm?, gain ranging between 0.5 to
5dBi and radiation efficiency greater than 85% over the operating fre-

quency range. They have been reported in Publication no.1.

The narrow slot resonators are incorporated in this design to reject sin-
gle and dual frequencies. A thin half wavelength long slot resonator is
inscribed on the radiator patch to filter out the 5 to 6GHz frequencies.
A combination of such multiple slots are implemented, either on the

radiator patch or on the radiator as well as the ground, to adapt the an-
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tenna for triple band operation particulary suited for the 2.5/3.5/5.5GHz
WiMAX as well as the 2.4/5GHz WLAN standards. The results are re-

ported in Publication no. 2.

Inverted cone monopole antenna

This antenna has a reduced size (14mmx32mm) and a wide band of op-
eration (2.8 to 11.2GHz). The radiator patch is a printed inverted cone
with a circular base and ground is a semi-ellipse with a U-shaped slot
at the feed radiator transition. The slot appears to have a significant
influence on the antenna behavior by maintaining its region of radia-
tion almost constant. It is also noted that the antenna performs in an
oscillating or standing wave mode through out the UWB band. Hence
it appears to be perfectly ideal for UWB hand held applications with a
compact size, stable & omnidirectional antenna pattern. The antenna
gain averages around 2dBi and radiation efficiency > 80% is noted in

the operating band.

This design also incorporates dual symmetrically placed quarter wave-
length slot resonators inscribed on the ground patch to notch out the
5 to 6GHz WLAN frequencies. These results have been reported in
Publications no. 3 & 4.

Koch fractal slot antenna

The introduction of a Koch fractal slot instead of the triangular slot
geometry is observed to lower the frequency of operation along with wide
band matching. The slot antenna employs the fractal slot geometry, in
combination with a compact ground plane and a tapered tuning stub,
to perform over a wide band. The antenna is microstrip fed and has a
size-29x38mm?, operating over a band wide enough to cover the WLAN
2.4/5.2/5.8GHz and WiMAX 2.5/3.5/5.5GHz bands with a gain ranging
between 2.5 to 5.5dBi and radiation efficiency > 85% over the entire

operating frequency range.
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A CPW-fed version of the same antenna, with a slightly modified Koch
slot, is presented for similar operating frequencies. This design also
includes a half wavelength narrow slot resonator inside the tuning stub
optimized to filter out the 4 to 5GHz band. The publications related to

this work are Publications no. 5 & 6.

4. Wide band slot antenna

This is a compact UWB slot antenna, of width-20mm and fed by a CPW
line, operating over a range from 2.9 to 11GHz. The antenna features all
the desirable characteristics demanded by UWB communication systems
such as adequate impedance bandwidth and stable radiation patterns
throughout the ultra-wide band with a gain and radiation efficiency >

2dBi and 85%, respectively, over the operating frequency range.

In addition, the antenna is insensitive to ground plane length variations,
making it suitable for WUSB dongle and mobile UWB applications.
This design also include a half-wave length slot inscribed on the tuning
stub to notch out the 5.4GHz WLAN band and they have been reported
in Publications no. 7 & 8.

The antennas designed for UWB operation from 3.1 to 10.6GHz has been
further analyzed for their time domain response in the final section of the
thesis to confirm their suitability for pulsed UWB applications. The transfer
function measurements are performed for both the azimuthal and elevation
planes and their impulse responses are deduced. The impulse response of the
antennas are then characterized in terms of FWHM and ringing. A narrow
FWHM (< 200pS) is seen in azimuth plane and within +60° of elevation
plane. The band-notched antenna designs record a clear increase in ringing
(> 400pS). The inverted cone antenna exhibits the minimum variation in
FWHM and ringing values for the different angular positions.

The antenna effects on nano-second pulses are measured in terms of the
fidelity factor and values > 90% in the azimuth plane is recorded for all an-

tennas except in case of band-notched where it is > 80%. The inverted cone
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monopole gives a superior performance with a fidelity >95% reported uni-
formly in the azimuth.

All of the UWB designs proposed in this thesis can provide ultra wide
bandwidth. However, in the case of elliptical monopole, even though a wider
bandwidth is ensured by a smooth impedance transformation in the antenna
geometry, a distortion in the pattern is observed at higher frequencies since
the region of radiation does not remain constant. This distortion in the fre-
quency domain gets reflected in the transient response of the antenna and the
performance varies with azimuth angle.

