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Abstract

In this thesis, several compact full-band and band-notched super wideband (SWB) printed
monopole antennas are designed, fabricated and tested. The designed antenna provides
much wider impedance bandwidth of 89.9 GHz that is 1.1 to 100 GHz (bandwidth ratio
of 90.9:1). Improved designs are used for microstrip feed line, feed region of the antenna
and radiating element to obtain such a super wideband (SWB) radiation characteristics.
A triangular tapered microstrip feed line is used, nearly optimal taper or curve is em-
ployed in the feed region and the ground plane feed gap is optimized to get best antenna
performance. Unfortunately, it is to be noted that some of the existing narrow band sys-
tems such as WiMAX (3.3-3.7 GHz), C-band (3.8—4.2 GHz), WLAN (5.15-5.85) and
X-band satellite communication systems operating in 7.25—-8.395 GHz (for down link:
7.25-7.745 GHz and uplink: 7.9-8.395 GHz) may cause electromagnetic interference
to the SWB system. So, to mitigate this interference issue, SWB antennas with band-
notched characteristics is required. Till date, most of the antennas have been designed
to have notch within UWB band and occupy relatively large space. In our work, we
have designed a suitable SWB antenna along with band notch characteristics in WIMAX,
C-band, WLAN and X-band satellite communication systems frequency region and also
supports a very large bandwidth. A parasitic element and slot have been designed for
creating notches to mitigate the potential interference with the narrow band system. This
band-notch SWB antenna should have good radiation characteristics with reasonable gain

and compact size.

Keywords: — Frequency band-notch function, impedance bandwidth, super wide-

band (SWB) antenna, triangular tapered feedline, tapered monopole antenna
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1. Introduction

1.1 Brief background on super wideband (SWB)

It is worth noting that over the past decade Ultra wideband (UWB) systems have drawn a lot of
attention in the modern wireless world. In February 2002, the Federal Communication Commission
has suggested the authorized unlicensed use of ultra-wideband (UWB) frequency spectrum [1] in the
frequency band of 3.1 to 10.6 GHz for wireless personal area network (WPAN) applications. Due to
several features such as large bandwidth communications, high data rate transmission and operates at
very low operational energy level, UWB technology makes an attractive option to cover short range
wireless communication systems such as PC peripherals and wireless USB. Note that besides large
bandwidth of this UWB (ratio bandwidth of 3.4:1) technology, current users of wireless personal
area network (WPAN) are also hunger to increase more and more bandwidth (like super wideband
radio technology) to cover both short range and long-range communication system. Super wideband
(SWB) radio technology provide ratio bandwidth of more than 10:1 were first developed supposedly
by Rumsey et al, in the late 1950s and early 1960s, which was classified as a class of frequency-
independent antennas [2]. According to Shannon-Hartley’s channel capacity law [3] transmission data
rate can be increased by enlarging the bandwidth [4]. SWB technology has higher channels capacity
and provide data, voice, and video transmission at very high data rates. It permits high resolution
sensing in free space and also works in ground penetrating radar (GPR) and wall-through sensing.
Existing UWB technology (3.1 to 10.6 GHz) has meets most of the features like SWB technology,
except its bandwidth ratio of 3.4:1. SWB technology have all advanced features of UWB technology
like higher channel capacity, higher precision and super resolution in communication, ranging and
screening. Name of the technology is given as Super wideband, because of it can supports most
of the communication systems, such as GPS (1.57-1.58 GHz), GSM1800 (1.71-1.88 GHz), PCS
(1.85-1.99GHz), AWS-3 (2.155-2.175 GHz), WCS (2.345-2.360 GHz), ISM (2.402-2.480 GHz),
MMDS (2.500-2.690 GHz), UWB (3.1-10.6 GHz) and UWB vehicle radar (22—29 GHz). Because
of extremely large bandwidth SWB technology may be used for spectrum sensing in cognitive radio
[5] and to achieve adequate polarization diversity [6]. SWB sensors/devices which support SWB-

signaling, that could be an appropriate solution for balancing bandwidth, range and resolution.
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1.2 Antenna in wireless communication system

1.2 Antenna in wireless communication system

Antenna plays an important role for any wireless communication system as it is a transducer which
converts an guided wave in tranmission lines into electromagnetic waves or vice versa. According to
the IEEE Standard Definitions an antenna is defined as ”a means for radiating or receiving electro-
magnetic waves” [7]. The existence of the electromagnetic waves in space was first predicted by
James clerk Maxwell in 1873. Maxwell proposed that light is a continuously varying electromagnetic
wave with time and at other wavelength, the electromagnetic radiation is also possible. After James
clerk Maxwell postulated the theory of electromagnetic waves, Heinrich Rudolf Hertz proved in 1888
the physical existence of electromagnetic waves by doing some experimental arrangement to transmit
and receive radio pulses.

Initially the shape of antenna was wire type radiating elements in 1940, which can be operated
up to some ultra high frequency (UHF). After that drastic development was occurred in the antenna
technology as the impedance bandwidth is enhanced to 40:1 or more. These wideband antennas are
known as the frequency independent antennas with little or no signal attenuation, whose geometries
are specified by angles [8—10] instead of linear dimensions. The important application of these fre-
quency independent antennas includes radio and short wave sets, radar devices, navigating systems,
feed for reflectors, point to point communication, etc. In the year of 1972 (but became popular starting
in the 1970), microstrip antennas were invented by Bob Munson, which are used in many applica-
tions till date. Compare to earlier antenna design microstrip patch antennas are easy to fabricate and
can be easily integrated with microwave integrated circuits (MICs). Due to low profile (can even
be conformal) and low fabrication cost microstrip antenna has becomes a choice for many applica-
tions. Recently, a millimeter wave antenna has gone through several transformations and now-a-days
these antennas can be integrated in many small handheld gadgets in which the passive and active
components can be associated with the radiating elements in one component unit.

1.3 Antenna theory

According to the IEEE Standard Definitions of terms for Antennas (IEEE Std 145-1983) defines

the antenna or aerial as a means for radiating or receiving radio waves. Antenna is a transducer which
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1. Introduction

converts electrical quantities like voltage and current into electromagnetic waves or vice versa. In
other words we can say that the antenna is used for transmitting electromagnetic energy between
a guiding device, such as coaxial line or a hollow pipe (waveguide) or a microstrip to free-space.
Antenna is a fundamental and important component of all wireless communication systems because
in a radio link the antenna serves as the final block on the transmitter side and is the first block on the
receiver side.

The main objective of this thesis is to design appropriate antennas that are suitable for the future
wireless SWB communication systems. Before proceeding to the antenna design procedure, it is
important to have some acquaintance with the general antenna basics and concepts. There are some
important parameters that always have to be considered in antenna design. At the same time, the
primary requirements for a suitable UWB and SWB antennas are discussed. Some general approaches
to achieve wide operating bandwidth of antenna are presented.

1.3.1 Antenna parameters

Definitions of various parameters are required to describe the performance of an antenna.
1.3.1.1 Antenna frequency bandwidth

Frequency bandwidth (BW) of the antenna is defined as “’the range of frequencies within which
the performance of the antenna, with respect to some characteristics, conforms to a specified stan-
dard”. The bandwidth can be considered to be the range of frequencies, on either side of a center
frequency (usually the resonance frequency for a dipole), where the antenna characteristics (such as
input impedance, pattern, beam width, polarization, side lobe level, gain, beam direction, beamwidth,
radiation efficiency) are within an acceptable value of those at the center frequency. Generally, the
antenna should have return loss more than +10 dB over its frequency bandwidth in wireless com-
munications. Bandwidth is often expressed in terms either absolute bandwidth (ABW) or fractional
bandwidth (FBW). If f; and fy are the lower ends and upper ends of the antenna bandwidth, respec-
tively, then the ABW is defined as the difference of fy and f;. The FBW is defined as the percentage
of the frequency difference over the center frequency, as given in equation (1.1) and (1.2), respec-
tively.

ABW = (fu - f1) (1.1)
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1.3 Antenna theory

FBW(%) = 2Un =10 400 (1.2)

(fu + f1)

In case of wideband antenna, the bandwidth can be expressed as the ratio of the upper ends to lower

end frequencies [11] as given in equation (1.3)

il

BW =
P

(1.3)

1.3.1.2 VSWR and return loss

As we know electromagnetic waves travel through different parts of the antenna system i.e., from
the source to feed line, then to the antenna system and finally waves are radiated in free space. In
the process, they may encounter different impedances at each interface. Depending on the impedance
mismatch, portion of some energy will get reflected back to the source forming a standing wave in
the feed line. The ratio of maximum to minimum voltage along the transmission line is called as
standing wave ratio (SWR). Ideally SWR should be 1; then there is no reflection or return loss. But
practically SWR of 1 is not possible. Voltage standing wave ratio (VSWR) of 1.5 is considered as
excellent system, while values of 1.5 to 2 is considered as a good system.

The antenna input impedance can be used to determine the reflection coefficient (I'), voltage stand-

ing wave ratio (VSWR) and return loss (RL) as a function of frequency as given by [7]

Zy — 27,
o 2a-%c

= 1.4
Za+Zc ( )

where Z, is the characteristic impedance of the antenna and Z is the characteristic impedance of the
transmission line.
The VSWR is defined as the ratio of the peak voltage maximum to peak voltage minimum in the

standing wave pattern at an impedance discontinuity. For antenna

1+ T

VSWR =
1 -1

(1.5)

where VSWR is the voltage standing wave ratio and I' is the reflection coefficient. And the return loss
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is defined as

Return loss (RL) = —=201log|I'| (1.6)
1.3.1.3 Radiation pattern

Radiation pattern of the antenna is defined as graphical representation of the electromagnetic
power distributions in free space. Also, these patterns can be considered to be representative of
the relative field strengths of the field radiated by the antenna. In most cases, radiation pattern is
determined in the far-field region and is represented as a function of the directional coordinates.
Radiation properties include power flux density, radiation intensity, field strength, directivity, phase
or polarization. Normally, the pattern describes the normalized (power) values with respect to the
maximum values. The radiation property of most concern is the two- or three-dimensional spatial
distribution of radiated energy as a function of the observer’s position along a path or surface of
constant radius. A trace of the received power at a constant radius is called the power pattern. In
practice, the three-dimensional radiation pattern can be represented by multiple of two- dimensional
radiation patterns. However, for most practical applications, a few plots of the pattern at certain
¢ and 6 values are used to derive the required information, where ¢ and 6 are the two axes in a
spherical coordinate. For a linearly polarized antenna performance is generally described in terms
of its principle E-plane and H-plane patterns. The E-plane is defined as the plane containing the
electric field vector and the direction of maximum radiation while the H-plane is defined as the plane
containing the magnetic field vector and the direction of maximum radiation. Radiation pattern of the

antenna can be described using mainly three radiation patterns [12].

(a) Isotropic - Isotropic is defined as a hypothetical lossless antenna having uniform radiation in all
directions. It is applicable only for an ideal antenna and practically it is not possible to realize

it.

(b) Directional - Directional antenna is defined as an antenna having the property of radiating or
receiving electromagnetic waves more efficient radiation in one direction than another. This is
usually applicable to an antenna where its maximum directivity is significantly greater than that
of a half wave dipole.
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(c) Omni-directional - In case of omni-directional an antenna having an essentially non-directional
pattern in a given plane and a directional pattern in any orthogonal plane. Therefore an omni-

directional pattern can be considered as a special type of directional pattern.

1.3.1.4 Directivity, gain and efficiency

The directivity of an antenna is defined as the ratio of the radiation intensity U(6,¢) in a given
direction from the antenna to the radiation intensity averaged over all directions which are equivalent
to the U (radiation intensity of an isotropic antenna). For an isotropic antenna, the radiation intensity
is equal to the total radiated power P,,; divided by 4r. Therefore mathematical expression for the

directivity can be written as

Ub,¢p) _ UB,¢) _4nUb,¢)

(1.7)
UO Pra%l_ﬂ_ Prad

D(directivity) =

If the direction of an antenna is not specified, it implies the direction of maximum directivity (D)

can be expressed as

Unmax (6, ©) i 4 Unmax (6, ¢)

Dix =
R UO P rad

(1.8)

Gain (G) is other important parameter of the antenna, which is defined as the ratio of the intensity in a

Source Antenna
Rs Xs Xa
Pin >
v o) T
R1
Zin

Figure 1.1: Equivalent circuit of an antenna

given direction to the radiation intensity that would be obtained if the power accepted by the antenna
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were radiated isotropically. Mathematical formulation of the gain G(6,¢) can be expressed as

G (6, ) = VO ) (1.9)

Pinput
Antenna gain takes into account the radiation efficiency e,,,; as well as the directivity, as given by:

From equation (1.9)
4rU (8, ¢)

G.0) = —
input

(1.10)

Using the equivalent circuit of the antenna as shown in Fig. 1.1 the radiation efficiency of the antenna
is the ratio of power delivered to the radiation resistance R, to the total power delivered to the total

antenna resistance antenna that is R, + R; (loss resistance). So, the radiation efficiency can be written

as

Prad
. (1.11)

¢ Pinput
Pinput = Prag + Plosses (1.12)

Putting the value of P;,,,, in equation (1.11)
P P 1R IP?

€rug = rad rad 2 (113)

Pinput - Prad + Plosses - %Rr”lz + %Rllllz
According to C. A. Balanis [13] gain does not include losses arising from impedance and polarization

mismatches. It is then related to the directivity as:
G (0, ¢) = eraaD (6, ¢) (1.14)

1.4 Hertzian dipole

An infinitesimally small current element whose length dI is much smaller than the wavelength
1e. dl <Al << )/50) of wire is known as Hertzian dipole. It is very thin, and its radius ’a” is also
much smaller than the wavelength A. An infinitesimal wire element is positioned symmetrically at the
origin of the coordinate system and oriented along the z-axis as shown in Figure 1.2. Assume that the

infinitesimal time varying current in Hertzian dipole is

I(t) = L)’ (1.15)
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1.4 Hertzian dipole

To solve the field radiated by the infinitesimally small current carrying element, we need electromag-

z
A Ar
e 4 Ay
di
I(t)=1,e’"z = )
AN

Figure 1.2: Hertzian dipole

netic fields, It is needed to find the magnetic vector potential A by using equation (1.16)
A=""¢ (1.16)

where Iydl is the small current carrying element, & is the wave number and yj is the permeability of
free space.

H
Then magnetic vector potential A is transformed into spherical coordinates as

Ihdl _;
A, =A,cos0 = ’UZ—Oe‘f’" cosd (1.17)
nr
Iodl _.
Ag = A, sinf = ”fl—oe—f’” sin (1.18)
r
A,=0 (1.19)

From Maxwell’s equation [7], the relation between X and ?I can be defined as

- -
VX E = —jowuH (1.20)
- 1 -
H=-VxA (1.21)
J7i
We can find E-fields and H-fields as:
H . =H,=0 (1.22)
klydl sin 6 1 .
= |1+ —|e 1.23
¢ =J o [ + jkr] e ( )
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Ipdlcos 6 | O
E, =n—— |1+ — |/ 1.24
T2 [ jkr]e (124)
klodl sin 6 1 1 .
E,= i 4 — — —Jjkr 1.25
I A [ jkr (kr)z]e (12

where k = 27” is the wave number and = /H, is the intrinsic impedance in Q. In the far field region

kr > 1, the E- and H-field can be simplified by:

E,=0 (1.26)
. klydlsing _,

E, ~ ]'70276 i (1.27)
klodlsing _ .

o ™ J—°4m e (1.28)

In the far region the field distribution is essentially independent of the distance from the antenna.
The E- and H-fields components are perpendicular to each other and transverse to the direction of
propagation.
1.4.1 Radiation resistance

Hertizan dipole can be equivalently modeled as a radiation resistance. The real part of the input
impedance for a lossless Hertizan dipole is denoted as the radiation resistance R,. By integrating the
Poynting vector over a closed surface, the total radiated power P,,,; by the source can be found out.

The radiation resistance R, can be defined from the real part of radiated power, which is given below

1 N m\ | Ldl]F 1
P,a = =R (E H)d = (—)— = Z|IoIR, 1.29
=5 ef X Hx|ds =n\7)|— 5ol (1.29)
27\ |dl|? dif
R, =n|=||=| =807*|— 1.30
”(3)1 17 (130

It is to be noted that from the above formula that the resistance R, is dependent on d/ and the wave-
length A4

1.5 Limitations for electrically small antennas

In 1948, L. J. Chu [14] first investigated the fundamental limitations for electrically small an-
tennas and subsequently in the year of 1960, R. F. Harrington [15] also postulated the fundamental

limitations of electrically small antennas. Therefore together they are called Chu-Harrington criteria
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1.5 Limitations for electrically small antennas

Antenna Configuration

Figure 1.3: Antenna within a sphere of radius r

for electrically small antennas. In 1964, R. E. Collin and S. Rothschild evaluated the quality factor
of the antenna by subtracting the energy density associated with the power flow from the total energy
density. The definition of electrically small antenna reveals that the electrically small antenna is the
one which fits inside a sphere of radius r = 1/k where k is the wave number and equal 27/1. The
limitations of electrically small antennas are obtained by assuming that the whole antenna structure
(with a largest linear dimension of 2r), and its transmission line and oscillator are all enclosed within
virtual a sphere of radius r [16], as shown in figure 1.3. Chu’s approach uses spherical wave functions
to describe the field and calculate the quality factor Q. When kr < 1, the quality factor Q of a small
antenna can be expressed as [17]:

1+ 2(kr)?
k)1 + (kr)?

o (1.31)

where e, is the radiation efficiency of the antenna. Equation (1.31) demonstrates the relationships
between the quality factor Q and the antenna size as well as the radiation efficiency. Since the Q
rises rapidly as antenna size decreases, the result relates the lowest achievable Q to the maximum
dimension of an electrically small antenna. Since the FBW of any antenna is inversely proportional

to Q, although the increases of Q with reducing size r indeed implies a fundamental limitation on the

TH-1352_10610220
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widest achievable bandwidth FBW as shown in equation (1.32)

1
FBW = — 1.32
0 (1.32)

Therefore the antenna size, quality factor, bandwidth and radiation efficiency are closely interrelated
and there is absolutely no freedom to independently optimize each one. Hence there exists always
tradeoff between them to obtain an optimal antenna performance.

1.6 Classification of compact antennas

Now-a-days designs of compact antennas are required for modern handheld wireless communica-
tion gadgets due to limited space available within these gadgets. Compact antenna may be classified
into four categories such as microstrip antenna, dielectric resonator antenna, planar monopole antenna
and printed monopole antenna.

1.6.1 Microstrip antenna

Microstrip antennas are generally composed of a thin conducting patch which is printed on one
side of dielectric substrate and having a ground plane on the other side of the substrate. The radiating
patch and ground plane are normally made of copper, while dielectric substrates are usually made
of non-magnetic material. Dielectric constants of the substrates are usually in the range of 1 to 10.
Several shapes of microstrip patch are used such as rectangular, circular, elliptical, hexagonal and tri-
angular etc. These patch configurations can be excited by using different feeding mechanism. There
are four popular feeding mechanisms viz. microstrip feed line, coaxial cable feeding, aperture cou-
pling and proximity coupling. Effective radiation along the length of patch antenna is possible if the
length of the patch would be a half of the guided wavelength. Due to fringing field creation between
the periphery of the ground plane and the patch, radiation occurs from the radiating patch. To get
the desired performance of the microstrip antenna such as larger bandwidth and better efficiency, low
dielectric constant with thick substrate should be chosen. However as the thickness of substrate in-
creases more surface wave and spurious radiation also increases, results in hampering the bandwidth.
Microstrip antenna can be used over wide frequency range from few MHz to GHz. There are several
advantages and disadvantage of microstrip antennas as given below [18].

Advantages
TH-1352_10610220
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e Light weight, inexpensive and small size.
e Easy to integrate with the microwave integrate circuit (MMIC).

e The microstrip antenna can be easily mounted on missiles, rockets and satellite without major

alteration.
e Dual frequency and dual polarization operations are possible.
e Matching element and feed line can be fabricated simultaneously with antenna structures.

e Linear and circular polarizations are possible with simple modification of radiating patch and

changes in feed location.

Disadvantages

Narrow bandwidth (typically less than 5 percent).

Low RF power handling capability.

Poor end fire radiation performance.

