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Abstract

A major challenge in the transmission of narrow pulses is the radiation character-
istics of the antenna. Designing the front ends for UWB systems pose challenges
compared to their narrow and wide band counterparts because in addition to
having electrically small size, high efficiency and band width, the antenna has
to have excellent transient response. The present work deals with the design
of four novel antenna designs- Square Monopole, Semi-Elliptic Slot, Step and
Linear Tapered slot - and an assay on their suitability in UWB systems. Multiple
resonances in the geometry are matched to UWB by redesigning the ground-patch
interfaces. Techniques to avoid narrow band interference is proposed in the
antenna level and their effect on a nano second pulse have also been investigated.
The thesis proposes design guidelines to design the antenna on laminates of any
permittivity and the analyzes are complete with results in the frequency and time

domains.
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Chapter 1

Introduction

Ultra—wideband (UWB) technology for communications and radar has been a
topic of research since the early 1960s. However, research and development in
this area gained momentum only in recent years for several reasons. The primary
reason is the availability of high-speed semiconductor switching device technology.
Another reason is that these systems were approved for the first time only in
2002 for unlicensed use under the Federal Communications Commission Part 15
(Title 47 of the Code of Federal Regulations) [FCC, 2002]. This permitted the
unlicensed use of intentional UWB wireless emissions within restricted frequency
bands at very low power spectral-density and is historical from the viewpoint
of frequency overlay. Finally, as the wireless spectral bands are getting crowded
with the proliferation of wireless devices, the need for high-bandwidth wireless

communications is also pushing the development of UWB communication systems.

1.1 Ultra Wide Band Technology

UWB is any radio transmitter with a spectrum that occupies more than 20% of
the center frequency or a minimum of 500 MHz and that conforms to the power
limits assigned by the regulatory bodies to minimize threat to legacy systems.
UWRB reaps benefits of broad spectrum in terms of the bit rates it can handle.

By Shannon’s theorm, the channel capacity C is given by,

S
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IEEE 802 LAN/MAN
Standards Commitee
(Wireless Group)

I
| [ | |

WLAN WPAN W J\-f AN MBWA WRAN

IEEE 802.11 IEEE 802.15 IEEE 802.16 IEEE 802.20 IEEE 802.22
Bluetooth
802.15.1
UWB
|| 802.15.3a
ZigBee
802.15.4

Figure 1.1: Various IEEE 802 standards

where W is the bandwidth and S/N is the signal-to-noise ratio. It can
be seen that the bit rate (capacity) can be easily increased by increasing the
bandwidth instead of the power, given the linear—versus—logarithmic relationship.
Range of operation of such systems are determined by the Friis formula,
B
d B (1.2)
d being the distance, P, the transmit power and P, the receive power. Equa-
tions 1.1 and 1.2 together suggests that it is more efficient to achieve higher
capacity by increasing bandwidth instead of power, while it is equally difficult to
achieve a longer range. Thus, UWB primarily is a high-bit, short-range system.
UWRB technology is a derivative of the time hopping spread spectrum (THSS)
technique, a multiple access technology particularly suited for the transmission
of extremely narrow pulses. It has been standardized in IEEE 802.15.3a as a
technology for Wireless Personal Area Networks (WPANs) as shown in Figure
1.1 and offers attractive solutions for many wireless communication areas as in
Table 1.1.

1.2 Signaling Schemes

There are two general ways to use the available UWB. Impulse Radio, the original
approach to UWB, involves the use of very short-duration baseband pulses that

occupy bandwidth of several Gigahertz. Data is modulated by pulse amplitude
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Table 1.1: UWB advantages, disadvantages and applications

UWRB prop- | Advantages Disadvantages Applications
erty

Very  wide | High rate communica- | Potential interference | High-rate WPAN

fractional tions to/ from existing sys-

and abso- tems

lute RF

bandwidth
Potential for processing Low-power, stealthy
gain communications
Low frequencies pene- Indoor localization

trate walls, ground
Multiple access

Very short | Direct resolvability of | Large number of multi- | Low-power combined

pulses discrete multipath com- | paths communications and lo-
ponents calization
Diversity gain Long synchronization
times
Persistence Low fade margins Scatter in angle of ar- | NLOS communications
of multipath rival indoors and on ships
reflections
Low power
Carrier-less Hardware simplicity Inapplicability of | Smart sensor networks
transmission super-resolution beam-
forming

Small hardware

modulation (PAM) or pulse-position modulation (PPM), multiple users being
supported by time-hopping [Win M. Z., 1998].

Multi band scheme is a recent approach, where the available band is divided
into several sub bands with bandwidth greater than 500MHz. Within the bands,
a variety of modulation methods such as BPSK, QPSK, OFDM, etc. are used for
data transmission. Multi band signaling is shown in Figure 1.2.

Impulse radio faces the very important challenge of coexisting with existing
narrowband systems. To mitigate the effects of narrow band interferers, notch
filters are required in impulse radios. However, use of such filters may distort a
received signal. Multi banded UWB on the other hand, can avoid transmitting

on the frequency bands where other wireless systems like 802.11a are present by
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3.1 10.6

404 14 sub-bands
45 IRIRINL 1

65
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&0
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T T T
0 2 4 6 8 10 12

Frequency, GHz

Figure 1.2: Multiband break up of the UWB spectrum.

not using those frequency bands. This approach has the additional benefit of
being able to adapt to the different regulatory requirements of various countries
due to the flexibility of multi band allocation.

Short duration of the pulses in impulse radio presents several technical chal-
lenges as well. The generation of pulses that fit into the spectral mask imposed
by regulatory bodies is difficult and their short duration makes them more sus-
ceptible to timing jitter. Supporting higher data rates will involve increasing the
pulse PRF either by using higher-order modulation or by using spread spectrum
technology. The first option makes the system more vulnerable to ISI. The second
would increase the peak-to-average power ratio and impose greater linearity
requirements on the circuits. The last option requires careful selection of the
properties of the codes.

In multi banded UWB, the pulses are not as short. So, the PRF can be lower
than that of impulse radio at the same peak power, diminishing the effects of ISI
and timing jitter. This approach also eases the requirements of pulse shaping
filters and avoids the use of notch filters. Scaling can be achieved by simply
adding more bands. Furthermore, more multiple access schemes like FDMA and
CDMA are available.

Two other important issues in the design of UWB systems are timing ac-
quisition and multi path effects. For a high data rate system, fast acquisition
of a signal is very important and the preamble overhead should be minimized.

The wide bandwidth also allows the resolution of several multipath components,
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implying the use of a rake receiver for reliable detection.The wider bandwidth of
impulse radio leads to more resolvable multipath components, but this also implies
less energy per pulse. This increases the acquisition times of the impulse-based
system. Furthermore, The RMS delay spread of an indoor environment (~25 ns
[Rappaport, 2001]) is comparable to the symbol duration, leading to IST spanning
several symbols which demand equalization.

The longer duration of the pulses in a multi banded system lead to milder ISI
and equalization requirements, but may also require the suppression of adjacent
channel interference. In addition, the number of resolved multipath components
increases as the bandwidth increases. Thus, the number of rake fingers needed
for the impulse-based approach is around ten times more than the multi banded
approach for a given signal to interference ratio (SIR), leading to a more complex
receiver.

These challenges faced by impulse radios have made UWB solution providers
and developers to look toward to a multiband approach for their systems. This
approach has much greater flexibility in coexisting with other wireless systems

and is based on more conventional technology.

1.3 Pulse Waveform for UWB transmission

For UWB systems to co—exist with existing wireless systems such as GPS, WiMAX,
WLAN etc., EIRP regulations are imposed which in turn define the general
characteristics of UWB signals and signal systems [Kazimierz Siwiak, 2005].
Table 1.2 shows the international picture of the imposed EIRP regulations.

It is desirable for UWB signals to spread the energy as widely in frequency as
possible to minimize the PSD and hence the potential for interference to other user
systems. For intentional UWB radiators the —10 dB bandwidth should ensure
compliance with minimum bandwidth requirements. The —20 dB bandwidth
should make certain that the signal remains below the 20 dB band edge corners
on the UWB communications power spectrum density (PSD) mask as in Figure
1.3. The first regulation protects GPS and second one protects PCS transmission.

The UWB pulse wave form can be any function which satisfies the spectral
mask regulatory requirements. Gaussian monocycle has been the original proposal

for UWB radar and communication systems [Taylor, 1995]. A review on the
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Table 1.2: International picture of the UWB regulation

Category Region Frequency Bands and Additional Requirements

Full Band | United States > 3.1- 10.6 GHz
> -41.3 dBm/MHz

Low Band | European Union | > 3.1 to 4.95 GHz

> -41.3 dBm/MHz with either protection mechanism:

> Using DAA with transmit level reduced to —70 dBm/MHz
in the presence of other services that require protection

> Restricting duty cycle to a maximum of 5 percent over 1
second and 0.5 percent over 1 hour

> 4.2 to 4.8 GHz

> No limitation until 2010

Japan > 3.4 to 4.8 GHz

> -41.3 dBm/MHz with DAA with transmit level reduced
to =70 dBm/MHz in presence of other services that require

protection

High Band | European Union | > 6 to 8.5 GHz

> -41.3 dBm/MHz
Japan > 7.25 to 10.25 GHz
> -41.3 dBm/MHz

works carried out on Monocycle pulses can be found in [Xiaomin Chen, 2002],
[Bo Hu, 2005] and [Weihua Gao, 2007]. However, the PSD of Monocycle has
direct current offset and hence will not radiate effectively via antennas. In
addition, the PSD does not fit in to the emission mask no matter the value of
the pulse width. One possible solution for this is to shift the centre frequency
and adjust the bandwidth so that the requirements are met. This could be done
by modulating the monocycle with a sinusoid to shift the centre frequency and
by varying the pulse width. However, impulse radio being a carrier less system,
modulation will increase the cost and complexity. Higher order derivatives of
the Gaussian pulse resemble sinusoids modulated by a Gaussian pulse-shaped
envelope and in [Win M. Z., 2000], use of second derivative of the Gaussian pulse
is proposed as a solution. The fifth derivative of the Gaussian pulse offers even
more compliance with emission masks and can be transmitted without any extra

filtering [Hongsan Sheng, 2003]. A pulse generator based on CMOS is proposed
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Figure 1.3: UWB signal design points.

for this pulse in [Hyunseok Kim, 2005].

Equation 1.3 gives the general form of a Gaussian wave. In Figure 1.4,
derivatives of this signal and the corresponding PSD are shown. As the order of
the derivative pulse increases, energy moves to higher frequencies and by choosing
the order of the derivative and a suitable pulse width, a pulse that satisfy the

regulatory masks can be designed.

o(t)= A eapl-2n()

Pulse set based on the modified Hermite polynomials (HP) are orthogonal

(1.3)

to one another[Michael L. B., 2002], but frequency shifting is necessary for the
original and 1" order HP pulses to meet the FCC spectral masks. Higher order
HP pulses are susceptible to timing jitter and noise, and they also need bandpass
filters to fit their PSD into the FCC masks [Bo Hu, 2005]. Pulse designed utilizing
the ideas of prolate spheroidal (PS) functions can satisfy the FCC masks [Parr B.,
2003], but they do not effectively exploit the allowable bandwidth and power. The
orthogonality of both HP pulses and PS pulses is preserved only when each user is
assigned a unique pulse in a perfect synchronous multi-user UWB system without
considering the channel distorting effect and antenna response characterization,
which is not practical in real implementations. Pulses based on linear combination
of a set of base waveforms obtained by the differentiation of the Gaussian pulse
can be found in [De Nardis L., 2004; Weihua Gao, 2007].
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Figure 1.4: Gaussian Pulse and its derivatives (a) waveforms in the time domain

(b) power spectral density.

1.4 Research Interests

In spite of all the advantages of UWB, there are several fundamental and practical
issues that need to be carefully addressed to ensure the success of this technology
in the wireless communication market. Multi access code design, multiple access
interference (MAI) cancelation, narrow band interference (NBI) detection and
cancellation, synchronization of the receiver to extremely narrow pulses, accurate
modeling of UWB channels, estimation of multi path channel delays and coeffi-
cients, and adaptive transceiver design are some of the issues that still require
a great deal of investigation. In addition to the above physical layer issues, the

fundamental role of UWB technology in wireless networks is still open, and a wide
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range of research questions continue to present challenges, such as the particular
role of UWB in wireless ad-hoc and sensors networks.

A major challenge in the transmission of narrow pulses is the radiation
characteristics of the antenna and is an active field of research by both academia
and industry. Antenna design considerations in general are strongly dependent
on the modulation scheme and applications [Chen, 2007]. Table 1.3 compares
the requirements for UWB systems which are based on MB-OFDM and pulse. It
is found that the important difference of the requirements between two types of

systems is the bandwidth of impedance and phase response.

Table 1.3: A comparison of the design considerations for UWB antennas
Constituent ‘ MB-OFDM Pulse-based

Electrical > wide impedance bandwidth cover- | > wide impedance bandwidth cover-
ing all operating sub-bands ing the bandwidth where majority of
the source pulse energy falls in
> steady radiation patterns > constant gain at desired directions
> constant gain at directions of inter- | > linear phase response
est
> constant desired polarization > constant desired polarization
> high radiation efficiency > high radiation efficiency
Mechanical | > small size, low profile, easy integration for portable devices
> compact but robust especially for fixed devices
> low cost

In addition, UWB antenna design is also determined by the applications.
For specific applications, systems usually have some requirement for specific
parameters. For example, for portable devices, the antennas must be small in size
and embeddable with 3—dimensional omni—directional radiation. However, the
antennas installed at fixed devices, such as requestors in UWB location systems,
the antenna can be a little big but must have high and consistent radiation gain
with stable beam widths.

1.5 Antennas for UWB systems

For UWB radio systems, a wide variety of antennas have been developed over

the last several decades which can be roughly categorized in to four as shown
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in Table 1.4. In general, UWB radiation can be accomplished via the following

three approaches.

Table 1.4: Category of UWB Antennas

Directional Omni-directional
i
-5 Vivaldy Antenna
% Tapered Slot Antenna Planar Dipole
g Log-periodic Antenna Slot Antennas
% Planar log-periodic Antenna  Printed Antenna on PCB
HB Conical Spiral Antenna
I
=
o
i)
Sy TEM Horn Antenna Loaded Cylindrical Dipole
é Ridge Horn Antenna Bi-conical Antenna
o Reflector Antenna Disc-cone Antenna
E Roll Antenna
=

Perturbing electromagnetic resonance to broaden the resonant peak : This type
of UWB antenna achieves bandwidth by introducing incoherent resonance and
effectively lowering the quality factor of the electromagnetic resonance. Majority

of these antennas are variations of dipoles or monopoles.

Allowing only one dominant radiation region that is physically small compared
with wavelengths : In this approach, multiple diffractions in the antenna structure
are minimized by suitable techniques. A tapered antenna geometry can avoid
strong localized diffractions and allow gentle and continuous diffractions. The
low—frequency limit of this design occurs when the arm length is less than half of
the wavelength. The high—frequency limit is determined by the pattern distor-
tions caused by the curvature smoothness and the starting curvature. Common
examples include tapered-slot antennas, rolled-edge horns and ridged horns.

Absorptive loading is another effective way to achieve wide bandwidth without
multiple diffractions at the price of lower antenna efficiency. Both electric and
magnetic absorptive materials can be used. Resistively loaded dipoles and
resistively loaded horns are well-known examples.

Both curved—arm and absorptive loading can also be applied simultaneously
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to further reduce antenna size and to achieve a better pattern stability at the

expense of antenna efficiency.

Maintaining a similar radiation/scattering geometry (shape and dimension) in
terms of wavelength : This type of antenna adopts frequency—independent or
frequency—scaled geometries. Among them, angle-defined geometry, complemen-

tary geometry, and log—periodic geometry are the best known.

1.6 Concerns of the present thesis

For application in portable systems, compact, radiation efficient, omni directional
printed antennas are desired. In addition, antennas intended for UWB systems
should faithfully replicate the transmitted pulse at the receiving end. If propaga-
tion delay and retardation time of the pulse in the antenna becomes comparable
to its rise time or duration, significant pulse dispersion can result. Hence, UWB
antennas are designed with a specification of flat amplitude and linear phase
response over the desired bandwidth without regard to the out—of—band perfor-
mance. Studies have shown that multi resonant antennas introduce ringing to
the baseband pulses due to multiple reflections occurring within the geometry.
Even though log—periodic, self-complementary geometries offer bandwidths in
excess of 110%, they have detrimental effects on baseband pulses due to this.