The inverted cone and the slot antenna, by virtue of their near omnidirec-
tional pattern over the whole bandwidth, exhibits relatively uniform transient
response for different space coordinates. This can be easily attributed to their
compact size, which inevitably lead to minimum phase difference between the
surface currents from the different parts of the antenna. The performance of
all the designed UWB antennas are, however, within tolerable limits which

makes them all suitable for pulsed UWB applications.

6.2 Suggestions for Future Work

The following are some of the prospects for future work:

The transfer function measurements performed in this thesis have been
restricted to the two orthogonal planes. For better understanding of the 3-
dimensional antenna radiation properties, an automated measurement setup
may be deviced in future to measure at different spherical coordinates of the
antenna.

A direct time domain measurements may also be performed in future for
all the designed antennas involving a nano-sec pulse generator and a wideband
digital storage oscilloscope.

The antennas designed in this thesis have been printed on lossy substrates.
Instead, they may be designed on low temperature co-fired ceramic (LTCC)

substrates in future which have the advantage of direct integration with mono-
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lithic microwave circuits.

Even though the miniaturization of the antennas designed is a feasible
future prospect, the techniques to achieve ground-independent UWB antenna
performance may be stressed in order to enhance their prospect of adoption
in practical applications. Diversity UWB antenna may also investigated for
the same reasons. When the antenna is built on a portable device, the impact
from human body may also be considered.

UWRB systems operate at extremely low power level which limits its trans-
mission range. In order to enhance the quality of the communication link
and improve channel capacity and range, directional systems with high gain
are required for some applications. Therefore, research on UWB directional
antenna and antenna array may be carried out especially because the design
of wideband arrays gives great difficulties in element spacing.

Due to the low power level operation of UWB systems, a typical UWB
receiver requires a low-noise amplifier. Antenna integration with low-noise
amplifier may be investigated in future.

Future radio systems, such as software defined radio and cognitive radio
concepts give rise to significant challenges for antenna design and in particular
reconfigurable antenna design. Wideband antennas with bandwidths over a
decade are desired in the search mode. An external switching/tuning may be
used to narrow the bandwidth while improving the search sensitivity. This
would require that a narrow band and a wideband antenna may be integrated
into the same volume and they may be designed to operate in either of the

modes electronically.
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APPENDIX A

Square patch antenna with

triangular slots

Multi frequency microstrip antennas use a single structure for communication
at different frequencies, thus giving the benefits of space, cost and mobility
in different cellular networks [1]. These antennas generally have two types of
applications in the telecommunication area: systems in which two types of
standards are combined such as personal handsets combining GSM and DCS
1800 modes in Europe, and applications in which different frequencies are used
for transmission and reception such as personal satellite communications and
cellular network systems.

Numerous designs for dual frequency microstrip antennas are available in
literature. In many cases, the resonances are at adjacent orthogonal modes
so that the radiation is orthogonally polarized at the same/dual frequencies.
Consequently, such an antenna finds applications in frequency reuse or simul-
taneous transmit-receive operation at the same frequency [2].

In land mobile communication systems, performance is deteriorated as
a result of multi-path propagation. Multi-path effects can be reduced by
polarization diversity or by using dual linearly polarized antennas [3-4]. The
use of dual polarizations can also double the number of channels available
in the limited bandwidth. However for simultaneous receive and transmit
operation, a higher level of isolation between the orthogonal modes excited in
the antenna is needed for avoiding crosstalk [5].

Design of compact square microstrip patch antennas with triangular slots
inscribed for a dual polarized/dual frequency operation, suitably designed
for mobile/wireless access standards like GSM 1.8GHz and WLAN 2.4GHz
frequencies, is presented in this section.

The four different types of antennas designed in this section are, namely,
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e Design 1: a dual linearly polarized square microstrip antenna with tri-

angular slots,

e Design 2: a dual frequency dual polarized square microstrip antenna

with a bow tie shaped-slot,

e Design 3: an electronically switchable dual frequency dual polarized

square microstrip antenna with triangular slots,

e Design 4: a dual frequency square microstrip antenna with fractal based

slots.

A size reduction is achieved in all the designs by means of reactive loading
in the form of slots on the surface of the patch. Such loading increases the
surface current path and the electrical length of the element, which leads to
a reduction of the patch size for a given resonant frequency [6]. Hence such
designs are highly desired in the new-generation wireless applications due to

their compact size and dual frequency/dual polarized operation.

