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This book focuses on the design and development of printed antennas along
with modeling aspects for multifaceted applications. It further investigates
imperfections in the manufacturing processes and assembly operation during
the testing/characterization of printed antennas.

This text:

* Discusses in a comprehensive manner the design and development
aspects of printed antennas.

® Provides fractal engineering aspects for miniaturization and wideband
characteristics of low-profile antennas with high performance.

e Covers high-gain printed antennas for Terahertz application.

e Showcases electrical modeling of smart antennas.

e Pedagogical features such as review questions based on practical
experience are included at the end of each chapter.

The book comprehensively discusses fractal engineering in printed antennas
for miniaturization and enhancement of performance factors. It further
covers the modeling of electrically small antennas, circuit modeling, modeling
of factual-based ultra-wide band antennas, and modeling of reconfigurable
micro-electromechanical system-based patch antennas. The book highlights
performance metrics of multiple-input-multiple-output antennas. It will
serve as an ideal reference text for senior undergraduate and graduate
students and academic researchers in fields including electrical engineering,
electronics, communications engineering, and computer engineering.
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Foreword

There has been enormous growth in printed antenna technology for future-
generation wireless communication and healthcare services, covering radio-
frequency (RF) and microwave gametes. Efforts are already underway for
extending the same technology to sub-THz (Terahertz) waves. THz tech-
nology is also knocking at the door of antenna engineers with tremendous
potential in miniaturization and promising features for strategic applications.

This book is a practical antenna design guide, covering various real-world
applications for those who are plunging into this field. It blends proportion-
ately insight theory and practical design issues of antenna engineering in a
beautiful manner. It stems from the extensive experiences of the authors in
the analysis, design, and development of various miniaturized printed anten-
nas for future-generation wireless communication and biomedical applica-
tions. The profound knowledge of both authors on the subject makes this
book an authoritative contribution in the field.

Usually, design engineers do not have adequate opportunity to teach, and
academicians rarely have the experience of developing devices and systems
to the ultimate point of seeing them tested in the field and accepted in service.
The authors have combined these two distinct experiences in a very unusual
manner.

I wish to congratulate the authors for their efforts in compiling various
topics into one book, and I am sure that, with such a background and vari-
ety of experience, this book will be of great value both as a textbook for
graduate courses and a reference book for practical antenna engineers and
technicians.

Prof. (Dr.) Deepak Ranjan Poddar
Ex-Emeritus Professor, Department of ETCE,
Jadavpur University, Kolkata, India

Fellow Member of IEEE

Life Fellow of the IE and IETE

Life Member of the Society of EMC Engineers
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Preface

The purpose of this book is to provide a practical antenna design guide
covering various real-world applications for those who are plunging into
this area. There are already many excellent category textbooks on antenna
theory, mathematical formulations, and design. But this book focuses more
on practical antenna design and development rather than only theoretical
analysis. It tries to find harmony between the analytical approach and practi-
cal implementations of antennas. In industry and academia, it is very hard to
get a general understanding of the field prior to being engaged in a special-
ized field. Engineers who are engaged in the field of wireless communication,
the aerospace or healthcare industries, SG, and many other areas will find
this book useful.

Senior antenna engineers and managers can use this book as training
material for new hires. Undergraduate, postgraduate, and PhD scholars can
use it to quickly gain expert-level proficiency. We believe that this concise
book will be a welcome addition to the collection of books on this subject.

We have tried to organize the contents in a flow starting from an overview
of various modern-day printed antennas, miniaturization techniques, and
electrical equivalent circuit modeling of many small antennas and covering
two rising fields of printed antennas and finally investigating various aspects
of antenna fabrication.

Chapter 1 discusses various types of printed antennas with their practical
applications. It covers a large family of antennas used in several fields for
modern-day wireless communication.

Chapter 2 touches upon one of the most popular techniques in the printed
antenna field for miniaturization and enhancement of performance factors,
fractal engineering.

Chapter 3 gives a concise literature survey along with the work of the
authors’ group on ultra-wideband (UWB) antennas towards miniaturiza-
tion. It sketches an outline for the journey of UWB antennas targeting mul-
tifunctional applications.

XV



xvi Preface

Chapter 4 explains the modeling aspect of various printed antennas.
A simple, easy-to-understand approach has been adopted to build electrical
equivalent circuits for several antennas.

Chapter 5 outlines the development of printed antennas for biomedical
applications. The wireless aspect endoscopy application is especially targeted
here.

Chapter 6 describes the design and development work on printed anten-
nas for sub-millimeter wave applications with enriched gain characteristics.
Moreover, this chapter deals with antennas on flexible substrate so that this
kind of antenna can be implemented practically in a conformal shape.

Chapter 7 deals with the systematic investigation of various common
imperfections involved in the manufacturing and assembly process of printed
antennas. Empirical modeling of each problem is elaborated.

Chapter 8 elaborates on the need of multi-input-multi-output (MIMO)
antennas in the wireless communication field, and then a thorough survey
of recent works in the context of printed versions of this kind of antenna is
summarized. The need for such antennas in modern-day biomedical engi-
neering is also explored.

Chapter 9 outlines the state-of-the art work on printed antennas for vari-
ous medical imaging purposes. UWB antennas play a crucial role in this task.

Finally, Chapter 10 introduces a new kind of printed antenna along with
rectifying circuits called rectenna targeting wireless power transfer (WPT).
WPT is a prime choice for future wireless sensor networks and biomedical
engineering, and it has its own importance.

Last, the future scope highlights the opportunity for wide applications of
printed antennas for various aspects of human life.
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Chapter |

Printed Antennas for
Modern-Day Communication

1. INTRODUCTION

Antennas are the building blocks of any communication system. An antenna
is a transducer which converts an electrical signal into an electromagnetic
signal in free space (transmitting antenna) and vice versa (receiving antenna).
Antenna engineers are continuously trying to improve according to our
modern communication needs that demand compact, light weight, portable
devices for multiband utilization with excellent features and a low profile that
are easy to manufacture with cost-effective manufacturing process. Antenna
can be widely used in military, commercial, medical, and space applications;
mobile communications; global positioning systems (GPSs); and so on. Tra-
ditionally printed antennas can serve all these purposes due to their excellent
features along with good performance characteristics, durability, and com-
pactness that make them suitable to integrate easily with microwave/mil-
limeter wave circuit components in the same PCB using sophisticated tools.

1.2 TYPES OF PRINTED ANTENNAS

A printed antenna is one type of planar antenna that allows antennas to
be used in applications where size and shape are crucial. This flexibility of
application has led to the development of a wide variety of planar antenna
classes. Here attempts are made to classify some of these antennas [1-15]
according to their characteristics.

1.2.1 Microstrip Antennas

The microstrip antenna is the most popular member of the printed antenna
family [1-4] and is convenient to integrate with other driving circuitry of a
communication system on a common PCB or a semiconductor chip.

The geometry of the microstrip antenna consists of a metal patch at the
top of a dielectric substrate of a certain thickness and on the back side of the

DOI: 10.1201/9781003389859- |
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substrate with an electrically large ground plane. The radiating patch may
take the shape of a rectangle, circle, square, hexagon, and so on, with differ-
ent dimensions so that it resonates at the operating frequency, such as A,/2 or
L/4. The most popular is the half-wave rectangular patch. The antenna may
be excited using various methods such as inset feeding, proximity feeding,
aperture feeding, and co-axial probing. One common approach is to feed
from a microstrip line. Generally, the microstrip antenna’s maximum radia-
tion is in the broadside (perpendicular to the substrate plane) direction, and
ideally there is no radiation in the end fire direction.

The relative dielectric constant of the substrate is usually in the range
of 2 < g, < 13. Substrates with lower ¢, have lower Q, which means higher
bandwidth. The opposite is true for higher ¢,. Figure 1.1 shows a typical
microstrip antenna with all of its constituent parts.

1.2.2 Slot Antennas

A slot antenna [5, 6] consists of a dielectric substrate and a narrow slit in
the ground plane. It can be fed with a co-planar waveguide (CPW) transmis-
sion line, co-axial cable, slot line, waveguide, and so on. A half-wave slot
antenna is mostly used due to its compact size and smooth pattern. The slot
antenna is complementary to a dipole antenna, where the E-plane pattern of
the slot and H-plane pattern of the dipole are omnidirectional, while the slot
H-plane pattern is the same as the dipole E-plane pattern. Tapered slot anten-
nas are used when a large bandwidth and end fire radiation are required.

The frequency range used for the application of slot antennas is 300 MHz
to 30 GHz. Though slot antennas are used for navigational purposes, they
have higher cross-polarization levels and low radiation efficiency. Figure 1.2
shows a slot antenna.