Practical limitations on the maximum gain.

e Poor isolation between the radiating elements and feed network.
1.6.2 Planar monopole antenna

With entrance of many new services in new millennium, there is a tremendous increase in the
use of planar monopole antennas, particularly owing to its low cost, small size, ease of fabrication,
wideband radiation characteristics and omni-directional radiation pattern. To cater different services
such as GPS, GSM 1800, Bluetooth, WLAN (2.5 or 5—-6 GHz), UWB system (3.1-10.6 GHZ) and
satellite communication systems by the same devices, planar monopole antennas are becoming more
popular in the recent years.

The monopole antenna was first invented by Guglielmo Marconi in the year of 1895. The shape
of this antenna was a straight wire monopole antenna, which was installed vertically above a per-
fectly conducting ground plane with simple configuration but vertical polarization as well as hor-

izontal omni-directional radiation pattern. The impedance bandwidth of such monopole antenna
TH-1352_10610220
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can be enhanced by optimizing their structure, such as increasing the thickness of wire elements
or loading the typical structures like skeletal conical monopole, helical monopole, cage monopole
etc. [19-22]. Compared to thin-wire monopoles, the skeletal conical or cage monopoles are more
expensive and bulky. To broaden the impedance bandwidth planar elements (less cost and simple
structure) have been used to replace the wire elements of the monopoles [23-27]. By using pla-
nar radiators impedance bandwidth of monopole antennas can be broadened up to 75 percentage.
Generally, the wideband antennas design for example planar fractal monopoles [28] is much sim-
pler than multiband antenna design of narrowband applications. The replacement of planar radiating
element of different shapes in place of the cylindrical wire element increases the radiating surface
of the monopoles, imparts huge effect on the bandwidth of the monopole antenna. As a result, the
bandwidth of the planar monopole antenna increases considerably. According to [25] mathematical
expression for lower edge frequency of planar elliptical monopole antenna (as shown in Figure 1.4)

can be

Ground
plane

Figure 1.4: Example of planar elliptical monopole antennas

c 7.2

fL:§:L+r+h

GHz (1.33)

where, L is the length of the equivalent cylindrical monopole (which is equal to 2b of planar elliptical
monopole height), r is the effective radius of an equivalent cylindrical monopole antenna (which is
given by 2nrL = 2ab) and h is the gap between the ground plane and elliptical patch antenna. The
ground plane of the planar monopole antenna is also a part of the radiating configuration and the
ground plane affects the characteristics of the antenna such as bandwidth enhancement and radia-

tion characteristics. Therefore planar monopole antennas are becoming more attractive to optimistic
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OV A
ovee

Figure 1.5: Various shapes of planar monopoles

developments such as wireless communication systems, software-defined radio systems and ultra-
wideband (UWB) systems. Various of shapes of planar monopole is shown in Figure 1.5 [29].
1.6.3 Printed monopole antenna (PMA)

As discussed earlier in case of planar monopole antennas, the radiating element is perpendicular
to the ground plane and hence they are not suitable for integration with printed circuit boards (PCB) or
microwave monolithic integrated circuits (MMIC). Planar monopole antenna offers large bandwidth
but limited application for modern hand-held wireless communication devices.

Printed monopole antennas are the versatile antenna which has generated a large attention to re-
searchers across globe in recent year. It is because of printed monopole antenna (PMA) can offer very
wide bandwidth and widely used for wireless communication applications. Here feeding structure and
the radiating element are printed on the front side of the substrate and it is suitable for integration into
circuit board as terminal antennas. The back side of the antenna is a partial ground plane and covers
only some portion of the microstrip feed line. The function of the partial ground plane is to provide a
mirror effect and impedance bandwidth enhancement. Performance of the antenna significantly varies
for infinite ground plane to finite ground plane (partial ground plane) transition. Generally, structure
of feeding element of the printed monopole antenna can be mainly classified into two categories.
First is the microstrip line feeding structure [30—33] and second is coplanar waveguide feeding struc-
ture [34—-37]. Printed monopole antenna can be used for several communication systems such as GPS,
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GSM1800, ISM, WLAN, HIPERLAN, UWB and UWB vehicular radar. Printed monopole antennas

Substrate Substrate Substrate Substrate

Hexagonal
Triangular

monopole
monopole

Figure 1.6: Various configurations of printed monopole antenna

are also provides stable radiation-pattern characteristics and reasonable gain over the entire frequency

range. The various structures of the printed monopole antennas are depicted in Fig. 1.6.

1.7 Motivation

Over the past few decades, wireless communication systems have been developed substantially.
Along with rapid growth in the number of wireless communication users and applications, the de-
mand for different types of wireless communication systems such as GPS, GSM 1800, Bluetooth,
WLAN, UWB and UWB vehicular radar are also increasing rapidly. To accommodate all these wire-
less communication systems in a single device, modern hand held gadgets are required. A SWB
printed monopole antenna can cover many wireless communication services. Due to several features
such as extremely large bandwidth, small size, low cost and suitable for integrating with monolithic
microwave integrated circuits (MMIC) printed monopole has becomes attractive for super wideband
applications.

One important challenge in the SWB communication systems is the design of an antenna to ac-
commodate in the limited space provided by hand held gadgets and which can also offer extremely
large bandwidth over entire frequency band. SWB printed monopole antenna with microstrip feeding
structure are more popular for broadband application. Because of the partial ground plane on the
back side of the substrate, which provides a mirror effect and hence large impedance bandwidth can
be enhanced. To enhance the large impedance bandwidth, a triangularly tapered microstrip feedline is

chosen for feeding the SWB band antenna. Along with tapered feed region and tapered radiating patch
TH-1352_10610220
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are also employed to get the best performance. SWB radio antenna have all the advanced features of
UWRB antenna like higher channel capacity, higher precision and super resolution in communication,
ranging etc.. The frequency range of our SWB antenna is 1.1-100 GHz, with ratio bandwidth of
90.9:1, which is obtained by dividing the highest frequency by lowest frequency. Size miniaturiza-
tion is a major challenge for the design of the SWB antenna. Because of the antenna size is directly
related to the size of the devices. One important issue to be noted for SWB antenna is that, it may
cause electromagnetic interference to the existing narrow band such as Worldwide Interoperability for
Microwave Access (WiMAX) operating at the band of 3.3—-3.7 GHz, Wireless Local Area Networks
(WLAN) operating at the band of (5.15-5.825 GHz) and X- band satellite communication systems
(for down link: 7.25-7.745 GHz and uplink: 7.9-8.395 GHz). These narrow bands lie within the
SWB band specification. To have no or marginal effect at these bands, radiation of the SWB antenna
is to be suppressed at these bands. To mitigate this interference issue, SWB antennas with band-
notched characteristics have been proposed. Till date most of the antennas have been designed to
have notch within UWB band.

To meet these challenges stated above, a suitable SWB antenna along with band notch characteris-
tics in WIMAX, WLAN and X-band satellite communication systems frequency region and also that
supports a very large bandwidth should be designed. To obtain such a wide frequency range, band-
width enhancement techniques should be used. A parasitic element and slot should be designed for
creating notches to mitigate the potential interference with the narrow band system. This band-notch

SWB antenna should have good radiation characteristics with reasonable gain and compact size.

1.8 Contribution of the thesis

In this section, contribution of the thesis is summarized as follows:

(a) A compact printed triangular monopole antenna (PTMA) has been proposed for UWB appli-
cation. This compact antenna uses a triangular radiating patch, a microstrip transition (near
the front end of the radiating patch), a 50 Q microstrip feed line and a round-cornered ground
plane that provides a measured bandwidth from 1.8 GHz to 15.0 GHz. The proposed antenna

structure has wide bandwidth and small size compared to the conventional antenna [38—43].

TH-1352_10610220

17



1. Introduction

(b) Proposed a design methodology for super wideband (SWB) printed monopole antenna. This
SWB monopole antenna has been composed of three parts: feed region, feed line and radiat-
ing patch. Each part of the antenna has been optimized to get best antenna performance and

extremely large bandwidth (2.8—100 GHz) has been obtained.

(c) Proposed a new printed monopole antenna for super wideband applications. The simulated result
shows that it is a super wideband antenna applicable for frequencies from 2.5 GHz to 80 GHz,
while measured results have been shown upto 25 GHz (due to limitation of the available vector

network analyzer) and can cover most of the communication systems as compared to [44-46].

(d) Proposed a new structure for realization of super-wideband radiation characteristics (.9—-100
GHz) along with notch capability. By introducing U-shaped and C-shaped parasitic element
single band-notch functionality has been introduced in the frequency band of 5-6 GHz for
WLAN. Proposed antenna has been designed to notch within SWB region, however till date

most of the antennas have been designed to notch within UWB [47-49] region.

(e) In this section a compact dual band-notched monopole antenna is proposed for super wide-
band (SWB) applications. Here two different antennas have been examined using two different
substrates. First antenna has been designed by FR4 substrate and second antenna has been de-
signed by RT/Duroid substrate. Dual band-notched functionality has been realized by inverted
U-shaped slot, open-circuited stub (for WLAN) and U-shaped parasitic element. Proposed an-
tenna has small size and large bandwidth with dual band-notched characteristic as compared to

conventional antenna [50-53].
1.9 Organization of the thesis

This thesis is divided into six chapters. The organization of this thesis is as follows:

Chapter-1:

This chapter introduces the brief background on Super wideband (SWB) technology and the
printed monopole antenna. Apart from this, chapter one also covered basic antenna theory and its

parameter. The motivation and the thesis contribution are presented thereafter.
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Chapter-2:

This chapter provides a brief description of design of printed triangular monopole antenna for
UWRB application. It also includes the simulated and experimental results of the fabricated prototype
of the UWB triangular printed monopole antenna. In addition, a time domain characteristic of the
antenna has been also analyzed.

Chapter-3:

Chapter 3 illustrates about the design aspect of super wideband printed monopole antenna. A
triangular tapering and Raicu’s optimal taper have been employed to enhance the bandwidth. The
antenna is designed theoretically, simulated, fabricated and measured.

Chapter-4:

A new printed monopole antenna has been designed for super wideband applications in this chap-
ter. A triangular tapered feed line has been used for feeding the exponentially tapered feed region and
patch of the proposed antenna. All simulated and measured results are included in this chapter. Also
time domain characteristics are evaluated experimentally.

Chapter-5:

This chapter includes the realization of super wideband antenna along with notch capability. To
mitigate the interference issue, SWB antennas with band-notched characteristics have been proposed.
Apart from that two different band-notched SWB monopole antennas structure have been designed
and fabricated with two different substrates, one with FR4 substrate and another with RT/Duroid 5870
substrate. Both antenna has been designed, fabricated and tested successfully.

Chapter-6:

Chapter six provides a super-wideband antenna along with dual notch functionality. To avoid the
interference problem from the existing narrow band system, it is necessary for SWB antennas to have
dual band-notched characteristics. Two similar antenna structures have been realized on different
substrates, one with FR4 substrate and another with RT/Duroid 5870 substrate. All simulated and

measured results of the both antennas are reasonably matched.
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Chapter-7:

Conclusion from thesis research work and scope for future research work are discussed in chapter

seven.

TH-1352_10610220

20



Triangular printed monopole antenna for
ultra-wideband application

Contents
21 Introduction . . . . ... . ..t i i ittt it e e 22
2.2 Triangular printed monopole antenna (TPMA) . . . ... ... ... 27
23 Experimentalresults. .. ... ... ... ... ... it 31
2.4 Time domain characteristicsof UWBantenna ... ............... 32
25 SUMMALY . & v v v i ittt et e e e e e e e e e e e e e e e 37

TH-1352_10610220

21



2. Triangular printed monopole antenna for ultra-wideband application

2.1 Introduction

Over the past decade years usage of internet, messaging, e-mail and mobile phones are grow-
ing rapidly. Many devices are using wireless instead of wire for transmitting and receiving data.
The rapid growth in technology and the successful commercial deployment of wireless communica-
tion systems are significantly changing the daily lives. Nowadays users can access data, voice and
streamed multimedia across the globe from anywhere and any time and at a high data rate. It is due
to the transforming of analog cellular communication to digital domain, the fast development of 3G
and 4G radio systems. Since users required faster service, higher capacity and more secure commu-
nication, new technologies like ZigBee, Wi-Fi (802.11a, b, g) and Bluetooth (wireless) have to find
place in this overcrowded and scarce radio frequency (RF) spectrum. All radio technology occupies
specific part of spectrum to avoid interference. For instance, signals for TV, radio, mobile phones are
sent at different frequencies.

Ultra-wideband communication is basically different from other communication techniques be-
cause it uses extremely narrow RF pulses to communicate between transmitters and receivers. These
narrow pulses give large bandwidth in frequency domain and offer many advantages such as large
throughput, covertness, robustness to jamming, and coexistence with current radio services. Typi-
cally spectrum of narrow band and ultra-wideband system are shown in fig. 2.1. It shows that the
power used for ultra-wideband systems over the whole band is much lower than the power used by
narrowband systems. UWB technology has large bandwidth compared to the conventional narrow
band technology. Instead of transmitting over different frequencies bands, here we transmit infor-
mation over a large bandwidth with very low power. Earlier, UWB technology had been used only
for the military purposes. But, currently it has been used for various commercial applications due
to its huge bandwidth, very low transmission power level and high data rate [54]. Applications of
UWRB, such as wireless universal serial bus (USB) and wireless personal area network (WPAN) with
hundreds of Mega bits per second (Mbps) to some Giga bits per second (Gbps) with distances cov-
ering from 1 to 4 meters would be possible in the near future. UWB systems can replace cables
connecting camcorders and VCRs, as well as other consumer electronics applications, such as lap-

tops, DVDs, digital cameras, and portable HDTV monitors. Since UWB system operates in a wide
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Narrow band Systems
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Figure 2.1: Spectrum of Narrow band and Ultrawideband systems.
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Figure 2.2: Spectral mask and bandwidth for indoor UWB communication system.

bandwidth (7.5 GHz) and hence, it is necessary to share the spectrum with other existing commu-
nication systems for commercial usage and consequently, interference may occur. To overcome this
problem, Federal Communications Commission (FCC) specified spectral masks for ultra-wideband
communication systems [55]. In February 2002, FCC has suggested the unlicense use of UWB in
the frequency range between 3.1 to 10.6 GHz with a transmit power of -41.3 dBm/MHz for short-
range indoor wireless communication. UWB pulses are extremely short pulses with fast rise and fall
time [56]. So they have a very broad spectrum with low energy content. These short pulses can
avoid the effects of multipaths. Fig. 2.2 shows the spectral mask and bandwidth for indoor UWB

communication system as approved by the FCC. According to FCC regulations the spectrum was di-
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2. Triangular printed monopole antenna for ultra-wideband application

Table 2.1: Emission limits for various UWB applications in each operational band

ERIP in dBm at various operating bands(GHz)

Application
0.96-1.61 | 1.61-1.99 | 1.99-3.1 | 3.1-10.6 | 10.6-22.0 | 22.0-29.0
Indoor Communication -75.3 -53.3 -51.3 -41.3 -51.3 -51.3
Outdoor Communication -51.3 -63.3 -61.3 -41.3 -61.3 -61.3
Imaging -53.3 -51.3 -41.3 -41.3 -41.3 -51.3
Vehicular Radar -75.3 -63.3 -63.3 -63.3 -41.3 -41.3

vided into 3 major categories such as communications, imaging, and vehicular radar. For indoor and
outdoor UWB communications devices category, different emission limits are allotted. Between 1.61
GHz and 3.1 GHz, the spectral mask for outdoor devices is 10 dB lower than that for indoor devices.
For imaging devices, their operation is restricted to law enforcement and protection teams. The table
2.1 [57] shows the emission limits for the three categories. UWB has several advantages, which can

be summarized as follows [58].
(1) Immune to multipath effect.
(i1) Secure wireless communication.
(i11) High data rate transmission.
(iv) High penetration.
(v) Capability to share the frequency spectrum.

Multipath is caused when signals get reflected from various objects like wall, ceiling, vehicles
and trees. It is a major problem for narrow band signals. But UWB signals are immune to multipath
fading due to short duration of pulses and low duty cycle. Fading of UWB signals is also less because
these signals are used in indoor applications within a range of 10 m [59].

Since UWB systems operate below the acceptable noise floor level, they are inherently covert
and extremely difficult for unintended users to detect and hence it provides high secure and reliable

communication [60].
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According to channel capacity of Shannon’s theorem, capacity of a channel can be enhanced
by either widening the bandwidth or increasing the signal-to-noise ratio (SNR). Widening the band-
width offers high-data-rate transmissions at low SNR. Similarly, by increasing the signal-to-noise
ratio (SNR) capacity of a channel can also be enhanced [61].

UWRB signals have good penetration capability through different materials. This helps UWB tech-
nology in ground penetrating radars and to communicate through walls and objects. The penetrating
property works only when the signals occupy lower frequency portion of the RF spectrum.

Since the power limit of UWB system is -41.3 dBm/MHz, so the systems are allowed to be present
below the noise floor of a narrow band receiver and allows the UWB signals to coexist with other
narrow band receivers with minimum interference [62].

As a precursor to SWB antennas, we will discuss UWB antennas in this chapter. UWB antennas

have a bandwidth ratio of (3.4:1) unlike SWB antennas which has bandwidth ratio of at least 10:1 [2].

(1) Firstly, a large frequency bandwidth is the main parameter for UWB antenna which distin-
guishes a UWB antenna from other antennas. In 2002 FCC had announced an absolute band-
width of the UWB antenna should be greater than 500 MHz or a fractional bandwidth of atleast

20% [55].

(i) Secondly, UWB antenna performance should be consistent over entire frequency band from 3.1
to 10.6 GHz. All characteristics like impedance bandwidth, radiation pattern and gain of this

UWRB antenna should be stable across entire operational bandwidth.

(iii) Thirdly, UWB antenna may have directional or omni-directional radiation properties for practi-
cal applications. Omni-directional radiation patterns are generally preferred in mobile commu-
nications and hand-held gadgets. Directional antenna characteristics are normally preferred for

radar, imaging and other directional systems where high gain is needed.

(iv) Fourthly, UWB antenna should have small size and should be easily accommodated in the
limited space provided by hand held gadgets. Also UWB antenna should be low cost, low

profile and suitable for integration with printed circuit board (PCB).
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(v) Finally, time domain characteristics of the UWB antenna should be acceptable. The perfor-
mance of the antenna should be approximately same over entire bandwidth. Basic antenna
parameters such as reflection coefficient and gain have little variation across the operating fre-
quency for narrow band systems. In contrast, very short pulses are used for data transmission
in UWB and a huge bandwidth is occupied by UWB system. Therefore, the UWB antenna
cannot be treated as a “spot filter” any more but a “band-pass filter”. In this case, the UWB
antenna provides more significant effect on the input signal. As a result, the primary aim for the
UWRB antenna is the minimum pulse distortion [63] because the signal is the carrier of useful
information. Therefore, it is indispensable and important to study the antenna’s characteristics

in time domain.

Currently, there is a great attention paid for ultrawideband (UWB) systems since Federal Communi-
cation Commission (FCC) has announced in 2002 the unlicensed use of the 3.1-10.6 GHz band with
effective isotropic radiation power (EIRP) less than —41.3 dBm/MHz for commercial UWB com-
munication applications [55]. Due to numerous features, such as high speed data rate, low power
consumption, small emission power and low cost, UWB system has gained much attraction in the
recent years. Some applications of UWB systems are personal area network (PAN), radar imaging
systems, ground-penetrating radar and biomedical imaging, respectively [64,65].

Printed monopole antennas are currently under consideration for use in emerging UWB appli-
cation as they exhibit very attractive merits such as broadband impedance matching, compact size,
and omnidirectional radiation pattern. Many techniques have been examined to improve the antenna
bandwidth in the past few years. Low et al. [66] described enhancement of impedance bandwidth of
the planar monopole by suspended plate antenna. Ammann [67] discussed control of the impedance
bandwidth of wideband planar monopole antennas using a beveling technique. Jung et al. [68] dis-
cussed a compact and low profile wideband antenna with an L-shaped notch. Wi et al.. [69] achieved
wideband characteristics using U-shaped microstrip parasitic elements. Oraizi and Hedayati [70] car-
ried out a combination of Giusepe Peano and Sierpinski Carpet fractals shape for wideband impedance
matching. As is well known, UWB antennas with various shapes such as cone-shaped [38], triangular-

shaped [39], circular-shaped [40], fork-shaped [41], elliptical-shaped [42] and inverted-F shaped [43]
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Figure 2.3: Geometry of the proposed triangular monopole antenna.

were reported in literature. However small size and wide bandwidth is essentially required for UWB
applications. Size miniaturizing as well as ultrawide bandwidth of UWB monopole antenna is a
challenging task for modern multipurpose handheld devices. A novel printed triangular monopole
antenna (PTMA) with increased bandwidth is proposed for UWB applications. The proposed an-
tenna structure has wide bandwidth and small in size compared to the antenna dimensions reported
in [38-43,71]. The impedance bandwidth of the proposed triangular monopole antenna is greatly
improved by introducing a transition between the microstrip feed line and the printed triangular patch
with a round-cornered ground plane. The antennas were simulated using frequency domain 3D full
wave electromagnetic solver (HFSS version 14).