Geometry

The basic configuration of the proposed microstrip antennas, for exciting dual
frequencies and dual polarizations, is shown in Fig.A.1 with dimensions in
mm. A square patch with the triangular slots, symmetric with respect to
the patch diagonals and printed on a substrate with ¢,;=4.4 & h;=1.6mm,
is electromagnetically coupled to 50€2 microstrip feed lines fabricated on a
substrate with £,0=3.1 & ho=1.6mm.

Fig.A.1(a) shows a square microstrip patch with two triangular slots for
single frequency dual polarized operation at 1.656GHz. Fig.A.1(b) shows a
bow-tie shaped slotted patch antenna, which is obtained when the two diago-
nally symmetric triangular slots inscribed in the square patch are overlapped.
This should lower the resonant frequency of the square patch because of the
increase in the surface current path by virtue of the slot.

Electronically switchable microstrip antenna with triangular slots is shown
in Fig.A.1(c), which has a PIN diode connected across the slots. The diode
can be switched ON or OFF by applying DC voltage which is isolated using



171

Port 1 /@’ort 1 Feed_\a—
63 g 2E
b iy
TN AN 4 £\
\\\ //g/ ala
Na=12,6"4 2|8
o 2
N / Ground
X Patch —

—~
()
N
<
~
o
SN

~~
(¢}
N

Metal Tab
Grg, nd

PIN Diode

DC Isolation
Capacitors

(d)

Fig. A.1: Geometry of the square microstrip antenna designs with triangular slots
(a) Design 1, (b) Design 2, (c) Design 3, (d) Design 4

a capacitor. When the diode is in the ON state they essentially behave as
a short circuit and the RF signal is guided through the PIN diode. They
are represented by conductive metal tabs. On the other hand, when the PIN
diode is in the OFF state, they behave as open circuit. It has been established
that, these simplified implementations of switches should provide acceptable
representations for the actual switches |7]. According to the switching state
of the PIN diode, the antenna operates as a dual frequency dual polarization
antenna at 1.8GHz and 2.4GHz or as a dual linearly polarized antenna at

2.4GHz.

The design 4, shown in Fig.A.1(d), consists of a a square microstrip patch
antenna embedded with modified Sierpinski gasket slots. It has been shown
that fractal shapes by virtue of its self similarity property can be successfully

applied to the design of multi-band antennas [8, 9]. This, combined with
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the fact that slot loaded microstrip patches exhibits size reduction, has been
applied here to design a compact patch antenna with fractal based slots to

operate at multiple bands.

Simulations and Measurements

The simulated and measured return loss (Sy; with i=1 for port 1 and i=2 for
port 2) of the designed antennas along with the isolation between the ports
(S21) is plotted in Fig.A.2. The effect of the slots, inscribed on the square
patch, on the antenna radiating properties is studied by comparing the power
received from the antennas and an un-slotted square patch of the same size and
is plotted in Fig.A.2. A standard horn antenna (at port 3) is used to receive
the co-polarized power from the antennas all placed at the same distance.
To have an insight on the polarization behavior of the antennas, their cur-
rent distributions at the resonant frequencies are plotted in Fig.A.3, where the
darker areas represents higher intensity. The co and cross-polarized antenna
radiation patterns are measured and plotted in Fig.A.4, when either of the

ports are excited while the other is match terminated.

Results and Conclusion

The following are the results of the different compact square microstrip patch
antennas, designed for dual frequency orthogonally polarized operation, pre-
sented in this section. The results of this work has been reported by the

author in various international journals and conferences.

e Design 1: reported in Publication no. 9;

It is observed from Fig.A.2(a) that the antenna exhibits a single fre-
quency dual polarized operation at 1.65GHz and an isolation greater
than 36dB. It is also observed that the gain of the proposed antenna,
operating at a lower frequency, is comparable with that of the un-slotted

square patch of the same size.

The current distribution on the patch at 1.65GHz, when either of the two
ports is excited, depicted in Fig.A.3(a) & (b), shows that the polarization
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Fig. A.3: The simulated current distribution on the patch; Design 1 (a) at 1.65GHz
when port 1 is excited with port 2 terminated in a matched impedance, (b) at

1.65GHz when port 2 is excited with port 1 terminated in a matched impedance;
Design 2 (c) at 1.8GHz, (d) at 2.4GHz; Design 4 (e) at 900MHz, and (f) at 2.4GHz

is along the diagonals of the square patch. The isolation between them is
improved by adjusting the feed position in the region where the electric

field on the patch obtained by feeding the other port is minimum.