<«Ground

Figure I.I Microstrip patch antenna.
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Substrates

Figure 1.2 Slot antenna.

1.2.3 Dipole Antennas

The dipole antenna consists of two radiating elements fed in opposite phases
that may be horizontal or vertical. A dipole antenna [7-9] can be half-wave
dipole, full-wave dipole, half-wave folded dipole, or short dipole depend-
ing on its length of radiation. If the length of the dipole antenna is equal
to the half wavelength, then it is half-wave dipole, and if it is equal to one
wavelength, then it is a full wavelength dipole. If a two-quarter wavelength
conductor is connected on both sides and folded to form a cylindrical closed
shape, the feed is in the center and called a half-wave folded dipole antenna,
as the total length of the dipole is half the wavelength. Again, if the length of
the dipole is less than or equal to Ag/10, then it is called a short dipole. The
radiation pattern of the dipole antenna is omnidirectional in the H-plane
and a figure-eight in the E-plane. The most widely used dipole antenna is
the half-wave dipole because of the advantage of its size, and it can operate
in the frequency range of 3 KHz to 300 GHz. Figure 1.3 shows a dipole
antenna.

1.2.4 Monopole Antennas

A monopole antenna consists of half of a dipole antenna. A metallic ground
plane with respect to what, excitation voltage is applied to the half of the
substrate, as shown in Figure 1.4. By applying image theory, the ground
plane acts as a mirror; then the monopole antenna acts as a dipole antenna.
The currents in monopole and dipole antennas are the same. The source
voltage should be given twice in an equivalent dipole antenna compared to
a monopole antenna [10-14] so that the input impedance of the monopole
antenna is half of the corresponding dipole structure.
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Figure 1.3 Half-wave dipole antenna.

Substrate

Figure 1.4 Monopole antenna.

The radiation patterns of dipole and monopole antennas are almost the
same. However, the monopole antenna has a radiation field in the upper half
of the space and zero radiation below the ground plane, whereas the dipole
antenna has fields on both sides. The directivity of the monopole antenna is
twice that of the dipole antenna. Monopole antennas are used in wideband
wireless communication systems.
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Substrate

\

Ground

Figure 1.5 Inverted F-antennas.

1.2.5 Inverted F-Antennas

An inverted F-antenna (IFA) consists of a metallic patch and metallic ground
plane. Both patch and ground plane are connected via a hole, with a metallic
pin/metallic plane, as shown in Figure 1.5.

Thus, there is no dielectric substrate in it. The IFA [15, 16] antenna is
actually a Ag/4 monopole antenna where the upper portion of the radiating
element is folded 90° with respect to the ground plane. This bending looks
like an inverted F, with one line connected to the ground, and the other line
in the middle is the feed point.

The main advantage of an IFA is that it does not require any external
components for impedance matching due to the hole feed arrangement, and
its bandwidth can be adjusted by varying the size of the ground plane.

1.2.6 Log Periodic Antennas

This is a kind of frequency-independent antenna where the dimensions of
the log periodic antenna [17, 18] are determined by the angle. A log-periodic
dipole antenna (LDPA) consists of a number of half-wave dipole-driven ele-
ments of metal rods. The dipole-driven elements are connected in parallel
to the feed line with alternating phase. Basically, it looks like two or more
Yagi-Uda antennas connected together. Thus, adding elements of a Yagi-Uda
antenna, the gain and directivity increase automatically in the log periodic
antenna. Also, the LDPA has a higher bandwidth than Yagi-Uda. The one
disadvantage of the LDPA is its size.
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Figure 1.6 Log periodic antenna.

Director

ysion Line

Figure 1.7 Quasi-Yagi antenna.

1.2.7 Quasi-Yagi Antennas

A planar quasi-Yagi antenna has more benefits than a wire Yagi-Uda antenna,
such as a simple structure, light weight, low profile, low fabrication cost,
broad bandwidth, high gain, and ease of integration with microwave cir-
cuits. The antenna radiates an endfire beam with high front-to-back ratio but
narrow bandwidth. The quasi-Yagi [19, 20] antenna has improved radiation
efficiency because of the truncated ground plane. The antenna works in the
frequency range of 41.6 to 70.1 GHz, which is the frequency band of Q and
most of the V-band. So, these types of antennas can be applied in imaging
arrays and power combining.



Printed Antennas for Modern-Day Communication 7

1.2.8 Fractal Antennas

The fractal term was first implemented in 1975 by Benoit Mandelbrot as
a mathematical way of understanding the infinite complexity of nature.
A fractal has two unique properties: it is “self-similar” and “space filling.”
The idea of combining fractal geometry with electromagnetic theory in
fractal antenna engineering research is gaining momentum. The self-similar
property over two or more scale sizes may reduce the size of the antenna,
and the property of space filling enhances bandwidth by bringing multiple
resonances closer. There is an infinite number of possible geometries that can
be used in designing fractal antennas, such as Koch, Minkowski, Sierpinski,
Hilbert, and Cantor slot [21-24]. Figure 1.8 shows a fractal antenna.

1.2.9 Bow Tie Antennas

This antenna consists of two triangular pieces of stiff wire or two triangular
flat metal plates in opposite directions, that is 180° from each other, in a
bowtie-like configuration. Sometimes it is called a butterfly antenna because
the flat metal plate looks like a butterfly. This antenna will show the same
radiation pattern as the dipole antenna and has the linear (vertical) polar-
ization characteristic. A bowtie antenna has better bandwidth than a dipole
antenna.

This type of antenna [25] has poor transmitting efficiency in the lower
frequency range. However, it is used widely for “Bolometer” applications
catering the sub-mmW or THz frequency band.

Fractal
_— Patch

Figure 1.8 Fractal antenna.
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Substrate

Figure 1.9 Bowtie antenna.

1.2.10 Spiral Antennas

A spiral antenna [26] consists of two conductive spirals or arms, extending
from the center outwards, as shown in Figure 1.10. The direction of rotation
of the spiral determines the direction of circular polarization (clockwise/anti-
clockwise). Spiral antennas are one type of frequency-independent antenna
whose polarization, radiation pattern, and impedance remain unchanged
over large bandwidth. Generally, it is a circularly polarized antenna with
low gain.

The lowest frequency of operation for a spiral antenna is approximated to
occur when the wavelength is equal to the circumference of the spiral.

_CcC _ cC
flow = =
klow ZnRspiml

1.2.11 Microstrip Leaky Wave Antennas

A higher-order radiative mode forms a leaky wave antenna [27, 28]. The
resonant mode has odd symmetry, a null at the center, and peaks at the edges
of the microstrip cross-section, so energy radiates along the long microstrip
line. If the microstrip line is not terminated, then the waves reflect back from
the open end, and again, a second beam will result. For long antennas, the
reflected energy will reduce, and so will the second wave, so the maximum
energy will radiate in the mean beam direction.
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Figure 1.10 Spiral antenna.

Figure 1.1 Microstrip leaky wave antenna.
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The most significant characteristic of microstrip leaky wave antennas is
their beam scanning capacity.

1.3 SUMMARY

This chapter outlines various types of printed antennas used in day-to-day
activities. The basics of those antenna categories have been explained, with
their end uses. In practice, there are numerous antenna types, but here, only
major categories have been discussed. This gives an overview of the practical
applications along with three-dimensional schematics. In the next chapter,
we will see how an effective method is adopted in modern antenna engineer-
ing for miniaturization purposes.
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Problems

PN R

11.
12.
13

14.
15.
16.

Why are printed versions of antennas needed?

Why does an antenna act as a transducer?

How is a monopole antenna different from a dipole antenna?

Name a few frequency-independent antennas.

What are broad-side and end-fire arrays?

What is the physical significance of substrate height in antennas?
Where is the bowtie antenna used extensively?

What are the different types of feeding techniques implemented in
printed antenna?

Which feeding technique is most efficient?

. What are complementary antenna types? Give examples.

What is a MIMO antenna? Why is it becoming popular?
What is a GPS antenna?

. What frequency range is used for 4G-LTE communication? What about

5G?

What are the G/T ratio and EIRP of antennas?

Why are circularly polarized antennas usually preferred?
What are balanced and unbalanced transmission lines?
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17.

18.
19.
20.

What are the calibration methods used for antenna VSWR measure-
ment? Why are they required?