2.2 Triangular printed monopole antenna (TPMA)

2.2.1 Antenna geometry and design

The geometry of the proposed triangular monopole antenna is shown in Figure 2.3. A novel 50 Q
microstrip transition feed line fed UWB printed triangular monopole antenna (PTMA) with a round-
cornered ground plane is proposed. The proposed antenna consists of a triangular-shaped radiator on
the top connected with a 50 Q microstrip transition feed line and the round-cornered ground plane is

printed on the backside of FR4 substrate as shown in Fig. 2.3. The antenna is printed on a 1.6 mm
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2. Triangular printed monopole antenna for ultra-wideband application

Table 2.2: Dimensions of the proposed UWB Triangular Monopole Antenna
Parameters | L | W | W, | W, | Wy | L, | [
Units (mm) | 30 | 24 | 6 2 1 4 15
Parameters | [, | [, | N B G | M| C
Units (mm) | 14 [ 12| 10 | 13.8 | 1 | 20| 9.5

—> —

Antl Ant2 Ant3
Figure 2.4: Impedance bandwidth improvement process.

thick FR4 substrate with a dielectric constant of 4.4 and a loss tangent of 0.018. The proposed antenna
structure occupies overall dimension of about 24x30x1.6 mm?. The detailed dimensions of the pro-
posed antenna are given in Table 2.2. Fig. 2.4 shows the impedance bandwidth improvement process
of the monopole antenna. Generally, a simple triangular patch antenna has a narrow band character-
istics. To improve impedance bandwidth in this antenna, we shape the partially etched rectangular
ground plane of the antenna 1 into round-cornered ground plane (denoted as Antenna 2). As we can
see that round-cornered ground plane of the monopole antenna makes somewhat good impedance
matching at high frequency region. In order to further improve the impedance matching for the entire
band, a microstrip transition is introduced (near the front end of the radiating patch) between the 50
Q microstrip feed line and the printed triangular patch (denoted as Antenna 3). Because of this tran-
sition involves stepped changes in impedance function (i.e., a single-section transformer), it increases
the bandwidth of the transformer as impedance becomes closer to characteristic impedance of the

microstrip feed line over a large bandwidth. The proposed antenna starts resonating from 1.8 GHz,
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Figure 2.5: Simulated reflection coefficient of Antenna 1, Antenna 2 and Antenna 3.
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Figure 2.6: Parametric studies on the effect of different values of /,;, on return loss of the proposed antenna.

due to resonant path (C+B+G) of the triangular monopole which is close to quarter-wavelength at this
frequency. The lowest frequency within the bandwidth of the antenna can be calculated using three
parameters C, B and G (refer to Fig. 2.3) which is given by equation 2.1

~4(C+B+G) ey

Ir 2.1

where vy is the speed of light, . is the effective dielectric constant of the substrate.
2.2.2 Parametric study

In this section, the parametric study has been carried out by changing one parameter at a time
and fixing the other. Fig. 2.5 shows comparison of the simulated reflection coefficient of Antenna
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Figure 2.7: Parametric studies of effect of various patch length N on return loss of the proposed antenna.
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Figure 2.8: Simulated reflection coefficient curves with the different size of the overall round-cornered ground
plane.

1, Antenna 2 and Antenna 3. It can be observed that by introducing an impedance step between mi-
crostrip feed line and radiating patch, the bandwidth of the proposed antenna increases from 111.1%
to 157.1% for reflection coefficient < —10 dB. The simulated reflection coefficient of the UWB an-
tenna with different values of the /,, are shown in Fig. 2.6. It is clearly seen that as [,, decreases from
4 to 2 mm, the impedance matching of the monopole antenna is gradually affected at frequencies
around 8 and 13.5 GHz. However, as [, increase from 4 to 5 mm, improvement of the impedance
bandwidth within the UWB frequency region, but there is impedance mismatch for frequency band
between 12 to 14 GHz. So, the optimal value of this parameter for maximum impedance bandwidth

is 4 mm. Fig. 2.7 demonstrates the simulated reflection coefficient of the proposed printed triangular
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monopole antenna for the various patch length N. The length N of the triangular patch determines
the resonant frequency. It is observed that the impedance bandwidth is the wider as the dimension
of patch length N increase from 6 to 10 mm whereas by decreasing the patch length N, the lower
frequency is shifted towards right, which results in decreased percentage bandwidth. At N = 10,
the lowest resonant frequency moves towards lower frequency and gives wideband with minimum
impedance mismatch. Thus, the impedance bandwidth of the optimized UWB monopole antenna can
be enhanced by selecting the suitable value of N = 10.

Fig. 2.8 illustrates the simulated reflection coefficient curves with the different size of the overall
round-cornered ground plane. As the size of the ground structure decreases from 17x24 mm? to
16x23 mm?, the reflection coefficient is greater than -10 dB only at 5 GHz. Furthermore, when the
size of the ground structure again decreases from 16x23 mm? to 15x22 mm?, magnitude of reflection
coefficient is tends to > —10 dB within the UWB frequency region. It shows that the impedance
matching gradually becomes worst, when the size of the ground structure decreases. Thus, better
impedance matching is achieved with a size of the ground structure of 17x24 mm?. We can observe

that antenna 3 gives broader bandwidth than Antenna 1 and Antenna 2.

Top view Bottom view
Figure 2.9: Photograph of the fabricated printed triangular UWB monopole antenna.

2.3 Experimental results

A picture of the fabricated UWB printed triangular monopole antenna is shown in Fig. 2.9. The
measurement of triangular monopole antenna was done by Rohde and Schwarz ZVA24 network an-
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Figure 2.10: Measured and simulated return loss for the proposed triangular UWB monopole antenna.

alyzer. Fig. 2.10 plots the measured and simulated return loss as a function of frequency. There
is reasonably good agreement between simulation and measurement throughout the UWB frequency
region.
2.3.1 Radiation pattern

Fig. 2.11, 2.12 and 2.13 shows the measured radiation patterns in the H-planes and E-planes
at frequencies 3.1, 7.0, and 10.0 GHz, respectively. The E-plane radiation pattern shows a typical
figure-of-eight at frequencies of 3.1, 7.0, and 10.0 GHz, which shows that this antenna behaves like
a conventional dipole or biconical antenna. A low cross polarization was observed within the FCC
suggested UWB frequency region. It can be observed that the antenna has nearly omni-directional
radiation pattern at frequencies of 3.1, 7.0, and 10.0 GHz in the H-Planes.
2.3.2 Gain

Fig. 2.14 plots the measured peak gain over the operating frequency from 1.8 GHz to 15.0 GHz.
It can be seen that the peak gain for the triangular monopole antenna is about 3.7 dBi.

2.4 Time domain characteristics of UWB antenna

In the time domain, the UWB antenna may be represented by an impulse function and transient
response G(t, 6, ¢) of the antenna becomes more sufficient for the description of impulse systems.
The antenna transient response not only dependent on time, but also depends on the angles of arrival

(6Rx, ¢Ry), angles of departure (8Tx, ¢Tx) and polarization respectively [8]. Thus, the role of the an-
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E-Plane H-Plane
0
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Figure 2.11: Measured radiation pafeg?n for the proposed triangular UWB monopole antenna at 3.1 GHz. Solid
line is co-polarization and dashed line is cross-polarization.

90 -90

-180 -180
Figure 2.12: Measured radiation pattern for the proposed triangular UWB monopole antenna at 7 GHz. Solid
line is co-polarization and dashed line is cross-polarization.

tenna angular behavior consideration is important in characterizing a UWB system. The transmitting
antenna (7’y) and receiving antenna (Ry) link characterization in time domain is shown in Fig. 2.15
and it illustrates the input signal of the transmitting antenna passes through the system and is received
by a receiving antenna. Relation between the transmitted signal and the received signal is given by
equation 2.2. Using the convolution (*) property, transient response of the channel in a free-space

(line of sight) can be calculated by (2.2).

ARx(t) ATx(t)
= GR (t, nga (;DRx) * Gchannel(t, rTxRx) * GTx (t9 HTXa (PTx) *
) VZCTx

2.2)
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Figure 2.13: Measured radiation pattern for the proposed triangular UWB monopole antenna at 10 GHz. Solid
line is co-polarization and dashed line is cross-polarization.
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Figure 2.14: Measured gain for the proposed triangular UWB monopole antenna.

1 rTxRx)
Gc annel L, FTxRx) = oft— 2.3
hannel (& TT xRx) 3 VrrrnCo ( C (2.3)

where Ar,(?) is the amplitude of transmitted signal in [V].
ARg(t) is the amplitude of received signal in [V].
Gy (1, Ory, ory) 1s the impulse response of the transmit antenna in [m/ns].
Gy (t, 07y, or,) 1s the impulse response of the receive antenna in [m/ns].
Zcr, 18 the characteristic impedance of the transmit antenna in [Q].
Zcr, 18 the characteristic impedance of the receive antenna in [Q].
rr«rx 18 the distance between transmitting and receiving antennas in [m].
To analyze the signal dispersion in the UWB system, a time domain characteristic has been in-
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Channel

Tx Antenna Rx Antenna
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Figure 2.15: Transmitting and receiving antenna link level characteristics of UWB system in time domain.
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Figure 2.16: 5" derivative of Gaussian pulse waveform in time domain.

vestigated. In this scheme, two identical antennas are kept at a distance of 60 cm in face-to-face and
side-by-side. A 5™ derivative Gaussian pulse, as presented in (2.4), is used as the source signal to

drive the transmitter [72].

P 107 15¢ ?
G5 (1) :A(— + - ).ex (——) 2.4)
: Virel | Namo®  Namor) CF\ 207

where A is a constant chosen to meet the spectral mask set by FCC and o has to be 51 ps to satisfy the

FCC limitation. The power spectral density ((Bm/MHz) of the antenna input signal (5" derivative of

Gaussian pulse) combined the FCC spectral mask for indoor UWB communication system is shown
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Figure 2.17: Power spectral density ({Bm/MHz) of FCC spectral mask for indoor UWB communication sys-
tem and power spectral density (dBm/MHz) of antenna input signal (5 derivative of Gaussian pulse).
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Figure 2.18: Face-to-face received pulse in time domain for a UWB system with two identical antennas.

in Fig. 2.17. The value of o is 51 ns to ensure that the size and shape of the spectrum fit with the FCC
mask. Fig. 2.16 shows the fifth-order-derivative of Gaussian pulse waveform with a width of 300ps
in the time domain. The fifth order Gaussian pulse is generated in Tektronix AWG 7122B arbitrary
signal generator and it is fed to the UWB antenna. At the receiver, the signal received by the UWB
antenna is captured in Tektronix DPO 70804 digital phosphor oscilloscope. The received waveforms
for the face-to-face and side-by-side orientations of the antenna are shown in Fig. 2.18 and Fig. 2.19
respectively. It can be observed that the there is more dispersion in side-by-side received signal as
compare to face-to-face received signal. Compared with the case of the face-to-face configuration,
the magnitude of the received signal is smaller when the antennas are positioned side-by-side. We
have used an amplifier whose gain is about 26 dB at the receiver side, since the received signal was

very weak. It could be noticed that time lag between the transmitting antennas input pulse and the
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side by side

Receving antennasignal (mv)

(0} 0.5

1 15
Time (nsec)

2 2.5 <

Figure 2.19: Side-by-side received pulse in time domain for a UWB system with two identical antennas.

received pulse is about 0.8 ns.

Table 2.3: Comparison of the size and bandwidth of the proposed triangular monopole antenna to conventional

antennas

Antenna Structures

Dimensions (LXxXWxh)

Freq. range and BW

Cone shape [38]
Triangular-shaped [39]
Circular-shaped [40]
Fork-shape [41]
Elliptical-shaped [42]
Inverted-F shaped [43]
Proposed triangular-shape

76.2x76.2X.79 mm’
60x20x1 mm?
50x42x1.5 mm?
42x24%1.6 mm?>
45%x45%1.57 mm?
50x30x2 mm?>
30x24x1.6 mm?

1-10 GHz, 9 GHz
4-10 GHz, 6 GHz
2.78-9.78 GHz, 7 GHz
3.1-12 GHz, 8.9 GHz
3-14 GHz, 11 GHz
2-6 GHz, 4 GHz
1.8-15GHz, 13.2 GHz

2.5 Summary

In this chapter, a printed triangular monopole antenna fed by microstrip feed line is proposed and

investigated. It gives a broad measured bandwidth from 1.8 to 15.0 GHz. To improve the impedance

bandwidth, a round-corner ground plane has been employed. To further improve the impedance band-

width for the entire band, a microstrip transition (near the antenna front end) has been introduced

between the microstrip feed line and the triangular radiator. The proposed antenna structure has wide

bandwidth and small size compared to the conventional antenna (refer to Table 2.3).The proposed

antenna has nearly omnidirectional radiation pattern and moderate gain throughout the operating fre-

quency region. The gain variation within the bandwidth is less than about 2.6 dBi approximately.
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3. Design of super wideband (SWB) antenna

3.1 Introduction

In the last chapter, a compact UWB printed triangular monopole antenna has been investigated
and proposed. This antenna structure has wide bandwidth and is small in size and can cover short
range wireless communication systems. But to cover both short range and long range communication
systems such a huge bandwidth is required. So to fulfill this criteria Super wideband antenna has been
designed, fabricated and tested. SWB antenna supports a frequency range from 2.8 GHz to greater
than 10.6 GHz (may be greater than 100 GHz). It enables high resolution sensing in free space and
also works in ground penetrating radar and through wall imaging. Conventional UWB antennas of
circular and elliptical shapes exist in literature [44—46]. To increase the impedance bandwidth in these
antennas, techniques such as exponential tapering [73—75], Klopfenstein tapering [76] and triangular
tapering [77-80] are employed. The triangular tapered monopole antenna has found wide acceptance
for UWB/SWB radios due to its ease of fabrication.

In this chapter, a novel UWB/SWB antenna is proposed, whose structure is designed to meet a
large bandwidth of 97.2 GHz. Functional Section Design (FSD) approach is defined as designing an
object by dividing the structure into functional sections. FSD is used to design this new compact and
wideband trapezoidal monopole antenna. An antenna design could be broken down into three distinct

sections as shown above in Figure 3.1.

e A feedline which is used to connect an antenna to the RF front end (source signal comes and

go from the feed line).

e A feed region which is used for transition between a feed line and one or more radiating ele-

ments.

e Radiating elements that serve to couple the radiation fields and the guided waves in the an-

tenna’s feedline.

In order to get the best antenna performance, we need to optimize the antenna design in each of the
above three sections. Functional Section Design (FSD) approach is defined as designing an object
by dividing the structure into functional sections. FSD is used to design this new compact and wide-

band trapezoidal monopole antenna with frequency band notched characteristic. The FSD technique
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follows the bottom-up strategy. It starts with the feed section - triangular tapered microstrip line is
used for enhancing the impedance matching. In the next chapter, we will see that feed region also

contributes in radiation.

e Feed Region - this section is intentionally kept between the feedline and the radiating ele-
ment for impedance matching, its shape is chosen circular to serve the purpose of broadband

impedance matching [79].
e Ground plane feed gap is optimized.

e Radiating element gives extra freedom to ease the optimization process, we have chosen trape-

zoidal radiating patch for our case.

e L

I s
RFFrontEnd {p| Feedline |wp|FecdRegion |mp Radiating |
I Element |l
I
Y S

f ‘

Surrounding medium/
Antenna Free Space

Figure 3.1: Three distinct zones of an antenna.

3.1.1 Broadband impedance matching technique of an antenna

There are two general methods to achieve a desired antenna impedance: resistive loading and ge-
ometry control. In resistive loading which is a quick and an easy way, a lossy material is introduced
to an antenna structure to obtain a good match. This lossy material has extensive impact on antenna
performance. Resistive loading decreases radiation efficiency in order to achieve a good match. Com-
paring with an unloaded antenna, a resistive loaded antenna will have a gain of at least 3 dB lower or
more. There are some cases in which resistive loading are justified. For example, resistive loading
can be used for an antenna with exact requirements for pattern to control side lobes and back lobes.
A lossy receiver antenna however throws away the signal, resulting in low SNR and lower overall

system performance.
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Geometry control is found to be a preferred method to create a desired antenna impedance. Ge-
ometry control gives a good match without decreasing antenna performance in other areas which is
a disadvantage in resistive loading. We have to control the antenna geometry to get a desired match.
To get a good match, smooth and uniform transition of characteristic impedance from the antenna’s
connector through the free space is needed.

3.1.2 Tapered feed line

Two transmission lines with different characteristic impedances can be matched by a multi section
quarter wave transformer, whose change in impedance level is obtained at discrete steps. A tapered
transition which has a characteristic impedance that varies continuously in a smooth fashion from
the impedance of one line to that of other line can also be used instead of above taper. This type of
transition is called as tapered transmission line [13]. A tapered transmission line shown in Figure 3.2
is used to match a line with normalized impedance(unity) to a load with normalized impedance Z; .
The tapered section has a normalized impedance Z which is a function of distance z along the taper.
Figure 3.2(b) shows an approximation to the continuous taper. The taper is assumed to be made up of
number of sections of line of differential length dz. The impedance changes by differential amounts

dZ from section to section.

The step change dZ in impedance at z produces a differential reflection coefficient

Z+dZ-Z dZ 1. - 1d =
dTy= 27972 2 _ _iinZ) = ~L(nZ)dz 3.1)
) 2dz

Z+dZ+7Z 27

At the input to the taper, the contribution to the input reflection coefficient from this step is

- 1d _
dl; = e~ —(InZ)dz (3.2)
2dz

It is assumed that total reflection coefficient can be computed by summing up all the individual
contributions, as was done in approximate theory of the multi section quarter-wave transformer, the

input reflection coefficient is given by
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(b)

Figure 3.2: (a) Continuously tapered transmission line.,(b) Approximation to continuous taper.

L

1 d _
;= f e—ﬂﬁzid—z(mzmz (3.3)
0

where L is the total taper length. If the variation in dZ with z is known, I'; may be readily evaluated
from above equation. Alternatively, if I is specified, then dZ(z) can be found. Different kinds of

taperings are discussed in this aspect like exponential, triangular and Klopfenstein tapering.

3.1.2.1 Exponential taper

The exponential tapering is the one for which In(Z) varies linearly, and hence Z varies exponen-
tially, from unity to In(Z;) [81].
InZ=+InZ (3.4)

Z = ez (3.5)

Using equation 3.3 and equation 3.5 we get
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L
Ti=1[e#14(nZ)d;
2! 2 (3.6)
_ 1 -j 7~ sinBL
Ee Bz In ZL%
At the input to the taper, the contribution to the input reflection coefficient from this step is
o1l d —
cmzémﬁamﬂﬂ (3.7)

It is assumed that total reflection coefficient can be computed by summing up all the individual
contributions,as was done in approximate theory of the multi section quarter-wave transformer, the

input reflection coefficient is given by

1L,

~1d =
R:ffmﬁémmﬁ (3.8)
0

where L is the total taper length. If the variation in dZ with z is known, I'; may be readily evaluated
from above equation. Alternatively, if T is specified, then dZ(z) can be found. Different kinds of

tapering are discussed in this aspect like exponential, triangular and Klopfenstein tapering.

It is assumed that a transmission line for which 8 = k = 27/ is taken and is not a function of z.

3.1.2.2 Triangular taper

In triangular taper diz(ln Z) is taken as a triangular function of the form

d — £InZ, 0<z<L/2
zma: _ (3.9)
. A(L-2)InZ, L/2<z<L
Integrating above equation gives
. e2@/L* InZy for 0<z<L/2 410)
- e(4z/L—212/L2_1)lnzL fOI” L/2 <z< L ’
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Substituting equation 3.10 in equation 3.5, and integrating we get,

In (ZL) sin (%)

2
Il = — iz } (3.11)

exp (—jBL)

where I'; is the reflection coefficient and 3 is the phase constant.