In this thesis, we have designed different antenna configurations with band-
widths of 110% and excess and their radiation characteristics are studied in
frequency and time domains. In all the antennas, ultra wide bandwidth is
achieved by redesigning the ground plane to modify the ground—patch interaction.
The configurations obtained are square monopole, semi—elliptic slot, step slot and

tapered slot antennas which are shown in Figure 1.5.

1.7 Thesis Organization

This thesis presents an exhaustive study carried out on the radiation characteristics
of printed UWB antennas designed by ground plane modifications which have
different radiation mechanisms.

Chapter 1 of this thesis has presented an overall introduction to UWB systems
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Figure 1.5: Antenna prototypes (a) Square Monopole antenna (b) Semi—Elliptic

Slot antenna (c) Step—Slot antenna (d) Linear tapered Slot antenna.

and discussed research interests in this field, antennas for UWB and issues in

their engineering. The chapter has also presented the concerns of the present
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thesis.

Chapter 2 presents the methodology used for developing the present antennas.
Simulation settings in CST Microwave Studio and fabrication steps are explained.
Measurements in the frequency domain such as return loss, radiation pattern, gain
and the relevant theory behind time domain measurements and the quantification

of measurement results are explained.

Chapter 3 deals with the design and characterization of the Square Monopole
Antenna. This chapter begins with an exhaustive literature survey on volumetric
and non-volumetric monopole antennas for UWB systems. Evolution of the
present design is explained and design guidelines are proposed with appropriate
equations. A technique to prevent Narrow Band Interference (NBI) is also
presented. Experimental results in the frequency domain are presented followed

by conclusions.

Chapter 4 deals with the Semi-Elliptic Slot Antenna. The literature survey
on Slot Antennas for UWB systems is given at the beginning of the chapter.
Geometry, design and optimization of the proposed design are explained along
with techniques to prevent Narrow Band Interference. Experimental results in

the frequency domain are presented followed by conclusions.

Chapter 5 deals the the Step and Linear Tapered Slot Antennas. This chapter
addresses yet another class of slot antennas known as monopole slot antennas
whose detailed literature survey is presented at the beginning of the chapter.
Antenna geometry, design and optimization are explained and experimental results

in the frequency domain are presented.

Chapter 6 considers the transfer property characterizations of the above
antennas in the frequency and time domains. Measurements are performed
for the azimuthal and elevation planes and are verified using the time domain
capabilities of CST Microwave Studio. From the measured impulse response,
parameters such as FWHM, Ringing, pulse Fidelity etc. are computed and are

compared. Conclusions of the present study are presented.

Chapter 7 gives the summary and conclusion of the overall work and a brief
description on the scope for future investigations.

In the Appendix, design of a Compact Rectangular Strip Monopole Antenna is
presented which consists of a rectangular radiating patch and a novel impedance

transformer in the ground plane.
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Chapter 2

Methodology

This chapter presents a detailed account of the simulation, fabrication and
experimental studies done in characterizing the antennas discussed in Chapters 3-5.
Pre—fabrication studies of these antennas are done in CST Microwave Studio. From
the parametric analysis done using the software, a design guideline is formulated.
Resonances in the antenna are quantified and are arranged in the frequency
domain to result in UWB. The antennas are fabricated on microwave laminates by
photolithography and measurements are carried out at the test facility consisting
of Vector network Analyzer and anechoic chamber. A detailed account of the
measurement techniques for frequency and time domains is presented in this

chapter.

2.1 Pre—fabrication studies in CST

Printed antennas have categorization as dipole, monopole and slot types. Guided
signals are transmitted to free space by these structures whose impedance to the
guided signals should be properly optimized by suitable techniques for the desired
bandwidth. Generally, multiple frequencies are impedance matched and merged
to result in UWB. In this work, for obtaining multiple resonances/ impedance
matching that result in UWB, ground planes of the antennas are redesigned and
the design practices suitable for each category of antennas are discussed in detail
in Chapters 3-5.

The antenna structure is obtained in CST by specifying the coordinates

17
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for each point of the structure. When the structure is drawn, dielectrics and
metallizations are assigned. To accurately account for the losses, metallizations
are taken to be Copper. A finite metal thickness of 10 pum is assigned in all the
simulations. CST provides pre—defined templates that suit a problem in which
parameters such as boundary conditions, mesh size, type etc. are pre—defined or
they can be user defined. The frequency sweep is then defined to get solutions for

all wanted frequencies and a waveguide port is assigned to excite the antennas.

To study the return loss, radiation pattern, gain etc., antennas are simulated
in this manner. Electric fields in the near/far fields can be probed by inserting
virtual probes in the problem space as shown in Figure 2.1(b). This is done for
studying the time domain performance of the antenna and is explained in detail

in the later sections of this chapter.

2.2 Fabrication

Microwave circuits need to be fabricated on low loss, thermally stable substrates
with constant permittivity across the operating band. Poly—tetra—flouro—ethylene
(PTFE) and Epoxy based laminates are commercially available in various brand
names for microwave applications. Prototypes of the antennas for this thesis
have been realized on FR4 Glass Epoxy since it is economic and also radiation
characteristics can be analyzed in the worst case scenario (material properties
can be found in Table 3.2 in Chapter 3).

Antennas are printed on the laminates by photolithography. A negative mask
of the desired geometry is created first. An oxide removed single/double sided
copper clad lamination of suitable dimension is dipped in the negative photo resist
and dried to get a thin film of the photo-resist on the laminate. It is then exposed
to ultra violet radiation through the negative mask for 2 minutes. The layer of
photo-resist material in the exposed portions hardens. This board is immersed
in the developer solution and agitated for a few minutes. It is then washed in
Ferric Chloride (FeCls) solution to remove the unwanted metal portions. FeCl;
dissolves the copper parts except underneath the hardened photo resist layer.
Finally, the laminate is washed in Acetone solution to remove the hardened

negative photo resist.
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Figure 2.1: CAD of the antenna in CST

2.3 Antenna Measurements

In general, the electrical properties of antennas are characterized by input
impedance, efficiency, gain, effective area, radiation pattern, and polarization
properties [Balanis, 1996]. For narrow band applications, these are analyzed
at the center frequency of the system. For wider bandwidths, the parameters
become strongly frequency dependent and a straightforward evaluation of these
as functions of frequency is not sufficient to characterize their transient radiation
behavior. Measurement of the antenna’s transient response can be performed
either in time domain or in frequency domain. Measurements in time domain,
using very short pulses or step functions as driving voltage, can be faster than
measurements in frequency domain and the following Fourier transform. However,
Frequency domain measurements take advantage of the high dynamic range and
the standardized calibration of the vector network analyzer [Sorgel W., 2003].

The results presented in this thesis follows the latter method.

Frequency domain measurements of the antennas are carried out at the antenna
research facility at CREMA, Dept. of Electronics, CUSAT. The test facilities
available include Network Analyzers (HP8510C, R&S ZVB20 and Agilent PNA

8362), spectrum analyzer, automated antenna positioner, broadband double—
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ridged horn antennas (2-20 GHz) and anechoic chamber.

2.3.1 In the frequency domain

The Network Analyzer is calibrated using the standard calibration kit before
performing the measurements. The calibration information can be stored and
recalled for performing another set of experiments. Details of the analyzer

calibration is provided in Table 2.1 .

Impedance and VSWR

Impedance of the antenna is a measure of the efficiency with which it acts as a
transducer between the source and the propagating medium. Antenna impedance
is a complex quantity with a real part called the antenna resistance and the
imaginary part, called the antenna reactance. When there is an impedance
mismatch between the antenna and the source line, a part of the incident energy
is reflected back to the source. The ratio of the reflected voltage (or current) to
the incident voltage (or current) is termed as the input reflection coefficient (I').

(S11) is the reflection coefficient expressed in dB.

SH = 20[0910(|F|) (21)

The level of mismatch is also defined in terms of the voltage standing wave
ratio (VSWR) defined as the ratio of the voltage maximum to minimum of the
standing wave existing on the antenna input terminal.

The AUT is connected to the input port of the analyzer and reflection mode is
selected from the parameter menu. The display then gives the return loss of the
AUT as a function of the frequency. By using markers, the resonant frequency,
bandwidth etc. can be observed. Bandwidth is measured between the 2:1 VSWR
or -10 dB |Sy1| points of the plot. From the format menu, plots of phase of
S11, VSWR, real and imaginary parts of the input impedance etc. can also be

obtained.

Antenna Gain

Gain is the ratio of the intensity of an antenna’s radiation in the direction of

strongest radiation to that of a reference antenna, when both antennas are fed
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Table 2.1: Details of Analyzer calibration

Test Port connector 3.5 mm, SMA
Connector for AUT 3.5 mm SMA
Calibration type TOSM

Frequency range 2- 12GHz, 2-20 GHz
Number of measurement points | 801, 1601 (per trace)

Transmitling Antenna SwndurddAmcnua :_ Transmitting Antenna
(G, dBi) :

Figure 2.2: Antenna gain measurement set up

with the same input power. If the reference antenna is an isotropic antenna, the
gain is expressed in units of dBi. The gain of an antenna is a passive phenomenon
— power is not added by the antenna, but simply redistributed to provide more
radiated power in a certain direction than would be transmitted by an isotropic

antenna.

In this thesis, the gain transfer method is used to calculate the absolute gain
of the AUT. The measurement set up is shown in Figure 2.2. There are three
antennas; two wide band ridged horns and the antenna under test. Gain chart of
the ridged horn antenna is available (G,¢s, dBi). Initially, the ridged horns are
positioned for bore-sight radiation and the transmission coefficient [Ss1|.s (dB)
is read on the analyzer display. A THRU calibration is performed and the data
is stored in the analyzer. This is the reference gain for the AUT. Now the AUT
replaces the reference antenna and the transmission coefficient |Sa1|apr (dB) is

recorded, which gives the relative gain. The absolute gain can then be calculated
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as,
G(dBZ) = Gref<dBi) —+ |S21|AUT (22)

Radiation Efficiency

The IEEE definition of antenna radiation efficiency is the ratio of the total power
radiated by the antenna to the net power accepted by the antenna at its terminals
during the radiation process [IEEE, 1979]. A more reasonable definition of
antenna efficiency would include mismatch reflected power as an explicit loss, and
define efficiency as the ratio of the total power radiated by the antenna to the net
power applied at it’s terminals. A method for assessing UWB antenna efficiency
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 from the antenna to a radiation sphere r ~ \/27
as in the narrow band approach, UWB Wheeler Cap 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 = };CT:“), and a fraction is radiated
(n= PT—‘;d) Averaging over a suitable time interval and applying conservation of

energy yields:

l+m+n=1 (2.3)

A number of interesting phenomena manifest in the UWB Wheeler cap. The
spherical shell surrounding the antenna under test enforces a near ideal time
reversal 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 = |Sy;_pg|?). The receive and transmit
efficiencies (n) are identical by reciprocity. The scattering coefficient inside the
UWB Wheeler Cap becomes:

ISi_wel? = m+n*+Pm +npPm? +npPmd
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= |Sll—FS|2 + 772 Z |Sll—FS|2n

n=0
1
= |Sii-rs|? R 2.4
’ 11 FS" +77 1_’5117}75’2 ( )
which solves to yield the following result for the radiation efficiency:
n =1 —[Su_rs?)(|Sti-wol? — [S11-rs|?) (2.5)

For measurements, an oblate metallic chamber with diameter 70cm is used.
First, the antenna under test is placed in free space and the return loss Si;_pg is
measured. It is then placed at the center of the closed metallic chamber and the
return loss S11_wc is measured. Finally, Equation 2.5 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

Radiation pattern of an antenna is the graphical representation of its radiation
properties as a function of the space co-ordinates. This assumes a three dimen-
sional pattern. Because of the limits set by a practical measurement setup for
measuring the 3-D pattern, usually two principal plane patterns are specified for
directional antennas and three patterns for those with omni-directional patterns.
Generally, far-field patterns are specified for an antenna where the pattern is
measured at a distance, d > 2D?/), where D is the largest dimension of the
antenna and A is the operating wavelength.

As shown in Figure 2.2(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 (|Ss1|) between them. The frequency range
for which S;; < -10 dB is selected. A THRU calibration is performed in this
position which calibrates the Sy; data to 0 dB for every frequency point in the
band. In order to suppress spurious reflections from the nearby objects, the time
domain gating facility of the analyzer is used. The gate span is selected according
to the largest dimension of the radiator. The antenna positioner is now set to
home which automatically sets the current position as 0°. The software now
invokes the radiation pattern routine and reads the normalized Sy, data for the

specified frequency band, for each angular position of the AUT.
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2.3.2 In the time domain

Antennas intended for UWB systems need to possess superior pulse handling
capabilities. Analysis of the transient response of the antenna is performed by
direct time domain measurements or by a frequency domain measurement followed
by Fourier Transformation. Measurements in the time domain is presented in
[Jongh R. K., 1997; Shlivinski A., 1997]. Frequency domain measurements take
advantage of the high dynamic range and the standardized calibration of the vector
network analyzer and is equally accurate to the direct time domain measurements
[Sorgel W., 2003, 2005].

In the latter method, the antenna is considered as a linear time invariant
system described by its transfer function (gain and phase) and the associated
impulse response [Zwierzchowski S., 2003; Mohammadian A. H., 2003]. Transfer
functions and impulse responses modeling UWB antennas are spatial vectors as
the antenna characteristics depend on the signal propagation direction [Sorgel W.,
2003, 2005]. Figure 2.3(a) presents the classical approach, to characterize an ideal
UWB channel, i.e., a radio link made up of two antennas in free space and under
the approximation of far—field and line-of-sight propagation. The emission model
takes into account the Tx antenna and the channel jointly, while in reception
only the Rx antenna is considered.

The model by [Duroc & Tedjini, 2007] in which the transmitting, receiving
antennas are characterized by eliminating channel effects is adapted for the present
study. This is shown in Figure 2.3(b).

2.3.3 Transient Reception

The time domain relation between the received voltage pulse ﬁ re(w, 7,0, ) and
the incident electric field pulse ﬁmd(wa 7,0, ) is [Sorgel W., 2005],

U ralw,7,0,0) E raalw,7,0,0)
é
Re\W, T, U, _ th(w’e’w) rad\W, T, U, © (26)
N V7
In the time domain, the corresponding relation is,
U pa(t, 7,6, — € radlt, T, 0,
Calon00) 1,0, ) 0 Sroill 1 0:) (27)

z. and zy are respectively the characteristic impedance of the antenna port
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Figure 2.3: UWB channel model (a) classical (b) contemporary.

and that of free—space and ® indicates convolution operation. Both the transfer
function f re(w, 0, ¢) and the impulse response n rz(t,0, @) of the antenna are
in general a function of the direction of arrival of the incident field pulse.

An ideal receiving antenna will have a Dirac—delta impulse response (indepen-
dent of arrival angle) 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
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 operating band.

2.3.4 Transient Radiation

The frequency domain relation between the transmitted electric field pulse and

the incident voltage pulse is,

g .
Era YA 97 _]wr/c U T P 07
aw,r,0,¢0) Tra(w.0.0) & To(w, 1,0, 0)

Vo | : Ve

(2.8)
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and,

— jw —
th(W,eaSO) = % th(waeaSO) (2-9)

The time domain relation between the transmitted electric field pulse € qq4(t, 7, 0, )

and the incident voltage pulse 74 (t, 7,0, ©) at the transmitting antenna is,

—
€ raa(t,r,0,0) 1 r 1 00— ure(t, 7,0, 9)
=2 9(t— - — — h r.(t,0, —= (2.1
/70 r o c) @ omc ot & ( 2 VZe (2.10)
where,

Hor (.0 L 9% 4o 2.11
T.t(u 7@)_%& Rl?(? ’80) ( )

The convolution with the Dirac-delta function in 2.10 represents the time
retardation due to the finite speed of light, which is denoted by c¢. From 2.11 one
can observe that the transmit impulse response ﬁTz(t, 0, ) is directly propor-
tional to the time derivative of the receive impulse response ﬁ) re(t,0,p). The
consequence of this is that an ideal antenna (with n re(t, 0, ) = 0(t)) will radiate
an electric field pulse that is proportional to the first—order time derivative of the

input voltage pulse.