How can you increase the power handling capability of printed antennas?
How do you overcome the various disadvantages of microstrip antennas?
What are the different gain enhancement techniques in printed antennas?
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Chapter 2

Fractals in Printed Antennas

2.1 INTRODUCTION

In recent years, there has been a high demand for light weight, compact,
miniaturized, and multiband antennas for wireless communication and their
integration into smartphones, palmtops, cars, airplanes, and many other
embedded systems. So, the use of ultra-wideband antennas is necessary.
Designing such antennas with a fractal structure gives multiband and broad-
band behavior. A fractal can be defined as a fragmented geometric shape
with a fractional dimension that can be subdivided into parts; each part is
an approximate reduced copy of the whole.

The original inspiration for the development of fractal geometry came
largely from patterns found in nature. An interesting fact about fractals is
that they are the best existing mathematical expression of many natural
forms, such as coastlines, mountains, or parts of living organisms. The prop-
erties of fractals are extremely irregular or fragmented elements. The leading
researcher in the field of fractals, Benoit Mandelbrot, developed fractals in
1975 [1, 2] as a mathematical way of understanding the infinite complexity
of nature. This is called fractal geometry. Fractal geometry [3] offers a very
simple process of iteration, completely different from classical geometry,
which uses formulas to define a shape. Fractals have two unique properties;
they are self similar and space filling.

The key aspect lies in the repetition or self similar property over two or
more scale sizes that may reduce the size of antenna. The property of space
filling enhances bandwidth by bringing multiple resonances closer. That is
why, it is capable of giving well to excellent performance at many differ-
ent frequencies simultaneously. This way, fractal engineering is welcomed in
antenna field widely. Fractal antennas are very compact in size and excel-
lent in design for wideband and multiband applications. There has been a
possibility of designing new types of antennas using fractal geometry rather
than Euclidean geometry. The idea of combining fractal geometry with elec-
tromagnetic theory in fractal antenna engineering research [4] is thus gaining
momentum.
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Here a preliminary introduction to different fractal antennas is given, and dif-
ferent UWB antennas are also introduced based on different fractal shapes on the
patch/ground plane. Figures 2.1-2.7 show different popular fractal geometries.

2.2 CANTOR SET

The Cantor set was invented by the German mathematician Georg Cantor.
It is built iteratively from a segment by removing a central portion; then the
operation is repeated on the remaining two segments, and so on.

2.3 KOCH CURVE

Begin with a straight line, divide it into three equal segments, and replace
the middle segment with the two sides of an equilateral triangle of the same
length as the segment being removed (the two segments in the middle figure).

nmu nn nmm nn
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Figure 2.1 Cantor set.
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Figure 2.2 Koch curve.
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Step 0: Initiator Step 1: Generator Step 2

Step 3

Figure 2.3 Sierpinski carpet.

Figure 2.4 Sierpinski gasket.

Now repeat, taking each of the four resulting segments, dividing them into
three equal parts and replacing each of the middle segments by two sides of
an equilateral triangle. Continue this construction.

2.4 SIERPINSKI CARPET

The Sierpinski carpet is a plane fractal first described by Wactaw Sierpinski
in 1916. The carpet is one generalization of the Cantor set to two dimen-
sions; another is Cantor dust.
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Figure 2.5 Minkowski fractal.
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Figure 2.6 Pythagoras tree fractal.

Figure 2.7 Hilbert curve fractal.

2.5 SIERPINSKI GASKET

The Sierpinski triangle (also with the original orthography, Sierpinski), also
called the Sierpinski gasket or the Sierpinski sieve, is an attractive fractal
fixed set with the overall shape of an equilateral triangle, subdivided recur-
sively into smaller equilateral triangles.
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2.6 MINKOWSKI FRACTAL

The Minkowski content (named after Hermann Minkowski), or the bound-
ary measure, of a set is a basic concept that uses concepts from geometry and
measure theory to generalize the notions of length of a smooth curve in the
plane and an area of a smooth surface in space to arbitrary measurable sets.

2.7 PYTHAGORAS TREE FRACTAL

The Pythagoras tree is a plane fractal constructed from squares. Invented by
the Dutch mathematics teacher Albert E. Bosman in 1942, it is named after
the ancient Greek mathematician Pythagoras because each triple of touch-
ing squares encloses a right triangle in a configuration traditionally used to
depict the Pythagorean theorem. The construction of the Pythagoras tree
begins with a square. Upon this square are constructed two squares, each
scaled down by a linear factor of y2/2, such that the corners of the squares
coincide pairwise. The same procedure is then applied recursively to the two
smaller squares ad infinitum. Figure 2.6 shows the first small iteration in the
construction process.

2.8 HILBERT CURVE FRACTAL

A Hilbert curve (also known as a Hilbert space-filling curve) is a continu-
ous fractal space-filling curve first described by the German mathematician
David Hilbert in 1891 as a variant of the space-filling Peano curves discov-
ered by Giuseppe Peano in 1890.

Because it is space-filling, its Hausdorff dimension is 2 (precisely, its image
is the unit square, whose dimension is 2 in any definition of dimension; its
graph is a compact set homeomorphic to the closed unit interval, with Haus-
dorff dimension 2).

2.9 BACKGROUND STUDY OF FRACTALS IN ANTENNA
ENGINEERING

Fractal antennas have useful applications in cellular telephone and micro-
wave communications. Video conferencing and streaming video are main
applications that are included in next-generation networks, and require-
ments for these applications are high data rates with high bandwidth. But
as the size of the antenna decreases, bandwidth support also decreases. So
it is required to have a small size with high bandwidth. Applying fractals to
antenna elements allows for smaller resonant antennas that are multiband/
broadband and may be optimized for gain.
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2.9.1 UWB Fractal Antennas With Elliptical/Circular
Patches

Figure 2.8 shows a fractal antenna, which is based on an elliptical patch.
The height of the initial elliptical monopole antenna is chosen as Ag/4 with
the lowest resonant frequency. By etching a Sierpinski fractal curve slot of
the third iteration, the lowest frequency of the operating band shifts from 3
to 2.8 GHz. The resonance [5] characteristics at lower frequencies are also
improved. Also, the impedance matching at higher frequencies is improved
by embedding a Von Koch fractal on each side of the hexagonal boundary
of the planar quasi-self-complementary antenna [6]. The gain variation of
this type of UWB antenna is acceptable for indoor wireless communication
over short ranges.

The first iteration of a crown-shaped fractal antenna is constructed by
inscribing an equilateral triangle patch inside the circle and subtracting it from
the circle [7]. The second iteration is achieved by constructing an inner circle
and an inscribed equilateral triangle, subtracted from that inner circle. Like-
wise, other iterations are developed as shown in Figure 2.9(a). This achieves
impedance bandwidth larger than 6:1. Fattahi et al. [8] follow the previous
iteration rules by inscribing hexagonal types of patches inside original cir-
cular patch. Dorostkar et al. [9] designed a circular-hexagonal fractal with
super-wide bandwidth ranging from 2.18-44.5 GHz with a bandwidth ratio
of 20.4:1. The bandwidth ratio is much better than that of recently reported
super-wideband antennas, which makes it appropriate for many wireless com-
munications systems such as ISM, Wi-Fi, GPS, Bluetooth, WLAN, and UWB.

0 - |
" % S11 (dB) without Fractal
Nk — $11(dB) with Fractal

Sy1 (dB)
-

1 23 4567 8 91071112
Frequency (GHz)

Figure 2.8 (a) Fractal monopole UWB antenna with elliptical patch. (b) SI| characteristics
of the antenna with and without fractal [5].

Source: © Copyright JEMWA
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3rd Iteration

Figure 2.9 Fractal monopole UWVB antennas with circular patch [7, 14].
Source: © Copyright MOTL

Mehetra et al. [10] designed different types of fractal antennas. The Apollo
fractal structure of an antenna, as described by Mehetra et al., is formed
by adjusting three circles of similar diameter in such a way that all three
circles are in close touch with each other. The triangular wheel-shaped fractal
[11] exhibits excellent bandwidth from 0.86 to 11 GHz. The fourth iterated
antenna shifts the lower-band edge frequency from 1.44 to 0.86 GHz in
comparison to a simple CPW-fed circular patch with the same dimensions.
A third iterated tree-type fractal antenna is reported [12] that exhibits a
bandwidth of 5 to 14 GHz, and a third iterated triangular non-concentric cir-
cular fractal antenna exhibits 1.335 to 14.8 GHz bandwidth [13]. A flower-
shaped fractal antenna, as shown in Figure 2.9(b), has been proposed [14],
which corresponds to 138% fractional bandwidth. A novel smiley fractal
antenna (SFA) [15], employed with N-notch feed and modified ground
plane, is designed and developed to achieve the desired characteristics.