1
\} — = - Exponential Taper
k= o.8F \ = Triangular Taper
o U. \ .
5 A\ ==== Klopfenstein Taper
b i
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O 3
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= o0.4f \
3 W
5 W
~ 0.2} RPN
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VW . ~ - -
ALY N N N 2
2 4 6 8 10 12
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Figure 3.3: Comparison of graphs of reflection coefficient magnitudes of exponential, triangular and Klopfen-
stein tapers.

A plot of p; = || or % versus SL is given in the Figure 3.3. For a fixed length of taper, this is
a plot of p; as a function of frequency since k = 27 f(ue)!/>. From the graph it can be seen that for
exponential taper case when L > 1/2 , the reflection coefficient is quite small, the first minor lobe is
about 22 % of the maximum major lobe. In case of triangular taper has a first minor lobe maximum
which is less than 5 % of the major lobe peak when compared to the exponential taper. However, this
minimum value of reflection coefficient occurs at a taper length of about 34/2 or for a length twice
that of the exponential taper. If Z; >> 1, the triangular taper is preferred because of much smaller

values of p; obtained for all frequencies, such that the taper length is greater than 0.815 A, which

corresponds to the edge of the pass band as in Figure 3.3 .

3.1.2.3 Klopfenstein taper

For a given taper length, the Klopfenstein impedance has been proved to be optimum because

the reflection coefficient is minimum over the pass band. Alternatively, for a maximum reflection
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coefficient specification in the pass band, the Klopfenstein taper yields the shortest matching section.
This taper is derived from a stepped Chebyshev transformer as the number of sections increase to
infinity. The logarithm of the characteristic impedance variation for the Klopfenstein taper is given
by [76]

r
042 O2z/L-1,A) forO0<z<L (3.12)
coshA

1
InZ(z) = E InZyZ; +
where ®(x, A) is defined as

X

O(x ) = ~0=x. ) = [ HAN1-5)
) AVT-»)

where I,(x) is modified Bessel function. This function has a special values:

dy forlx <1 (3.13)

CoshA — 1
D(0, A) = 0D(x,0) = x/20(1,A) = OST (3.14)
Using a simple and efficient method, the reflection coefficient is given by
cos \[(BLE — A2
I = [pe-#t S5 VEL) forBL > A (3.15)

CoshA
If BL < A, the cos /(BL)?> — A% term becomes cosh /A% — (BL)2. In equation 3.13, I'y is reflection

coefficient at zero frequency, given by

Z1 -7y 1
Iy= ~ —In(Z; /Z 3.16
0= 7 211( 1/Zo) (3.16)
The maximum ripple in the pass band is at I',, = Cor& —. The disadvantage of this taper is that it

has steps at z = Oand L, and so does not smoothly join the source and the load impedances. So it is

rarely used.

3.2 Design of feed region

Steps in the width of microstrip lines are associated with fringing fields which results in an ex-
cess capacitance. It has to be compensated by a local change in the shape of the line. Thus a feed

region [75] is designed between the transmission line and radiating element. It acts as a continuous
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change of impedance reducing the excess capacitance.

Apart from above impedance matching techniques, bandwidth can be increased by using log peri-
odic antenna arrays in which the different elements are deduced from a homothetic ratio, introducing
the capacitive coupling between the radiating element and the ground plane, using microstrip feed
line and notching the ground plane, adding slots on either side of radiating elements, increasing the
width of the antenna and by modifying the shape of the radiating element. All these techniques are
based on surface current distribution to broaden antenna’s impedance bandwidth.

Based on the above discussion regarding the improving of bandwidth and based on the hardware
and software limitations, triangularly tapered microstrip feedline is chosen for the designing of the
novel UWB or SWB band notch antenna. Klopfenstein taper is better compared to triangular taper as
mentioned above, but does not join smoothly the source and load impedances and the shape is also

difficult to design in the softwares.

3.3 Full band antenna

3.3.1 Antenna geometry and design

Geometry of proposed full band antenna is shown in Fig. 3.4. The proposed full band antenna
have been divided into three parts. They are (A) a triangularly tapered microstrip line, (B) a curved
feed region at the base of antenna patch and (C) a trapezoidal shaped radiating patch. The antennas
are designed on an FR4 epoxy substrate of thickness 1.6 mm and dielectric constant 4.4. The tri-
angular tapered microstrip line is used for optimized impedance matching between 50-€2 impedance
microstrip line and the radiating element.The total size of the antenna is 30x30x1.6 mm?>. The effec-
tive dielectric constant is calculated. The proposed antenna was simulated by Ansoft HFSS (version
14) full wave simulator [82]. The fabricated prototype of the antenna is shown in Fig. 3.5. The above

three parts of the antenna are discussed in the following subsections.
3.3.2 Triangularly tapered feedlines

Let Z, and Z, be the characteristic impedances and w; and w, be the widths of the microstrip line
at excitation end and the antenna end. Let £; and &, be the effective dielectric constants at excitation

end and antenna end.
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Figure 3.4: Geometry and configuration of the proposed full band antenna (antenna 1).

1. A closed form solution of the Riccati equation for triangularly tapered feed line is given by

In (ZL)

Il = exp (=jBL) | —; (3.17)

sin<%>r

2
where |[;| is the reflection coefficient and £ is the phase constant.

2. A Matlab program is written for the above formula and graph is drawn between % and BL
as shown in Fig. 3.6.

3. It should be decided how much return loss is to be achieved and accordingly, the corresponding
BL is obtained from the X-axis of the graph as x,,.

4. Then using the formula L = x,/5 , we get the length of the microstrip line. If a return loss of
-30 dB is required, then |I';| should be 0.03, the corresponding SL from graph shown in Fig. 3 is x,
is 2.61 [74]. 5. We know B = 2n/A,, where 4, is the wavelength at resonant frequency. Since it is a
band notch antenna, resonant frequency is taken as 3.1 GHz. Now L is obtained as 23.2 mm from the
above formulae.

To get the widths at the two ends of the tapered lines, method reported in [74] is followed.

changes as the effective dielectric constant changes with the ratio of microstrip width W to the thick-

TH-1352_10610220

48



3.3 Full band antenna

(a) (b)

Figure 3.5: Fabricated prototype of the UWB/SWB antenna (a) Top view (b) Bottom view.

ness H (H=1.6 mm in case of FR4 Epoxy substrate &, = 4.4) and is given by [83].

g +1 g —1

Ereff = 1 (3 18)
2(1 + 10H/W) 2
To find out &, at the two ends of the line, first compute the airline impedance
!
Zy = Z(&res7) (3.19)

where Z is the input impedance to be given in each case. For different Z, we obtain different widths.

The formulae separate at W/H=1. Thus from [81]

Zo= 603+ %), Y.<l case 1 (3.20)

_ 377 W .
Zy = %4_2'42_%4_(]_%)6’ H >1; case 2 (3.21)

To calculate the accurate values of widths and effective dielectric constants, Step 1 : First we keep

W/H= 1 in equation 3.18 and we get &,.¢/(1)

ge+1 g -1

Ereff(1) = Erey(W/H = 1) = —5— + ——

(3.22)

Step 2 : Also find Zy(1) = Zo(W/H = 1) value from equation 3.20 or equation 3.21, we get same
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Table 3.1: Dimensions of the Proposed UWB/SWB Monopole Antenna 1

Parameters | Antenna 1
w, 30
L, 40
Wy 3
Wo 1

L 23.2
L, 21.8
L, 1.4
Ly 2
Ws 8.2
We 18
L, 11
P, 4.9
P, 9.8

value as Zy(1) = 126.6 Q Step 3 : With Z = 50 Q (standard microstripline impedance, Z;) or antenna
impedance (Z£) value and &, ¢/(1), find out Z, from Z, = Z{e,, ff(l)}l/ 2. Thus we get 2 cases based on
value of Z.

Case 1: If Zy > Zy (1), then W/H is less than or equal to 1. Then using the formula [74]
W/H =2 {exp(Z0/60) - [texp(z/60))* ~ 8" 2} (3.23)

New W/H values are obtained. Substitute this value in equation 3.18, calculate new &,.5r(W/H), Z,
from Zy = Z{g,.;s(1)}'/?, check the condition whether Zo(W/H)> Z(1) and again find new W/H from
equation 3.23 iteratively until the value of W/H becomes constant. The width w, is found as 1 mm
approximately for Z, = 84 Q since case 1 is applicable.

Case 2: Zy < Zy(1), then W/H is greater than 1. Then using Newtons method, an iterative equation
is set up. Let = (W/H),,4, then

X (X2 +X {2.42 + (1= 1/X)° - 377/20} - 0.44)
X2+044+6(1-1/X)

(W/H)p, = X = (3.24)
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Figure 3.6: Graph between reflection coefficient vs electrical length.

New W/H values are obtained. Substitute this value in equation 3.18, calculate new &,.7r(W/H), Z,
from Zy = Z{&,.;7(1)}'/* check the condition whether Zo(W/H) < Zy(1) and again find new W/H from
equation 3.24 iteratively until the value of W/H becomes constant. The width wy is found as 3 mm
approximately for Z1 = 50-Q since case 2 is applicable.

The effective dielectric constants €, and &, are 3.39 and 3.1 at excitation end and antenna end
respectively. The effective dielectric constant of the tapered line is 3.245.

If Z(z) is the impedance of tapered line at distance z, then from [84]

Zo*I’ 10 (Z1/Z0) for 0 <z < L2
2(2) = - (3.25)
Zoe (=222 1n(Z,/Z0) for L2 <z<L

3.3.3 Feed region

For increasing the bandwidth to UWB range or more, ground plane feed gap is optimized to 1.4
mm which also offers impedance matching. The radiating element is curved near the microstrip line
so that all the power gets radiated and reflections reduce for frequencies greater than 2.8 GHz. Due
to this curving, the bandwidth ratio is 13:1 which shows excellent matching and ultra broadband

frequency range [75]. Raicu’s near optimal taper design is given as
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Figure 3.7: Simulated result showing return loss curve of the proposed antenna vs frequency.

y = sinh’ (x) (3.26)

where x=L; and y=0.5w; are height and width of the tapered feed region. Since it was difficult to

design a sinh? (x) curve in the software, a circular tapering is designed as an approximation for it.
3.3.4 Trapezoidal patch

A trapezoidal patch is used as radiating element whose dimensions are chosen using the formula

B 7.2
_Lc+rc+p

f (3.27)

where L. is the height of the trapezoid patch, r. is the radius of the cylindrical monopole antenna,
whose area is compared with that of trapezium, p is the feed gap and f; is the first resonance frequency

in the bandwidth of |S || curve. f;is 3.1 GHz, p is 1.4mm. L. and r, are obtained from above formula.

3.4 Results and discussion
3.4.1 Antenna return loss and VSWR

The simulated return loss (S;) versus frequency curve of the proposed monopole antenna is
shown in Figure 3.7. It can be seen that the bandwidth of the proposed trapezoidal printed monopole
antenna spans from 2.8 GHz to 100 GHz. However, Fig. 3.8 shows the measured S ; curve for the
proposed trapezoidal monopole antenna with frequency band of 3—25 GHz. There is some small

discrepancy between the simulated result and the measured results of the S ;; curve due to fabrication
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Figure 3.8: Measured result showing return loss curve of the proposed antenna vs frequency.
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Figure 3.9: Simulated results showing antenna impedance curves of antenna vs frequency.

tolerances and SMA connector effects. But almost over the whole band the simulated and the exper-
imental results agree well. In addition to our proposed antenna work well up to 100, we will limit
measurement studies up to 25 GHz since this is the upper measurement frequency of our Rohde and
Schwarz ZVA24 network analyzer. Fig. 3.9 displays the simulated VSWR curve for the proposed
trapezoidal printed monopole antenna. It is found that for the entire band of frequency from 2.8 GHz
to 100 GHz the VSWR < 2.

In order to investigate the effects of overall dimensions of the proposed antenna, the reflection
coefficient characteristics for various overall dimensions were analyzed, these are depicted in Fig.
3.10. As it is seen in Fig. 3.10, upon decreasing the overall dimensions of the proposed antenna,
there is an impedance mismatch at lower frequencies as well as higher frequencies. In other words
we can say that as the antenna size decreases from 30 mm X 40 mm to 25 mm X 35 mm, the overall

bandwidth decreases. Since the Q rises rapidly as antenna size decreases, the result relates the lowest
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Figure 3.10: Simulated reflection coefficient characteristics curves with the different values of overall antenna

dimensions.
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Figure 3.11: Simulated results showing antenna impedance curves vs frequency of antenna.

achievable Q to the maximum dimension of an electrically small antenna as given by equation 1.31

and equation 1.32. However as antenna size increases from 30 mm X 40 mm to 35 mm X 45 mm,

there is improvement of bandwidth at lower frequencies, but there is an impedance mismatch at higher

frequencies. Thus, is is decided to take 30 mm X 40 mm as the optimum value.

3.4.2 Antenna impedance

Graph is plotted between antenna impedance and frequency. The real part of the impedance of

antenna at the point (frequency) where the imaginary part of impedance is zero i.e. reactance =

0 is equal to antenna impedance at the resonance frequency. Here antenna is fed with 50 Ohms

characteristic impedance as shown in Figure 3.11. Microstrip line and antenna impedance is exactly

50 Q (i.e. load impedance is matched with the source impedance).
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Figure 3.12: Geometry and configuration of proposed band-notched antenna (antenna 2).

3.5 Antenna with band notch function

3.5.1 Antenna geometry and design

Along with the vast operating bandwidth of the UWB (3.1-10.6GHz), there exist some narrow-
band wireless services, which occupy some of the frequency bands within the UWB frequency bands.
The most well-known among them is wireless local area network (WLAN) IEEE 802.11a and HIPER-
LAN/2WLAN operating in 5-6 GHz band. To meet the challenges of UWB radio systems, a suitable
UWB antenna with band-notch characteristics in WLAN region and also that supports a very large
band width should be designed. A band-notched UWB/SWB antenna (antenna 2) configuration is
shown in Fig. 3.12 and Fig. 3.13 shows its fabricated image. Detailed dimensions of the proposed
band-notch antenna is shown in table 3.2. Some UWB antennas with band-notched characteristic
have been reported in the literature [85]— [86]. In [87] band-notch function is achieved by using a
pair of L-shaped slit in the radiating patch with impedance bandwidth of 15.94 GHz. K. Chung et
al.. designed 5.45 GHz band-notch UWB antenna using inverted U-shaped slot [88] with impedance

bandwidth of 8 GHz. Y. Zhu proposed a 3.5/5.5 GHz band notched UWB antenna using the letter
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3. Design of super wideband (SWB) antenna

(a) (b)

Figure 3.13: (a) Fabricated prototype of the band-notched UWB/SWB antenna. (a) Top view (b) Bottom view.

===Measured Antenna 1
——Measured Antenna 2

S

0
0.2 04 0.6 0.8 1 1.2 1.4 1.6 1.8 2 22 24
Frequency (Hz) x 101

Figure 3.14: Measured results showing VSWR vs. frequency curves of full band antenna (antenna 1) and
band-notch antenna (antenna 2).

C-shape slot [89].
3.5.2 U-shaped slot

Band rejection is needed from 5.150 GHz to 5.850 GHz in WLAN region to avoid interferences.
For this simplicity, a U-shaped slot is preferred though there are many ways for designing the slot. A
U-shaped slot is cut in the radiating element region for reflection of power [90]. The length of the slot

should be approximately half the effective guided wave length.

Lsiy=a+2b+1t= O-S/leff (3.28)
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3.5 Antenna with band notch function

6
i
5 it === Ls=16 mm
: —Ls=18 mm
“““““ Ls=20 mm

5 0 15 20
Frequency (GHz)

Figure 3.15: Simulated results showing effect of slot length on the notch band frequency.

E-plane H-plane
0

Figure 3.16: Simulated radiation pattern for the proposed UWB/SWB band-notched monopole antenna at 3.1
GHz. Solid line is co-polarization and dashed line is cross-polarization.

where
Aeyr = A Veors (3.29)
and
g+ &
Eoff = ‘2 2 (3.30)

By simulation, the total length of the U-shaped slot (Ls;,) at notch frequency(f,) = 5.5 GHz
was found to be Lg;,,= (a+2b+t) =(8+2x4.75+1)=18.5 mm, which is (18.5/15.138)=1.22 times half

of the effective wavelength(4,4/2), where 4.7, at 5.5 GHz was found to be 30.27 mm by using the
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3. Design of super wideband (SWB) antenna

Table 3.2: Dimensions of the Proposed band-notched UWB/SWB Monopole Antenna 2

Parameters | Antenna 1
w, 30
L, 40
Wy 3
Wo 1

L 23.2
L, 21.8
L, 1.4
Ly 2
Ws 8.2
We 18
L, 11
P, 4.9
P, 9.8

8

b 4.75

t 1
m 15.5

expression (7) and (8). Hence the simulated physical length of the U-shaped slot is almost equal to
the theoretical physical length of the U-shaped slot for antenna 2.

This slot resembles a half wavelength resonator which introduces high reflections at the center
frequency and acts as a band rejection filter. The height of the slot above the feed region plays an
important role in band notching. Here a U-shaped slot is introduced inside the patch antenna and
the results are compared for antennas with and without slot.The dimensions of the proposed antenna
(antenna 2) are W, = 30 mm, L, = 40 mm, w; =3 mm, w, = 1 mm, W3 = 8.2 mm, W = 18 mm, L,
=21.8mm, L, =14mm, L; =3mm, Ly, =11 mm, L=232mm, P, =4.9 mm, P, =9.8 mm, a =8

mm, b =4.75 mm, t = 1 mm and m = 15.5 mm.
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3.5 Antenna with band notch function

E-plane H-plane
0

Figure 3.17: Simulated radiation pattern for the proposed UWB/SWB band-notched monopole antenna at 6.8
GHz. Solid line is co-polarization and dashed line is cross-polarization.

E-plane
0

Figure 3.18: Simulated radiation pattern for the proposed UWB/SWB band-notched monopole antenna at 10.6
GHz. Solid line is co-polarization and dashed line is cross-polarization.

3.5.3 Results and discussion
3.5.3.1 Antenna VSWR

Fig. 3.14 shows the measurement VSWR curves of full band antenna (antenna 1) and band notch
antenna (antenna 2). For the full band antenna (antenna 1), the bandwidth extends from 2.6 GHz to 24
GHz. Similarly, for band notch antenna (antenna 2), the bandwidth extends from 2.6 GHz to 24 GHz
and it offers band rejection in 4.85 GHz - 5.85 GHz (WLAN) frequency range offering a band notch
at 5.55 GHz. Hence by introducing a U-shaped slot in the full band antenna (antenna 1), a notched

band is created to successfully to alleviate the WLAN interference within the entire UWB band.
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3. Design of super wideband (SWB) antenna

E-plane H-plane

=120

Figure 3.19: Simulated radiation pattern for the proposed UWB/SWB band-notched monopole antenna at 15.0
GHz. Solid line is co-polarization and dashed line is cross-polarization.

E-plane H-plane
0

Figure 3.20: Simulated radiation pattern for the proposed UWB/SWB band-notched monopole antenna at 20
GHz. Solid line is co-polarization and dashed line is cross-polarization.

3.5.3.2 Effect of U-shaped slot length

The slot lengths are varied as 16 mm, 18 mm and 20 mm and the resultant VSWR curves are
shown in Figure 3.15. This graph clearly shows that as the slot length increases, resonant frequency
decreases and so the notch shifts to the left. By increasing the slot length, inductance value increases.
Since inductance and resonant frequency are inversely related, so the resonant frequency decreases.
3.5.3.3 Radiation pattern

Fig. 9 shows radiation patterns of the proposed antenna in both E and H-planes, at 3.8, 6.8, 10.6,
15 and 20 GHz. The patterns show that the proposed antenna has a nearly omni-directional radiation

pattern at lower frequencies in the H-plane from 3.8 to 10.6 GHz. At the frequencies 3.8, 6.8 and
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== Simulation Antenna 1
== Simulation Antenna 2 | 4
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Figure 3.21: Comparison between the simulated peak gain (dBi) vs. frequency of full band antenna (antenna
1) and band-notch antenna (antenna 2).