2.3.5 Model of Transient Transmission

From 2.6 and 2.8, it is possible to determine the full input-to-output characteristics,

in both frequency and time domians.

— .
URm(w7T70730) e e—Jw’I’/C -
= A z, Rz h T 707
2w — cedwrle 9y —
= — Arp e —— A/ — hgs(w,0, 2.12
p Tz,R o - R (W 90) ( )
where,

— Jjw —
A z,Rx — 5 h i 797
Tz,R ome VR (w,0,0)

%
o UR:B<W7T70790>
B UT:L"(wa r, 97 @)

So1 (W) = Hyo(w,0,9) Hon(w) H po(w,0,¢) (2.14)
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where,

— Q2w —
HTx (W, 67 90) = 7 ATQZ7R.Z’ (2]‘5)

c e—jwr/c

Hep(w) = (2.16)

2rw

— 2w —
HRx(“Ja&a(p) = 7 th(w,Q,gD) (217)

In the time domain, 2.12 reads,

URLL’ (ta r, 0) QD)

gy = ralt,6 hon(t) ® B pa(t,0 2.1
ury(t,7,6,9) 72(t,0,0) @ hon(t) ® h pe(t,0,0) (2.18)

2.3.6 Implementation in CST

For the time domain characterization of the antenna discussed in this thesis, fourth
derivative of the Gaussian pulse is chosen as the input pulse whose mathematical

form is given in Equation 2.19. This pulse is shown in Figure 2.4(a).

3-6 (%) (t—7)%+ <%>2 (t — 7)4] o2 (7)° (%) (2.19)

This pulse conforms to the FCC spectral mask as shown in Figure 2.4(b) when
A =0.333 and T = 0.175 nS.

For the antennas discussed in this thesis, the input voltage ur,(t) (= s;(t)) is

specified in CST Microwave Studio and the radiated pulse € .qq(, 7, 6, ) is calcu-
lated on a sphere of radius 25cm. Fourier transforms of these two quantities are
then calculated and 2.8 is utilized to calculate the transfer function 7o re(w, 0, 0).

The impulse response T rz(t,0,¢) can be calculated using an IFFT.

2.3.7 Practical Approach

In practice, from a simple measurement of the scattering parameter S5; in the
frequency domain, transfer functions of both the transmitting and receiving

antennas can be deduced. Using two identical horn antennas oriented for bore
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Figure 2.4: (a) Input pulse (b) Power Spectral density.

sight transmission and reception, and considering Equation 2.12, the corresponding

transfer functions are found out from

Hr(,0,9) = \/ L () e ) )

Hp(.0,0) = \/ ) et m e

where the free space transfer function is,

c —jwd
H, = 2.22
enle) = giean (221) 2.2
Once the reference antenna (Tx Antenna) is characterized, transfer function
of the AUT is found for multiple orientations using,
521 (wa ‘97 90)

HAUT<W, (9, (,0) = HTx(w)HCh(u)) (223)

2.3.8 Data Processing, Windowing

So1 is measured with frequency resolution 15.25 MHz and Equations 2.20-2.23 are

used to compute the corresponding transfer functions. The data is complemented
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by zero padding for 0-2 GHz and 12-62.47 GHz. The pass band now consists of
4096 points. The conjugate of this signal is taken and is reflected to the negative
frequencies to get a spectrum which is symmetric around DC. The resulting
doubled—sided spectrum corresponds to a real signal which is then transformed
to the time domain using IFFT.

Results of the measurements using two identical wide band horns are shown in
Figure 2.5. In Figure 2.5(a), the measured antenna transfer functions are shown.
Figure 2.5(b) and shows the real and imaginary parts of the transfer functions
after conjugate reflection in the frequency domain. Transmitting and receiving
antenna impulse responses are shown in Figures 2.5(c) which indicate that ﬁTx(t)

. . . %
is the derivative of h g,(t).

2.3.9 Time Domain Parameters

Antenna effects on the transmitted/ received signals are investigated in the time
domain by analyzing the envelope of the analytic response for co—polarization.

The real valued antenna’s transient response is,

ha(t) = R (1) (2.24)

According to 2.6, the peak output voltage from an incident wave form depends

on the peak value p(, ) of the antenna’s transient response:

p(0,0) = maz t | B a(t,0,0)] (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 (FWHM) of the magnitude of the

transient response envelope.

FWHM0~5(97 90) = tQ‘p/Q - tllp/Q, t1<t2 (2’26)

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

from the peak value below a fraction « of the main peak.

RINGINGq, = ta|ap — tily, t1<t, (2.27)

The lower bound for « is chosen according to the noise floor of the measurement.

In order to compare the ringing of antennas with different gains under the
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Figure 2.5: (a) Transmitting and receiving transfer functions of identical wide band
horn antennas (b) Transmitting and receiving transfer functions after conjugate

reflection (¢) Impulse response of the transmitting antenna and receiving antenna.
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constraint of constant noise floor, the fraction « is chosen to be o = 0.22 (-13

dB).

2.3.10 Pulse Distortion Analysis

H
The analytic response h ,(t,6,¢) can be convoluted with the input pulse s;(t) to

obtain effects of the antenna on the received signals as a waveform distortion.

so(t) = W (t,0,0) @ s;(t) (2.28)

For UWB systems, receivers are in general based on the pulse energy detection
or correlation with the template waveform. Therefore, the pulse distortions can
be examined by calculating fidelity factor which is defined as [Nikolay Telzhensky,
2006],

fj;o si(t) - so(t — ) dt
VIS 1502 di- 72 [s0(02] di

where 7 is the delay which is varied to maximize the numerator. The fidelity

F =max

(2.29)

parameter is the maximum of the cross—correlation function and compares only
shapes of both waveforms, not amplitudes. This measurement is performed for

different spatial orientations of the test antenna.

2.4 conclusion

In this chapter, the methodology adopted for the design and characterization of
the antennas in the present work is outlined. Pre—fabrication studies including a
parametric analysis is performed in CST Microwave Studio. Measurements in the
frequency domain include return loss, radiation pattern and Gain. Time domain
studies are performed after measurement in the frequency domain followed by
Fourier Transformation. Following chapters are build on techniques outlined in
this Chapter.
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Chapter 3

The Square Monopole Antenna

Monopole antennas are used in communication systems at a wide range of
frequencies. Electrical properties of these antennas are dependent upon the
geometry of both the monopole element and the ground plane. The monopole
element is either electrically short with length much less than a quarter-wavelength
or near-resonant with length approximately a quarter-wavelength. This element
can be thin with length-to-radius ratio much greater than 10* or thick with
length-to-radius ratio of 10' — 10%. In addition, the ground-plane dimensions
may vary from a fraction of a wavelength to many wavelengths [Weiner, 2003].
Traditionally, a monopole geometry consists of a vertical cylindrical element at
the center of a perfectly conducting, infinitely thin, circular ground plane in free
space. Electrical characteristics of such antennas are primarily a function of
only three parameters; the element length, element radius, and the ground-plane
radius, when each is normalized to the excitation wavelength. Radiation pattern

of such antennas are uniform in the azimuthal direction.

UWB monopole antennas fall in to volumetric and non—volumetric categories
based on their structures. Non-volumetric UWB antennas are microstrip pla-
nar structures evolved from the volumetric structures, with different matching
techniques to improve the bandwidth ratio without loss of the radiation pattern

properties.

33
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3.1 Volumetric UWB Antennas

Volumetric UWB antennas date from the days of spark gap systems. In 1898,
Oliver Lodge disclosed spherical dipoles, square plate dipoles, bi—conical dipoles
and bow-tie dipoles [Lodge, 1898] and introduced the concept of a monopole
antenna with earth as the ground. A renewed interest in the wide band antennas
led to the rediscovery of biconical and conical monopoles by Carter in 1939
[Carter, 1939a]. Carter improved upon Lodge’s original design by incorporating a
broadband transition between a feed line and radiating elements [Carter, 1939b].

The complete analysis of these antennas can be found in [Stutzman, n.d.].

Another remarkable invention is the classic “volcano smoke antenna developed
by Kraus in 1945, a detailed report of which can be found in [Lee Paulsen,
2003]. This antenna topology offers exceptional bandwidth and azimuthal omni-

directionality.

Sleeve monopole configurations [Stutzman, n.d.] excited using a coaxial
transmission line exhibit broad band radiation behavior. The sleeve exterior acts
as a radiating element while its interior acts as the outer conductor of the feed

coaxial transmission line.

Stohr proposed the use of ellipsoidal monopoles and dipoles [Stohr, 1968]
which was re-discovered in [Narayan Prasad Agarwall, 1998]. This paper presents
the extensive analysis carried out on square, rectangular and hexagonal disc

monopole antennas in addition to the elliptical design.

Square/ rectangular monopole antennas are inherently bandwidth limited
and in order to improve the bandwidth, various techniques were proposed. In
[Lee E., 1999], it was demonstrated that when a shorting pin is added to a planar
monopole antenna, an additional mode is excited below the fundamental mode.
By optimizing the dimensions 50% size reduction is obtained when compared to
an equivalent planar monopole without a shorting pin. In [Anob P. V., 2001],
two techniques are presented; offset feeding and the use of orthogonal square
monopoles on a circular base to obtain wide band response and omnidirectional
radiation.

The use of beveling technique [Ammann, 2001] and that of a shorting pin

[Ammann, 2003] can improve the overall impedance bandwidth of square monople

antennas. In [Antonino-Daviu E., 2003] the use of double feeding and in [Kin-
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Lu Wong, 2005b], a trident shaped feeding is proposed to improve the impedance

bandwidth of such antennas.

Effect of finite ground plane on the impedance bandwidth of planar monopole
antenna was studied in [Saou-Wen Su, 2004]. Their study shows that the first
resonance is greatly affected by the ground plane and that there exists an optimal
diameter of the circular ground plane for achieving a maximum impedance
bandwidth. Large ground-plane effects on the radiation pattern and antenna
gain are also studied in this paper, especially for the lower frequencies in the

antennas impedance bandwidth.

In [Kin-Lu Wong, 2004b], a metal-plate monopole of inverted-L shape with
a matching tuning portion is mounted at the top edge of the supporting metal
frame to create an antenna with ultra wide bandwidth. Impedance bandwidth
of this antenna is from 1.89 —10.14 GHz. A modified version of this antenna is
proposed in [Kin-Lu Wong, 2004a], with bandwidth from 1.890 — 6.450 GHz to
integrate with laptops as it covers the UMTS (1.920 — 2.170 GHz) and WLAN
(5.150-5.350/ 5.725-5.875 GHz) bands.

To improve the impedance bandwidth, wide slots are embedded in the rectan-
gular monopole in [Valderas D., 2005]. The slots created additional resonances
and the achieved bandwidth ratio is 1 : 3.75.

In [Saou-Wen Su, 2005a], a ‘U’ shaped slot is incorporated to a square planar
antenna with beveling to realize band notch to forbid interference with the IEEE
802.11a and HIPERLAN/2 systems. An annular slot inside the same monopole
effectively notched out the 5.15-5.35 and 5.15-5.825 GHz bands with a VSWR
> 14 as demonstrated in [Jianming Qiu, 2005]. In [Kin-Lu Wong, 2005a] an arc
shaped slot is incorporated in to a circular disc monopole antenna to achieve the

band-—notch. The length of the arc controls the frequency that is being notched.

To design a rectangular monopole antenna with improved bandwidth, a ‘U’

shaped metal plate monopole in implemented in [Saou-Wen Su, 2005b].
In [Xuan Hui Wu, 2005], the characteristics of four planar dipoles are studied.

Pulses radiated in different directions are presented in this paper for both single-
band and multi-band schemes in UWB applications.
In [Chen, 2005] the design of broad band bi-arm rolled monopole antenna,

constructed by wrapping a planar monopole is presented and its transfer response

have been analyzed.
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The coupled sectorial loop antenna in [Nader Behdad, 2005] achieves ultra-
wide bandwidth through a magnetic coupling of two adjacent sectorial loops. The
antenna exhibits 8.5:1 frequency range with a VSWR lower than 2.2. Dimension
of this antenna is smaller than 0.37 Ay at the lowest frequency of operation and

has consistent radiation pattern throughout the band.

The monopole in [Ka-Leung Lau, 2005] is formed by connecting four trape-
zoidal plates orthogonally. A circular patch which is shorted to the circular
ground plane by four shorting wires is placed at the top of the monopole. The
antenna posses —10 dB bandwidth of 138 % which is about 49 times that of the

corresponding monopole wire-patch antenna.

In [Valderas D., 2006] a design process for improving the bandwidth of beveled
planar monopole antennas has been proposed by studying movements over the
Smith chart. The involved monopole variables were the height, the width, the
bevel angle of the lower edge, the feeding length, and the capacitance with the
ground plane. These parameters are conveniently combined to implement a UWB
antenna with a frequency-independent bandwidth greater than 1 : 37 for VSWR
< 2. The radiation patterns are nearly constant and omnidirectional at the

representative frequencies.

The antenna optimization proposed in [Nikolay Telzhensky, 2006] makes use
of the genetic algorithm and is based on the time domain characteristics of the
antenna. Optimization procedure presented in this paper aims at finding an
antenna with low VSWR and low-dispersion to ensure high correlation between
the time-domain transmitting antenna input signal and the receiving antenna
output signal. This procedure has been applied to a simplified version of the
volcano smoke antenna proposed by Kraus, and can be extended to any other

type of UWB antenna.
In [George Thomas K., 2006], the authors proposed a new ultra wide band,

sleeved transmission line-fed rectangular planar disc monopole antenna with a
small ground plane. Objective of the authors was to design a monopole antenna
with improved radiation performance than existing ones. The antenna offers an
ultra broadband performance in the frequency band 0.5 — 9.0 GHz with a VSWR
of less than 2.5 : 1.

Certain UWB applications such as a wireless dongle require antennas con-

stricted in space and an antenna design suitable for such applications were
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proposed in [Saou-Wen Su, 2007]|. This compact antenna comprises a L-shaped
rectangular monopole element and a matching section and is relatively easy to
fabricate. In [Jaewoong Shin, 2007] yet another design can be found suitable
for UWB dongle applications. In [Saou-Wen (Stephen) Su, 2007] the antenna
is mounted at the top portion of the PCB and one end of the radiating arm is
short-circuited to the system ground plane. With the proposed antenna structure,
wide operating bandwidth of larger than 7.6 GHz is obtained that easily cover
the 3.1-10.6 GHz band.

In [Irene Ang, 2007] design of a double layer, probe—proximity coupled, stacked
diamond-shaped microstrip patch antenna is proposed with ultra wide bandwidth.
The authors have shown that broadband characteristic can be achieved by exciting
all the higher order modes in the microstrip patch antenna simultaneously by
shorting the ringing tail through simple capacitor coupling. The proposed antenna
has an impedance bandwidth of 101.8 % for VSWR < 2.

A compact wide band folded-shorted antenna is presented in [Giuseppe Ruvio,
2007] that employs different impedance bandwidth enhancing techniques together
to cover the UWB spectrum. The microstrip feed of the antenna is printed on FR4
and a folded thin metallic sheet is connected to the printed element and shorted
across the full length of the ground plane. This grounding significantly enhances
the impedance bandwidth and helps to mitigate the effect of the asymmetry due
to the offset feed arrangement.

An omnidirectional monopole antenna shaped by symmetrically wrapping a
PEC sheet that has two trapezoidal cuts at the bottom corners is proposed in
[Xuan Hui Wu, 2008]. It has an extremely wide impedance bandwidth of 132
% while keeping an omnidirectional and wide band radiation over the 3.1-10.6
GHz band. Finite ground plane of this antenna introduces ripples in the gain
versus frequency response which can be estimated by a simple expression with
the knowledge of ground plane size. Furthermore, the ripples can be removed by

resistively loading the edge of the ground plane.