2.9.2 UWB Fractal Antennas With
Square/Rectangular Patch

Different types of UWB fractal antennas based on square or rectangular
patch have been reported. A Sierpinski carpet fractal antenna is developed
[16] with 4.65-10.5 GHz (VSWR < 2) impedance bandwidth. This antenna
has been proposed on a grounded CPW to improve antenna behavior. This
new design-fed technique changes the behavior of the fractal elements from
multiband to wideband. The fractal concept has been used for widening the
bandwidth of printed monopole antennas to comply with UWB require-
ments. The concept of self-similarity has been deployed and shows this type
of antenna where repeated hexagonal shapes form composite monopoles to
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increase their frequency range. The repeated shapes act as multi-resonance
elements and thus provide wider bandwidth. A Sierpinski carpet fractal is
thus formed on the first iteration of the Minkowski fractal. The proposed
antenna is miniaturized (45 x 45 mm) and has multiband characteristics.
Simulation results show that the presented antenna has a reflection coef-
ficient of < =15 dB. Islam et al. [17] presented a printed micro-strip line-
fed fractal antenna with a high fidelity factor for UWB microwave imaging
applications, as shown in Figure 2.10. The fractal antenna achieves frac-
tional bandwidth of 117.88%, covering the frequency range from 3.1 to
more than 12 GHz with a maximum gain of 3.54 dBi at 6.25 GHz. A com-
pact fractal antenna is fabricated that gives satisfactory results in the UWB
spectrum with the impedance bandwidth ranging from 3.4 to 14.5 GHz with
a fractional bandwidth of 124.03% and average gain of 4 dBi [18].

2.9.3 UWB Fractal Antennas of Different Shapes

Different types of fractal antenna are illustrated in Figure 2.11(a—f) [19-29].
Figure 2.11 (a) to (e) shows five different types of tree-shaped fractal antenna.
The second tree-type antenna is made up of a radiating patch composed of a
repeating pattern of unit cells [19] that creates a fractal tree; enhancement of
the antenna’s bandwidth is achieved by increasing the unit cells of the frac-
tal tree without significantly affecting the antenna’s physical size. A novel
modification of a Pythagorean [20] fractal tree monopole antenna has been
implemented just by increasing the tree fractal iterations. New resonances
are obtained and operate over the frequency band between 2.6 and 11.12
GHz for VSWR < 2. In Figure 2.11(d and e), the proposed fractal antennas
[21, 22] exhibit wider impedance bandwidth from 2 to 13.7 GHz and 4.3 to
15.5 GHz, respectively, for VSWR > 2. By increasing the number of fractal
iterations, the impedance bandwidth of both fractal antennas is increased.
Jalali and Sedghi [23] designed a miniaturized fractal antenna composed of
fractal rectangular unit cells. The antenna has dimensions of 14x 18 x 1 mm?
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Figure 2.10 Different types of fractal monopole UWB antennas with square/rectangular
patch.[17]
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Figure 2.1 Different types of fractal UWB monopole antennas [19,21-22,24-25,27].
Source: © Copyright MOTL

over a frequency band from 2.95 to 12.81 GHz, with a fractional bandwidth
of 125%. Again, a Minkowski-like fractal geometry-based ultra-wideband
monopole antenna [24] is proposed [Figure 2.11(d)]. A new type of fractal
is designed [Figure 2.11(e)] that covers a 3.15- to 19-GHz frequency band
[25], and a hexagonal fractal with Koch geometry [26] and Sierpinski fractal
[27] are used for bandwidth enhancement with 122% and 2.4 to 12.1 GHz,
respectively. The composition of co-planar waveguide feeding with conven-
tional standing fractal monopole antenna using Penta-Gasket-Koch (PGK)
is introduced [28]. For better insight, this antenna is compared with a simple
feed using the same radiation element. The return loss of the main design
achieves a good input impedance match and linear phase of S;; throughout
the pass band (4.25-11 GHz).

The challenge of designing compact antennas with operating bandwidths
of more than 100% can be met by using wide-slot antennas with fractal
boundaries to increase the antenna’s electrical length for operation at lower-
frequency bands. Again, it has been found that with the addition of small
fractal elements at the corners of a polygon patch, standard UWB bandwidth
can be covered [29].

2.9.4 UWB Fractal Antennas With Ground Plane

Chen et al. [30] designed a UWB antenna by implementing fractal geometry
in the ground plane. In Figure 2.12(a), a micro-strip—fed planar antenna
is embedded in a semi-elliptically fractal-complementary slot onto the
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asymmetrical ground plane; a 10-dB bandwidth of 172% (1.44-18.8 GHz)
is thus achieved with a bandwidth > 12:1 ratio. The semi-elliptically comple-
mentary ground fractal reduces lower-band edge frequency from 1.69 to
1.44, GHz as shown in Figure 2.12(b).

2.10 RECENT WORKS ON FRACTALS IN ANTENNA
ENGINEERING

Initially, a circular monopole antenna based on Descartes circle theorem was
designed for UWB application. By implementing Apollonian fractal geom-
etry [31] in the radiating patch, the antenna achieved 142% (1.8-10.6 GHz)
fractional bandwidth with VSWR < 2. Initially the dimension of circular
radiation was taken by A,/2 of the lowest resonant frequency of 2 GHz. Using
fractal geometry up to the third iteration, a self-similar iterative structure
was constructed, as shown in Figure 2.13(a) [32]. In the first iteration, three
circles were etched from a circular radiator, each with a radius of 6.3 mm,

3+2\/§

which was found by dividing the original circle by (TJ . In the second

iteration, similarly, three circles were etched with radius 3.5 mm by divid-
ing the original circle by (1+2+/3). In the third iteration, ten circles were

8
subtracted from the radiator by dividing the original circle by [5+—].

V3
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Figure 2.13 (a) Prototype antenna. (b) Step-by-step iteration and response.

The fractal geometry has two properties: it is self similar and space filling.
The self-similar property brings higher-order modes close to each other and
thus gives multiband characteristics, and the space-filling property tends to
fill the area occupied by the antenna as the order of iteration increases and
thus is useful for minimizing the size of the antenna. Figure 2.13(b) shows
the steps for miniaturization of a planar antenna. Also, a pair of L-shaped
slots is inserted for notching out the frequency of the 5.5-GHz WLAN band.
Due to fabrication constrains; the design is still third iteration. It can be seen
that there is a shift to a lower frequency for S;; better than =10 dB as itera-
tion increases [please refer to Figure 2.13(b)]. The introduction of the fractal
shape enhances the effective electrical path of the surface current, which in
turn increases the effective impedance bandwidth.

We know that the resonance characteristics of a coplanar waveguide—
based UWB monopole antenna also depend on the shape and size of the
ground plane. Now another miniaturization technique is carried out by the
implementation of fractal geometry in the ground plane, as shown in Fig-
ure 2.14. This technique gives a fractional impedance bandwidth of 114%
(3.1-11.3 GHz) and reduces the overall dimensions of the antenna. A modi-
fied crown square fractal is created in the CPW ground plane by etching
a rectangle and thereafter adding a square from the middle portion of the
rectangle in an iterative manner. The self-similar and space-filling properties
of fractal geometry increase the effective electrical length to reduce the size of
the antenna and enhance bandwidth by bringing multiple resonances closer.
Thus, the overall bandwidth increases by 58% in comparison to the simple
square monopole antenna. Figure 2.15 [33] gives the details of the antenna
miniaturization technique. Two omega-shaped slots are inserted at the radi-
ating square patch for notching out a 5.5-GHz WLAN band and 7.5-GHz
satellite communication frequency band.
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Figure 2.14 Prototype antenna.
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Figure 2.15 Step-by-step iteration and response.

The radiation patterns of the proposed antenna resemble a conventional
monopole at lower frequencies, which is nearly omnidirectional in the
H-plane and a figure-eight in the E-plane, as depicted in Figure 2.16.

Modern communications demand compact, lighter-weight antennas
compatible with portable devices for multiband utilization. To fulfill this
requirement, a miniaturized planar monopole antenna is designed for multi-
band utilization [34-35] that satisfies the performance requirements of both
UWB and Bluetooth technologies with this single antenna. Inserting a sec-
ond iterated fractal binary tree in a modified half annular-shaped antenna
[36] increased the functionality with an extra Bluetooth band at 2.45 GHz
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Figure 2.16 Radiation pattern of the antenna: (a) E-plane (b) H-plane.

without affecting the performance of the UWB band. The tree geometry starts
with a stem allowing one of its ends to branch off in two directions. In the
next stage of iteration, each of these branches is allowed to branch off again.
The fractal concept for the Bluetooth band reduces the overall antenna size.
The antenna and its S;; characteristics are shown in Figure 2.17(a and b),
respectively.