10.6 GHz the E-plane pattern is found to be typically eight (8) shaped which shows the bidirectional
patterns. The cross polarization is low at lower frequency. However, it can be seen that at higher
frequencies (e.g. at 15 and 20 GHz) the cross polarization level rises.
3.5.3.4 Antenna gain

Antenna gain versus frequency curve is plotted in simulation. The simulated antenna peak gain
of band-notched antenna is compared with the simulated peak gain of full band antenna in the entire
super wideband is presented in the Fig. 3.21 which shows a sharp decrease in gain at 5.55 GHz. The
simulated value of the antenna 2 peak gain became consistent and the peak gain was varying from
-0.91 dBi to 3.48 dBi from 3 GHz to 22.5 GHz with a sharp drop in the peak gain value of -6.12 dBi
at 5.55 GHz.

3.6 Summary

In this chapter UWB/SWB antenna and notch antenna are designed and fabricated. Simulated
and experimental results have a good match. To mitigate the potential interference between the
UWB/SWB systems and narrow band systems such as WLAN, a compact triangularly tapered trape-
zoidal monopole SWB antenna having circular feed region with feed gap and band rejection capa-
bility at WLAN frequencies has been proposed. The antenna is designed using FSD methodology.
The dimensions of the tapered feed line, feedgap, feed region and radiating element are mathemat-

ically computed. Antenna 1 was designed, simulated, fabricated using LPKF cutting machine and
TH-1352_10610220
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3. Design of super wideband (SWB) antenna

experimental results are obtained using Rohde and Schwarz ZVA24 network analyzer. It gave a super
wide-band of 3.1-94.7GHz (31:1 ratio and fractional bandwidth is 187.31). Later a slot is added to
the UWB/SWB antenna for band rejection in WLAN frequency region. The relationship between
the total dimension of the U-shaped slot and the band rejection operation has been presented. The
simulated and experimental results of VSWR curves of UWB/SWB antenna and UWB/SWB notch
antenna are presented. Stable radiation pattern and constant gain in the SWB frequency regions are

obtained.
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4. Printed monopole antenna with tapered feed line, feed region and patch for super wideband
applications

4.1 Introduction

Recently, a large number of UWB antenna designs have been proposed. Sarifi e al. [91] proposed
(2-30 GHz) bandwidth monopole disc antenna. This monopole antenna fulfils all UWB require-
ments, including constant group delay, |S ;;| < —10 dB within the bandwidth and high gain. However,
the input impedance is not well matched at lower frequencies (3—3.8 GHz). Liu et al. [92] pro-
posed an elliptical monopole antenna. This antenna has a large structure and the gain is not so high
at low frequencies. This antenna design exhibits wideband impedance matching. The effect of the
dielectric substrate and antenna dimensions on the input impedance and the radiation beam width
on tapered antennas is explicitly presented in [93]. Conventional UWB antennas in the geometry
of circular [94], triangular [95] and elliptical planar monopole [96] antennas also exist. To increase
the impedance bandwidth in these antennas, techniques such as exponential tapering [75,97, 98] and
triangular tapering [74, 99, 100] are used. Techniques such as feed region optimization [101] and
feed gap optimization [102] have also been well investigated. Here, a novel printed monopole an-
tenna with enhanced bandwidth is investigated. The proposed structural configurations overcome the
above-mentioned limitations, including 90% size reduction compared to the designed antenna in [92],
impedance matching over the whole frequency band [91] and large bandwidth (2.5-80 GHz). This
antenna is capable of supporting UWB (3.1-10.6 GHz) and super wideband (SWB) radios. Two types
of structures are examined: antenna 1 is fed with a triangular feed line, while antenna 2 is fed with
a rectangular feed line. Here, we propose a low-cost compact printed circuit board antenna based on
exponential tapered connection between the radiating patch and a triangular feed line. The ground
plane is partial and is flushed with the feed line. The feed line has been tapered [103] near the antenna
feeding point in order to improve the impedance matching at higher frequencies. The proposed anten-
nas radiate an omni-directional radiation pattern. Since the vertical monopole antenna has a relatively
large height (1/4), it is not recommended when a low profile or conformal geometry is desired.

The fundamental characteristics of the proposed design, including simulated and measured return
loss, computed gain and radiation patterns, over the UWB band are reported here. The proposed
antenna displays good impedance matching with an acceptable radiation pattern. Simulation results

have been carried out with the finite element method (FEM) based Ansoft high-frequency structure
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Figure 4.1: Geometry of antenna 1 with triangular tapered feed line.

simulator (HFSS) software. A detailed analysis of the proposed monopole antenna is described along
with the simulation and experimental results. Finally, we have measured time domain characteris-
tics and the correlation factor is calculated. A minor group delay variation is also observed for the
UWB/SWB monopole antenna.

4.2 Antenna design

The geometrical structure and dimensions of the proposed printed monopole antennas are depicted
in Fig. 4.1 and Table 4.1. The overall size of proposed antenna is 30 mm X 40 mm (ground plane size
21.7x30 mm?) which is printed on a 1.6 mm thick FR4-epoxy substrate, with a permittivity of 4.4 and
loss tangent 0.018. The antenna consists of three parts: feed region, feed line and radiating patch. A
feed region connection, between the feed line and the antenna’s patch, was incorporated to improve
the antenna impedance matching. A tapered connection between the feed line and the main patch is
applied to smooth the current’s path, thus providing wider impedance bandwidth. Fig. 4.1 shows the
antenna with a triangular tapered feed line, and Fig. 4.2 shows the antenna with a rectangular feed
line. The structure of the newly proposed ultra-broadband printed monopole antenna is depicted in
Fig. 4.1 along with the dimensions. In Fig. 4.2, we have modified the rectangular feed line instead of
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Figure 4.2: Geometry of antenna 2 with rectangular feed line.

the triangular tapered feed line. In antenna 1, a triangular tapered feed line gives broader bandwidth
and the tapered feed region is optimized such that 50-Q2 impedance matching is done properly to
reduce the reflection of the incident waves. The tapered feed line along with the printed traveling
wave antennas exhibits wideband characteristics and is capable of transmitting UWB pulses with low
distortions. The photograph of the compact monopole antenna with its soldered sub-miniature version
A (SMA) connector is shown in Fig. 4.3.

A tapered radiating patch is used as a radiating element whose dimensions are chosen using the

formula [104]
3 7.2
CLe+r.+ p

N GHz 4.1)

where L. is the height of the planar monopole antenna (L. = [,,), r. is the effective radius of the equiv-
alent cylindrical monopole antenna, and p is the feed gap (difference between L; and L,) optimized
to p = 1.3 mm. Unlike the planar monopole antennas, the printed configuration has a dielectric layer

on one side of the monopole. This dielectric material leads to a reduction in the lower band-edge
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Top view Bottom view

Figure 4.3: Top and bottom view of fabricated antenna 1.

Q,I

Figure 4.4: Exponential tapered feed region.

frequency. Hence, a more appropriate equation for the lower band-edge frequency is given as

- 7.2
| (Le+r.+p) Xk

fi GHz 4.2)

Here, the value of k = 1.18 has been chosen empirically for a dielectric layer with dielectric constant

(e,) = 4.4. The effective radius of the cylindrical monopole antenna is given by

T

V0 = ——
C2xnxL,

4.3)

where T is the area of the semi-ellipse monopole radiating patch. Owing to this curving, the band-
width shows excellent matching over an ultra-broadband frequency range. In the triangular tapered

feed line parameters, L, and W, do not depend on the resonant frequency and are calculated by an
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Figure 4.6: Graph of reflection coefficient against electrical length of triangular tapered feed line.

iterative method.
Fig. 4.4 indicates the exponential taper profile of tapered feed region which is defined by the
R (radius of feed region) and the two points P and Q. The mathematical expression for exponential

curve for feed region is given by (equation 4.4)

Y = sinh*(RX) 4.4)
1 1 1
Y = _p2RX 4 Z,2RX _ C 4.5
¢ T° 2 4.5
where
Y=05b and X =a 4.6)

Thus from the above mathematical expression, we can obtain the radius of the feed region. Let Z;
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Figure 4.7: Simulated amplitude of reflection coefficient vs frequency of the both antennas.

0
_51 7
. »
-10 ] L] ® e .o-..o. * )
TR L 2 SITy AR
_. -15} R T L oo o BEMATLY u
= L ELT R, R AL %
S , ML ] als ATARLY B
H_ZOV 4" E S ’ 'th R S H i
. . 1Y o |y - - i AL
o . \ WEky LT g
—251 4 " - a Tiu |:'|'! 1 7
i —p—L_ =21.7mm
-30}F : g 4
- Lg =21.6mm
-35r .H...Lg:21.8mm i
-40

0O 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80
Frequency (GHz)
Figure 4.8: Simulated reflection coefficient vs frequency of different ground plane length of antenna 1.

and Z, be the antenna load impedance and characteristic impedances of the feed line. The impedance

function of triangular tapered feed line in Fig. 4.5 is obtained from the equation given below [74]

Z()Z(Z/lk)2 In Zlk/Z , for 0 <z< 1172
Z(@)=f(x) = 0 4.7)

2
4z 277
51

2 Z,
2 E N for by < 2 <

Relating this impedance function to the I' (6) function will result in (equation 4.8). A closed-form
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Figure 4.9: Input impedance vs frequency.
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Figure 4.10: Voltage standing wave ratio vs frequency of antenna 1.

solution of the Riccati equation for triangularly tapered feed line is given in [74].

sin (%)

2
ﬁi ]
2

| Z
@) = —e Pln|=%
@) 26 n( 0)

(4.8)

where I'(0) is the reflection coefficient, § is the phase constant and /; is the triangular tapered feed

line length. A matrix laboratory program is written for the above formula, and a graph is drawn

between the reflection coefficient (2 |[T'(0))/(In(Z,/Zy))) and electrical length (BI;) of the triangular

tapered feed line as shown in Fig. 4.6. We should decide how much return loss is to be achieved and

accordingly the corresponding g, is obtained from the x-axis of the graph as R,. If a return loss of

TH-1352_10610220

70



4.2 Antenna design

2
1.5¢ 1
------- Simulated

& 1 — Measured i
&
N
3
©
(@)
o
5
o
| —

O -1t 1

-1.5r 1

_2 L L L L L L L
1 3 5 7 9 11 13 15 1

Frequency (GH2)

7 19 21 23 25

Figure 4.11: Simulated and measured group delay vs frequency of antenna 1.

E-plane H-plane

Figure 4.12: Simulated radiation pattern for the proposed SWB monopole antenna 1 at 3.1 GHz. Solid line is
co-polarization and dashed line is cross-polarization.

-30 dB is required, then I'() should be 0.06; the corresponding S/, from the graph shown in Fig. 4.6
is Ra = 2.86. Now /; is obtained as 23 mm from the above formula. Owing to hardware and software
limitations, a triangularly tapered microstrip feed line is chosen for the design of the novel UWB or
SWB.
4.2.1 Simulation and measurement results

Fig. 4.7 shows the simulated reflection coefficients of the two types of structures (antenna 1 and
antenna 2) with a triangular tapered feed line and rectangular feed line. When the feed line is altered
from a triangular tapered feed line to a rectangular feed line and W, increases from 1 to 3 mm, it can be
observed that the impedance matching deteriorates for the entire frequency band. Hence, a triangular

tapered feed line provides a smooth current path. Owing to this smooth current path, the impedance
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E-plane H-plane

90 -90

Figure 4.13: Simulated radiation pattern for the proposed SWB monopole antenna 1 at 10.6 GHz. Solid line is
co-polarization and dashed line is cross-polarization.
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0

-180 -180

Figure 4.14: Simulated radiation pattern for the proposed SWB monopole antenna 1 at 20 GHz. Solid line is
co-polarization and dashed line is cross-polarization.

matching characteristics tend to improve over the entire band, resulting in a larger bandwidth. In
Fig. 4.8 we studied the ground plane size effect of the proposed monopole antenna. The area of
the ground plane antenna is 21.7 mm X 30 mm. The length of the main ground plane is tailored
from 21.7 mm to 21.8 mm, while the width of the antenna is kept fixed. A longer ground plane
length (L,) means a longer input microstrip feed line and higher inductance and it reduces the antenna
fundamental resonant frequency and harmonic frequencies. However, if we decrease the length of the
ground plane from 21.7 mm to 21.6 mm, the impedance matching is greatly influenced at 15 GHz.

Therefore, the ground plane length (L,) is chosen as 21.7 mm in our design. Although our proposed
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E-plane H-plane
0

Figure 4.15: Simulated radiation pattern for the proposed SWB monopole antenna 1 at 30 GHz. Solid line is
co-polarization and dashed line is cross-polarization.
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Figure 4.16: Measured and simulated gain of antenna 1.

antenna would work well up to 80 GHz, we will limit experimental studies up to 25 GHz since this is
the upper measurement frequency of our vector network analyzer.

Fig. 4.9 shows the measured and simulated input impedance (Z;,) graph against frequency. The
real part of the impedance of antenna at the frequency where the reactance is zero is equal to the
antenna impedance at the resonant frequency. The antenna is fed with a line of 50 Q characteristic
impedance. When the microstrip line characteristic impedance and antenna impedance are both 50
Q, the load impedance is matched with the line impedance. It can be observed from both measured
and simulated antenna impedance that the antenna is well matched. For the simulation result at 17
GHz, one maxima occurs with an input resistance equal to 70 Q and the measured antenna resistance

at 17 GHz is 55 Q. There is a small variation between the simulated and measured results. The
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Figure 4.17: 5 derivative of Gaussian pulse waveform in time domain.
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Figure 4.18: Power spectral density (dBm/MHz) of FCC spectral mask for indor UWB communication system
and power spectral density (dBm/MHz) of antenna input signal (5" derivative of Gaussian pulse).

simulated results are obtained using the full-wave electromagnetic field simulation software HFSS
version 14 [105]. The measurement result is carried out with a Rohde and Schwarz ZVA24 vector
network analyser. It shows a reasonably good agreement between the simulated and the measured
results. Here measured results show broadband impedance matching performance from 2 to 25 GHz
with a voltage standing wave ratio less than 2, covering the entire UWB/SWB frequency band as
shown in Fig. 4.10. This shows reasonably good agreement between the simulated and the measured
results. The small discrepancies may be because of the extended ground effect due to the SMA

connectors which is not included in the simulation set up.
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Figure 4.20: Side-by-side receiving transmitted antennas signal in time domain.

4.2.1.1 Group delay characteristics

Group delay is the measure of a signal transition time through a device. It is defined as the negative

derivative of phase of the transfer function against frequency given by Wiesbeck et al. [106]

d0 (w) _ d0 (w)

(W)= - dw

2ndf

4.9)

where ¢ is the phase response of the antenna 1 and w is the frequency in radians per second. The

phase response and group delay are related to the antenna gain response. The simulated and measured

antenna group delay over the frequency from 1 to 25 GHz is presented in Fig. 4.11. From the graph,
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Table 4.1: Dimensions of the Proposed UWB/SWB Monopole Antenna

Parameters | Antenna 1 | Antenna 2
W 30 30
L 40 40
L, 3 3
w, 12 12
W, 1 3
Wy 6 6
m, 13.5 13.5
L, 21.7 21.7
Wo 5 5
I, 30 30
L, 8 8
I 23 23
Iy 26 26
e 9 9
I, 15 15
H 1.6 1.6
P 1.3 1.3
R 2 2

we observe that the variation in the group delay is less than 1 ns and gives a reasonably constant group
delay over the UWB range (3.110.6 GHz). If the group delay variation exceeds 1 ns, the phases are
no longer linear in the far-field region and a pulse distortion is caused. This can be a serious problem
in UWB communication systems. Both measured and simulated group delay variation are < 0.5 ns
between (3 and 18 GHz), but there is little difference between simulation and measurement (7,(w) 0.5
ns) between 18 and 19 GHz.
4.2.1.2 Radiation patterns and gain

Radiation patterns of the antenna in both the E and H-planes, at 3.1, 10.6, 20 and 30 GHz, are
shown in Fig. 4.12 — Fig. 4.15. These patterns show that the antenna has a nearly omni-directional

radiation pattern at lower frequencies in the H-plane from 3.1 to 10.6 GHz. At the frequencies 3.1 and
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10.6 GHz the E-plane pattern is found to be eight (8) shaped which shows the bidirectional patterns.
The cross-polar E-plane radiation is approximately -28 dB at 3.1 GHz and about -24 dB at 10.6 GHz.
However, in the E and H-planes, it can be seen that at higher frequencies the cross-polarization level
rises (e.g. at 20 and 30 GHz). Also, a few nulls are observed at higher frequencies. Fig. 4.16 shows
the simulated and measured antenna gain. The peak gain of the proposed antenna is 5.9 dBi. The gain
gradually increases from 1 to 18 GHz while gain decreases after 18 GHz and remains almost constant
up to 25 GHz.

4.3 Time domain performance

UWB antennas are employed to transmit/receive time domain narrow pulse signals, so the time-
domain characteristics of the UWB antennas [107] are very important. To investigate the time domain
characteristics of the UWB antenna, two identical antennas are kept at a distance (R) of 60 cm in face-
to-face and side-by-side configurations. A fifth-derivative Gaussian pulse, as presented in (10), is used

as the source signal to drive the transmitter [108].

» 107 15¢ 7]
Gs(H=A (— + - ) .Xp (——) (4.10)
; V2rol!  \2no®  \2mo?

where A is the amplitude parameter, t is the time, and o is the standard deviation. In order to satisfy

the FCC mask, a shape filter can be added in the transmitter.

Fig. 4.17 and Fig. 4.18 shows the fifth-order derivative of Gaussian pulse waveform with a width
of 300 ps in the time domain and its power spectral density ({Bm/MHz) with reference to FCC mask.
The measured results suggest that the selected fifth derivative of Gaussian pulse fits into the FCC
mask reasonably well, indicating that this UWB pulse complies with the FCC mask while it is able
to deliver the most possible signal power as permitted. Based on the pulse generated in a Tektronix
AWG 7122B arbitrary signal generator, an optimal pulse width of 250 ps is selected for best-fitting
into the FCC power mask in this design.

Figs. 4.19 and 4.20 shows the received pulse for face-to-face and side-to-side configurations. The
antenna 1 acts as a received antenna. The transmit antenna is also the replica of antenna 1. That means
the fifth-order derivative of the Gaussian pulse is transmitted from antenna 1 to antenna 1. Compared

with the case of the face-to-face configuration, the magnitude of the received signal is smaller when
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the antennas are positioned side-by-side. We have used an amplifier whose gain is about 26 dB at the
receiver side, since the received signal was very weak. From Figs. 4.19 and 4.20, one can see that the
ringing in the tail of the received pulse is slightly more in case of side-by-side placement as compared
to the ringing present in the received signal when the antenna is placed face-to-face. This is because,
when the antennas are stationed face-to-face, the whole of the radiating surface is exposed to the
receiving signal. This is the broadside direction of the radiation pattern. Hence the signal reception
is smooth in this situation. However, when the antennas are placed side-by-side, the radiation is in
the end fire direction. Overall ringing is better than the existing UWB antennas in the literature. The

correlation factor between the output and input signal can be calculated with (equation 4.11)

o= 18 [S1®)S,(t=71)dt @110

’ \/fo(t)dt\/ng(t)dt

where 7 is a delay which is varied to make the numerator in (equation 4.11) maximum [109]. The
correlation factor is calculated to be 0.8139 when the two antennas were positioned face-to-face, and
the value becomes 0.7108 when they are fixed side-by-side. The fidelity of the case of face-to-face is
better than the case of side-by-side.