3.2 Non-Volumetric UWB Antennas

As already mentioned, non-volumetric UWB antennas are microstrip planar

structures evolved form the volumetric structures. In [Schantz H. G., 2001],
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the diamond and in [Lu G., 2003], the rounded diamond antennas have been
shown to have wide-band properties suitable for ultra wide-band applications.
In [Guofeng Lu, 2004], theoretical analysis, simulations and experiments are
all conducted to further characterize these two antennas in terms of radiation

pattern, gain versus frequency and impedance properties.

UWB on-body propagation channel measurements were performed in [Alo-
mainy A., 2005] to study the deterministic channel characteristics. A printed
horn shaped self-complementary antenna and a planar inverted cone antenna
were investigated for their effects on the channel behavior. Results show that the
hybrid use of different types of UWB antennas can effectively improve channel

behavior in body-centric wireless networks.

In [Low Z. N., 2005], a monopole antenna is proposed where the authors used
three techniques to realize compactness and wide bandwidth; dual slots on the
rectangular patch, a tapered connection between the rectangular patch and the
feed line and a partial ground plane flushed with feed line. This antenna shows

stable characteristics over the entire UWB frequency band.

The correspondence [Chen Ying, 2005] presented a planar antenna in low-
temperature co—fired ceramic technology for a single—package solution of UWB
radio. The antenna has an elliptical radiator fed through a microstrip line. The
radiator and the microstrip line share the same ground plane with the other UWB
radio circuitry. The prototype antenna has achieved bandwidth of ~110% from
3-10.6 GHz with broad patterns, and relatively constant group delay.

The printed circular disc monopole antenna fed by microstrip line is investi-
gated [Jianxin Liang, 2005]. Impedance band width of this antenna is from 2.78
— 9.78 GHz and the first resonance has been well accounted numerically. The

antenna has been characterized in the frequency and time domains.

In [Joeri R. Verbiest, 2005], a new antenna topology is presented based on
the printed tapered monopole antenna. A slot is added in the tapered radiating
element and in the ground plane, to yield wide band behavior and good matching.
The matching performance and the pulse distortion of the antenna in the presence

of human tissue are also studied.
In [Yu-Jiun Ren, 2006], an annular ring is electromagnetically coupled to

realize UWB. Ground plane of the microstrip line is removed beneath the annular
ring and the —10 dB impedance bandwidth of the antenna is from 2.8 to 12.3
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GHz. Radiation patterns are stable within the operating bandwidth with an

average antenna efficiency of 81%.

In [Yildirim, 2006], a microstip fed, small, low profile, branched monopole
antenna is presented with ultra wide bandwidth. By adjusting the branch length
and/or adding another branch, the design can be adapted for WLAN, Bluetooth
and UWB applications. However, asymmetry in the geometry of the antenna has

affected the radiation pattern, which is slightly modified from omnidirectional.

A double-sided rounded bow-tie antenna with ultra wide bandwidth is proposed
in [Tutku Karacolak, 2006]. The authors have shown that antennas with rounded
patches provide wider bandwidth with higher co-polarization and lower cross-

polarization levels for the UWB range compared to their flat-end counterparts.

In [Shi-Wei Qu, 2006] an ultra wide-band a monopole antenna with rounded
corners is proposed. By introducing a coplanar waveguide resonant cell, the
proposed antenna could notch the WLAN bands for a VSWR > 10. This compact
antenna operates from 2.67 to over 12 GHz, and shows omnidirectional radiation

pattern.

The proposed antenna design in [Peyrot-Solis M. A., 2006] uses the beveling
technique for both the radiator and the ground plane so as to provide necessary

feed gap between them to achieve wide impedance bandwidth.

In [Young Jun Cho, 2006], a staircase shape is incorporated in the monopole
element and the ground plane is redesigned to realize a UWDB antenna with a

2. Measured bandwidth of the antenna is

compact configuration of 25x26 mm
from 2.9-14.5 GHz and a detailed characterization in the frequency and time

domains have been presented.

In [Michitaka Ameya, 2006], design of planar broadband antennas consisting of
self-complementary radiating elements and a tapered microstrip line is proposed.

Detailed FDTD analysis of these antennas are also presented in this paper.

In [Kuramoto, 2006], design of a planar radiator that does not require a large
ground is presented. The design consists of large and small elliptical elements in
parallel arrangement. To reduce mutual coupling between these elements and to
improve impedance bandwidth, an elliptical slot is designed in the large elliptical

element.

In [Shun-Yun Lin, 2006], a pentagon shaped monopole is proposed with ultra
wide bandwidth. By embedding an inverted V-shaped slot along the boundary of
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this antenna, controllable notch has been demonstrated.

Design of textile antennas for UWB wireless body area network (WBAN)
applications is presented in [Maciej Klemm, 2006]. The proposed coplanar
waveguide fed printed monopole and UWB annular slot antennas offer direct
integration into clothing due to a very small thickness (0.5 mm) and flexibility.
The antennas cover the 3.1-10.6 band and the transfer functions are comparable
to the PCB realization. The authors have successfully transmitted very short

pulses using textile antennas.

Design of the printed-circuit antenna in [Rambabu K., 2006] uses a stepped-
patch in combination with multiple resonating elements to realize a bandwidth
of more than 150%. The authors have performed a phase center analysis which

shows very small variations over the entire available bandwidth.

In [Sachin Gupta, 2006], microstrip and CPW based configurations of planar
inverted conical antennas are presented and compared for UWB systems. Design
of these antennas follows a third order polynomial equation and hence can be

designed easily.

A variation of the defected microstrip structure technique is employed to
enlarge the bandwidth of a planar ultra wide-band monopole in [Peyrot-Solis
M. A., 2007]. By introducing a defect in the microstrip feed line, the lower
bandwidth limit is lowered without affecting the antenna gain and radiation
pattern. The bevel technique in the ground plane near to the feeding point is used
to increase the highest bandwidth limit. The 50 x 50 mm? planar omnidirectional

antenna has a voltage standing wave ratio 2 from 2.1 to 12.3 GHz.

In [Ntsanderh C. Azenui, 2007], a compact crescent-shape microstrip antenna
is proposed, evolved from the elliptical patch antenna by carving a circular hole
inside symmetrically. The circular aperture introduces an additional antenna
in-band resonance and provides wider bandwidth with more design flexibility.
Radiation properties of this antenna is similar to the full elliptical antenna, with
40% reduction in area (60% of the ellipse area). The characteristic current modes
on the crescent antenna are identified and design equation are derived for the

lowest frequency of operation of this antenna.

In [Francis Jacob K., 2007], different branches are top loaded on a planar strip
monopole and dimensions of the branches are optimized for UWB performance.

The antenna shows 10 dB return loss from 3.1 — 9.6 GHz and monopole- like
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2

radiation. The proposed antenna of dimension 65x35 mm* can fit into the present

day mobile hand sets of typical dimension 100 x 45 mm?.

The broadband microstrip-fed printed antenna proposed in [Eldek, 2007]
for phased antenna array systems consists of two parallel-modified dipoles of
different lengths. The regular dipole shape is modified to a quasi-rhombus shape
by adding two triangular patches. A modified array configuration is proposed
to further enhance the antenna radiation characteristics and usable bandwidth.
The proposed antenna provides end fire radiation patterns with high gain, high
front-to-back ratio, low cross-polarization level, wide beam width, and wide

scanning angles in a wide bandwidth of 103 %.

In [Jin-Ping Zhang, 2007], a microstrip fed semi-elliptical dipole antenna is
proposed and designed to cover the 3.1 — 10.6 GHz UWB. Radiation patterns are
similar to those of a conventional dipole antenna with dimension only about one
third of the wavelength instead of half wavelength at the lower frequency. With
simple and proper modification of the patches, a frequency-notched antenna is

also designed.

In [Zhi Ning Chen, 2007], a small printed antenna is described with reduced
ground-plane effect. The radiator and ground plane of the antenna are etched
on a printed circuit board with an overall size of 25 x 25 mm?2. A notch is cut
from the radiator and a strip is asymmetrically attached to the radiator. The
antenna achieves a broad operating bandwidth of 2.9-11.6 GHz for a 10-dB
return loss. Effect of the ground-plane on the impedance bandwidth is greatly
reduced by the notch in the radiator because the electric currents on the ground
plane are significantly suppressed at the lower edge operating frequencies. The
antenna features three-dimensional omni-directional radiation with high radiation
efficiency of 79-95% across the UWB bandwidth.

In [Yi-Min Lu, 2007], ultra wide band antenna is designed using a double-
printed circular disc. Reasonable theoretical analysis of the antenna has been

carried out in this paper.

A simple design of a printed circular monopole antenna with band-notch
characteristic is presented in [Chih-Yu Huang, 2007]. Frequency notch in this

antenna is created by cutting a pie-shaped slot on the circular radiating patch.

A parametric study of the printed elliptical monopole antennas is presented in

[Anob P. V., 2001]. Based on this, design equations are derived for these antennas
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which are validated by measurements.

A planar shorted dipole antenna capable of generating a 9:1 bandwidth (820—
7340 MHz) is presented in [Wei-Yu Li, 2007]. The radiating element consists
of two C- shaped radiating arms occupying a compact area of 0.30\ x 0.47\,
where A is the wavelength of the desired lower edge of the band of operation. In
addition to the use of C-shaped radiating arms, which reduces the total length
of the proposed antenna when compared to the case of using straight radiating
arms, the short circuiting of the two radiating arms further effectively decreases

the lower frequency with a fixed antenna size.

In [Tzyh-Ghuang Ma, 2007], to achieve band-rejection at the WLAN bands,
strips of the fork shaped monopole are folded back to result in a pair of coupled
lines on the radiator. Based on the band-notched resonance, an equivalent
circuit model is proposed for the antenna and the calculated antenna input
admittance has been shown to agrees with the full-wave simulation data. Using the
normalized antenna transfer function, the radiation characteristics are investigated
thoroughly. The transmission responses of a transceiving antenna system and

their corresponding transient analysis are also discussed in this paper.

The lower edge curve of a monopole antenna is an important parameter in
determining the impedance bandwidth. In [Ching Wei Ling, 2007], a new edge
curve characterized by the binomial function is proposed. The effect on the
impedance bandwidth with different order of the binomial function and the gap

between the antenna and ground plane has been investigated in this paper.

Impacts of the 3.1-10.6 GHz on-human-body UWB channel on the impulse
radio wireless body area network system has been studied in [Yue Ping Zhang,
2007]. A performance evaluation method is presented in this paper for the realistic
UWB-WBAN systems, which observes the waveform distortion along the signal
path. Measurement and characterization of the 3.1-10.6 GHz on-human-body
UWRB channel are devised to generate the radiographs of path loss and delay
spread for the first time in this paper. The study shows that the human body
effect is more significant than environment effect when the propagation channel
contains no line-of-sight path. Various candidate pulse shapes and modulation
schemes for UWB WBAN are studied and their performances with the measured

WBAN channel are evaluated and compared.

In [Ching-Hsing Luo, 2007], a dual band-notched CPW fed monopole antenna
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is proposed where a ring in the feeding structure is used to increase the impedance
bandwidth. Two quarter-wavelength tuning stubs inserted into the feeding ring
and radiating ring, respectively, creates two band-notches at 5.15 and 5.75 GHz
across the UWB from 2.6 — 12 GHz. The novel design is quiet compact and

suitable for creating UWB antenna with dual narrow frequency notches.

In [Keyvan Bahadori, 2007], an elliptic-card ultra wide band planar antenna is
proposed. The design consists of an elliptic radiating element and a rectangular
ground plane. The feeding mechanism comprises of a microstrip line on the other
side of the substrate and connecting the line to the elliptic element by a via. The
structure of the antenna is miniaturized by optimizing its elliptic profile and the
required ground plane size is only 22x 40 mm?. Housing effects on the antenna

performance are also studied in this paper.

In [Yi Ding, 2007], a very compact elliptical monopole antenna with a size of
35x20 mm? is designed with ultra wide bandwidth. Wide impedance match is by
two matching slits at the lower section of the elliptical patch. In addition, using
a slot and embedded resonant cell, the authors have demonstrated band notch at
5.5 GHz.

The CPW fed band-notched antenna proposed in [Sang-Ho Lee, 2007] uses
tilt steps of two different sizes for improving band width and two folded strip

lines for band notch.

The antenna proposed in [Chong Yu Hong, 2007] consists of a radiation patch
that has an arc-shaped edge and a partially modified ground plane. The ground
design comprises of two bevel slots on the upper edge and two semicircle slots at
the bottom edge of the ground plane to improve the input impedance bandwidth
and the high frequency radiation performance. By embedding a pair of T-shaped
stubs inside an elliptical slot cut in the radiation patch, a notch at 5.5 GHz is

obtained.

In [Reza Zaker, 2008], a novel modified microstrip-fed ultra wide-band planar
monopole antenna with variable frequency band-notch characteristic is presented.
By inserting two slots in the ground plane on both sides of the microstrip feed
line, wide impedance bandwidth is produced. A modified H-shaped conductor-
backed plane with variable dimensions is used in order to generate the frequency
band-stop performance and control band-notch frequency and bandwidth. The

designed antenna has a small size of 22x22 mm? and operates over the frequency
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band between 3.1 and 14 GHz for VSWR < 2 while showing the band rejection
performance in the 5.1 to 5.9 GHz frequency band.

The antenna design proposed in this chapter is a planar square monopole with
redesigned ground plane to operate in the ultra wide band. As already mentioned,
typical design practice to achieve UWB with a square/ rectangular patch is by
beveling, parasitic strips or by employing multiple feeding, which may add to
the design complexity. The proposed design is novel by introducing cuts in the
ground plane that follow specific design guidelines. From a parametric study,
design equations are obtained to facilitate designing the antenna on laminates
of any permittivity. A band notch scheme is also proposed to limit radiation
in the WLAN band. Studies conducted on the frequency domain radiation

characteristics of the prototype antenna is also presented in this chapter.

3.3 Antenna Geometry, Design and Optimization

3.3.1 Geometry

Geometry of the square monopole antenna is shown in Figure 3.1 and the corre-
sponding parameters in Table 3.1. This antenna shows a single resonance as in
Figure 3.2 in accordance with a quarter wave variation in h. Figure 3.2(a) shows
the effect of the ground plane in this resonance and Figure 3.2(b) that of the gap
between the ground plane and the square patch. It is clear that these parameters
affect only the matching of the antenna.

To design this antenna for ultra wide bandwidth, the design procedure outlined
in Figure 3.3 is followed. As shown in Figure 3.3(a), the ground plane with length
[ is divided in to 9 equal sections having width w and few sections in the ground
plane are removed. This antenna can be designed with a microstrip feed either
as in Figure 3.3(b) or Figure 3.3(c). The return loss plots of these antennas are
shown in Figure 3.5 and the resonances are indicated in Table 3.1. Antennas-b,c,d
with modified ground plane have wide impedance bandwidth and among them,
Ant.-b exhibits a superior performance in terms of the overall bandwidth. It has
been seen, however, that by adjusting [, d and w, impedance bandwidths of
Antenna-c and d can be improved. A variation study performed with w is shown
in Figure 3.4. As w is increased, the second and third resonances merge and

improve the ~10dB bandwidth. Since the resonances shift to the lower side of the
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Figure 3.2: Effect of (a) ground plane on the resonance, d = 0.5 (b) gap between
the ground plane and the square patch, 1 = 16 (c) Effect of the variation of w on

the return loss (in mm)

spectrum with increase in w, it should be fixed at an optimum value that give

maximum bandwidth.

For the work presented in this thesis, Antenna-b is selected.

3.3.2 Design

To study the radiation mechanism of this antenna, the surface current distribution
is analyzed at the three resonances; 3.8 GHz, 7.9 GHz and 13.4 GHz. Inspecting
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Table 3.1: Geometric parameters of the antennas (in mm) in Figure 3.1 and
Figure 3.3 on substrate with e, = 4.4, tan(d) = 0.02, hgyp = 1.6 mm

S g l b d h w  LxzB f1, f2, f3 (GHz)

Antenna-a 2.3 0.48 14.57 13 05 16 - 32x29.6 3.8

Antenna-b 2.3 0.48 14.57 13 0.5 16 1.4 32x29.6 3.77,7.94,13.4
Antenna-c 3 - 16 13 05 16 14 32x29.6 3.65,6.78, 10.17
Antenna-d 3 - 16 13 05 16 1.4 32x29.6 3.60,7.36, 9.8

T I I 1 N [T
N\ L”f '3;:«5'*'&5" | N\

\l_“_J__A_H "1..1..1." 'xluw“"l ..... )| ‘Xw- I ' ‘ - — ‘

[ R "

4 L4 ¥

Bt ais 'z?f:»_L BT

() (b) (c)

Antenna-b Antenna-c / Antenna-d

Figure 3.3: Design of UWB square monopole antennas (a) Antenna-b (b) Antenna-
¢ (¢) Antenna-d.