Recently, the use of radio frequencies in microwave imaging has received
remarkable impetus in diagnosing tumors and detection of malignant tissues
in the human body. Miniaturized antennas with highly directional patterns
and enhanced gain characteristics are essential for this particular applica-
tion. Vivaldi antennas have served this purpose due to their inherent broad-
band nature, along with their high directivity and gain.
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Figure 2.18 Prototype antenna. (a) Front view. (b) Back view.

A new approach to designing a compact, high-gain antipodal Vivaldi
antenna is implemented by introducing a fern leaf-type fractal structure,
as shown in Figure 2.18 [37]. The second iterated fern fractal structure
results in a fractional bandwidth of 175.58% (1.3 to 20 GHz), as shown in
Figure 2.19, and provides a 60% size reduction compared to the standard
antenna, as shown in Table 2.1.

The correlation property of the pulse signals is determined by the fidelity
factor, which describes how the received signal varies in different orienta-
tions with respect to the signal in the main beam direction, as shown in
Figure 2.20. The fidelity factor between the signal at the main beam direc-
tion and the signal in a particular angular direction is defined as the nor-
malized cross-correlation between them. It is found that the overall fidelity
factors are much better in the E-plane than the H-plane. It has been observed
that, up to a 60° angle of rotation, the quality of fidelity factors is accept-
able; beyond that, they starts to degrade. The reason behind it is, the phase
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Table 2.1 Comparison of Proposed Antenna With Traditional Antipodal Vivaldi Antenna

Antenna Size (mm?) Gain (dBi)  Efficiency (%)  Complexity
Traditional (90 x 87 x 0.8)/4.4 = 1423.6 7 84% Easy to
anti-podal design
Vivaldi

Proposed (50.8 x 62 x 0.8)/4.4 = 572.6 8 96% Complex
antenna

difference of transmitted and received signals approaches to 90°. Thus, the
two signals become orthogonal to each other, which results in lowering the
value of the fidelity factor, ideally approaching zero.

2.11 SUMMARY

In this chapter, some of the most popular fractal geometrics are presented,
like Koch, Sierpinski fractal, Minkowski fractal, and Hilbert fractal. The
common feature of all the presented works is that fractal antennas allow
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broadband and a multiband behavior. In the literature survey, it was observed
that fractals are used successfully in antenna engineering and give satisfac-
tory performances in the design of miniaturized antennas. There has been a
possibility of designing new types of antennas using fractal geometry rather
than Euclidean geometry. Great efforts are still going on to develop new
UWB miniaturized antennas with the desired performance. Still more studies
are needed for their proper exploitation.
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Problems

2.1 What is a fractal?
2.2 Why are fractals becoming popular in antenna engineering?
2.3 What are the different types of fractals popularly used in printed

antennas?

2.4 Why is bandwidth enhanced in the case of fractal-based antennas?
2.5 Who is known as the father of fractal engineering?
2.6 Can you define fractals mathematically?
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Chapter 3

Journey of UWB Antennas
Towards Miniaturization

3.1 INTRODUCTION

This chapter provides a thorough review on different ultra-wideband (UWB)
antenna design techniques. Characteristic parameters like antenna gain,
impedance matching, impedance bandwidth, and radiations pattern are dis-
cussed. Progress in different categories of antenna design for UWB systems
is discussed and compared. Planar monopole UWB antennas and printed
monopole UWB antennas are introduced. To mitigate interference with other
existing wireless system such as WLAN, WiMAX, WiFi, and GPS satellite sys-
tems, UWB antennas with different band notching characteristic are briefly
discussed. Ultra-wideband antennas also include those used for imaging appli-
cations. Therefore, we give a thorough review of different antipodal Vivaldi
antenna (AVA) design techniques used for microwave imaging purposes, fol-
lowed by revisiting its general performance. A chronological review of the
developmental aspects of the UWB antenna is presented. Ultra-wideband
technology is a system that must occupy a bandwidth of at least 500 MHz, as
well as having a bandwidth of at least 20% of the center frequency [1] with
a limited transmit power spectral density of -41.3 dBm/MHez. Its signals are
pulse-based waveforms compressed in time instead of sinusoidal waveforms
compressed in frequency. Previously, UWB radar systems were developed for
military applications [2]. The year 2002 witnessed regulations regarding the
frequency bands between 3.1 and 10.6 GHz by the Federal Communications
Commission (FCC), United States [1]. Recently, there has been much inter-
est in developing high data—rate ultra-wideband communication systems.
Research in the area of UWB systems has generated a lot of interest among
microwave engineers and scientists owing to the challenges involved in the
design of the hardware components in terms of the bandwidth involved for
each front-end sub-system. According to the released regulations, UWB tech-
nology, which is based on transmitting ultra-short pulses with a duration of
only a few nanoseconds or less, has recently received great attention in vari-
ous fields like short-range wireless communication and microwave imaging.
Although UWB technology has experienced many significant developments
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in recent years, there are still challenges in making this technology live up
to its full potential. The main challenge in UWB antenna design is achieving
the extremely wide impedance bandwidth while maintaining other antenna
characteristics like-Omni-directional radiation pattern, constant group delay,
and high radiation efficiency. This chapter reviews the methods by provid-
ing a comprehensive account of design topology and antenna performance
enhancement. The chapter begins with a chronological review of the devel-
opmental phases of UWB antenna design (Section 3.2). In Section 3.3, the
improvement/developmental phases of UWB planar metal plate monopoles,
UWB printed monopoles, and UWB slot antennas are reviewed by using both
micro-strip and CPW feeding. Band notched characteristics of single, double,
and multiple notches are given because this geometrical paradigm has greatly
influenced recently antenna design perspectives, illustrated in Section 3.4, and
finally a brief review of high-gain antipodal Vivaldi antennas for microwave
imaging systems is presented in Section 3.35.

3.2 INITIAL DEVELOPMENTAL PHASE

In 1893, Heinrich Hertz [2] used a spark discharge to produce electro-
magnetic waves for an experiment. It was called colored noise. The earliest
antenna with wideband properties was a biconical antenna made by Lodge
in 1898 [3]. Its bandwidth was mainly influenced by the ending reflection
due to its limited dimensions. About 20 years after Hertz’s first experiment,
spark gaps and arc discharge between carbon electrodes became the domi-
nant wave generators. Improvements are going on following the path of
Carter’s conical monopole antenna (1939) [4], Schelkunoff’s spheroidal
antenna (1941) [5], Kandoian’s discone antenna (1945) [6], and Brillouin’s
omnidirectional and directional coaxial horn antennas (1948) [7]. All these
structures are large in size and bulky in volume. Both radar and communi-
cation systems could be constructed with basic components such as pulse
train generators, pulse train modulators, switching pulse train generators,
detection receivers, and wideband antennas. Through the 1980s, this tech-
nology was referred to as baseband, carrier-free, or impulse. The term “ultra-
wideband” was not used until 1989 [8] by the US Department of Defense.
Since then, with advancements in hardware design, UWB technology has
been used in many applications, such as communications, radar, automobile
collision avoidance, positioning systems, and liquid level sensing. In 1990,
techniques for implementing UWB signaling using low-power devices were
invented. In 1994, T.E. McEwan [9] invented the micro-power impulse radar
(MIR). This was the first application operating at ultra-low power (9V cell
operated). It was extremely compact and inexpensive. The radar used quite
sophisticated signal detection and reception methods.

In 2004, researchers felt that UWB antenna systems should efficiently
transmit and receive signals using UWB technology [10]. The system transfer
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function was studied thoroughly to express in mathematical terms. It was
found that within the UWB band, the group delay should be constant.
The magnitude and phase of transfer function should be flat and linear,
respectively.

Figure 3.1 and 3.2 illustrate the generalized diagram of a typical transmitting/
receiving antenna in UWB radio systems. It depicts the transmitting and receiv-
ing capabilities of narrowband and broadband antenna systems. For both single-
band and multiband schemes, the broadband antenna system always transmits
and receives pulses much more efficiently than narrow-band antenna systems.

Polarization and orientation were both considered, along with the
radiation level of UWB signals, during antenna design for efficient system
realization.
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Figure 3.1 Schematic diagram of an antenna system in UWB radio system [10].
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3.3 IMPROVEMENT/DEVELOPMENTAL PHASE
OF UWB ANTENNAS

As early as the 1970s, many new designs of planar ultra-wideband antennas
had been proposed which could be classified into three categories: UWB
planar metal plate monopole antennas, UWB printed monopole antennas,
and UWB slot/aperture antennas.