4.4 Summary

A printed monopole antenna for optimal UWB/SWB performance has been proposed. A trian-
gular tapered feed line is used for feeding the exponentially tapered feed region and patch of the
proposed antenna. Tapered structures are employed so that the input signal to the antenna can radiate
freely without any disturbance from the antenna. It has been observed experimentally that the antenna
is well matched for a very broad frequency range. The measured group delay and gain are also within
acceptable limits. Time domain characteristics of the proposed antenna have been measured and val-
idated that the proposed antenna is suitable candidate for UWB/SWB applications. The simulated
result shows that it is a super wideband antenna which is applicable for frequencies between 2.5 and
80 GHz. Such a wideband planar and compact antenna may be used for spectrum sensing in cognitive

radio [110] as well.
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5. Centurion bandwidth tapered monopole band-notched antenna for super wideband application

5.1 Introduction

In recent years, wireless communication devices require larger bandwidths to transmit high-data
rates(>500 Mbps), operate at low power and good immunity to multipath effects. Antenna system
required to accomplished this should have ultra wideband, high capacity, well matched and of high
gain. The operating frequency region for ultrawideband (UWB) systems is between 3.1 to 10.6 GHz
as approved by the FCC in 2002 [1]. It can be seen that bandwidth (BW) ratio of this UWB antenna is
3.4:1, which is obtained by dividing the highest frequency by lowest frequency. UWB antennas have
found wide application in the area of personal area network (PAN), radar imaging systems, biomedical
imaging system etc. Effort to increase the bandwidth greater than UWB is continuing. Very wideband
antennas which have bandwidth ratio > 10:1 are usually called super-wideband (SWB) antenna [2].
SWB antenna covering bandwidth from 1 to 30 GHz has been reported in [111]. This antenna has
bandwidth ratio of 33:1 for VSWR < 2. Here the concept of fractal monopole structure has been
utilized. Ke Ren Chen et al. [112] designed an egg-shaped super wideband monopole antenna with
a bandwidth ratio greater than 12:1. In [113], Y. Dong ef al. describe a circular monopole antenna
composed of an elliptical monopole patch and a tapered feed line with bandwidth ratio greater than
25:1. This antenna has a voltage standing wave ratio (VSWR) < 2. The triangular tapered monopole
antenna has found wide acceptance for UWB radios due to its ease of fabrication. One important
issue to be noted for UWB antenna is that, it may cause electromagnetic interference to the existing
narrow band wireless local-area network (WLAN) IEEE 802.11a and HIPERLAN/2 WLAN operating
in 5.15-5.35 GHz and 5.725-5.825 GHz bands. These narrow bands lie within the UWB band
specification. To have no or marginal effect at these bands, radiation of the UWB antenna is to be
suppressed at these bands. To mitigate this interference issue, UWB antennas with band-notched
characteristics have been proposed. In the last few years, several band-notch scheme for antennas
have been investigated by researchers across the globe [114-116]. One popular design for band
rejection is the cutting of slots on the radiating patch or on the ground plane. For example a letter
C-shaped slot [114], inverted U-shaped slot [115], m-shaped slot [116], etc. have been used for this
purpose. Parasitic elements under the radiating patch have also been used successfully for notching

purpose. For examgle H-shaped parasitic element [47], I-shaped parasitic element [48], rod-shaped
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parasitic element [49], shorted parasitic element [117] and trapezoidal parasitic conductor [118] have
been proposed. These antennas have been designed to have notch within UWB band.

In this thesis, we propose a new structure for realization of super-wideband radiation characteris-
tics along with notch capability. Here we demonstrate that by employing the triangular tapered feed
line and radiating patch, wider impedance bandwidth can be achieved. By using rectangular cham-
fered ground plane, it will further enhance the impedance bandwidth . Frequency bandwidth of 1.1 to
100 GHz of the proposed SWB antenna can be realized. Further not to effect the band from 5-6 GHz
used in WLAN we introduced appropriates U-shaped parasitic element. The proposed antenna is very
promising for various modern communication applications such as GSM1800 (1.71-1.88 GHz), PCS
(1.85-1.99GHz), AWS-3 (2.155-2.175 GHz), WCS (2.345-2.360 GHz), ISM (2.402-2.480 GHz),
MMDS (2.500-2.690 GHz) and UWB (3.1-10.6 GHz). It also exhibits band-notch characteristic
from 4.75—6 GHz. The proposed antenna provides much wider impedance bandwidth of 98.3 GHz
that is 1.7 to 100 GHz. The measured peak gain (1-25 GHz due to vector network analyzer limita-
tions) varies from .5—-5.4 dBi with acceptable radiation pattern across the operating band except at the

notch frequency band.

5.2 Band-notched SWB antenna using FR4 substrate

Fig. 5.1 shows the configuration of the proposed SWB monopole antenna with and without band-
notch characteristics. The optimal dimensions of the proposed antennas are as follows: L = 40 mm,
W =30mm, H=22mm, M =22 mm, [y =7 mm, [, =8 mm, W, =7 mm, [, =12 mm, [; =5 mm, W,
=8 mm, R, =22.7 mm, R, =3.05 mm, /, =3 mm, [, =8 mm, W,, =4 mm, /,, =1 mm, p=1mm, N =
I5mm, B=3mm, T =.8mm, W;=10mm, W; =9 mm, W, =9 mm, Q = 60°, 1, = 10 mmand /, =4
mm, which is fabricated on FR4-epoxy substrate with thickness of 1.6 mm, dielectric constant of 4.4
and loss tangent of 0.018. It can be seen from Fig. 1 that the proposed monopole antenna structure
consists of a tapered radiating patch, tapered feed region which is fed by 50 Q triangular tapered feed
line, a defected ground structures (DGS) and a U-shape parasitic element placed under the radiating
patch. The proposed antenna configuration is simulated using the FEM based Ansoft High Frequency

Structure Simulator (HFSS) software, with lumped port excitation.

TH-1352_10610220

81



5. Centurion bandwidth tapered monopole band-notched antenna for super wideband application

Patch

FR4 Substrate

Feed
region

Feedline

Ground Plane
—

Figure 5.1: Geometry of the proposed monopole antenna: (a) Full band antenna design (b) Top view of band-
notch antenna (c¢) Bottom view of band-notched antenna

5.2.1 SWB printed monopole antenna design

According to the present antenna configuration i.e. Fig. 5.1 (a), a feed region connection, between
the feed line and the radiating patch, was brought in to improve the antenna performance. Due to
optimal tapered (Raicu’s universal taper) [75] connections between the feed line and the main patch,
current flows on the antenna in a smooth fashion, thus providing broad band impedance bandwidth.
The feed line has been triangular tapered near the antenna feeding point in order to improve the
impedance matching at higher frequencies. In addition, it could be noticed that chamfered ground
structures (CGS) i.e. slots integrated with ground plane are also responsible for the wider impedance
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Figure 5.2: Simulated return loss vs frequency for the proposed SWB antenna with and without defected

ground structures.
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Figure 5.3: Simulated return loss vs frequency for the proposed SWB antenna with different value of feed-gap

(p)-

bandwidth over entire frequency band 1.1-100 GHz with ratio bandwidth of 90.9:1 except in the
band of 4.75-6 GHz. Since the CGS provide an additional current path and changes characteristics
of a transmission line such as line capacitance and inductance which in turn leads to change in the
bandwidth. There are many parameters which have been optimized, which can affect the impedance
matching and get super wideband (SWB) antenna behavior. Fig. 5.2 demonstrates the simulated
return loss for the proposed monopole antenna design of Fig. 1(a) with and without CGS. It can be
seen that in the absence of CGS, we observe that |S ;| > —10 dB at frequency band (3.5-6.5 GHz). By
placing two slots in the ground plane it can be observed that the slots can adjust the electromagnetic
coupling effects between the monopole and the ground plane and improve its impedance bandwidth
[119] across the whole frequency spectrum as shown in the Fig. 5.2. Fig. 5.3 illustrates the simulated

return loss for different values of feed gap p between the ground plane and main patch. The obtained
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Figure 5.4: Simulated return loss vs frequency for the proposed SWB antenna with various circular arc angles
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Figure 5.5: Simulated current distribution at notch frequency 5.37 GHz.

results distinctly show that the increasing the feed-gap p from 1 to 1.5 mm, the lowest resonant
frequency of the proposed antenna is shifted towards left and has a great effect on the impedance
matching at high frequency. When the feed-gap p decreases from 1 to .5 mm the impedance bandwidth
is degraded between 6—8 GHz. In other words we can say that the impedance bandwidth significantly
changes with the variation of the feed-gap. Better impedance matching is achieved with a feed-gap (p)
of 1 mm. Fig. 5.4 depicts the simulated return loss for the proposed monopole antenna with various
circular arc angle (Q). When the circular arc angle (Q) increases from 60° to 70°, approximate wide
impedance bandwidth is provided between 6—100 GHz, while impedance matching becomes worse
between 4—6 GHz. As Q = 60°, the super wide impedance bandwidth is achieved from 1.7 to 100

GHz. When the circular arc angle (Q) decreases from 60° to 55°, |S ;| > —10dB between (17-21
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Figure 5.6: Simulated return loss vs frequency for the proposed band-notched characteristics antenna with
different arm width (T)
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Figure 5.7: Simulated VSWR vs frequency for the proposed antenna with or without U-shape parasitic element.

GHz) band. In other words, by increasing or decreasing the circular arc angle (Q) the capacitive or
inductive loading may be increased and results in impedance mismatch.
5.2.2 Study of band-notched function design

Fig. 5.1 (b) and 5.1 (c) shows that the band-suppression characteristics over the whole interference
band which is realised by the U-shaped parasitic element in the back plane, which is electromagneti-
cally coupled to the main patch. The U-shaped parasitic element acts as a half-wave resonant structure
and can perturbs the current distribution at certain frequency band (4.75—6 GHz), where the band-
notched characteristics of the antenna are expected. Band-notched characteristics can be achieved by
tuning the parameters W, l;, T and W),. A dimension of the U-shaped parasitic elements is selected

according to the following expression:
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Figure 5.8: Simulated return loss vs frequency for the proposed band-notched characteristics antenna with

different arm width (W).
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Figure 5.9: Simulated return loss vs frequency for the proposed band-notched characteristics antenna with

different arm width (W},).

V:.Sﬂg:Wd-l-Zde—T (5.1

where V is the physical length of an U-shaped parasitic element and A, is the corresponding band-
notch frequency (5.37 GHz). W,, [, and T is the width, length and thickness of U-shaped parasitic
element. Mainly, the width W, and length /; of the parasitic element acts as the inductance, and the
distance between two arms of U-shaped parasitic element acts as the capacitance. Furthermore, the
current flows on parasitic elements more egregiously around notch frequency and they are opposite
in direction (out-of-phase) to the current flow on the main patch, which can easily cancels out the
radiation field and offered strong attenuation near the notch frequency [115] and [120]. Fig. 5.5
indicates the simulated surface current distribution for the proposed monopole antenna at band-notch

center frequency 5.37 GHz. An orange color arrow shows the direction of the surface current and
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Figure 5.10: Simulated return loss vs frequency for the proposed band-notched characteristics antenna with

different arm width (Lg).

Top view Bottom view

Figure 5.11: Photograph of the fabricated prototype band-notched SWB antenna using FR4 substrate.

flows oppositely between the main patch and the parasitic element. Also it could be noticed that
at notch frequency surface current is not distributed normally around the feed region and resulting
currents cancel perfectly around the feed region leading to a null, which is indicated by dotted red
color circle. However an orange color arrow indicates strong resonance occurs on the U-shaped
parasitic element and makes it as a non-responsive antenna performance at notch frequency. The
simulated return loss for the proposed monopole antenna with various arm width T of the U-shaped
parasitic element are illustrated in Fig. 5.6. It is clearly seen from the Fig. 5.6 that the arm width T
has a little effect on the rejected frequency. That is, by increasing arm width T from .8 to .9 mm weak
rejection occurs at the band-notch region and when the arm width T = .8 mm, strong rejection occurs

at the band-notch region. Weak rejection may occur due to decreased inductance characteristics of
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Figure 5.12: Measured and simulated return loss vs frequency for the proposed antenna.
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Figure 5.13: Measured and simulated group delay vs frequency for the proposed antenna.
U-shaped arm width T. Fig. 5.7 shows the voltage standing wave ratio of the proposed monopole
antenna with and without band-notch function. The antenna return loss is plotted in Fig. 5.8, for
different values of the difference between two arms W, of U-shaped parasitic element. In particular,
it is observed for W, value greater than 10.5 mm notch frequency shifts 1 GHz to a higher level of
the band-notch region and provide much wider notch performance i.e. 4.75-7 GHz. It indicates the
coupling capacitance between two arms of U-shaped is decreased. However, it is observed that there
is .2 GHz frequency shifts to a lower level of the band-notch region when W; = 9.6 mm. So W, has to
be chosen as 10.6 mm. Fig. 5.9 exhibits the simulated return loss of various positions of the right arm
W),, and results for the position of the right arm W), is varied from 8.5 to 9.5 mm. In this arrangement,
center of the notched frequency varies from 5.37 GHz to 5.27 GHz as W), changes from 9 mm to 9.5
mm and also high frequency bandwidth is mostly affected. When position of the right arm W), = 8.5

mm, band-notch characteristics is less sensitive, while within the SWB region impedance matching
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Figure 5.14: Measured and simulated magnitudesr 0 ‘teﬁgytganszi)er function vs frequency for the proposed SWB
antenna.

disturbs slightly. The optimised right arm W), is chosen to be 9 mm for this case. The effect of the
vertical distance between lower arm of parasitic element and ground plane L, on the notch band is
depicted in Fig. 5.10. As shown, if the dimension of L, increases from 4 to 5 mm, higher level of the
notch frequency is shifted to 2.5 GHz, which indicates that the coupling capacitance could be much
decreased. With decreasing the dimension of L,, bandwidth of the notch frequency does not effect,
however the WLAN rejection is observed to be poor at the band-notch region.
5.2.3 Simulation and experimental results

The proposed SWB band-notch monopole antenna was successfully fabricated on FR4 substrate
with h=1.6 mm and €, =4.4. The photograph of the fabricated antenna is shown in Fig. 5.11. A vector
network analyzer (Agilent ZVA24) was utilized to measure and verify the antenna performance. The
simulation frequency range is from 1.7 GHz—100 GHz, while measurement results are performed
till 25 GHz. Fig. 5.12 shows the FEM based full-wave simulated and measured return loss of the
designed SWB antenna. It is to be noted that from the graph, there is good agreement between the
simulated and measured results. To demonstrate the group delay and magnitude of transfer function
S»1, two identical antennas are placed in the face-to-face orientations, with a distance of 0.3 m. Fig.
5.13 shows the measured and simulated group delay for the proposed monopole antenna. As can
be seen that the group delay variation is less than 0.7 ns from the frequency range 1.7-25 GHz,
except the notched frequency band 4.75—6 GHz. At notch frequency band the group delay variation

approximates 3 ns, which can degrade phase linearity. Fig. 5.14 shows the measured and simulated
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Figure 5.15: Simulated surface current current distribution for the proposed monopole antenna with a U-shape
parasitic element at (a) 2.1 GHz, (b) 7 GHz, (c¢) 10 GHz, (d) 20 GHz.

magnitude of transfer function §,; for the proposed antennas. It depicts that there is little variation
in the measured and simulated magnitude of transfer function except in the band-notch region. The
simulated surface current distribution of the proposed antenna at frequencies 2.1, 7, 10 and 20 GHz
are shown in Fig. 5.15. By inspection of Fig. 5.15 (a), (b), (c) and (d) it can observed that currents are
firstly distributed around the outskirts of the monopole radiator and the triangular tapered transmission
line, while considerable amount of current concentrated at the upper edge of the ground plane [121].
At frequencies 2.1 and 7GHz, surface current flows in vertical direction in monopole radiator as
well as ground plane. There is small current flow at the upper edge of the ground plane leading to
nearly omni directional radiation and negligible cross polarization at frequencies 2.1 and 7GHz. At
frequency 10 GHz a current null occurs on the feed line (indicated by red circle) and current is sparsely
distributed on the monopole radiator and the ground plane. However, at high frequency 20 GHz more
null currents occurs on the feed line (indicated by red circle) and it could be noticed that X-directed
current component are presents on the monopole radiator as well as ground plane also. Due to X-
directed surface current component, cross-polarization becomes sturdy at high frequencies as shown
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Figure 5.16: Simulated (red lines) and measured (black lines) radiation pattern for the proposed SWB
monopole antenna at 2.1 GHz. Solid line is co-polarization and dashed line is cross-polarization.
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Figure 5.17: Simulated (red lines) and measured (black lines) radiation pattern for the proposed SWB
monopole antenna at 5.37 GHz. Solid line is co-polarization and dashed line is cross-polarization.

in Fig. 5.16 (e). Fig. 5.16 shows far-field radiation patterns in the E-plane and H-plane at six different
frequencies 2.1 GHz, 5.37, 7, 10 and 20 GHz. The proposed antenna has a nearly omni-directional
and low cross polarization level in the H-plane radiation pattern at frequencies 2.1, 5.37 and 7 GHz.
The E-plane radiation pattern shows a typical bidirectional (figure-of-eight) at frequencies 2.1, 5.37
and 7 GHz. Probably due to band-suppression characteristics at 5.37 GHz, the radiation in the E plane
is tilted to 30° and 150°. At frequency 10GHz an antenna generates null at 150° in the the E-plane,
while multi-nulls are observed in the E-plane at frequency 20 GHz and have a lager cross-polarization
at frequencies 10, and 20 GHz. Fig. 5.17 shows measured gain with parasitic element and simulated

gain without parasitic element from 1.4 to 25 GHz. The measured gain was achieved by the gain
TH-1352_10610220
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5. Centurion bandwidth tapered monopole band-notched antenna for super wideband application

E-plane H-plane

Figure 5.18: Simulated (red lines) and measured (black lines) radiation pattern for the proposed SWB
monopole antenna at 7 GHz. Solid line is co-polarization and dashed line is cross-polarization.

E-plane H-plane
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Figure 5.19: Simulated (red lines) and measured (black lines) radiation pattern for the proposed SWB
monopole antenna at 10 GHz. Solid line is co-polarization and dashed line is cross-polarization.

transfer technique where a standard gain horn antenna was used as a reference. From Fig. 5.17 it can
be seen that, the measured peak gain is about .5-5.4 dBi across the operating band 1.4 to 25 GHz
except at the rejected bands. Around the rejection band, the gain can be as low as -7 dBi, when the

parasitic elements are used.

5.3 Band-notched SWB antenna using RT/Duroid 5870 substrate

In this section we have designed SWB antenna using RT Duroid 5870 substrate. Because RT/Duroid
5870 substrate is more versatile [122] than FR4 substrate, especially for very high frequencies or mil-

limeter wave frequencies (greater than 30 GHz).
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E-plane

90 -90

Figure 5.20: Simulated (red lines) and measured (black lines) radiation pattern for the proposed SWB
monopole antenna at 20 GHz. Solid line is co-polarization and dashed line is cross-polarization.

ol = measured with parasitic element
= = = simulated without parasitic element

Gain (dBi)

1 3 5 7 o9 11 13 15 17 19 21 23 25
Frequency (GHz)
Figure 5.21: Measured and simulated gain vs frequency for the proposed antenna.

Fig. 5.22 shows the configuration of the proposed SWB monopole antenna with and without
band-notch characteristics. It can be seen from Fig. 5.22 that the proposed SWB monopole antenna
structure composed of a tapered radiating patch, tapered feed region which is fed by 50 Q triangular
tapered feed line, and a chamfered ground plane (CGP). To create a band-notch characteristics for
WLAN a C-shape parasitic element is employed, which is electromagnetically coupled to the radiat-
ing patch. Further to improve the notching characteristics of the proposed antenna, two L-slots are
placed in the chamfered ground plane (CGS). The proposed SWB antenna is designed by Rogers
RT/Duroid 5870 substrate with a thickness of 0.787 mm and a dielectric constant of 2.32 and a loss
tangent of 0.0012. The optimal dimensions of the proposed antennas are as follows: L = 40 mm, W
=30mm, H=22 mm, M =22 mm, [; =7 mm, W, =7 mm, [, = 11 mm, /g =5 mm, Wx =8 mm,

TH-1352 Iibgl%%gomm, R, =3.05mm, [, =3mm, [c =8 mm, W,,=4mm, /[, =1 mm, p=1mm, N=15
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5. Centurion bandwidth tapered monopole band-notched antenna for super wideband application

M )
Radiating Patch Patch

RT Duroid 5870 Substrate

Feedline

Ground Plane
~

Figure 5.22: Geometry of the proposed monopole antenna: (a) Full band antenna design (b) Top view of
band-notch antenna (c) Bottom view of band-notched antenna

mm, B=3mm, T=0.8 mm, W, =10 mm, W, =9.5 mm, Q =60° /;, =9 mm, l, =4 mm, [, =4 mm,
F=67mm,R=62mm, K=68 mm, G=0.8 mm, A=3mm, V=7mm. The proposed antenna
configuration is simulated using the FEM based Ansoft High Frequency Structure Simulator (HFSS)
software, with lumped port excitation.
5.3.1 SWB printed monopole antenna

According to the present antenna configuration i.e. Fig. 5.22 (a), a feed region connection, be-
tween the feed line and the radiating patch, was brought in to improve the antenna performance.
Due to optimal tapered [12] (Raicu’s universal taper) connections between the feed line and the main

patch, current flows on the antenna in a smooth fashion, thus providing broad band impedance band-
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Figure 5.23: Simulated return loss vs frequency for the proposed SWB antenna with and without chamfered
ground structures (CGS).
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Figure 5.24: Simulated return loss vs frequency for the proposed SWB antenna with various circular arc angles

Q.

width. The feed line is triangular tapered near the antenna feeding point in order to improve the
impedance matching at higher frequencies. Moreover, It could be noticed that chamfered ground
structures (CGS) 1.e. two rectangular slots integrated with ground plane are also responsible for the
wider impedance bandwidth over entire frequency band .9—-100 GHz (bandwidth ratio of 111.1:1)
except in the band of 4.7—-6 GHz. Since the chamfered ground structures (CGS) provide an addi-
tional current path and changes characteristics of a transmission line such as line capacitance and
inductance which in turn leads to change the bandwidth. There are many parameters that have been
optimized, which can affect the impedance matching and get super wideband (SWB) antenna behav-
ior. Fig. 5.23 demonstrates the simulated return loss for the proposed monopole antenna design of
Fig. 5.22(a) with and without chamfered ground structures (CGS). It can be seen that in the absence

of chamfered ground structures (CGS), the behavior of S{; > —10 dB at frequency band (4-5 and
TH-1352_10610220
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Figure 5.25: Simulated current distribution at notch frequency 5.35 GHz.
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Figure 5.26: Simulated return loss vs frequency for the proposed band-notched characteristics SWB antenna
with different arm length (/).