Fig. 3.6(a), the first resonance can be accounted as,

A
I ~ %’1 (3.1)
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Figure 3.5: Return loss of the antennas in Table 3.1

Similarly, from Fig. 3.6(b) and Fig. 3.6(c), the second and third resonances

as,

and
A
I3 ~ %’3 (3.3)

Here, )\, is the wavelength in the dielectric which is computed from the free
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Figure 3.6: Surface current distribution on the antenna at (a) 3.8 GHz (b) 7.9
GHz (c) 13.4 GHz

space wavelength \g; as,

Ao .
Npi = —2L =1,2,3 (3.4)

P ere

where ¢, is the effective permittivity of the substrate which is computed from,

Ere = \2/ Er * Eqir (35)

3.3.3 Optimization

Based on the observations aforementioned, a design procedure for the UWB

square monopole antenna is framed as below. The three resonances are fixed at
3.8, 7.9 and 13.4 GHz.

1. Design a 50 @ CPW / Microstrip line on a substrate with permittivity e,

and thickness hgyp.
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Table 3.2: Antenna description

Antenna-1  Antenna-2  Antenna-3  Antenna-4  Antenna-5

Laminate Rogers Taconic FR4 Epoxy Rogers Rogers
5880 RF-30 RO3006 6010LM
Rsub 1.57 1.52 1.6 1.28 0.635
Er 2.2 3 4.4 6.15 10.2
tan(d) 0.001 0.0013 0.02 0.001 0.001
s (mm) 2.3 2.3 2.3 2.3 2.3
g (mm)  0.12 0.18 0.28 0.34 0.6
0 0
=10 \ i — =10 4
a 201 \\V 20
=
VJ: =30 Antenna-1 =30 A \ y —— Antenna-1
— Antenna-2 —— Antenna-2
Antenna-3 Antenna-3
-40 A Antenna-4 -40) | ——— Antenna-4
—— Antenna-5 Antenna-5
-50 - -50
2 4 6 8 10 12 14 16 18 20 2 4 6 & 10 12 14 16 18 20
Frequency, GHz Frequency, GHz

(a) (b)

Figure 3.7: Return loss of the antennas (a) with computed geometric parameters

(b) with optimized geometric parameters

2. Design the square patch to have the first resonance at 3.8 GHz using Eqn.
3.1. The length of the ground plane is
[ =~ X\;1/4, for Antenna-b and ¢ and
I~ X 1/4+ s+ g, for Antenna-d.

3. Incorporate the pockets in the ground plane by following the guideline in

Fig. 3.3. Adjust w to merge the second and third resonances.

4. Perform minor adjustments in [, d and w for the three resonances to be at
3.8. 7.9 and 13.4 GHz.

This design guideline is one of the many approaches that can be tried to

design this antenna. Using the parameters so computed, the antenna was studied
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on substrates with different permittivity, described in Table 3.2. Figure 3.7(a)
shows the return losses of the antennas with the computed geometric parameters
given in Table 3.3. Resonances of these antennas show slight deviation from the
designed values but the bandwidth is almost similar for all the antennas except
for Antenna-5. Due to the shift in the resonance towards the higher side, the
lower edge of the band has also been shifted and hence the designs needed to
be optimized to cover the 3.1- 10.6 UWB. The optimized design parameters are
tabulated in Table 3.3 and the return loss is shown in Fig. 3.7(b). The slight
disparity in the computed and optimized design parameters can be attributed to

the ambiguity in the exact value of ¢,..

3.4 Band Notch Design

In the proposed antenna, to avoid interference with electronic systems operating
in the IEEE802.11a and HIPERLAN/2 bands, a band reject mechanism is
incorporated by symmetrically cutting two narrow slot resonators perpendicular
the lower edge of the square patch (Fig. 3.8). The slot parameters can control
the centre frequency, width of the rejection band as well as the peak VSWR of
the rejection band. The centre frequency of the band to be rejected is determined
by length [, as shown in Fig. 4.5(a). While designing the resonator, [, is fixed
first. Then, the width of the rejection band and its VSWR is tuned by d, and t;.
Fig. 4.5(b) and (c) show the effect of these parameters on the rejected band.
Simulation studies on substrates with different permittivity have shown that

for a given notch frequency, length of the slit is given by

ls - )\975.5/4 (36)

where A\g55 = A\/\/Ere and €, = (e. +1)/2

Referring to Fig. 3.8(b), at 5.5 GHz, current is concentrated around the slits
and oppositely directed on either sides of the slot. The slots function as shorted
transmission lines having an electrical length of approximately \,/4 at 5.5 GHz,
giving a high input impedance [Visser, 2005; Pozar, 1998]. The CST simulated
value of this impedance is 22+j160 (2.

The optimized design parameters for getting ultra wide band performance
with a rejection band centered at 5.5 GHz is: [, dg, ts = 7.8 mm, 6.8 mm, 0.15
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Figure 3.9: VSWR vs. Frequency of the band notch UWB antenna for different
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mm. Simulation studies have also shown that sharp notch edges and high VSWR

(>15) can be obtained if low loss substrates are used.

3.5 Experiment Results

Measured return loss of the UWB square monopole antenna shown in Fig. 3.10(a).
The plots are in agreement at the lower frequencies and the slight variation at the
higher side could be due to the SMA connector, which, has not been accounted
in the simulation. As shown in Fig. 3.10(b), measured and simulated VSWR
plots of the band notched UWB antenna also has good agreement and is high (>
3) in the 5.2 - 6 GHz sub band.

Radiation patterns of the antenna at different frequencies are shown in Fig.
3.11 for co and cross polarizations. Each pattern is normalized with respect to
the peak value of the corresponding plane. It is found that the patterns are
omnidirectional in the H-plane (x-y plane). Across the 3.1-10.6 GHz UWB, the
patterns are stable and at higher frequencies, they are slightly distorted.

Radiation pattern of the antenna at the notched frequency is shown in Fig. 3.12.
Pattern at 5.5 GHz has been normalized w.r.t that at 3.75 GHz for comparison.
Measured gain and radiation efficiency of the square monopole antenna without
the band notch resonator and with band notch resonator is shown in Figure
3.13(a) and (b) respectively. Antenna polarization is found to be along the z
direction. Measured gain remains constant throughout the band and the average
value is found to be 3.75 dBi in the 3.1-10.6 GHz band as shown in Figure 3.13(a).
As shown in Figure 3.13(b), there is large decrease in gain when there is a band
rejection mechanism as low as -9dB compared to the rest of the band. Measured

radiation efficiencies are also reasonably good and is in agrement with simulation.
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3.6 Conclusion

A Square Monopole Antenna with ultra wide bandwidth is designed and character-
ized in this chapter. UWB is achieved by a novel ground modification technique,
which minimize pernicious reflections within the antenna structure. This antenna
can be designed on any commercially available microwave laminate since universal
design guidelines are available. Impedance bandwidth of the antenna is from
3.1-19.6 GHz with stable radiation patterns and gain in the 3.1-10.6 operational
band. A band notch technique is also proposed to limit interference with WLAN

systems, which is tunable.
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Chapter 4

The Semi Elliptic Slot Antenna

A slot antenna comprises of a slot of appropriate shape on a thin flat sheet of metal
and the slot radiate on both sides of the sheet when excited by a voltage source.
The electric field distribution in the slot can be obtained from the relationship
between the slot and complementary wire antennas, as established by Booker
[Booker, 1946]. The electric field distribution (magnetic current) in the slot
is identical to the electric current distribution on a complementary wire. The
electric field everywhere is normal to the surface of the slot antenna except in
the region of the slot. The radiation of the currents in the sheet can be deduced
directly from the distribution of the electric field in the slot. Consequently, the
radiated field of an elementary magnetic dipole within the slot boundaries should
include the contribution of the electric current flowing on a metal surface.

To broadband microstrip patch antennas, aperture coupling method is deployed
where coupling between a near resonant slot and the patch broaden the bandwidth
to about 30 percent or higher. Another preferred location for the slot is the
patch surface itself. A U-shaped slotted patch was experimentally investigated in
[Huynh T., 1995] and an impedance bandwidth of 27% from 1.565-2.065 GHz, was
obtained. Several researchers have attempted similar approaches with microstrip
patch antennas, a detailed account of which has been compiled in [Wong, 2002]
and [Godara, 2002].

Another 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 with the slot side, which is located further from the
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feed input. A similar technique of feed point shifting close to the slot end was
used in [Pozar, 1986]. In both cases, the offset of the feed point lead to perfect
impedance matching in a narrow frequency band and the impedance bandwidth

is approximately 20%.

As the width of the slot increases, radiation resistance of the slot also increases
and this leads to impedance mismatch between the slot and microstrip feed line.
This in turn reduces the impedance bandwidth of the antenna [Kahrizi M., 1993].
In [Shum S. M., 1995] the possibility of increasing the bandwidth of the wide
rectangular slot antenna by terminating the open end of the feed line within the
width of the slot has been shown even though substantial bandwidth improvement

could not be achieved.

In [Myung Ki Kim, 2000], a wide rectangular aperture is excited by a T-
shaped microstrip tuning stub to realize a wide bandwidth from 1.5-3.2 GHz,
approximately 58% which is considerably wider than the narrow rectangular
slot antenna. In [Wen-Shan Chen, 2000}, it is shown that a modification of the
shape of the slot can also result in broadband operation. The authors used a
semi-circular slot and a protruding square shape to realize a bandwidth of 46%,
which is about three times that of a corresponding printed wide rectangular slot

antenna.

In [Jia-Yi Sze, 2001], a wide aperture is excited by a fork like tuning stub
to realize wide band width. A 1 : 1.5 VSWR band width of 1 GHz is achieved
at operating frequencies around 2 GHz, which is nearly ten times that of a

conventional microstrip-line-fed printed wide-slot antenna.

In [Jang, 2001], the wide aperture is excited by an inverted T-shaped microstrip
tuning stub. Reported bandwidth of the antenna is from 1.877-5.638 GHz which
is approximately 114% (VSWR < 2).

In [Lei Zhu, 2003], a novel broadband microstrip-fed slot antenna with double
rejection zeros is proposed and developed by constructing simultaneously a wide-
slot radiator and a quarter-wavelength microstrip line resonator. Experimental
results exhibit that significant increase in the bandwidth of the proposed antenna,

up to 32.0% as compared to 9.0% of its traditional counterpart.

In the wide square aperture, conducting strips are incorporated on each corners
diagonally in [Jyh-Ying, 2003] to improve the bandwidth greater than 60%, about
two times that of a simple CPW-fed wide slot antenna. The broad band circularly
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polarized antenna proposed in [Jia-Yi Sze, 2003] followed a similar approach. In
this design, broadband circular polarization operation is achieved by protruding a
T-shaped metallic strip from the ground plane toward the slot center and feeding
the square slot antenna using a 50-Q CPW with a protruded signal strip at 90°
to the T-shaped strip. The 3—dB and 1-dB axial-ratio bandwidths are as large
as 18% and 13% respectively.

The designs in [Xianming Qing, 2003; Chair R., 2004] incorporated a microstrip
feed line with a fork-shaped tuning stub to excite a rectangular slot on the ground
plane to achieve ultra wide band width. The complete study of this antenna in
the frequency and time domains is carried out in [Gino Sorbello, 2005]. The same
antenna has been studied in [Marchais C., 2006] giving emphasis to the direct

time domain measurement.

The broad band design in [Wen-Shan Chen, 2004] used a triangular slot and
a small rectangular slot protruded from this to create a new resonant mode in
the vicinity of the fundamental resonant mode of the triangular slot. A good
impedance matching of both the fundamental and the new mode lead to an

enhanced bandwidth of 84% for the proposed antenna.
In [Liu Y. F.; 2004], the feed-slot combination and the feed gap width are

studied for ultra wide band behavior of the antenna. For the study, an antenna
with an arc-shape slot and a square-patch feed and an antenna that has a
triangular-shape slot and an equilateral triangular-patch feed are used. Widths
and lengths for both feeds are about one third of the slot size and their lengths
are close to but less than the quarter wavelength measured at the lower frequency
edge. The lengths are shorter than a printed monopole at the same frequency,
because the slot edge acts as a capacitive load to the monopole. With these

antennas, almost 100% bandwidth could be achieved.

Further research interests in the above design has resulted in [Shi-Wei Qu,
2006] where rounded corners are used to improve the bandwidth to 158%. A
relatively simple version of the above antennas was proposed in [T. A. Denidni,
2006] wherein the authors used circular slot and a circular tuning stub to realize
an antenna with as much as 110% bandwidth. A band notch is realized in this
antenna using a pie-cut in the tuning stub [Chin-Ju Pan, 2006]. In [Mohamed
A. Habib, 2006], the authors explored the use of stubs other than the circular

one to excite the circular slot. Their findings reveal that slots and stubs of
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similar geometry can result in the widest possible bandwidth of all the possible
combinations. Details of a similar study can be found in [Fabrizio Consoli, 2006]

which include a detailed time domain analysis.

In [Evangelos S. Angelopoulos, 2006a], the authors have studied the use of
ellipses of various ellipticity ratios for the ground as well as the tuning stub. Their
studies propose the use of an elliptical design if PCB space is the concern and a
circular design for wider bandwidth. The antennas proposed in this paper are able
to cover the FCC UWB with good radiation characteristics. The authors have
also shown that a modified design of this antenna will suit the KU-band satellite
communication application and designed a wide band 1x8 array in [Evangelos
S. Angelopoulos, 2006b]. The paper [Jiechen Ding, 2007] explored the possibility
of using split ring resonators of various dimensions to result in multiple band

notch in the circular slot antenna.

The UWB antenna designs using fork—like stubs require relatively large aper-
tures and contain many parameters for the complex geometry. The design
proposed in [Yi-Cheng Lin, 2006] used a rectangular stub to constrict the slot
aperture to an area of 13x23 mm?. The authors have discussed the correlation
between the mode-based field distributions and radiation patterns. Further,
three advanced band notch designs are also proposed in this paper. In [Wen-jun
Lui, 2007], a modified version of this design has been studied for UWB appli-
cations. The authors have proposed the use of a square ring resonator inside
the rectangular stub to achieve a sharp band notch and has investigated the
time domain performance of the antenna also in this paper. An offset fed square
slot antenna with a rectangular stub can also result in UWB as demonstrated
in [Horng-Dean Chen, 2006]. In [Aliakbar Dastranj, 2008], an E-shaped slot is
excited using a microstrip feed having E—shaped stub to achieve a percentage
bandwidth of 120.

In [Jiao J. J., 2007], a wide square slot is excited using a 501 feed line without
terminating the end with a stub. An additional rectangular slot beneath the
microstrip line connected to the wide square slot so as to form a T-shaped
aperture, aid in the wideband operation of the antenna. By this approach, overall
size of the antenna could be reduced by 26% compared to the wide slot antenna
and the bandwidth is about 121%. The antenna design in [Jia-Yi Sze, 2008],

where a wide square slot is excited using a 502 feed line without terminating
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the end with a stub, uses a hat shaped back-patch to result in UWB. A rejected
frequency band within this band is produced by embedding a pair of U-shaped
slot lines in the back-patch.

In [Tharaka Dissanayake, 2008], two wide band antennas are reported to
operate in the upper half of the direct sequence spread spectrum UWB. One
L-slot antenna has a planar ground plane and the other modified L—slot antenna
has a ground plane consisting of a planar section and two sidewalls. The highlight
of this paper is the detailed performance analysis from impedance matching to
pattern stability. Wide band radiation characteristics and the pattern stability of
these antennas are investigated with the help of pattern stability factor (PSF).

In [Aidin Mehdipour, 2008], the authors evolved a UWB slot antenna from
the basic design of an elliptical dipole antenna. A circuit model of the antenna
has been used to analyze the input impedance of the antenna. The paper is

complete with detailed parametric and time domain analysis of the antenna.