Prior to 2005, only the conventional slot antenna was used for UWB

communication systems where the antenna was omnidirectional, stable, and
operated at 3.1-10.6 GHz.

3.3.1 UWB Planar Metal Plate Monopole Antennas

The main characteristic of ultra-wideband metal plate monopole antennas
is that they always require a perpendicular metal ground plate. In 1976, G.
Dubost [11] first invented the wideband metal plate monopole antenna, and
since then, it has been continuously updated. It can be realized by replac-
ing a conventional wire monopole with a planar monopole, where the planar
monopole is located above a ground plane and commonly fed using a coaxial
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probe. The evolution of metal plate antennas is in chronological order from
biconical antennas, discs or elliptical monopole antennas, inverted cone mono-
poles [12], and subsequently leaf-shaped monopole antennas [13], as shown
in Figure 3.3.

The improvement of impedance bandwidth by creating different types of
holes, which changes the surface current in the patch, was developed. In the
early period, impedance bandwidth was only 2:1, but slowly it reached 20:1,
covering the frequency range 1.3-30 GHz. Agrawal et al. [14] carried out
a bandwidth comparison of several planar monopoles with various geome-
tries, such as circular, elliptical, rectangular, and trapezoidal monopoles. The
results showed that circular and elliptical monopoles exhibited much wider
bandwidth performance than others. To enhance impedance bandwidth per-
formance, several techniques, such as beveling, double feed, trident-shaped
feed, and shorting, were proposed [15-18]. Ammann [15] added a bevel on
one or both sides of the feed probe to increase the bandwidth with good
control of the upper edge frequency in his simplest square planar monopole
antenna. Another square monopole antenna with a double feed [16] exhib-
ited enhanced impedance bandwidth and better cross-polarization levels in
comparison to a square monopole antenna with a single feed. A trident-
shaped feed is shown in Figure 3.4 [17]. With the use of the proposed feeding
strip, the square planar monopole antenna studied shows a very wide imped-
ance bandwidth of about 10 GHz (about 1.4-11.4 GHz). The impedance
bandwidth of a wideband planar square monopole is increased dramatically
by combining beveling and a shorting technique [18]. Planar antennas are
designed, as they have the advantage of broad-bandwidth for impedance and
radiation, stable phase response, easy fabrication and integration with other
RF circuits, small size, and light weight. Due to such unique characteristics,
the designs of antennas with regard to requirements vary. Subsequently, the
UWB antenna is designed by optimizing for specific input signals by the use
of a genetic algorithm [19].
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The optimization technique gives the best antenna design, with high tem-
poral correlation between electric field intensity and given input signal, with
low VSWR and low dispersion over the desired frequency band. For exam-
ple, in an OFDM system, the signal may be single banded and multi-banded.
For a single-band impulse scheme, there are impulses with a single carrier or
without a carrier that occupy the whole bandwidth. In addition, for multi-
band schemes, constant gain is more important than linear phase response.
To meet these criteria, antennas are modified accordingly.

3.3.2 UWB Printed Monopole Antennas

In comparison to UWB metal plate antennas, these antennas do not require
a perpendicular ground plane and occupy less volume. They are suitable for
integration with monolithic microwave integrated circuits (MMICs). Such
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antenna types consist of a monopole patch, which may be rectangular, tri-
angular, circular, or elliptical, and a ground plane, both printed on the same
plane or opposite side of the substrate. Accordingly, they are classified as
micro-strip line and coplanar waveguide fed ground planes.

3.3.2.1 Microstrip Fed Printed Monopole Antennas

A circular monopole antenna was designed by Liang et al. [20] with a 50-Q
micro-strip line. It possesses an impedance ratio bandwidth of 5.3:1 with the
frequency range 2.75 to 10.16 GHz, as shown in Figure 3.5(a). With an ellip-
tical patch, the monopole antenna is also miniaturized by using an improved
ground plane [21]; beveling in the ground plane is also very good for UWB
performances. Among various geometrics of monopole patches, the two-step
circular monopole [Figure 3.5(b)] is also proposed [22].

A micro-strip fed monopole antenna with rectangular patch is shown in
Figure 3.6 [23-24]. The first proposed rectangular patch monopole antenna
was shown by Choi et al. in 2004 [23]. It had a single slot in the patch and
stair-like structure at the end of the rectangular patch, which lead to good
impedance matching. A rectangular patch with two notches at the end of the
two lower corners of the patch and a truncated ground plane were fabricated
by Jung and Choi [24]. Lizzi et al. [25] proposed a spline-shaped monopole
UWB antenna, as shown in Figure 3.6, which is capable of supporting mul-
tiple mobile wireless standards like DCS, PCS, UMTS, and ISM bands.

The triangular patch and the modified structure of the micro-strip line
are shown in Figure 3.7. The antenna [26] exhibits VSWR of less than 3 for
the entire frequency band of 4 to 10 GHz range. Kirchhoff’s surface integral
representation (KSIR) is used in the developed FDTD code to compute the
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Figure 3.5 Micro-strip fed monopole antennas with circular patches [20, 22].
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Figure 3.6 Various micro-strip fed monopole antennas with rectangular patches, Fabricated
prototype.

Source: © Copyright IEEE

time-domain far-field distribution. Next, a novel triangular antenna topol-
ogy based on the printed tapered monopole antenna (PTMA) is investigated
in view of an ultra-wideband wireless body area network (WBAN) applica-
tions [27]. To achieve broad bandwidth, a triangular patch, truncated on the
sides with modified ground plane, was designed [28].

3.3.2.2 Coplanar Waveguide Fed Printed Monopole Antennas

Fabrication of the micro-strip line is little bit complicated, as the signal line
and ground planes are placed at the opposite sides of the substrate. The use
of coplanar waveguide is, therefore, increasing day by day. Figure 3.8 shows
different types of CPW fed printed monopole UWB antennas. Different types
of ground plane, like beveling corner, circular, and trapezoidal, are used to
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improve the matching and impedance bandwidth of the antenna [29, 30].
The antenna in Figure 3.8(b) is designed for UWB systems by using FDTD
and a genetic algorithm [31].

3.3.3 UWB Slot/Aperture Monopole Antennas

Slot antennas have the advantages of low profile, light weight, wide band-
width, and ease of fabrication. Considering these advantages, many antennas
are proposed with micro-strip fed line and CPW feeding.

3.3.3.1 Microstrip Fed Slot/Aperture Monopole Antennas

Various UWB slot/aperture type antenna structures are illustrated with micro-
strip line feeding by a number of workers [32-39]. A tapered monopole-like
slot is used instead of a rectangular slot to decrease the lower resonant fre-
quency [32]. It also has the required bandwidth for UWB communication
systems. Kalteh et al. [33] proposed a antenna with a radiator on the front
side of a dielectric substrate, with a circular slot etched on this ground plane.
Figure 3.9(a) shows a novel type of slot antenna [34] whose frequency char-
acteristics can be reconfigured electronically to have either a single, dual,
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Ground

Figure 3.8 CPW fed printed monopole antennas [30, 31].
Source: © Copyright IEEE



Journey of UWB Antennas Towards Miniaturization 45

Figure 3.9 Micro-strip fed slot monopole antennas [34, 37, 39].
Source: © Copyright IEEE
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or both band notch function to block interfering signals for C-band satel-
lite communications systems and also for IEEE802.11a and HIPERLAN/2
WLAN systems.

Different shapes of slots like hexagonal [35], printed stepped-circular
[36], an semi-circle stepped aperture antennas [37], are introduced to achieve
the ultra-wideband frequency range. A simple circular slot UWB antenna
is designed with an impedance bandwidth beyond 175% [38], and this
antenna is miniaturized by cutting in half vertically without degrading the
ultra-wideband characteristics [39].

3.3.3.2 CPW Fed Slot/Aperture Monopole Antennas

Micro-strip fed slot/aperture [40, 41] antennas were discussed in the previ-
ous section. Now various types of CPW fed slot/aperture antennas [42-46]
are discussed. Figure 3.10(a) presents a new design for a wide-slot antenna.
The proposed printed antenna consists of a slot and a tuning stub [42];
both are formed by using a binomial curve function. Here, the order of the
binomial curve function parallels the increase in bandwidth. It consists of a
ground plane, shaped as semi-ellipse. Its bandwidth is 2.85-20 GHz with an
omnidirectional radiation pattern [43].