For a single frequency operation, it is critical that the surface currents
around the slot in both the orthogonal directions have to traverse equal
lengths. The resonant frequency of the proposed antenna can be varied
by varying the dimensions of the slot uniformly. Simulation studies show

that a minimum resonant frequency of 1.5GHz is observed for a=17mm
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Fig. A.4: The measured radiation patterns of the antenna; Design 1 (a) at 1.65GHz
when excited at port 1 with port 2 terminated in a matched impedance, (b) at
1.65GHz when excited at port 2 with port 1 terminated in a matched impedance;
Design 2 (c) at 1.8GHz, (d) at 2.4GHz; Design 4 (e) at 900MHz, and (f) at 2.4GHz

and b=21.2mm while the rest of the antenna parameters remain same.
For the same resonant frequency, an un-slotted patch has a side di-
mension of 49.5mm where as the proposed antenna side is only 40mm.

Hence, a size reduction of 35% is as well achieved.

e Design 2: reported in Publication no. 10;

Fig.A.2(b) shows that the antenna resonates at 1.81GHz and 2.39GHz
when excited at ports 2 and 1 respectively and an isolation better than
30dB is observed. The radiated power from the antenna excited at one
of the ports with the other is terminated in its matching impedance
is compared with an un-slotted square patch of the same size. It is
observed that the proposed antenna operates at a lower frequency when
compared to the un-slotted square patch, with out significant reduction
in gain.

The simulated current distributions on the patch at the two resonances
are given in Fig.A.3(c) & (d), which shows that at the higher resonance
frequency (2.39GHz), the antenna is linearly polarized along +X axis
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and for the lower resonance (1.81GHz), it is along £Y axis.

For a resonance at 1.8GHz, an un-slotted square patch has a dimension
of 41mm? where as the proposed antenna size is only 25mm?. Hence, a

size reduction of 63% is achieved. This configuration would be useful in

GSM (1.8GHz) and WLAN (2.4GHz) applications.

Design 3: reported in Publication no. 11;

It is observed, from Fig.A.2(c) & (d), that the antenna exhibits dual
band orthogonal polarization at 1.8GHz (port 2) and 2.4GHz (port 1),
when the diode is in OFF state. When diode is in ON state, it ex-
hibits dual linear polarizations at 2.4GHz. Isolation better than 30dB

is observed between the ports.

The radiation characteristics of the antenna for different diode states is
compared with a simple square patch antenna of the same size, which
resonates at 2.75GHz. It shows that the frequencies of operation have
been reduced, when compared to an un-slotted patch, with their relative
gains comparable under different switching state of the diode but with
a slight reduction at 1.8GHz (port 2).

Design 4: reported in Publication no. 12;

It is observed, from Fig.A.2(e), that the antenna resonates at two dis-
tinct frequencies, 900MHz and 2.43GHz with bandwidths 15MHz (893
MHz to 908 MHz) and 150MHz (2.40GHz to 2.55GHz) respectively. For
resonance at 900MHz, the dimensions of an un-slotted patch would be
83 x 83mm where as in the present design it is only 40 x 40mm. Hence

there is 77% size reduction.

The simulated current distribution on the patch antenna, shown in
Fig.A.3(e) & (f), indicate that the higher resonant frequency of patch is
due to the smaller slots and lower resonance due to the central slot. The
radiated power from these antennas received by a standard antenna is
shown in the Fig.A.2(e). It is found that the radiation at both frequen-
cies are linearly polarized along the £Y axis (along the diagonal of the

patch) where the resonance of an un-slotted patch is at 1.8GHz.
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The measured co and cross-polarized radiation patterns along the XZ and
YZ planes for all the antennas designed, at their corresponding resonance
frequencies, are plotted in Fig.A.4. The patterns are broad as in the case of a

conventional square patch antenna and offer a cross-polarization level better
than -20dB.
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APPENDIX B
Circular patch antenna with

sector slot

A simple technique for achieving compact dual band microstrip antenna de-
signs has been to load the radiating patch with a slot, which when appropri-
ately designed can not only lower the fundamental resonant frequency of the
antenna but also lead to a dual band operation. It is the meandering of the
excited surface current paths in the radiating patch of the antenna that lowers
its resonant frequency.