The LTCC based slot antenna in [Ooi B. L., 2008] adopted the waveguide
technology, instead of the aperture technology, to improve wide band matching.
The multi-layer antenna is excited by a microstrip line feed with a V-shaped
tuning stub. To create an electric wall, two rectangular slots at different layers
are connected together by vias. Wider bandwidth is obtained by placing diagonal
strips along the four corners of the rectangle slots. This design offers a percentage
bandwidth of 133 and cover the 3.2-10.6 UWB.

The compact UWB slot antenna in [Jorge R. Costa, 2009] is based on a
combination of two crossed exponentially tapered slots and a star-shaped slot to
produce a stable radiation pattern with very stable polarization over the 3.1-10.6
GHz FCC assigned band. The antenna diameter is only 35 mm (0.3 A¢ at 3.1
GHz) and can be easily re-designed for MIMO systems with very low mutual
coupling. This antenna is especially attractive since it combines the UWB concept
with diversity and MIMO strategies to enhance link capacity and improve range,
which is constrained by the FCC power emission mask for UWB.

In [Chen & Lin, 2009] a monopole-slot hybrid antenna is proposed for UWB
applications. Even though antenna is compact, the radiation patterns have been

affected at higher frequencies due to the asymmetry associated with its design.

The design details of a wide aperture slot antenna with geometry optimized for

wireless dongle applications can be found in [Deepti Das Krishna, 2009]. Dongle
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antennas are required to be constrained to an area of 23x70 mm? along with
omnidirectional radiation and ground independence. Compact geometry of the
present antenna is due to multiple matching techniques employed and it has also
shown that the effect of ground plane on the radiation characteristics are minimal.

For applications that require unidirectional radiation in addition to wide
impedance bandwidth, cavity backed slot antennas were proposed as in [Quan Li,
2002a,b]. An optimized rectangular cavity at the back of these antennas creates
an additional resonance to enhance the bandwidth. In [Quan Li, 2002a], design
of a single slot with 22% bandwidth and in [Quan Li, 2002b], a cavity backed
slot array with 43% bandwidth and improved gain is proposed. Even though the
percentage bandwidth is only 24%, the antenna derived from [Quan Li, 2002b)]
and reported in [Weihua Gao, 2007] offers high gain compared to its predecessor.
In [Boyu Zheng, 2005], the authors investigated the effect of a finite ground plane
on microstrip-fed cavity-backed slot antennas by the uniform geometrical theory
of diffraction. It is demonstrated that the finite ground plane has a small effect
on a slot antennas radiation performance, indicating their superiority for use in
mobile terminals compared to microstrip patch antennas.

In this chapter, design of a semi-elliptic slot antenna with wide impedance
band width of ~150% is presented. The ground plane and patch is shaped as semi-
ellipse to minimize any pernicious reflections inside the structure. Resonances in
the antenna are due to different modes excited in the slot geometry which can be
accounted mathematically, that facilitate it’s design on any microwave laminate.
A band notch mechanism suitable for the present design is also proposed and the

antennas are characterized in the frequency domain.

4.1 Antenna Geometry, Design and Optimization

41.1 Geometry

Fig. 4.1 shows the geometry of the proposed semi-elliptic slot antenna. The
ground plane of the antenna is shaped as a semi-ellipse near the patch with a;
and b; as major and minor radii. The patch is also semi-elliptic with major and
minor radii a; and by respectively. The patch is displaced from the ground plane
by a distance d. The ground plane extends beyond the patch to form an 'L’
shaped section of length [y + Is.
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(b)

Figure 4.2: Surface current distribution (Intensity) and aperture electric field
(vector) at (a) 3.2 GHz (b) 8.5 GHz (c¢) 12 GHz.
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4.1.2 Design

As shown in the intensity distribution in Fig. 4.2(a), the curved path OA is

approximately half a wave long at the first resonance. i.e.,

s A
%+ll+l2—g—§%% (41)

where p; is the perimeter of the ellipse in the ground plane given by,

2 4 p,2
p1 ~ 274 | 91—%;—3— (4.2)

The path O/ A/ in the antenna as shown in Fig. 4.2(b) is responsible for the
second resonance. From the field distribution in Figure 4.2(b), it can be arrived
that,

D2 )\g,Q
= 2 4.
5~ (4.3)

where ps is the perimeter of the ellipse with as and b, as the major and minor
radii. Here, )\, ; is the wavelength in the dielectric which is computed from the

free space wavelength A ; as,

Ao,
VEre

and &, is the effective permittivity of the substrate. In designing the antenna

)‘g,i =

i=1,2 (4.4)

proposed in this paper, the first resonance is designed to fall in the lower UWB
(3.1 - 5.1 GHz) and the second resonance in the upper UWB (5.825 - 10.6 GHz).
From the vector distribution of the aperture field shown in Figure 4.2, it can be
seen that the modes excited resemble the fundamental modes of typical aperture
antennas [Yi-Cheng Lin, 2006], namely T'Ey and TFE;; at the first and the
second resonances. The lower and upper resonances are fixed at 3.2 and 8.5 GHz
respectively and a smooth transition between them is obtained by adjusting the
spacing d. Extensive simulation studies indicate that the optimum ellipticity
values (ay : by) and (ag : be) are at 3.55 and 1.4 respectively. It is observed that
the parameter ¢ does not contribute to the resonances or the bandwidth of the

antenna. Hence in the proposed design, a thin strip of width 1 mm is employed.
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Figure 4.3: Return loss of antennas with (a) computed geometric parameters (b)

optimized geometric parameters.

4.1.3 Optimization

Based on the observations aforementioned, a design procedure for the semi-elliptic

antenna can be framed as explained in this section.

1. Design a 50 CPW line on a substrate with permittivity e, and thickness h.
Calculate €, using the s and g values of the CPW line.

2. Design the ground to create the first resonance (f;) using l; = A, 1/6
lo =X51/9
and then compute b; and a; using,
by = 0.12(Ag1 + s+ 29) — 0.24(11 + Io)
a; = 3.55b;

3. Design the patch at the second resonance (fs ) using
by = 0.267g 2
g — 14b1

Using the parameters so computed, the antenna was studied on substrates
with different permittivity, described in Table 3.2. Figure 4.3(a) shows the return
losses of the antennas with the computed geometric parameters given in Table 4.1.
Resonances of these antennas show slight deviation from the designed values but
there is impedance match throughout the band. The reason for this is that the
effective permittivity computed for the CPW line does not hold for the radiating
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part of the antenna where the CPW line can be considered as flared. This value
of €,¢ is lower than that computed. Hence, the parameters are optimized using
CST to have resonances at 3.2GHz and 8.5GHz. The S;; plots of these antennas
are shown in Figure 4.3(Db).

4.2 Band notch Design

To this design, a "T” section is appended, as in Figure 4.4(a) that results in the
required band notch. The parameters for this section are [, and ¢, and w, as

indicated whose variation studies are given in Figure 4.5.

To design the slot resonator for band notch, the equation to be followed is

ls+1ts = >\g,5.5/4 (45)

where A\ 55 is the guide wavelength computed at 5.5 GHz as in 3.6. The
optimum values for these parameters are, [y = 6.45mm, t; = 0.9mm and w, =

0.4mm.

4.3 Experiment results

A prototype of the antenna was fabricated on a substrate of €, = 4.4 and h =
1.6 mm with the optimized parameters in Table 4.1. Return loss measurements
indicate a wide band width from 2.85 - 20 GHz, in agreement with the simulation
as shown in Figure 4.6(a). The slight deviation from the simulation at higher
frequencies could be due to the SMA connector which is not accounted in the
simulation. Since the antenna is for use in the 3.1- 10.6 GHz band, this can be
ignored. VSWR measurement of the band notch antenna is shown in Figure
Radiation patterns of the antenna in the X-Y, X-Z and Y-Z planes for three
different frequencies are shown in Figure 4.7. The patterns are stable throughout
the band and resembles that of a monopole; omnidirectional in the H-plane
(X-Y) and bidirectional in the E-planes (Y-Z and X-Z). Polarization of the
antenna is along the Z direction. Measured gain of the antenna is compared with
the simulated one in Figure 4.9(a) and (b) which shows reasonable agreement

throughout the band. Average value of gain when slot resonator not incorporated
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in the design is found to be 3.64 dBi. The antenna has adequate radiation

efficiency as shown in the same figure.

4.4 (Conclusion

A compact slot antenna with minimum insidious reflections is proposed for UWB
operation. The antenna features wide impedance bandwidth from 2.85-20 GHz
and stable radiation patterns and gain across its entire operating band. As the
Square Monopole Antenna in Chapter 3, this antenna too can be easily fabricated

on any commercially available substrates since a reliable empirical design guideline



76 CHAPTER 4. THE SEMI ELLIPTIC SLOT ANTENNA

150 210
150 0 210 180
150
©)

—————— —Co.Pol., Simulation Cr.Pol., Expt. Cr.Pol.. Simulation

Figure 4.7: Radiation patterns of the UWB semi elliptic slot antenna in the (a)
x-y plane: 3.75, 8, 13 GHz, 17 GHz (b) y-z plane: 3.75, 8, 13 GHz, 17 GHz (c)
x-z plane: 3.75, 8, 13, 17 GHz



4.4. CONCLUSION 7

3.75 GHz, Co. Pol.

Co. Pol., Expt. ———~Co. Pol., Simulation Cr. Pol., Expt. Cr. Pol., Simulation

Figure 4.8: Radiation patterns of the semi elliptic slot antenna with band notch

at 5.5 GHz (a) x-y plane (b) y-z plane (c) x-z plane

. ———— 100
8 2 2
= ; =]
£ 0 =
<} —_ a
c . = @
M Q.
o [5']
& -4 =4

| |Solid line : Experiment =
-6 - 'l Broken line : Simulation - 75 n\a
-g 4 70
2 4 6 8 10 12
Frequency, GHz

6 -

4 :
2 24 2.
b g
01
g @ (b
S =
& 7= Q.
o3 o
:¥] =
A 4 Solid line : Experiment ‘_2

-6 \( Broken line : Simulation L 30 .n\a

-8 T " " 20

2 4 6 8 10 12
Frequency, GHz

Figure 4.9: Measured and simulated peak gains and radiation efficiency of the
semi—elliptic slot antenna (a) without band notch resonator (b) with band notch

resonator

is provided. A tunable band notch feature can be integrated in to the antenna to
limit radiation in the WLAN band.
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Chapter 5

Step and Linear-Tapered Slot
Antennas

In certain class of slot antennas, the transverse electric field constricted between a
short ended slot-line is transformed in to free waves at the open end. Typically, a
microstrip—to— slot line cross transition is used to excite the antenna. Bandwidth
limitation of the cross—junction transition results mainly from the frequency
dependance of the slot reactance and microstrip reactance [Gupta K. C.; 1996].
A short circuited microstrip line minimize microstrip reactance and an open
circuited slot line minimize slot reactance. To achieve this, the use of quarter
wavelength microstrip—slot line transition first proposed in [Chamber, 1970] and
transitions using stubs where the microstrip and slot-line reactances cancel each
other was suggested in [Schiek B., 1976; Chramiec, 1989].

The prominent candidate in these class of antennas are the tapered slot
antennas first proposed by Gibson [Gibson, 1979]. TSAs are traveling—wave
antennas and their operation is based on a traveling wave propagating along the
surface of the antenna taper with a phase velocity less than the speed of light.
Under this condition, end—fire radiation results [R. Janaswamy, 1987].

A uni-planar microstrip—to—coplanar strip line transition was introduced in
[Rainee N. Simons, 1995] to excite a novel linearly tapered slot antenna. The
transition uses a microstrip line of characteristic impedance 50¢2 which is coupled
to two orthogonal microstrip lines of characteristic impedance 70€2 through a
quarter—wave stepped impedance—matching transformer. When integrated with

the V-shaped tapered slot antenna wide impedance band with and gain as much

83
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as 10 dBi resulted.

Conventional Vivaldi tapered slot antennas offer wide band performance over
one or two octaves. In order to improve the bandwidth, [Gazit, 1988] introduced
the antipodal Vivaldi configuration. This wide band antenna has a very high
level of cross polarization in the upper part of the frequency band and in [Langley
J. D. S.,; 1993] design of the the balanced antipodal Vivaldi antenna with a low
level of cross polarization is proposed. In [E. Guillanton, 1998], a new design of a
balanced antipodal Vivaldi antenna with a linear polarization is demonstrated in
strip-line technology in order to obtain an ultra-wide band (1.3-20 GHz) with
respect to the input impedance and the purity of polarization. In [Knott P.,
2001], a novel coaxial line balun is integrated with a tapered slot antenna to
achieve wide impedance bandwidth. However, the lower edge of the band starts
at a higher frequency compared to the antipodal designs. A further simplified
antipodal vivaldi design with good radiation characteristics can be found in
[Amin M. Abbosh, 2006] with detailed design methodology. This antenna has
been studied further in [Garcya E., 2007] to result in improved bandwidth and

radiation by giving it a palm tree design.

The tapered slot antenna proposed in [Matsui, 2004] uses an impedance trans-
former and a Marchand Balun to excite a simple radiator. In [Yoon 1. J., 2005], a
broadband microstrip—slotline transition with multi—arm stubs is incorporated in
to the tapered slot to realize UWB. In addition, A/4 short stubs are introduced

symmetrically into the radiating structure to realize 5 GHz band rejection.

In [Tzyh-Ghuang Ma, 2005a], the radiating annular slot is excited by a tapered—
slot feeding structure which in turn is excited by a microstrip line with open
stub termination. The antenna design in [Tzyh-Ghuang Ma, 2005b] consists
of a wide-band tapered-slot feeding structure, curved radiators and a parasitic
element. It is a modification of the conventional dual exponential tapered slot
antenna and can be viewed as a printed dipole antenna with tapered slot feed.
The authors also studied a CPW fed tapered ring slot antenna which consists of
a 50f2 coplanar waveguide feeding line, wideband coplanar waveguide-to—slotline
transition and a pair of curved radiating slots [Tzyh-Ghuang Ma, 2006]. All
these designs are capable of radiating in the 3.1-10.6 GHz UWB and can be
easily designed since empirical design guidelines are provided in these papers. In

addition, detailed time domain analysis is also provided in these papers to ensure
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their suitability in UWB systems.

A conformal tapered slot antenna is proposed in [Symeon Nikolaou, 2006]
that does not use any complex matching procedures. The antenna is fed using a
SMA connector soldered across the slot-line. The return loss remains below 10
dB and the shape of the radiation pattern remains fairly constant in the whole

UWB range even when the antenna is significantly conformed.

A simple antenna design that use electric and magnetic type radiators to
result in UWB is proposed in [Do-Hoon Kwon, 2008]. The electric radiator is a
tapered slot while a slot in the same plane as the tapered slot act as magnetic
radiator and these are simultaneously excited in close proximity via one feed
point. The combination of radiated fields from different types of sources result
in directive radiation patterns without increasing the antenna size as typically

observed in antennas using only one type of sources.

The antenna reported in [Yuan Yao, 2008] is a variation of the Vivaldi antenna
fed by microstrip line to slot-line wide band transition. The inner and outer
edges of the radiator are both parabola tapered to result in ultra wide bandwidth

and end fire radiation.

In certain other types of slot antennas, multiple resonances are created using
a modified microstrip feed that excite a narrow slot on a substrate, unlike the
mechanism in tapered slot antennas. Using a wide—slot radiator and a quarter—
wavelength microstrip line resonator, broad band radiation is achieved in [Lei Zhu,
2003]. Measured bandwidth of the antenna is 32%.

In [Behdad & Sarabandi, 2004], the aperture’s electric field distribution is
manipulated to create two fictitious short circuits along the slot, hence creating
two additional resonances besides the main one. The frequencies of these fictitious
resonances are chosen so as to increase the overall bandwidth of the antenna.
The reported band width ratio of this antenna is 1.8 : 1.