A rectangular slot with a rectangular tuning stub [44] and bandwidth
ratio of 1.8:1, a triangular slot with a rectangular tuning stub, and a rect-
angular slot with a fork-shaped structure have also been developed by Sha-
meena et al. [45]. Gautam et al. [46] reported different types of slot antennas
where the ground plane was extended toward two sides of single radiator, as
shown in Figure 3.10(b).
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3.4 BAND NOTCHED CHARACTERISTICS OF UWB
ANTENNAS

3.4.1 Single-Band Notched UWB Antennas

The frequency range of UWB systems interferes with other existing wire-
less systems such as WLAN, WiMAX, WiFi, and GPS satellite systems. To
mitigate these interference issues, different types of band stop filters can be
used. Nonetheless, this increases the noise level as well as the complexity of
the receiver. Finally, a planar monopole antenna with band notched charac-
teristic was designed [47]. The notch is achieved by introducing a C-shaped
circle between the patch. The VSWR curve [Figure 3.11(b)] shows that it
can notch out the 5.5-GHz frequency. Over time, various methods have been
employed to achieve band notched characteristics such as making the slot
as U shaped, arc shaped, or pie shaped on the patch followed by inserting a
half- or quarter-wavelength slit on it.

A new technique has been implemented by Hong et al. [48], where a pair
of T-shaped stubs were placed inside an elliptical slot, which is equivalent to
a parallel LC circuit and is thus able to obtain the band-notched function.
The center notch frequency and desired notch bandwidth are achieved by a
properly designed equivalent capacitor and inductor values of the filter. The
gain of the antenna is 4 dBi, but at notch band, it is =10 dBi. However, the
efficiency decreases by 20% from the maximum efficiency of 98%.

3.4.1.1 Slots on the Radiating Patch

To obtain the frequency band-notch function in a UWB antenna, the well-
known method is to insert slots on the radiating patch. Various frequency
notched UWB antennas, as studied by many researchers, can be classified
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Figure 3.1 (a) C-shaped circle used for notching purposes. (b) VSWR curve shows notch-
ing at 5.5-GHz WLAN band [47].
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Figure 3.12 The proposed antenna.
Source: © Copyright IEEE

according to slot location, such as radiating element, ground plane, feeding
line, and vicinity of the radiating element.

Different types of slots are used on the radiating patch to achieve a single
notch band. In every case, the notch frequency is determined by the slot
length, which is half of the guided wavelength. Other types of single-notch
5-6 GHz are achieved [49] by cutting two modified U-shaped slots with vari-
able dimensions on the radiating patch. An additional inverted semi-ellipti-
cal patch [50] is connected to the main patch to act as a filter at the 5.1-5.9
GHz frequency. Chuang et al. [51] designed a novel second-order band stop
filter composed of a non-uniform short-circuited stub and coupled open-/
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short-circuited stub resonators to the fundamental antenna, as shown in
Figure 3.13(c). This second-order band stop filter provides good notch-band
suppressing 5.15 to 5.95 GHz, in which the normalized total radiated power
in the notch-band is lower than 12 dB. Compared with the band-notched
methods, using thin slits and plastic strips, this resonator has changed to a
small size and a fast roll-off rate as well as 15-35 dB gain suppression.

Figure 3.13 Single frequency notched UWB antennas using slots on the radiating element
[49-51].

Source: © Copyright IEEE
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3.4.1.2 Parasitic Strips in UWB Slot Antennas

Figure 3.14 exhibits a slot antenna with single frequency notched UWB
antennas using an isolated slit, open-end slits, and parasitic strips. Both of
these show a CPW fed square slot UWB antenna with parasitic strip for
notching a single frequency [52]. The figure also shows the utilization of two
parasitic strips of half wavelength beside the patch.

3.4.1.3 Slots on the Ground Plane

Figure 3.15 exhibits different types of inserting slots in the ground plane,
either in the CPW or in the micro-strip fed line, to achieve the desired sin-
gle notch band. Here, in each case, the notch frequency is determined by
the slot length, which is either quarter or half of the guided wavelength.
In this chapter, a novel CPW fed UWB planar monopole antenna is pro-
posed. It is accomplished by embedding a split ring resonator (SRR) array
at the slot region between the antenna and ground plane of the monopole.
SRRs are sub-wavelength structures that are fundamental building blocks
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Figure 3.14 Photograph of original and three single-band notched UWVB antennas.
Source: © Copyright IEEE
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Figure 3.15 Single-frequency notched UWVB antennas using slots on the ground plane
[53-54,55].

Source: © Copyright IEEE
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Figure 3.15 Continued

for meta-materials [53]. In Figure 3.15(b), the notch filter is achieved by
a capacitively loaded loop (CLL) resonator in the vicinity of the feed line
[54]. Peng and Ruan [55] utilize a mushroom-type electromagnetic band gap
(EBG) structure for an effective method of band notched design.

3.4.1.4 Slots on Feed Line

Another popular position of band notch filter is in the feed line of the antenna
because of high current concentration in this region. Figure 3.16(a) shows
an open circuited stub connected in parallel with the micro-strip feed line
[56] in order to achieve 5.5-GHz band notch performance. Figure 3.16(b)
has E-shaped SIR [57] and U-shaped slots [58], respectively, in the feed line
for band notching purposes.

3.4.2 Dual-Band Notched UWB Antennas

The authors are also interested in notching out two undesired frequen-
cies simultaneously. In 2006, Lee et al. [59] designed different types of U
slots, inverted U slots, L-shaped slots, and inverted L-shaped slots together
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Figure 3.16 Single-frequency notched UWB antennas in the feed line [56, 57].
Source: © Copyright MOTL

with low mutual coupling between them to filter out 2.96 and 4.77 GHz
simultaneously. First, a circular patch is cut out to an annular ring, and a
pair of Y-shaped strips is connected to the annular ring; a notched band
of WiMAX centered at 3.5 GHz is thus realized. Thereafter, an inverted
V-shaped slot is etched on the patch to achieve a notched band of 5.2-5.98
GHz for the WLAN band. In Figure 3.17(b), the antenna is designed for dual
band notches using two separated strips [60] for lower (5.15-5.35 GHz)
and upper WLAN (5.725-5.825 GHz). By inserting a close-loop resonat-
ing structure on the radiation patch and connecting an open-loop resonator
on the back side with a patch via a metallic hole, dual band [61] frequency
notching is achieved. In Figure 3.17(c), two band notches were embedded
in an existing UWB antenna by gluing a padding patch printed on a small
single-layer piece of commercial substrate [62]. The design of the proposed
new structure has controllable rejection in the 5§ GHz WLAN and 8 GHz ITU
frequencies. Band-notched operation is achieved by embedding novel modi-
fied CSRR slots on the radiated patch [63] [Figure 3.17(d)]. Compact short-
circuited folded SIRs [64] are located beside the feed line and connected
to the ground to achieve the band rejection characteristics in WiMAX and
WLAN frequencies. Jiang and Che [65] designed a T-shaped stub embedded
in the square slot of the radiation patch and a pair of U-shaped parasitic
strips beside the feed line to achieve dual band notched characteristics.

3.4.3 Multiple-Band Notched UWB Antennas

Researchers are going on to notch out more than two frequencies simultane-
ously in one antenna. In Figure 3.18(a), three rectangular split ring resonators
are symmetrically disposed in pairs beside the micro-strip [66] to generate
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Figure 3.17 Dual-frequency notched UWB antennas [59, 60, 62—63, 65].
Source: © Copyright IEEE
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Figure 3.17 Continued

triple notched bands. The split ring slots are used to generate notched bands
with central frequencies of 2.4, 3.5, and 5.8 GHz, respectively. Since the
SRRs are parallel and very close to the micro-strip, a strong capacitive cou-
pling will be achieved, which results in narrow, sharp notched bands. Nguyen
et al. [67] designed a straight, open-ended quarter-wavelength slot etched in
the radiating patch to create the first notched band in 3.3-3.7 GHz for the
WiMAX system, as shown in Figure 3.18(b). In addition, three semicircular
half-wavelength slots are cut in the radiating patch to generate the second
and third notched bands in 5.15-5.825 GHz for WLAN and 7.25-7.75 GHz
for downlink of X-band satellite communication systems. The band notches
are realized by etching one complementary split-ring resonator inside a cir-
cular exiting stub on the front side [68]. It employs question-mark shaped (?)
slot/DGS in either side of the ground plane. By adding a symmetrical pair of
open-circuit stubs at the edge of the slot, tri-band rejection filtering proper-
ties in the WiMAX/WLAN are thus achieved.
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A printed ultra-wideband antenna with five notched stop bands is pre-
sented by Liu et al. [69]. By introducing a pair of slots (arc-shaped), defected
ground structures and an open-loop resonator, sharp frequency band-notch-
ing are observed at five different locations such as 2.4 GHz, 3.2 GHz, 5.2
GHz, 5.8 GHz, and 7.5 GHz. Figure 3.18(d) depicts it clearly.