6—7 GHz). By placing two rectangular slots in the ground plane it can be observed that the slots can
adjust the electromagnetic coupling effects between the monopole and the ground plane and improve
its impedance bandwidth across the whole spectrum as shown in the Fig. 5.23. Fig. 5.24 depicts the
simulated return loss for the proposed monopole antenna with various circular arc angle (Q). When
the circular arc angle (Q) increases from 60° to 65°, approximate wide impedance bandwidth is pro-
vided between 0.9—47 GHz, however impedance matching becomes worse between 47—-53 GHz. As
Q = 60°, the super wide impedance bandwidth is achieved from 0.9 to 100 GHz. While, circular arc
angle (Q) decreases from 60° to 55°, |S ;| > —10 dB between (82—87 GHz and 90-95 GHz). In other
words, by increasing or decreasing the circular arc angle (Q) the capacitive or inductive loading may
be increased and results in impedance mismatch.
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5.3 Band-notched SWB antenna using RT/Duroid 5870 substrate

Front view Back view

Figure 5.27: Photograph of the fabricated prototype band-notched SWB antenna using RT/Duroid substrate.
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Figure 5.28: Measured and simulated return loss vs frequency for the proposed band-notched SWB monopole
antenna.

5.3.2 Study of band-notched function design

Fig. 5.22 (b) and 5.22 (c) shows that the band-suppression characteristic over the whole inter-
ference band is realized by the C-shaped parasitic element in the back plane, which is electromag-
netically coupled to the main patch. The C-shaped parasitic element acts as a half-wave resonant
structure and can perturbs the current distribution at certain frequency band (4.7—6 GHz), where the
band-notched characteristics of the antenna are expected. Further increasing the strong rejection at
the band-notch region (4.7-6 GHz) two L-slots are etched with chamfered ground structure (CGS).
Band-notch characteristics can be achieved by tuning the parameters W, [;, T and /;. A dimension of

the C-shaped parasitic elements is selected according to the following expression

V= 54, = W+ 20, +4T + 2 (5.2)
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5. Centurion bandwidth tapered monopole band-notched antenna for super wideband application

E-plane H-plane

90 -90

Figure 5.29: Simulated (red lines) and measured (black lines) radiation pattern for the proposed SWB
monopole antenna at 3.1 GHz. Solid line is co-polarization and dashed line is cross-polarization.

where V is the physical length of a C-shaped parasitic element and A, is the corresponding band-
notch frequency (5.35 GHz). Wy, [; and T is the width, length and thickness of C-shaped parasitic
element. Fig. 5.25 demonstrates the simulated surface current distribution for the proposed monopole
antenna at band-notched center frequency of 5.35 GHz. It can be seen that current flows on the C-
shape parasitic element are more egregious around notch frequency and they are opposite in direction
(out-of-phase) to the current flow on the main patch, which can easily cancel out the radiation field
and offered strong attenuation near the notch frequency and makes it as a non-responsive antenna
performance at notch frequency 4.76 GHz. Fig. 5.26 exhibits the simulated return loss of various
values of length /; of the C-shaped parasitic element, and results for the values of /; are varied from 8
to 10 mm. In this arrangement, center of the notched frequency varies from 5.35 GHz to 5.8 GHz as /;
changes from 9 mm to 8 mm and also its hamper the impedance matching, especially high frequency
band. When position of the length /; = 10 mm, band-notch characteristics is less sensitive, while
within the SWB region impedance matching disturbs slightly. So the optimum value of /; is 9 mm.
5.3.3 Simulation and experimental results

The photograph of the fabricated antenna is shown in Fig. 5.27. It is simulated with the 3-D elec-
tromagnetic simulation software HFSS and measured with vector network analyzer (Agilent ZVA24).
Fig. 5.28 shows simulated and measured return loss of the proposed band-notch SWB antenna (using
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5.3 Band-notched SWB antenna using RT/Duroid 5870 substrate

E-plane H-plane

Figure 5.30: Simulated (red lines) and measured (black lines) radiation pattern for the proposed SWB
monopole antenna at 10 GHz. Solid line is co-polarization and dashed line is cross-polarization.
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Figure 5.31: Simulated (red lines) and measured (black lines) radiation pattern for the proposed SWB
monopole antenna at 20 GHz. Solid line is co-polarization and dashed line is cross-polarization.

RT/Duroid 5870 substrate). From the Fig. 5.28 it is observed that the antenna provides broadband
performance (frequency band of 1 to over 25 GHz) with band-notch around 4.7-6 GHz. Fig. 5.29
to Fig. 5.31 displays far-field radiation patterns in the E-plane and H-plane at six different frequen-
cies 3.1 GHz, 10 GHZ and 20 GHz. The proposed antenna has a nearly omni directional and low
cross polarization level in the H-plane radiation pattern at frequencies 3.1 and 10GHz. Along with E-
plane radiation pattern shows a typical bidirectional (figure-of-eight) at frequencies 3.1and 10 GHz.
However, at frequency 20 GHz antenna generates multi-nulls in the E-plane and H-plane and also

the cross polarization level increases with higher frequencies. Overall the proposed SWB monopole
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Figure 5.32: Measured and simulated gain for the proposed band-notch SWB monopole antenna.

antenna exhibits stable radiation patterns and behaves similarly to the typical planar monopole an-
tennas. Fig. 5.32 presents the measured and simulated peak gain with and without parasitic element
for the proposed band-notch SWB antenna (using RT/Duroid 5870 substrate). It is found that the
measured antenna gain is about -2 dBi at 1 GHz and it increases with frequency (7 dBi1 at 25 GHz)
except 4.7 to 6 GHz. Antenna gain decreases abruptly at the center frequency of 5.35 GHz, which
shows appropriate band-notch elimination for WLAN application.

5.4 Summary

In this chapter, a band-notch super wideband monopole antennas have been proposed and ex-
tensively investigated. We have used triangular tapered feed line for broadband matching. In the
tapered feed region and tapered radiating patch we have used Raicu’s universal taper for best and
optimal taper. Hence the signal coming to SWB antenna flows smoothly and radiates in free space.
Thereby we can achieve super wideband impedance matching from 1.1-100 GHz (ratio bandwidth
0f 90.9:1), except in the band of 4.75—-6 GHz. Two different band-notched SWB monopole antennas
structure have been designed and fabricated with two different substrates, one with FR4 substrate
(1.1-100) and another with RT/Duroid 5870 substrate (.9—100). With proper and simple U-shaped
and C-shaped parasitic element integrated with ground plane, a band-notched performance from 4.75
to 6.0 GHz can be achieved. It has been observed that the RT/Duroid substrate is more versatile than
FR4 substrate, especially when compared to return loss and gain of the both antennas. The average

return loss and maximum gain of the monopole antenna with FR4 substrate is -11.5 dB and 5 dBi,
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5.4 Summary

however average return loss and maximum gain in case of antenna with RT/Duroid substrate is -14

dB and 6.5 dBi.
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6.1 Introduction

6.1 Introduction

The evolution of ultrawideband (UWB) communication systems has received lot of attention due
to its prominent advantages, such as high data transmission rates, large channel capacity, low power
consumption, resistance to jamming, extremely low power spectral density etc. [123]. Over the past
few years the research for UWB printed monopole has been continuing on full swing due to its large
bandwidth, low profile, stable radiation patterns and high gain. The operating frequency region for
ultra wideband (UWB) systems is between 3.1 to 10.6 GHz as approved by the FCC in 2002 [1]. It can
be seen that bandwidth (BW) ratio of this UWB antenna is 3.4:1, which is obtained by dividing the
highest frequency by the lowest frequency. However, it is to be noted that antenna with impedance
bandwidth ratio greater than 10:1 is generally called super-wideband (SWB) antenna [2]. Due to
extremely wide bandwidth, SWB antenna covers both long and short range communications. In recent
years, numbers of printed monopole antennas have been reported for SWB applications [124—-126].
For example an M-shaped notch at the bottom of the rectangular patch with a tapered coplanar wave-
guide (CPW) ground plane is proposed [124]. This antenna has bandwidth ratio of 21.9:1 for VSWR
< 2. In [125], a compact elliptical monopole antenna with bandwidth ratio of 21.6:1 for VSWR < 2
was presented. K. R. Chen er al. [126] designed an egg-shaped super wideband monopole antenna
with a bandwidth ratio greater than 12:1. Because of vast operating bandwidth it can interfere with
the existing wireless communication system such as wireless local area network (WLAN) operating
in 5.15-5.825 GHz) and X-band satellite communication systems operating in 7.25-8.3955 GHz (for
down link: 7.25-7.745 GHz and uplink: 7.9 —8.395 GHz). To mitigate this interference issue, SWB
antennas with a single and dual band-notched performance is required. Some UWB antennas with
band-notched characteristic have been reported [127-130]. In [127], dual band-notched (i.e. WiMAX
and WLAN bands) performance is achieved by placing L-shaped slit and E-shaped slot in the radiating
patch. W. Jiang et al. [128] designed dual band-notched UWB antenna using a T-shaped stub on the
radiating patch (WiMAX band) and a pair of U-shaped stubs near the feeding line (WLAN band).
In [129], a triple band-notched antenna covering WiMAX, WLAN and X-bands is realized by open-
ended quarter-wavelength slot and three semicircular half-wavelength slots are cut in the radiating

patch. In [130], a U-slot defected ground structure (DGS) is used notching 5-6 GHz for WLAN
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applications

and an H-shaped slot is etched on the radiating patch to obtain another two notched bands at 3.3-
3.7 GHz for WIMAX and 7.2 GHz for some C-band satellite communication systems. All these
antennas have been designed to have notch within UWB band. In this thesis, a dual band-notched
printed arched monopole antenna is proposed for super wideband applications with bandwidth ratio
of 16.1:1 for VSWR < 2. To increase the impedance bandwidth a triangular tapered feed line is
employed with arched radiating patch and arched ground plane. By adding an open-circuited stub
in the triangular tapered feed line single band-notch (5—6 GHz) performance is created. Second

band-notch (7-8.4 GHz) performance can be created by cutting inverted U-shaped slot in the arched
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Figure 6.1: Geometry of the proposed super wideband band-notched monopole antenna (a) front view (b)
bottom view.
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6.1 Introduction

ground plane and small strip etched on the radiating patch. The proposed antenna has a simple
configuration and is easy to fabricate. The proposed antenna has been designed and simulated using
of High Frequency Simulation Software (HFSS) version 14. Details of simulation and experimental
results of the proposed antenna are presented.

Table 6.1: Optimized dimension of the proposed antenna
Parameters | L | W | M N | g E 0 H W, F L,
Units (mm) | 40 | 30 | 22 8§ 102|114 |17.8| 35 |226 | 6 | 145 |32
Parameters | R | T [ Ogw | C; | b
Units (mm) | 0.2 | 0.2 | 84 | 0.5

<

q r ) g1 | & C | A
95| 83 [ 12714596 | 8.6 3

3| T

= = = with rectangular feed line and arched ground plane
5l | = with triangular tapered feed line and arched ground plane
----- with triangular tapered feed line and rectangular ground plane

9 1‘1 / 13 1‘5 1‘7 1‘9 21
Frequency (GHz)
Figure 6.2: Full band VSWR curve vs frequency for different feed line and ground plane.
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Figure 6.3: Simulated VSWR curve vs frequency for with and without I-shaped slot.
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Figure 6.4: Simulated current distribution of the proposed dual band-notched SWB antenna at frequencies (a)
5.5 GHz (b) 7.7 GHz.

6.2 Dual band-notched SWB antenna using FR4 substrate

The proposed SWB band-notch monopole antenna is shown in Fig. 6.1. The proposed antenna
composed of a triangular tapered feed line, an arched monopole patch etched with an I-shaped slot,
an open circuited stub and an inverted U-shaped slot etched on the arched ground plane. The antenna
is fabricated on FR4 substrate with dielectric constant of 4.4, loss tangent of .0018 and thickness of
1.6 mm. The overall size of the proposed antenna is about 30x30x1.6 mm?. In the presented config-
uration, a triangular tapered feed line is precisely connected to arched shape patch, which provides

extremely large impedance bandwidth greater than ultrawideband (UWB) bandwidth. Arched ground
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Figure 6.5: Simulated VSWR behavior with respect to frequency for different values of C.
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Figure 6.6: Simulated VSWR vs frequency curves with different values of Og.

plane also play an important role for improving the impedance bandwidth, because antenna can ad-
just the electromagnetic coupling effects between the patch and the arched ground plane and hence
impedance bandwidth is considerably enhanced. The dual notch performance in the proposed antenna
can be easily realized by introducing an open-circuited stub on the right side of the triangular tapered
feed line and an inverted U-shaped slot in the arched ground plane. Suitable resonant frequency band-
notch (i.e. 5.5 GHz) performance can be achieved by adjusting the length of open-circuited stub. In
addition by adjusting the parameter Wy, Ly and T of an inverted U-shaped slot another band-notch
(i.e. 7.7 GHz center frequency) performance can be created.
6.2.1 Results and discussions
6.2.1.1 SWB monopole antenna with full-band

In this section, parameter of the proposed antenna was optimized in such a way that antenna gives

an extremely wide bandwidth with two reasonable band-notch performance. The proposed antenna
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Frequency (GHz)
Figure 6.7: Simulated VSWR vs frequency curves with different values of R of the open circuited-stub.

Frequency (GHz)

Figure 6.8: Simulated VSWR vs frequency curves with different values of Wj.

has been designed and simulated using High Frequency Simulation Software (HFESS) version 14. The
optimized dimensions of the proposed antenna are given in Table 6.1. Fig. 6.2 shows that full band
VSWR curve for different feed line and ground plane for the proposed SWB antenna. Here we can
see that antenna starts resonating from 1.3 GHz. It can be observed that by applying rectangular feed
line with arched ground plane instead of triangular tapered feed line with an arched ground plane,
there is impedance mismatch at frequencies 2 GHz and 5 GHz. When triangular tapered feed line
with rectangular ground plane was applied, it can be observed that wide impedance bandwidth can
be obtained at higher frequencies but the bandwidth is slightly affected between the frequency band
of 2—4 GHz. Hence triangular tapered feedline with arched ground plane gives the best impedance

matching.
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Figure 6.9: Simulated VSWR vs frequency curves with different values of T.
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Figure 6.10: Simulated VSWR vs frequency curves with different values of L;.

6.2.1.2 SWB monopole antenna with dual band-notches

By adding an open-circuited stub on the right side of triangular tapered feed line, a single band-

notch (5—6 GHz /WLAN band) characteristic is achieved. The open-circuited stub acts as an one

quarter-wave resonant structure and can perturbs the current distribution at certain frequency band

(5—6 GHz), where the band-notched performance of the proposed antenna is expected. Here the

optimized electrical length G of an open-circuited stub is set to approximately 0.254,. Dimension of

the open-circuited stub is selected according to the following formula

G =~ 250, = Oy + B + C, (6.1)

The guided wavelength (1, = /10/ \/szf) is the corresponding band-notch frequency at 5.5 GHz and

is equal to 33.19 mm. To create a second band-notch (7—8.4 GHz / for down link: 7.25-7.745 GHz
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Top view Bottom view

Figure 6.11: Photograph of the proposed dual band-notched SWB antenna.
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Figure 6.12: Measured and simulated VSWR vs frequency curve of the proposed antenna.

and uplink: 7.9-8.395 GHz of X-band satellite communication systems) performance, an inverted
U-shaped slot is etched on the arched ground plane. An inverted U-shaped slot acts as one half
wavelength resonant structure and can perturb the current distribution at frequency band (7—8.2 GHz).

An inverted U-shaped slot dimension is selected according to the following formula
Gy = 54, =W+ 2L, -2T (6.2)

In similar way, here A, was found to be 23.7 mm at 7.7 GHz. Further improve the notching perfor-
mance, an [-shaped slot is etched on the arched radiating patch as shown in fig. 6.3. Fig. 6.3 shows
that simulated VSWR curve for with and without I-shaped slot and it is to be noted that, by placing
an I-shape slot on the radiating patch, enhanced resonance was observed between the frequency from
6—7 GHz.

For further investigation of these notch frequencies, the simulated current distribution of the pro-
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E-plane H-plane

Figure 6.13: Simulated (red lines) and measured (black lines) radiation pattern for the proposed dual band-
notched SWB monopole antenna at 3.1 GHz. Solid line is co-polarization and dashed line is cross-polarization.

E-plane H-plane

-30 30

-12.00
[#=34.00

-34.

-60
-90

90 -90

120 120

-180 -180

Figure 6.14: Simulated (red lines) and measured (black lines) radiation pattern for the proposed dual band-
notched SWB monopole antenna at 6.5 GHz. Solid line is co-polarization and dashed line is cross-polarization.

posed dual band-notch SWB antenna at frequencies 5.5 GHz and 7.7 GHz are shown in Fig. 6.4 (a)
and 6.4 (b). It can be observed in Fig. 6.4 (a) and 6.4 (b) that the majority of current is concentrated
on an open circuited-stub at 5.5 GHz and an inverted U-shaped slot at 7.7 GHz, while minimum cur-
rent is concentrated on the rest part of the antenna at frequencies 5.5 and 7.7 GHz. It implies that at
notch frequencies antenna creates strong resonance. And also it can be seen that considerable amount
of current flowing in I-shaped slot as shown in Fig. 6.4 (b), which plays a role to excite enhanced
resonance between the frequency range of 6—7 GHz.

To fully comprehend, the parametric study of the proposed antenna is carried out for further
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E-plane H-plane

Figure 6.15: Simulated (red lines) and measured (black lines) radiation pattern for the proposed dual band-
notched SWB monopole antenna at 10 GHz. Solid line is co-polarization and dashed line is cross-polarization.

E-plane H-plane

90 -90

Figure 6.16: Simulated (red lines) and measured (black lines) radiation pattern for the proposed dual band-
notched SWB monopole antenna at 15 GHz. Solid line is co-polarization and dashed line is cross-polarization.

analysis. By properly changing the parameters of the proposed monopole antenna, dual notched band
can be generated. The dual notch performances are decided by the following parameters Cy, O, R,
W, T and L,. The first notched band is basically determined by the parameters of Cy, Oy, and R.
Fig. 6.5 depicts the simulated VSWR behavior with respect to frequency for different values of C;.
From the simulation results of VSWR, it can be observed that as C; increases from 0.5 mm to 0.9
mm with other parameters constant, the centre frequency of the first notch shifted towards left, while
centre frequency of the second band-notch is slightly affected. So the optimized value of C; is taken

as to be 0.5 mm. Fig. 6.6 plots the simulated VSWR curves with different values of Oy,,;,. As clearly
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Figure 6.17: Measured and simulated gain vs frequency of the proposed antenna.

Top View
p\\f > Bottom View

Figure 6.18: Geometry of the proposed band-notched monopole antenna.

shown in Fig. 6 when the length (Oy,,;,) of the open circuited stub increases from 8.4 to 8.9 mm, the
centre frequency of the first notch band is varied from 5.5 GHz to 5.28 GHz. However, as the value
of Oy, decreases from 8.4 to 7.9 mm, the centre frequency of the first notch band is much varied. As
it is seen in Fig. 6.7, when the thickness R of the open circuited stub increased from 0.2 to 0.6 mm,
the lower frequency of first notch band decreases from 5 GHz to 4 GHz.