The antenna proposed in [Satish Kumar Sharma, 2004] is a quarter wavelength
monopole slot cut in the finite ground plane edge and fed electromagnetically
by a microstrip transmission line. These are further investigated for improved
bandwidth and size reduction in [Saeced I. Latif, 2005; Wang Ren, n.d.]. A
new design of asymmetric A\/4 open slot antenna with microstrip-line excitation
is proposed in [Chen & Ku, 2006]. The authors further modified the design

appending notches in the slot, making the antenna suitable for UWB operation
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[Wen-Shan Chen, 2008]. In [Sunil Kumar Rajgopal, 2009] instead of a rectangular
slot, a pentagonal slot is deployed. A tilted microstrip transmission feed line with
a pentagon stub is used to excite this antenna configuration which result in UWB

operation.

In the present chapter, two antenna designs which fall in to the above category
are proposed with ultra wide band width. The design approach is to generate
multiple resonances by modifying the ground plane and match them to result in
UWB by a feed modification. The two designs are the Step Slot Antenna and
Linear Tapered Slot Antenna.

5.1 Step Slot Antenna: Design

The step slot antenna is evolved from a monopole slot antenna shown in Figure
5.1(a). The monopole slot designed at the bottom of the dielectric substrate is
excited using an open end microstrip feed at the top. The configuration Antenna—
a in Table 5.1 exhibits three resonances at 3.6 GHz and 9.2 GHz and 10.4 GHz
according to the surface current distributions in Figure 5.1(b). Resonance at 3.6
GHz can be attributed to a half wave variation [; 4+ [, while that at 9.2 GHz and
10.4 GHz are approximately due to a half wave variation in Iy and [5 respectively.
This is further confirmed by the parametric study shown in Figures 5.1(c)—(f). As
can be seen in Figure 5.1(c), a variation in length [ affects all the three resonances.
A variation in /; mainly affects the first resonance (Figure 5.1(d)) while the first
and second resonances are affected by a variation in /o (Figure 5.1(e)). As shown

in Figure 5.1(f), the third resonance is determined by length Is.

It is found that if the ground plane of the antenna is modified as in Antenna—b
(Figure 5.2, with geometric parameters in Table 5.1), a resonance can be perturbed
at 5.78 GHz. Further, if the feed line is modified as to result Antenna—c, all these

resonances can be matched to result UWB.

The first resonance satisfies a half wave variation as shown in Figure 5.3 which

can be expressed as,

l1+l2+l3+l4 %)\9’1/2 (51)
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Table 5.1: Geometric parameters of the Step Slot antennas (Figures 5.1 and 5.2)

Antenna—a Antenna-b Antenna-—c

e 44 4.4 44
tan(8) 0.02 0.02 0.02
hsup (mim) 1.6 1.6 1.6

1 (mm) 18 12.65 12.65
la(mm) 14.5 5.5 5.5
I3 (mm) - 5.35 5.35
ly(mm) - 9 10.15
Is (mm) 7.5 7.5 8.65
I(mm) 25.5 25.5 13.5
1/ (mm) - - 12
w(mm,) 3 3 3

w/ (mm) - - 12
s(mm) 4 4 4

Lx B (mm?) 40x31.5 40x31.5 40x31.5

(a) (b) (©) (d)

Figure 5.3: Surface current distribution at (a) 3.58 GHz (b) 5.18 GHz (c¢) 8 GHz
and (d) 10.37 GHz.

The second resonance is due to the half wave variation,

lg + l3 + l4 ~ )\972/2 (52)
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For the third resonance,

l4 ~ )\973/2 (53)

For the fourth resonance,

s ~ Aga/2 (5.4)

Here, A\g; = Xoi/\/€e Where i = 1, 2, 3, 4; is the free space wavelength
computed at the resonance and €,. = (e, + 1)/2

A variation study of these parameters performed validate these observations
as shown in Figure 5.4. As it can be seen in Figure 5.4(a), the parameter [
affects the matching of the first resonance and lowers the second resonance as it
is increased. However, the first resonance is more affected when the parameter I,
is varied as shown in Figure 5.4(b). Variation in l4 is similar to that in /; and
is shown in Figure 5.4(c). It is seen that as the parameter [ is increased, both
the third and fourth resonances shift towards the lowers side and in addition, a
fifth resonance start to show as in Figure 5.4(d). The slot width s, microstrip
width w/ and length I/ can affect the overall impedance matching and are shown
in Figures 5.4(e), (f) and (g).

To further validate Equations 5.1-5.4, the antenna (Antenna—c) is designed
on laminates with different permittivity, the parameters of which are given in

Table 5.2. Impedance bandwidths of these antennas are plotted in Figure 5.5.

o =20 4
-
vl 30 A

Antenna- |

— Antenna- 1

—— Antenna- 2 Antenna- 2

-40 1 Antenna- 3 -40 + Antenna- 3
Antenna- 4 Antenna- 4
-50 T T T T =50 T 1 T T
2 4 6 8 10 12 2 4 6 8 10 12
Frequency, GHz Frequency, GHz
(a) (b)

Figure 5.5: Return loss of antennas with (a) computed geometric parameters (b)

optimized geometric parameters.
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5.2 Experiment results

Figure 5.6 shows the measured and simulated return loss of this antenna. The
~10dB bandwidth of the antenna is from 3-11 GHz which covers the band for

UWB communication and measurement applications.

0
ﬁjllz lI(jliz\ /"\
-10 4+— a2 S _—
4 ~
g <201 8GHz
e P
= 3.58GHz
v =30 -+ 5.18GHz
=40, Experiment
Simulation
-50 T T T T
2 4 6 8 10 12

Frequency, GHz
Figure 5.6: Measured and simulated Si; of the step slot antenna.

Measured radiation patterns of the antenna in the Y-Z, X-Z and X-Y planes
at three different frequencies are shown in Figure 5.7 along with the simulated
results. Across all planes, radiation remains approximately omni directional with
polarization in the Y— direction. Average value of cross polarization is —20dB
except in the X7 plane, which shows high cross polar radiation throughout the
band. The average gain in the 3.1~ 10.6 GHz band is observed to be 3.16 dBi.
Gain and radiation efficiency measurements show reasonable agreement with

simulation as shown in Figure 5.8.
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— Co. Pol,, Expt, ——————— Co. Pol., Simulation Cr. Pol., Expt. Cr. Pol., Simulation

Figure 5.7: Radiation patterns of the step slot antenna in the (a) y-z plane: 3.58,
5.18, 10.37 GHz (b) x-z plane: 3.58, 5.18, 10.37 GHz (c) x-y plane: 3.58, 5.18,
10.37 GHz
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Figure 5.8: Measured and simulated peak gains and radiation efficiency of the

step slot antenna

5.3 The Linear—Tapered Slot Antenna: Design

The proposed linear tapered slot antenna is derived form a narrow slot antenna
(Antenna—a) shown in Figure 5.9(a), whose geometric parameters are given in
Table 5.3. This configuration (Antenna—a) shows three resonances as shown in
Figure 5.10. As the open end of the slot is flared to result in parameter g, the
impedance match within the 3.1-10.6 GHz band improves as shown in this figure.
To further improve the impedance bandwidth below —10dB, a rectangular cut is
optimized in the microstrip feed (Antenna—c in Figure 5.9).

From the surface current distributions shown in Figure 5.11(a), the first
resonance in the antenna can be accounted as,

Ao

2
Refereing to Figure 5.11(a), the second resonance can be accounted as,

ls1 4+ lso+ 13+ (

(952 - gsl) ~ /\g,2

log + 1 ~
1+ lso + 5 9

and the third resonance as,

A
05 : \/4(l52)2 + (952 - gsl>2 + ls3 +w = %,3 (57)
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(b)
Antenna - b
(c)
\
o |
Antenna - ¢
Figure 5.9: Design evolution of the tapered slot antenna.
" i 0
bt +-—1
-10 > T : N — —

s e R
| L\ f \@4

| o\ w 2 -201 g2~ 05

[ i
Wi o ger = 1.9mm
ll v =30 - g~ 33 mm
| Iz _/‘r E 2= 47 mm
X If!}l/l 40 - g2 6.1 mm
| g2 7.5mm

-4
i.. __________ /A .| =50 T T T T T
L 2 4 6 8 10 12 14

Frequency, GHz

Figure 5.10: Variation in S7; with variation in gy for Antenna-—a
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Table 5.3: Geometric parameters of the linear tapered slot antennas in Figure 5.9

Parameter Antenna—a Antenna-b  Antenna—c
Er 44 4.4 4.4
tan(0) 0.02 0.02 0.02
h(mm) 1.6 1.6 1.6
gs1(mm) 0.5 0.5 0.5

gs2 (mm) - 6 6

Ly (mm) 14.75 12 12

ls2 (mm) 5.98 5.98 5.98

lsg (mm) 3.5 3.5 3.5
[(mm) 25.5 25.5 20

L (mm) - - 9

t, (mm) 0.5 0.5 0.5

Lx B (mm?) 30x135 30x135 30 x 13.5

(a)

(b)

(c) (d)

Figure 5.11: Surface current distribution and radiation patterns at (a) 2.9 (b)
3.95 (c) 8 and (d) 11.2 GHz (Antenna-a)
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Figure 5.12: Return loss of the linear tapered slot antenna with (a) computed (b)

optimized geometric parameters.

The fourth resonance in the antenna cannot be empirically accounted and it
resembles a some higher order mode inherent with the present design.

Equations (5.6)—(5.7) are validated by designing the linear tapered slot antenna
on substrates with different permittivity and the computed and optimized values
are shown in Table 5.4. The observed return losses of the antennas are plotted in
Figure 5.12. This figure indicates that the linear tapered slot antenna design is
sensitive to variation in design parameters unlike the other antennas discussed in
this thesis and hence optimization through simulation is essential.

Results of the parametric studies further conducted is shown in Figure 5.13.
It is seen from Figure 5.13 (a) that the length of the ground plane /s, has to be
optimum for the resonances to have proper matching. Variation in [ results in
a significant shift in the third resonance than the second resonance as shown in
Figure 5.13(b). As seen in Figure 5.13(c), the parameter [z affects the fourth
resonance as in a shift and the first resonance in matching. Effect of the parameter
tm and I, is at the higher frequencies as seen in Figure 5.13(d). These parameters
can be set for the impedance bandwidth to cover the 3.1-10.6 UWB.

5.4 Experimental results

Measured return loss of the antenna indicate a wide bandwidth from 2.95- 14
GHz with close correspondence with the simulation as in Fig 5.14. The measured
radiation pattern of the antenna is shown in Figure 5.15 at the resonant frequencies.

These are omni directional in the H-plane (X-Z plane) and bi-directional in the
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E-planes (X-Y and Y-Z). Peak gain of the antenna remains constant throughout
the band as shown in Figure 5.16 with polarization in the Y-direction. The
antenna also exhibits decent radiation efficiency, validated by simulation and is

shown in the same figure.

f <
A, 3.28 GHz 9GHz  10.5GHz
-10 +— : : '
. ‘ A
" 4.6 GHz 7 GHz
m -20
= 20
= (a)
LR 11 GHz
- 8.2 GHz
EXpenment
-40 - ——— Simulation
3.75 GHz
=50 - . ; .
2 4 6 8 10 12
Frequency, GHz
0 ™
\ 2.75GHz
-10 T (O P R T
@ -20 Vs
= [ \[soan: (b)
— 2.9 GHz
o =30 - 11 GHz
-40 - Expesimeat 8.5 Gz
———— Simulation
-50 .
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Figure 5.14: Return loss of the antenna (a) without MS feed modification (b)
with modified MS feed.
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Experiment, Cross Pol. — — — Simulation, Cross Pol.

Experiment, Co. Pol. ——— Simulation Co. Pol. -

Figure 5.15: Radiation patterns of the tapered slot antenna in the (a) y-z plane:
3.58, 5.18, 10.37 GHz (b) x-z plane: 3.58, 5.18, 10.37 GHz (c¢) x-y plane: 3.58,
5.18, 10.37 GHz
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Figure 5.16: Measured and simulated peak gain and radiation efficiency of the

linear tapered slot antenna

5.5 Conclusion

Chapters 3 and 4 demonstrated that a proper design of the patch—ground interface,
on either side of the transmission line, can minimize pernicious reflections inside
the antenna geometry by smooth impedance transformation from 50 2-377 €.
Designs presented in this chapter have transmission line and transformer as a
single entity. Even though the impedance bandwidth is less compared to that
of the Square Monopole and Semi Elliptic Slot, the operational band covers the
communication band allocated for UWB in both Step Slot and Tapered Slot
antennas. Radiation patterns are slightly directive with peak gains on any plane

along this direction.
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Chapter 6

Transfer Property Characterizations

In this chapter, transfer properties of the planar UWB antennas discussed in
the previous chapters are investigated and compared. Well-matched antennas
may behave differently while transmitting/receiving non—sinusoidal waveforms
and hence studies performed in this chapter are of atmost importance for UWB
antennas. The measurement set up and the underlying theory are discussed in
Chapter 2. Measurements are performed for the azimuthal and elevation planes

and are verified using the time domain capabilities of CST Microwave Studio.

6.1 Simulation Studies

Magnitude of the transfer function n re(w, 0, ¢) simulated in CST for the az-
imuthal plane of the antennas are shown in Figure 6.1 (Using Equation 2.8). It
is seen that the intensity plots for " re(w, 0, @) and FTx(W, 0, ) differ only in
their relative amplitudes. As shown in Figure 6.1 (a)—(d), transfer functions of
Square Monopole and Semi-Elliptic slot antennas are similar, with approximately
linear decay in magnitude as a function of frequency over most of the azimuth
angles. Effect of the band-notch at 5.5 GHz can be seen in Figures 6.1(b) and (d).
Omni-directionality is lost in these antennas at frequencies above 8 GHz where
relatively low amplitudes are observed at certain angles. There are sharp nulls
between 30°-50°, 130°-150°, 210°-230" and 320°-330° for the Square Monopole
antenna while the effect is less pronounced for the Semi-Elliptic slot antenna.

The Step Slot antenna behaves similarly between 0°-150° and at other angles, the

107
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Figure 6.1: Simulated antenna transfer function in the azimuthal plane for (a)
Square Monopole (b) Square Monopole with Band Notch (c¢) Semi-Elliptic Slot (d)
Semi-Elliptic Slot with Band Notch (e) Step Slot and (f) Tapered Slot Antennas
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degradation starts at lower frequencies. As seen in Figure 6.1, transfer function of
the linear tapered slot antenna remains constant up to 10 GHz and the amplitude
decay begins only after 10 GHz.

The corresponding impulse responses are well formed with good peak value
over almost all the angular regions as shown in Figure 6.2. Amplitude degradation
beyond 8 GHz in the Square Monopole and Semi-Elliptic Slot is reflected in their
corresponding impulse responses between 30°-120° and 200°-330°. This can be
seen in Figure 6.2(a)—(d) where the impulse response peak show intensity varia-
tions at these angles. Antennas with band notch resonators exhibit pronounced
rippling in their impulse responses as shown in Figure 6.2 (b) and (d). In the
Step Slot, the impulse response behave differently between 150°-355° while that
for the Tapered Slot Antenna is sharp and well formed at all angular regions.
Among the four antennas investigated, superior azimuthal radiation is found to
be that of the Tapered slot.

Transfer functions in the elevation planes of the antennas are shown in Figure
6.3. The nulls in the radiation pattern at 180" can be seen in the transfer functions
which show intensity variations. Transfer functions in the elevation planes are
almost similar for all the antennas. Corresponding impulse responses are shown
in Figure 6.4. Excluding the nulls at 180°, well formed amplitude peaks belong

to the linear tapered slot antenna.

6.2 Measurements with prototype antennas

Procedure for the transfer property measurements are as explained in sections
2.3.7 and 2.3.8 in Chapter 2. The transmitting and receiving antennas are
positioned in their far field, at a distance of 25 c¢m for measurements. Source
power level in the VNA is set at 10 dB to improve signal to noise ratio in the
measured data.