The meandering of the surface current paths can be achieved by loading
several meandering slits at the non radiating edges of a rectangular patch [1] or
at the boundary of a circular patch [2] or by loading slots inside the radiating
patch [3]. The dual frequency operation is achieved when the slots perturb the
fundamental resonant frequency of the patch exciting a new resonance mode.
The resonance frequency of the new mode can be either lower [4,5] or higher
[6] than the original dominant mode with either the same [4] or orthogonal
polarization |7] and is strongly dependent on the slot dimensions.

In this section, a circular patch antenna loaded with a sector slot for dual
band operation is presented. The lower resonance of the antenna is by virtue
of the increase in the current path on the patch due to the slot while the higher
resonance is similar to that of an un-slotted circular patch of same size. Since
the introduction of the slot provides a lower resonance, an overall reduction
in the patch area is also obtained.

The four different types of antennas designed in this section are, namely,
e Design 1: a microstrip fed circular microstrip antenna with sector slot,

e Design 2: a dual frequency dual polarized circular microstrip antenna

with sector slot,
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Fig. B.1: Geometry of the circular microstrip antenna designs with sector slot (a)
Design 1, (b) Design 2, (c) Design 3, (d) Design 4

e Design 3: an electronically switchable circular microstrip antenna with

sector-slot for multiple frequency operation,

e Design 4: a probe fed circular microstrip antenna with sector-slot with

superstrate.

Geometry

Circular microstrip antennas are attractive as radiating elements due to their
smaller area, as compared to rectangular patch antennas resonating at the
same frequency. However, the high input impedance along the circumference
restricts the direct use of microstrip feed to a circular patch. It has been
reported that by perturbing the circular geometry via cutting a sector slot, a
wide variation in the input impedance along the circumference of the patch is

obtained [8]. Hence, the first design presented is a circular patch with sector
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slot excited using a microstrip feed line on the circumference and is shown
in Fig.B.1(a). The patch dimensions are R=17.5mm, a=20° printed on FR4
glass epoxy substrate with €,;=4.36 and h;=1.6mm.

It is demonstrated that a circular patch with a sector slot exhibits dual
resonances with orthogonal polarizations. This patch, when excited using
a microstrip feed, can be operated at either of the resonant frequencies by

switching the feed point at the periphery of the patch.

The two ports can also be simultaneously excited to have transmit/receive
operations in the dual band. A good level of isolation between the ports
is necessary for these antennas to eliminate cross talk. This is attained us-
ing electromagnetic feed geometry with two feed lines, each exciting one fre-
quency. This is the second design presented as shown in Fig.B.1(b) where the
5082 microstrip feed lines are printed on another substrate with £,0=4.36 and

ho=1.6mm.

Due to the presence of the slot, the circular patch with sector slot operates
at a much lower frequency compared to that of an un-slotted circular patch.
In the third design shown in Fig.B.1(c), the slot is shunted at different points
using PIN diodes. Depending upon the state of the PIN diodes (ON or OFF),
the resonance of the antenna is found to be switching between three distinct
frequencies. The dimensions of the patch are radius R=16.5mm, with a sector
slot angle a=30°, with its vertex extended beyond the center of the patch by
v=2mm. The patch is fed electromagnetically by a 502 microstrip line, both
printed on same substrate used in the previous designs. The PIN diodes are
placed across the slot, at a;=5mm and a,=10mm from the center of the patch.
PIN diodes are integrated across the sector-slot through 100pF capacitors.
The capacitors are used to isolate the DC bias circuit from RF. The DC bias
is provided between the metal tab, in between the capacitors and diodes, and
the rest of the patch.

In the fourth design, a single probe-fed circular patch antenna loaded with
a sector slot along with a superstrate, as shown in Fig.B.1(d), having dual
band operation is presented. The coordinates of the probe feed is suitably
chosen for maximum impedance matching at both the resonances. A su-
perstrate when employed not only protects the antenna from environmental

hazards but lowers its resonance frequency further. The present design has
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a coaxially fed conducting patch with air/foam as substrate and FR4 dielec-
tric (€,1=4.36, hy=1.6mm and tand=0.02) as radome. In this case, as copper
cannot be deposited on air/foam, the patch was fabricated on FR4, inverted
and supported by nylon spacers. The dimensions of the patch are radius
R=15.5mm, with a sector slot angle a=20°, with the coaxial probe at (6, 6).
The size of the ground plate and superstrate is 100x100mm?.