In similar way, the parameters W, T and L; of an inverted U-shaped slot are also varied to see the
influences on the second notched band performance. Fig. 6.8 illustrates the simulated VSWR curves
for different values of W;. As the value of W increases from 6 to 7 mm, the center frequency of the
second band notched is varied from 7.7 to 8.6 GHz, while center frequency of the first band notched
is fixed. However, decreasing the value of W from 6 to 5 mm, the center frequency of the second

band notched shifted from 7.7 GHz to 6.8 GHz and also impedance matching becomes worse between
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the frequency ranges of 6—7 GHz. Similarly we can control the second band notched frequency by
changing the other parameters of T and L, as shown in Fig. 6.9 and 6.10. The photograph of the
fabricated SWB dual band-notch monopole antenna is shown in Fig. 6.11. The proposed antenna was
successfully measured by Rohde and Schwarz ZVA24 network analyzer. Fig. 6.12 shows measured
and simulated VSWR curve of the proposed antenna. Fig. 6.13 to Fig. 6.16 shows simulated and
measured radiation pattern E-plane and H-plane of the proposed SWB antenna at (a) 3.1 GHz (b) 6.5
GHz (c) 10 GHz (d) 15 GHz. It can be observed that the pattern is almost omnidirectional throughout
UWB frequency band, while more cross polar component has been observed at frequency 15 GHz.
Fig. 6.17 shows simulated and measured peak gain in dBi for the SWB dual band-notched antenna. It
can be observed that the gain variation of the proposed antenna within SWB frequency band is from

1.4 to 4.8 dBi, except the two notch bands.

6.3 Compact dual band-notched SWB antenna using RT/Duroid 5870 sub-
strate

Antl

Figure 6.19: Design evolution of the proposed SWB dual band-notched antenna.

8 .
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7 - = =Ant2
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1 3 5 7 5 1& 16 lg 15 15 21 Zé 25
Frequency (GHz)
Figure 6.20: Simulated VSWR of Antenna 1, Antenna 2 and Antenna 3, Antenna 4 and Antenna 5.

Tg]iesggniilég%té% of the proposed SWB circular ring monopole antenna with dual band-notched
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Figure 6.21: Simulated VSWR versus frequency graph for the proposed compact SWB dual band-notched

antenna with and without inverted T-shaped stub.
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Figure 6.22: Simulated VSWR versus frequency graph %or the proposed compact SWB dual band-notched

antenna with different value of R.

characteristics is illustrated in Fig. 6.18. The designed circular ring patch antenna is printed on the
RT/Duroid 5870 substrate of thickness 0.787 mm and dielectric constant 2.32, which is excited by
a 50 Q triangular tapered microstrip feed line. The proposed antenna (overall dimension of about
24x30x0.787 mm?) consists of a circular ring radiating patch with T-shaped stub that are protruded
inside radiating ring. The rear side of the RT/Duroid substrate composed of a round-corner finite
ground plane (RCFGP) with embedded U-shaped slot and a U-shaped parasitic element, which is
placed under the circular ring patch. The microstrip feed line has been tapered near the circular ring
antenna feeding point in order to improve the impedance matching at higher frequencies. Because
of tapering involves gradual changes in impedance function (i.e., a multi-section transformer), it in-
creases the bandwidth of the impedance transformer and antenna load impedance becomes closer

to characteristic impedance of the microstrip feed line. RCFGP is also responsible for impedance
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Figure 6.23: Simulated VSWR versus frequency graph for the proposed compact SWB dual band-notched

antenna with different value of W,,.
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Figure 6.24: Simulated VSWR versus frequency graph for the proposed compact SWB dual band-notched
antenna with different value of L.

matching, especially at higher frequencies because it provide smooth current path and hence improve
the impedance bandwidth between the frequency band of 23.5-24 GHz. The optimal dimensions of
the proposed antennas are as follows: L=30mm, W =24 mm, H =13 mm,A=1mm, B=1mm, G
=55mm,D=45mm, 7T =0.5mm,R=8mm, r=6 mm, N =6.2mm, W, =14.5mm, /, = 16.5 mm,
M=05mm, p=1mm, T, =02 mm, L, =52 mm, Wy = 1.5 mm, L, =4.5 mm, K = 1.6 mm and
R; = 4.9 mm. Here the optimized electrical length of U-shaped parasitic element U; and U-shaped
slot U, are set to approximately 0.54, and 0.254,, where U, = W, + 21, + 2M, U, = Wy + 2L, + 2T
and A, is the guided wavelength corresponding to band notch frequencies at 3.8 and 7.8 GHz. Fig.
6.19 presents design evolution of the proposed SWB dual band-notched printed monopole antenna
and illustrates the steps for enhancing the impedance bandwidth as well as formation of dual band-

notched characteristics. The corresponding simulated VSWR characteristics comparison of Antenna
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6.3 Compact dual band-notched SWB antenna using RT/Duroid 5870 substrate
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Figure 6.26: Image of the fabricated proposed SWB dual band-notched antenna.

1, Antenna 2 and Antenna 3, Antenna 4 and Antenna 5 are shown in Fig. 6.20. As shown in Fig. 6.19
Antenna 1 consists of simple monopole disc connected with a rectangular feed line and rectangular
finite ground plane that provides bandwidth with frequency band of 2.8—-9.9 GHz as depicted in Fig.
6.20. To improve the impedance bandwidth of the Antenna 1, rectangular feed line has been replaced
by a triangular tapered feed line (Antenna 2) and offers wide bandwidth of 1.6—23.5 GHz without
increasing the dimensions of Antenna 1 as depicted in Fig. 6.20. To further increase the bandwidth
of the Antenna 2, we modified the rectangular ground plane of the Antenna 2 into round-cornered
ground plane (Antenna 3). It is worth nothing that, the Antenna 3 excites additional resonance es-
pecially at the higher frequencies and hence the impedance matching characteristics tend to improve
over the entire band, resulting in an extremely large bandwidth of 1.6—25 GHz (shown by Fig. 6.20)
or above. It is capable of supporting super wideband (SWB) radios without increasing the dimensions

o) a 2. Now to generate the first band-stop characteristics for X-band satellite communication
L) g P
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Figure 6.27: Measured and simulated VSWR versus frequency graph for the proposed compact SWB dual

band-notched antenna.

systems (7.2—8.4 GHz), a U-shaped slot is inserted in the RCFGP (Antenna 4). By employing U-
shaped parasitic element on the rear side of the substrate and an inverted T-shaped stub within the
ring shaped radiation patch we can generate the second band-stop characteristics for WiMAX/C-band
(3.2—4.4 GHz) application as illustrated in Fig. 6.20 (Antenna 5). The effect of inverted T-shaped
stub on the WiMAX/C-band (3.2—4.4 GHz) X-band satellite communication systems (7.2—8.4 GHz)
is shown in Fig. 6.21. From the Fig. 6.21 it is found that without inverted T-shaped stub, the upper
edge frequency of WiMAX/C-band increases from 4.4 GHz to 4.9 GHz, while upper edge frequency
of the X-band satellite communication systems decreases from 8.4 to 8.1 GHz, which do not cover the
uplink frequency (7.9-8.395 GHz) of X-band satellite communication systems. The wide frequency
bandwidth of WiMAX/ C band notched characteristics (3.2—4.9 GHz) unnecessarily blocks useful

frequencies from 4.4 to 4.9 GHz.

Table 6.2: Comparison of the size and bandwidth of the proposed circular ring monopole antenna to traditional
antennas

Antenna Structures Dimensions (WxLxh) | Ratio BW

Quasi-CSRR shaped [50] 46.4x38.5x1 mm’ 6.2:5
Square-shaped [51] 26x32x0.8 mm? 3.9:2
Circular ring-shaped [52] 30x30x1.6 mm? 5.0:3
Fork-shape [53] 24%36%1.524 mm? 4.0:1

Proposed ring-shaped 24x30%0.787 mm? 15.6:2
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6.3 Compact dual band-notched SWB antenna using RT/Duroid 5870 substrate

Figure 6.28: Simulated (red lines) and measured (black lines) radiation pattern proposed compact SWB dual
band-notched antenna. Solid line is co-polarization and dashed line is cross-polarization.

6.3.1 Parametric study and experimental Results

To know more details about dual-notch functionality of the proposed SWB antenna, parametric
study has been carried out. Dual band-notched characteristics of the SWB antenna can be controlled
mainly by the following parameters: R, W, and L, for the radiating ring patch, U-shaped parasitic
element and U-shaped slot respectively. Fig. 6.22 depicts the simulated VSWR curves for different
values of outer radius R of circular ring patch. It can be observed that by increasing the value of
R from 8 to 9 mm, the first notch band blocks deeper (amplitude of VSWR is about 6.5) within
WiMAX/C-band, however center frequency of the second notch band (X-band) is shifted from 7.8 to
7.4 GHz and also there is an impedance mismatch at higher frequencies (12—13 GHz and 16.5-18
GHz). When the value of R = 7 mm, the impedance matching within SWB region is excellent, the
center frequency of the first (WiMAX/C-band) and second (X-band) notched band is also appropriate.
So the optimum value of R is 7 mm. The simulated VSWR for different values of W, (width U-shaped
parasitic element) is plotted in Fig. 6.23. In this arrangement by varying the value of W), from 18.1
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Figure 6.29: Simulated and measured gain versus frequency graph for the proposed compact SWB dual band-
notched antenna.

to 20.1 mm, center frequency of the second (X-band) notched band characteristics is in sensitive;
however bandwidth of the first notch band (WiMAX/C-band) is decreased significantly. Therefore,
the optimum value of W), is decided to be 19.1 mm. Fig. 6.24 shows the effect of the length L, of U-
shaped slot on the simulated VSWR curves. From the Fig. 6.24 it can be found that, when length L, of
U-shaped slot changes from 4.7 to 5.7 mm, the center frequency of the second notched band is varied
from 9 GHz to 6.5 GHz, however there is no variation within the first notched band region. Therefore
the value of L, has been selected to be 5.2 mm, which controls the variable notched band with center
frequency of 3.8 GHz. Fig. 6.25 (a) and (b) illustrates the simulated surface current distribution for
the proposed SWB monopole antenna at band-notch center frequencies of 3.8 and 7.8 GHz. From
the Fig. 6.25 (a) it is clearly seen that high current is gathered on the U-shaped parasitic element
around the 3.8 GHz notched frequency and they are opposite in direction (out-of-phase) to the current
flowing on the ring shaped patch as well as inverted T shaped stub, which cancel out the effective
radiation. Hence, at 3.8 GHz impedance matching was very poor due to band-notch characteristics.
Similarly, at frequency 7.8 GHz it can be observed that strong current is crowded on U-shaped slot
and very small current concentrated on the ground plane and offered strong attenuation near the notch
frequency (7.8 GHz) than the other resonance frequency. Image of the fabricated antenna is shown in
Fig. 6.26. The measurement result is carried out with a Rohde and Schwarz ZVA24 vector network
analyzer. Simulated and measured VSWR versus frequency graph for the proposed SWB dual band-

notched antenna is depicted in Fig. 6.27. Good agreement has been obtained between simulation and
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6.4 Summary

experimental of VSWR results. Fig. 6.28 shows the simulated and measured radiation pattern of the
proposed SWB monopole antenna. It indicates that at low frequencies (2.5 and 10 GHz), antenna has
a nearly omni-directional radiation pattern in the H-plane and bidirectional (eight shaped) patterns in
the E-plane with negligible cross polarization. However at the higher frequencies 15 and 20 GHz,
the cross-polarization level rises in the E and H-planes, which is probably due to almost horizontal
surface current component flow on the radiating patch at higher frequencies. The simulated and
measured gain versus frequency graph for the proposed dual band-notch SWB monopole antenna is
shown in Fig. 6.29. From the graph, it can be observed that the peak gain of the proposed antenna is
5.8 dBi, while gain sharply drops in the vicinity of 3.8 and 7.8 GHz stop bands.

6.4 Summary

This chapter provides a super-wideband antenna along with dual band notched functionality. To
avoid the interference problem from the existing narrow band system, it is necessary for SWB anten-
nas to have dual band-notched characteristics. Here also like previous chapter two different antenna
structures have been realized using two different substrates, one with FR4 substrate and another with

RT/Duroid 5870 substrate. All simulated and measured results of the both antennas are well matched.
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7. Conclusions and future work

7.1 Summary of the present work

UWB antennas are highly desirable for short range communication system with high data trans-
mission. But the current users of WPAN are also hungry to increase more and more bandwidth and
demanding like a SWB antenna to cover both short range and long-range communication system.
Due to extremely large bandwidth (ratio bandwidth of more than 10:1) which is a requirement for
very high data rate SWB antenna has come into the picture. Therefore, the main objective of the the-
sis is to design, fabricate and test of compact printed monopole antenna for SWB applications. It has
been found that printed monopole antennas as superior from the existing planar monopole antennas
in terms of size compactness, suitable for integration with MMIC, effective radiation characteristics
and appropriate gain profile. Single and dual band-notch printed monopole antennas with compact
size and large bandwidth have been designed, fabricated and tested successfully for SWB application.

A triangular printed monopole antenna has been designed for UWB applications, which stems
from an original printed triangular monopole by introducing a round-corner partial ground plane and
a microstrip transition (single section transformer) between the microstrip feed line and the printed
triangular patch that provides a wide impedance bandwidth from 1.8 GHz to 15 GHz. Parametric stud-
ies show that the length of the microstrip transition significantly improve performance of the printed
triangular monopole antenna. It has been also observed that by changing the shape of the partially
etched rectangular ground plane to round-cornered ground plane the impedance bandwidth can be
improved without increasing the size of the proposed antenna. The proposed UWB triangular printed
monopole antenna has approximately omnidirectional radiation patterns within the entire frequency
band and small size compared to conventional antenna. In the frequency domain, the simulated and
measured return losses of the antenna agrees well. In addition a time domain characteristics of the
proposed antenna has been also carried out successfully

The design aspects of SWB printed monopole antenna has illustrated briefly. A triangular tapering
and Raicus optimal taper have been employed to enhance the bandwidth. Length and width of the feed
line and feed region of the proposed SWB antenna have been calculated theoretically. Although, lower
frequency end of the proposed trapezoidal patch antenna have been calculated theoretically. Each

part of the antenna has been optimized in such a way that it gives best performance over the entire
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frequency band. The proposed SWB antenna was designed, simulated, fabricated and experimental
results are obtained using Rohde and Schwarz ZVA24 network analyzer. Stable radiation pattern and
constant gain in the SWB frequency regions are obtained.

A full band SWB printed monopole antenna has been successfully designed, optimized, fabricated
and tested. A triangular tapered feed line is used for feeding the exponentially tapered feed region and
patch of the proposed antenna. It has been found experimentally that the antenna is well matched for a
very broad frequency range from 2.5-80 GHz. Due to large bandwidth, this SWB printed monopole
antenna may be used for spectrum sensing in cognitive radio. The designed antenna has constant
group delay and acceptable gain characteristics within the operating frequency band. Time domain
characteristics of the proposed antenna have been measured and validated that the proposed antenna
is suitable candidate for UWB/SWB applications. In the time domain, it has been observed that the
overall ringing is better than the existing UWB antennas in the literature.

A single band-notched SWB printed monopole antenna has been designed, optimized, fabri-
cated and tested. The designed single band-notched SWB antenna is evolved from a full band SWB
monopole antenna. The proposed single band-notch SWB antenna offers impedance bandwidth from
1.1-100 GHz (ratio bandwidth of 90.9:1), except in the band of 4.75—-6 GHz. Two different band-
notched SWB monopole antennas structure have been designed and fabricated with two different
substrates, one with FR4 substrate (1.1-100) and another with RT/Duroid 5870 substrate (.9—100).
With proper and simple U-shaped and C-shaped parasitic element integrated with ground plane, a
band-notched performance from 4.75 to 6.0 GHz can be achieved. It has been observed that the
RT/Duroid substrate is more versatile than FR4 substrate, especially when compared to return loss
and gain performance of the both antennas.

A Compact dual band-notched Printed monopole SWB antenna has been proposed and extensively
investigated. To avoid the interference problem from the existing narrow band system, it is necessary
for SWB antennas to have dual band-notched characteristics. Here also like previous chapter two
different antenna structures have been realized using two different substrates, one with FR4 substrate
and another with RT/Duroid 5870 substrate. All simulated and measured results of the both antennas

are well matched.
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7.2 Conclusions

It has been concluded that by employing tapers in the printed monopole antennas, SWB antenna
impedance matching can be enhanced. To get the best antenna performance each part of antenna such
as feed line, feed region and radiating patch have been optimized. Lower bandwidth edge frequency
and design of the antenna have been calculated theoretically. To get the band-notch characteristics
U-shaped parasitic elements and U-shaped slots have been employed. Another way of obtaining
the band-notched characteristics is employing an open ended stub and it has been erected from the

triangular tapered microstrip feed-line. Some of the contributions of this thesis are:

(a) A new compact printed triangular monopole antenna has been proposed for UWB application.
This compact antenna uses a triangular radiating patch, a microstrip transition (near the front
end of the radiating patch), a 50 Q microstrip feed line and a round-cornered ground plane that
provides a measured bandwidth from 1.8 GHz to 15.0 GHz. The proposed antenna structure

has wide bandwidth and small size compared to the conventional antenna [38—43].

(b) Proposed a design methodology for SWB printed monopole antenna. This SWB monopole
antenna has been composed of three parts: feed region, feed line and radiating patch. Each
part of the antenna has been optimized to get best antenna performance and extremely large

bandwidth (2.8—100 GHz) has been obtained.

(c) Proposed a new printed monopole antenna for super wideband applications. The simulated result
shows that it is a super wideband antenna applicable for frequencies from 2.5 GHz to 80 GHz,
while measured results have been shown upto 25 GHz (due to limitation of the available vector

network analyzer) and can cover most of the communication systems as compared to [44—46].

(d) Proposed a new structure for realization of super-wideband radiation characteristics (.9—100
GHz) along with notch capability. By introducing U-shaped and C-shaped parasitic element
single band-notch functionality has been introduced in the frequency band of 5-6 GHz for
WLAN. Proposed antenna has been designed to notch within SWB region, however till date

most of the antennas have been designed to notch within UWB [47-49] region.
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(e) In this section a compact dual band-notched monopole antenna is proposed for super wideband
(SWB) applications. Here two different antennas have been examined using two different sub-
strates. First antenna has been designed using FR4 substrate and second antenna has been
designed using RT/Duroid substrate. Dual band-notched functionality has been realized us-
ing inverted U-shaped slot, open-circuited stub (for WLAN) and U-shaped parasitic element.
Proposed antenna has small size and large bandwidth with dual band-notched characteristic as

compared to conventional antenna [50-53].
7.3 Suggestions for future work

e Equivalent circuit analysis for the SWB printed monopole antenna:- This SWB printed
monopole antenna can be analyzed by equivalent circuit analysis. As the antennas are the reso-
nant devices, all the components such as feed-lines, ground plane and the radiating element can
be demonstrated in the form of the equivalent circuit containing either series or parallel RLC
circuits. If the circuit parameters such as R, L and C can be extracted correctly, then all the
antenna parameters such as scattering parameters and input impedance characteristics can be
validated properly along with the simulated and measured antenna characteristics. Hence the
accurate equivalent circuit analysis and mathematical or analytical extraction of circuit param-
eters of the printed monopole antennas are needed to have another confirmation test along with

the simulated and measured parameters.

e Measurement of SWB antenna upto 100 GHz:- It has been observed that proposed SWB
antenna would work well up to 100 GHz but experimental results studied up to 25 GHz since
this is the upper measurement frequency of our vector network analyzer. Therefore, in future

this printed monopole SWB antenna will be measured upto 100 GHz.

e Cross-polarization at higher frequencies:- It has been noticed that SWB printed monopole
antenna exhibit high cross-polarization at higher frequencies (above 15 GHz). High cross-
polarization occurs probably due to increased horizontal current component. To overcome this

problem further research may focus on some new techniques to reduce this.
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e Miniaturization of SWB printed monopole antenna:- The radiation element of the printed
monopole antenna can be designed in the form of fractals instead of traditional tapered patch
to achieve the size reduction of the printed monopole antennas. Hence the effect of applying

fractals, in reducing the size of printed monopole antennas can be further investigated.

e Finite Difference Time Domain analysis for the SWB printed monopole antenna:- This
SWB printed monopole antenna can also be analyzed by Finite Difference Time Domain (FDTD)

methods.
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