Measured antenna transfer functions in the azimuthal planes are shown in
Figure 6.5 and the corresponding impulse response in Figure 6.6. Intensity
variations in the antenna transfer function shown in Figure 6.5 agree well with
simulations across the azimuthal angles and frequencies. For all the antennas,
measured phase is linear across all planes shown in the same figure. It can be seen

Figure 6.6 that peak of the impulse response show variation along the azimuthal
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angle. Amplitude of the impulse response is maximum at # = 90°, ¢ = 0° and
6 = 90°, ¢ = 180° and minimum at # = 90°, v = 90° for the square monopole and
semi-elliptic slot antennas. This can be attributed to the shift in the peak gain
which is shown in Figure 3.6 and Figure 4.2. For the step slot and linear tapered
slot, the amplitude peaks are maximum at 6 = 90°, ¢ = 90° and minimum at
6 = 90°, ¢ = 180°. All impulse responses resemble delta function across all angles
especially along the spatial angles where the amplitude peaks are maximum.
Measured transfer functions and impulse responses along the elevation planes
are shown in Figures 6.7 and 6.8 respectively, which is found to replicate the

simulation results.

6.3 Pulse analysis

Antenna effects on the nano second pulses are studied by method outlined in
section 2.3.10. The template pulse chosen is fourth derivative of the Gaussian
as shown in Figure 2.4. Figure 6.9 shows the measured and simulated pulses
in the azimuthal and elevation planes for the square monopole antenna without
and with band notch; Figure 6.10, that of the Semi-elliptic slot antenna without
and with band notch; Figure 6.11, that of the step slot and linear tapered slot
antennas. It is observed that the measurements and simulation agree well with
each other for all the antennas. Among all the antennas, superior wave form

reproduction is that of the linear tapered slot antenna.

6.4 Quantification of measured and simulated results

Measured and simulated impulse response and waveforms are quantified by
methods outlined in section 2.3.9 and 2.3.11 and the results are shown in Table
6.1. It is found that measured and simulated data are more consistent with each
other in the azimuthal plane, where the pattern is omni-directional, than in the

elevation plane.
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The values in Table 6.1 suggests narrow FWHM and low ringing for the linear
tapered slot antenna which manifests in high fidelity factor for this antenna. Pulse
dispersion and ringing is higher in antennas with band notch resonator due to
scattering occurring in the antenna. Of all antennas studied, linear tapered slot
antenna has the smallest and simplest configuration and consequently, scattering
in the geometry is minimal. From this part of the study it is revealed that
simple radiator designs covering the operating band can be preferred for UWB
systems than super bandwidth structures with complex impedance matching
techniques since they can minimize scattering in the radiator and dispersion of

the transmitted/ received waveform.

6.5 Conclusion

In this chapter, transfer properties of the antennas which are studied in the
previous chapters are presented. The study reveals a close correspondence
between size of the antenna and its performance in the time domain. As the
size of the antenna increases, surface currents on different parts of the antenna
tend to go out of phase while receiving/ transmitting a signal depending on the
spatial orientation of the transmitter/receiver. Electrical length of antennas are
larger and the transfer function is no longer flat at the higher operating band (for
those spatial orientations). This reflects in the impulse response as a dispersion.
Full Width Half Maxima (FWHM) and Ringing quantify dispersion; Fidelity, the
cross—correlation between transmitted and received pulses. A comparison reveals
minimum FWHM, Ringing and reasonably good Fidelity for the linear Tapered
Slot antenna. Square monopole and Semi—Elliptic slot antennas have fractional
bandwidth of ~ 150%, while that of the Step slot and Linear Tapered Slot are
114 and 130 respectively. Wider impedance bandwidths are realized in the first
two designs at the cost of spatial efficiency. Hence, it can be concluded from the
present chapter that, for UWB systems, small element antennas that cover the
specified operating band would be a better option than antennas with bandwidth

in large excess to the operating band and that consume PCB space.



Chapter 7

Summary and Conclusions

This chapter summarizes and highlights the conclusions drawn from the present

study.

7.1 Thesis Summary and conclusions

In this thesis, a comprehensive study on the design, simulation, testing and
characterization of UWB antennas is presented taking in to account the extra
constraints placed on the antenna design for pulse based operations. Parameters
in the frequency and time domains were taken into account in analyzing strengths
and weaknesses of the antenna designs.

The four novel antenna designs presented in this thesis, whose impedance
bandwidths cover the FCC allocated 3.1-10.6 GHz UWB are: Square Monopole,
Semi-Elliptic Slot, Step Slot and Linear Tapered Slot. The study reveals that,
key to Ultra Wide Bandwidth lies in the ground—patch interaction and hence,
the ground planes are suitably modified to allow a smooth impedance transition
from 5012 to 37752.

Square Monopole Antenna This UWB monopole design is arrived from an
existing narrow band design by a geometric manipulation of the ground
plane, whose design aspects are presented in Chapter 3. As mentioned
in the detailed literature review at the beginning of this chapter, there
are several design practices to realize UWB in such antennas, which may

even complicate the antenna design. In the present work a novel method
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is proposed which include inserting cuts in the ground plane which can
be mathematically accounted to design the Square Monopole antenna on
laminates with any permittivity. In addition, a technique to address the
narrow band interference (NBI) issue at the antenna level it self is also

presented in this chapter.

Semi—Elliptic Slot Antenna This antenna is a printed version of typical aper-
ture antennas and wide impedance bandwidth and compact size is arrived
in this structure by redesigning its the ground plane. Design aspects of
this antenna is presented in Chapter 4. Resonances in this geometry is
mathematically accounted to allow designing in any microwave laminate

and in addition, a technique to avoid NBI is also available.

Step Slot Antenna In the antennas in Chapter 3 and 4, radiation is constituted
by both sections on the z—axis of symmetry. Chapter 5 of the thesis analyzes
whether radiation is possible if only a single section is present. Two possible
geometries titled Step Slot and Linear Tapered slot are presented in Chapter
5. The Step slot antenna is designed with a step like slot aperture at the

end of a end shorted slot line, which is fed by a modified microstrip feed.

Linear Tapered Slot Antenna is a modification of the Step slot geometry
where the slot aperture and feed architecture are modified to result in a

compact as well as radiation efficient structure.

A comparison of the radiation characteristics of the above antennas is presented
in Table 7.1. Antennas with band notch resonators have not been included for
comparison since their transient characteristics cannot be directly compared
with other designs. Widest impedance bandwidth belong to the Semi-Elliptic
Slot antenna, which can be attributed to the curved ground—patch design. All
antennas are found to offer omnidirectional coverage. However, peak radiation
of the step and linear tapered slot geometries are along § = 90°, ¢ = 90°, by
virtue of their design. Average Gain and Radiation Efficiency in the 3.1-10.6

GHz operating band are almost similar in all cases. Even then, the lowest values
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obtained fort the Linear Tapered slot geometry can be justified by its smaller
size.

FWHM, Ringing and Fidelity values indicated in the table are for the az-
imuthal plane of the antennas where radiation is omnidirectional. Nulls in the
elevation plane plane patterns have found to impair measurements and due to this,
measurements taken in this plane have not been included for comparison. The
study reveals that FWHM and Ringing are minimum and Fidelity is maximum
in the spatial orientation where the antennas have peak radiation in the plane.
For Square monopole and Semi-Elliptic Slot, the maxima and minima in the
azimuthal plane are along 6 = 90°, ¢ = 0° and § = 90°, ¢ = 90°. For Step Slot
and Linear Tapered Slot, these are along 6 = 90°, ¢ = 90° and 6 = 90°, ¢ = 0°.
Of all antennas, a consistent Fidelity in the azimuthal radiation plane is possessed
by the linear tapered slot antenna. For other antennas, there is large difference
between the maxima and minima.

This study also reveals that size of the antenna has close correspondence with
its time domain performance. A possible reason for this is that as size decreases,
phase difference between the surface currents at different parts of the antenna is
minimum. Hence, antenna effects on a transmitted/ received pulse is minimum.
This is again confirmed by the antenna design presented in Appendix A, which is
a monopole design derived from the Square monopole and Semi-Elliptic Slot and
which occupies the least PCB space when compared to the designs presented in
this thesis.

7.2 Suggestions for Future Work

Based on the conclusions and limitations of the present study, prospects for future
works are identified as below.

In this thesis, transient response of the UWB antennas are studied by mea-
surements in the frequency domain followed by a Fourier Transform. The mea-
surements have been performed for discrete steps of 30° because of the limitations
of the measurement set up. An automated measurement set up may be deviced
to take measurements for lesser angles to cover the 3D radiation pattern of the
antenna. Also, direct time domain measurements may be performed with a pulse

generator and and spectrum analyzer.
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Table 7.1: Features of the designed antennas
Band | Pattern Av. | Av. FWHM Ringing Fidelity Size

width Gain | Rad.
Eff.
(%) (dBi) | (%) | Min. Max| Min. Max| Min. Max| (mm?)
Sq. 145 Omni | 3.75 | 86 176 184 | 248 296 | 83 92 29.5x32
Mono. dire.

Semi 150 | Omni | 3.64 | 87 224 248 | 288 456 | 90.5 91.8| 34x25
Ellip. dire.

Step 114 Omni | 3.16 | 82 304 476 | 178 456 | 60 95 | 40x33.4
Slot dire.

Linear | 130 | Omni | 2.5 83 296 496 | 292 456 | 95 98 | 30x13.5
Tap. dire.
Slot

All antennas in the thesis have been designed on the lossy Epoxy laminate.
Antennas on LTCC substrates may be studied which has the advantage of direct

integration with monolithic microwave circuits.

Another interesting work will be the designing of pulse generator and it’s
integration with the antenna. Prospects of a generator-antenna co-design may
be investigated as this approach does away with the need for intermediate
transmission lines placed between the RF device/generator and the antenna. This
prevents the excitation of common—mode currents and eliminates the need of a
balun. The antenna and generator has to be designed taking into account both
impedance matching and the generator’s influence on the antenna’s radiation

properties.

Since UWB systems operate with very low power levels, a typical UWB
receiver has to have a Low—Noise Amplifier to detect these signals. LNA comes
next to the UWB antenna in the system and it has to provide a flat gain response
from DC to up-to several GHz, very low signal distortion, low current consumption
and high signal voltage gain transfer. Antenna integration with a LNA can be

taken as a future investigation.

Using the theory explained in this thesis, channel characterization may be
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performed. The antennas presented in this thesis may be redesigned or used as

such for applications such as microwave imaging which has full fledged facility

available at our research center.






Appendix A

The Rectangular Strip Monopole An-
tenna

Antenna geometries affect the radiated pulse wave forms according to the propa-
gation of surface currents on them. Significant phase differences in the surface
currents during transmission or reception spread a nano second pulse in the time
domain. Studies presented in this thesis reveals the superior characteristics of
electrically small antennas in handling nano second pulses due to their stable
radiation patterns with minimum and distortion at higher frequencies. In addition,
they fit perfectly well to space constrained applications such as a wireless dongle
or the emerging WiMedia systems [Jinwoo Jung, 2008], [Jung J., 2008], [Wu &
Ronghong Jin, 2008], [Jaewoong Shin, 2009].

Here, we present the design of a novel UWB monopole antenna and its char-
acterization in the frequency and time domains. Design aspects and radiation
mechanisms [Gopikrishna M., 2007] and [Gopikrishna M., 2009] have been con-
templated in designing the present structure. To generate multiple resonances in
this small element radiator, a wide gap is set between the patch and the ground
plane. An impedance transformer designed in the ground plane prevent standing
waves in the feeding structure allowing wide impedance bandwidth from 2.85 —
14.25 GHz.

131



132 APPENDIX A. THE RECTANGULAR STRIP MONOPOLE ANTENNA

A.1 Antenna Structure

The schematic diagram of the rectangular strip monopole antenna is shown in
Figure A.1(a).

(b)

Figure A.1: (a) Configuration of the proposed antenna (b) design evolution

The basic rectangular strip monopole is shown in Figure A.1(b), where the
dimensions are l,;= 9 mm, b,;= 10 mm, d= 4.25 mm and [, = 17.75 mm when
designed on a substrate with permittivity ¢, = 4.4 and height h = 1.6 mm and loss
tangent 0.02. The coplanar feed dimensions for 50 €2 impedance are s = 2.3 mm
and g = 0.28 mm. This configuration exhibits three resonances as shown in Table
A.1. A variation study in d indicates that coupling to the radiator is strongly
depended on this parameter. To facilitate a gradual impedance transformation
that result in broadband impedance matching between the CPW line and the
patch, the ground plane is designed with increasing slot widths g1, g2, g3 and gy.
A slight mismatch at the lower frequencies is attended by designing a taper with
parameters s, and [;. The geometric parameters of the proposed UWB design is :

lpp = 6 mm, by = 7.3 mm, g1 = 0.45 mm, g = 1.35 mm, g3 = 2 mm, g4 = 2.7
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mm, t =1mm, sy =2 mm and [y = 3 mm. With these, the antenna geometry

is restricted to 30x12 mm?.

A.2 Results

The reflection coefficient measurement indicate broad impedance bandwidth from
2.85-14.25 GHz and is shown in Figure A.2. The simulated resonances are in
good agreement with the measurement.

Measured radiation patterns at 3.15, 6.77, 10 and 13.3 GHz are shown in
Figure A.3(a) and (b). The radiation patterns remain stable and omni-directional
throughout the available bandwidth and pattern degradation at the higher fre-
quency bands is minimal. Cross—polar level is better than —20 dB in the 3.1-10.6
GHz band and the antenna polarization is in the Z direction. In this band, an
average gain of 2.24 dBi is observed with ~0.75 dBi of gain fluctuation.

High fidelity reception or transmission of a wide—band signal is dependent
upon the antenna geometry and due this, antennas that are well matched in
the frequency domain may behave differently in the time domain. The time
domain characterization of the rectangular strip monopole antenna is performed
after measurements in the frequency domain, a detailed account of which can
be referred in Duroc & Tedjini [2007]. The reference antenna is a wide band
ridged horn, which is standardized using an identical pair. Once this is done,
the transmitter is fixed and the wide band ridged horn at the receiving end is
replaced with the test antenna and the transmission coefficient is measured for its
multiple orientations. The measured antenna transfer function of the test antenna
in the azimuthal and elevation planes are respectively shown in Figure A.4(a)
and (b). The azimuthal transfer functions are constant with variation remaining
within 10 dB while that measured for the elevation plane shows large variations
at certain frequencies. The corresponding impulse responses are shown in Figure
A.5(a) and (b) which is obtained by performing an inverse fourier transform of
the measured antenna transfer function. Full Width Half Maxima (FWHM) of
the impulse response is constant at all angles in the azimuthal plane and ringing
is minimal as shown in Table A.2.

To study the waveform distortion caused by the antenna, measured impulse

response is convoluted with the fourth derivative of a gaussian pulse which complies
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Figure A.4: Antenna transfer function measured in the (a) azimuthal (X-Y) (b)

elevation (X-Z) planes for multiple orientations of the test antenna
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Table A.1: Dependence of the resonances on parameter d (Fig.A.1(b))

d Resonances | Matching
(mm) (GHz) (dB)
0.25 4.16 —6.8
8.6 —6
2.25 3.77 -12.7
7 —-25.76
9.6 -17
4.25 3.34 -13.4
6.3 -10.85
9.6 7.8
6.25 -13.4
—6.4
9.6 -5.4

Table A.2: Measured FWHM, ringing and fidelity in the azimuthal and elevation

planes for the rectangular strip monopole antenna

Angle Azimuthal (6 = 90°) Elevation (¢ = 0°)
(pord) | FWHM Ringing Fidelity | FWHM Ringing Fidelity
(pS) (pS) (%) (pS) (pS) (%)

0° 128 88 94 200 304 38
300 120 88 93.57 104 176 32
60° 128 88 93 128 208 62.5
90° 120 72 92.1 128 88 94
1200 128 88 92 376 224 85.57
150° 128 88 92.6 144 120 78.39
180° 136 88 93.77 216 144 50.27

with the FCC spectral emission mask. Good cross—correlation is observed between

the template and received pulses as indicated by the fidelity values in Table A.2.
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A.3 Conclusion

In this work, we have designed a small element UWB antenna with superior
radiation characteristics. The present work unearths a connection between the size
of a monopole antenna and it’s far field radiation. As the antenna size shrinked,
the radiation pattern remained omni—directional even at it’s highest frequencies
of operation which again reflected in it’s time domain performance. Measured
FWHM is narrow, ringing is less compared to other antennas in this thesis and
the pulse fidelity is constant in the entire azimuthal plane. Even though small
element antennas have these advantages compared to their larger counter parts,
the design of such antennas has to be done with special care, otherwise the finite
ground plane effects of the antenna may become an issue during measurements

in the lab or practical installation in an equipment.
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