Simulations and Measurements

The simulated and measured return loss of the antennas designed, along with
the isolation between the ports in the case of the dual port design, are plotted
in Fig.B.2. The effect of the sector slot on the antenna radiating properties
is studied by comparing the power received from the designed antennas and
an un-slotted circular patch of the same size and is plotted in Fig.B.2. A
standard horn antenna (at port 3) is used to receive the co-polarized power
from the antennas placed at the same distance.

To have an insight on the polarization behavior of the antennas, the current
distributions at the resonant frequencies of a circular patch with sector slot
(design 1) are plotted in Fig.B.3, where the darker areas represents higher
intensity. The Fig.B.3(b) shows that the higher resonance (at 2.48GHz) is
the same as that of a circular patch of same size. But, the lower resonance
shown in Fig.B.3(a)(at 1.81GHz) is a result of the perturbation in the current
densities on the patch caused by the slot.

The co and cross-polarized antenna radiation patterns are also measured
and plotted in Fig.B.4.

Results and Conclusion

The following are the results of the different compact circular microstrip patch
antennas.
e Design 1 & 2: reported in Publication no. 13;

The return loss results of design 1, plotted in Fig.B.2(a), show that

resonance frequencies of either 1.81GHz or 2.48GHz is excited in the
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Fig. B.3: The simulated current distribution on the patch for design 1 at (a)
1.79GHz (8=147°) and (b) 2.47GHz (5=70°)
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Fig. B.4: The measured radiation patterns of the antenna; Design 2 (a) at 1.83GHz,
(b) at 2.43GHz; Design 4 (c) at 1.756GHz, (d) at 2.39GHz

microstrip-line-fed patch, depending on the feed position. The antenna
exhibits a resonance at 2.48GHz when the microstrip feed position is at
B=70°. While, for 3=147°, the antenna resonates at 1.81GHz with an

orthogonal polarization with respect to the previous feed position.

In design 2, the two resonances can be obtained simultaneously by excit-
ing the antenna using two ports. The measured return loss and isolation
between the ports, shown in Fig.B.2(b), shows that the antenna exhibits
a resonance at 1.8GHz and 2.4GHz when excited at port 1 and port 2

respectively. It can be seen that the isolation between the ports is better
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than 30dB.

The transmission characteristics of the dual port antenna in the two
polarization planes are also shown in Fig.B.2(b). The relative gain of
the proposed antenna at the two resonance frequencies are found to be
comparable that of the circular patch antenna. As an added feature,
this design provides an area reduction of 44% at the lower resonance
when compared to an un-slotted circular patch operating at the same

frequency.

Design 3: reported in Publication no. 14;

It is observed, from the return loss plotted in Fig.B.2(c), that the an-
tenna resonates at 1.78 GHz, when both diodes are in OFF state. When
diode 1 is in ON state, the resonance frequency is shifted to 2.065GHz.
When both diodes are ON, the resonance frequency for the antenna is
further shifted to 2.29GHz.

The transmission characteristics of the antenna (Ss;), for different switch
states, are also shown in Fig.B.2(c). It can be observed that the relative
gains in all the cases are comparable with a simple circular patch antenna

of the same radius.

Hence, a pair of PIN diodes, incorporated to shunt the slot, varies the
length of the current path according to the diode states. The antenna
switches between three distinct operating frequencies with same polar-

ization for the different diode states.

Design 4: reported in Publication no. 15;

The simulated and measured return loss of the proposed antenna, along
with that of an un-slotted patch, are shown in Fig.B.2(d). The un-
slotted circular patch antenna resonates almost at the same frequency
as the higher resonance at 2.4GHz of the proposed antenna for small
slot angles, . The S3; measurements using a linearly polarized horn

antenna indicated that the two resonances are orthogonally polarized.

The gain of the proposed antenna at the second resonance are compara-
ble with that of the un-slotted circular patch antenna of the same radius

while the gain at the first resonance is slightly lower.
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Appendix B. Circular patch antenna with sector slot

Hence, a compact coaxially fed sector-slotted circular patch antenna
with a superstrate for dual-frequency operation has been designed and
experimentally verified. By virtue of the sector slot, when compared to
an un-slotted circular patch with air as substrate, the proposed design
has an advantage of 61% reduction in size along with dual frequency
operation and protection from environmental hazards and mechanical

strength due to the radome.

The co and cross-polarized radiation patterns, plotted in the XZ and YZ

planes, at both the resonances for designs 2 & 4 are shown in Fig.B.4. In

all the cases, the patterns are broad as in the case of a conventional circular

patch and offer a cross-polarization level better than -18dB.
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