3.5 A BRIEF REVIEW OF TAPERED SLOT ANTENNAS

The tapered slot antenna (TSA) is an extremely broadband-slot antenna
wherein the slot is widened conically. The Vivaldi tapered slot antenna is
a kind of aperiodic, continuously scaled, gradually curved traveling wave

Figure 3.18 Multiple-frequency notched UWB antennas [66—68, 69].
Source: © Copyright IEEE
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Figure 3.18 Continued

antenna. The exponentially tapered slot is the basic profile of the Vivaldi
antenna. The other two TSAs are a linearly tapered slot antenna (LTSA) and
a constant width slot antenna (CWSA).

The Vivaldi antenna was first proposed by Gibson in 1979 [70], with its
significant advantages being wide bandwidth, high directivity, simple struc-
ture, low side lobe levels, and a symmetrical radiation pattern. In his paper,
he designed a significant gain and linear polarization Vivaldi antenna with
-20 dB side lobe level over an instantaneous frequency bandwidth extending
from below 2 GHz to above 40 GHz.
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In theory, the bandwidth of a conventional Vivaldi antenna is infinite, but
there are two reasons for the limitation on bandwidth of Vivaldi antennas:
one is micro-strip to strip-line transition, and the other is the finite dimen-
sions of the antenna. To solve this problem, a micro-strip to printed twin line
or two-sided slot line transition was used. It generally consists of two differ-
ent structures, coplanar and antipodal geometry. Compared with a coplanar
Vivaldi antenna, an antipodal one gives much wider bandwidth, >10:1.

The bandwidth limitation of Vivaldi antennas is removed by the antipodal
nature of the antenna, but this type of antenna provides very high levels of
cross-polarization, particularly at higher frequencies due to the skew in the
slot fields close to the throat of the flare. To overcome this high cross-polar-
ization, Langley et al. [71] added a further layer of metallization to form a
balanced antipodal Vivaldi antenna in 1996. The balanced antipodal tran-
sition offered a 18:1 bandwidth with fairly good cross-polarization char-
acteristics. At different frequencies, different parts of the antipodal Vivaldi
antenna radiate. In 2008, Qing et al. [72] investigated a detailed parametric
study of the dual elliptically tapered antipodal slot antenna (DETSA) on
impedance matching, gain and radiation patterns to provide engineers with
clear designer guideline.

3.5.1 Compact Design of Vivaldi Antennas

The bandwidth of Vivaldi antennas is generally proportional to their length
and aperture. Therefore, the typical DETSA becomes bulky when it is used
for ultra-wideband performance. Some modifications were implemented
on Vivaldi antennas to attain compact configuration [73-75], as shown in
Figure 3.19.

Wi

Figure 3.19 Compact antipodal Vivaldi antenna used for UWB performance [73-75].
Source: © Copyright IEEE
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Figure 3.19 Continued
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Figure 3.19(a) shows two small antipodal Vivaldi antenna [73] with dimen-
sions of 40.16 x 42.56 mm, printed on two different substrates, R03006 and
FR4. The antenna operates across the entire UWB spectrum ranging from
3.1 to 10.6 GHz, with low cross-polarization and reasonable gain values.
A novel method of improving the compactness and impedance bandwidth
is proposed by Bai et al. [74]. Here two different kinds of loadings, circular
load and slot load, are implemented to achieve 25:1 impedance bandwidth,
as shown in Figure 3.19(b). To achieve compactness, an L-shaped slot is
made at the edges of the radiating fins [75]. Thus, the lower operating fre-
quency is increased, as shown in Figure 3.19(c), by increasing the electrical
path length while maintaining the same dimensions.

3.5.2 Improved Antipodal Vivaldi Antennas

Although the impedance bandwidth of a conventional DETSA is quite wide,
their radiation characteristics at higher frequencies are not stable, leading
to reduction of the antenna gain. Different techniques are implemented to
improve antenna performance [77-79]. For this purpose, Kota et al. [76]
extended the substrate beyond the antenna metallization to improve the
symmetry of its radiation patterns. This elongated and shaped substrate
acts as a dielectric lens and produces a more directed radiation pattern and
improved gain, as shown in Figure 3.20(a). A palm tree-type antipodal

Figure 3.20 Improved antipodal Vivaldi antenna performance [76], [77-79].
Source: © Copyright IEEE
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Vivaldi antenna is designed [77, 78] with improved irradiative features as
compared to the conventional antipodal Vivaldi antenna, as shown in Fig-
ure 3.20(b—c). A new method for improving the directivity and bandwidth
of the antipodal Vivaldi antenna structure is presented by Nassar and Weller
in 2015 [79]. The authors introduce a parasitic elliptical patch in the flare
aperture to enhance the field coupling between the arms and produce stron-
ger radiation in the end fire direction [Figure 3.20(d)].

3.6 SUMMARY

In this chapter, a thorough chronological review of ultra-wideband anten-
nas is presented. Along with an analytical introduction to UWB technology,
including its advantages, properties, and so on, the preliminary developmen-
tal phase is discussed. It is seen that for general performance of UWB anten-
nas (constant gain, impendence matching, radiation stability), the frequency
notch characteristic is also required. Techniques for achieving further devel-
opment and improvement of frequency notch characteristics are presented.
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Different procedures have been adopted to realize UWB antennas with band-
notched characteristics such as etched slots on the radiator, like U-shaped and
L-shaped slots; adding a parasitic strip near the radiator; loading resonators
to the feeding line; using a fractal tuning stub; and embedding a quarter-
wavelength tuning stub. In earlier days, only a single-frequency notch band
was designed; thereafter, dual-notched bands, triple-notched bands, and
multiple-notched bands with 3.5, 5.5, 6.8, and 8.5 GHz notched frequency
were designed. UWB antennas can be used in medical imaging systems, and
for this highly directive and wideband antennas are required. The literature
review shows different techniques used for improving the cross-polarization
levels caused by antipodal Vivaldi antennas. Different modifications have
been proposed for reducing antenna size and for further improvement of
antenna performance, like radiation characteristics and gain.

REFERENCES

[1]1 A. Zanzoni, L. Montecchi-Palazzi, and M. X. Quondam, “Mint: A Molecu-
lar Interaction Database,” FEBS Letters, Vol. 513, pp. 135-140, 2002, doi:
10.1016/s0014-5793(01)03293-8.

[2] M. Ghavami, L. B. Michael, and R. Kohno, Ultra-Wideband Signals and Sys-
tems in Communication Engineering (2nd edition), Hoboken: John Wiley and
Sons Ltd., 2007.

[3] H. G. Schantz, “A Brief History of UWB Antennas,” IEEE Aerospace & Elec-
tronics Systems Magazine, Vol. 19, no. 4, pp. 22-26,2004.

[4] S.P.Carter, “Short Wave Antenna,” United States Patent,Vol.2,no. 175, p. 252,
1939.

[51 A.S.Schelkunoff, “Theory of Antennas of Arbitrary Size and Shape,” Proceed-
ings of the IRE, Vol. 29, no. 9, pp. 493-521, 1941.

[6] G. A.Kandoian, “Broadband Antenna,” United States Patent, Vol. 2, no. 368,
p. 663, 1945.

[71 N. L. Brillouin, “Broadband Antenna,” United States Patent, Vol. 2, no. 454,
p. 766, 1948.

[8] W. H. Gao, L. L. Gao, and Z. G. Liang, “A Novel Wireless Personal Area Net-
work Technology: Ultrawide Band Technology,” Journal of Marine Science and
Application, Vol. 5, no. 3, pp. 63-69, 2006.

[91 R.Aiello,and A. Batra, Ultrawide band Systems, London: British Library, 2006.

[10] Z. N. Chen, X. H. Wu, H. E Li, N. Yang, and M. Y. Wah, “Considerations
for Source Pulses & Antennas in UWB Radio Systems,” IEEE Transactions on
Antennas & Propagation, Vol. 57, no. 7, pp. 1739-1748, 2004.

[11] G. Dubost, and S. Zisler, Antennes a large bande, New York: Masson, 1976.

[12] S.Y. Suh, W. L. Stutaman, and W. A. Davis, “A New Ultra-Wideband Printed
Monopole Antenna: The Planar Inverted Cone Antenna (PICA),” IEEE Trans-
actions on Antennas and Propagation, Vol. 52, no. 5, pp. 1361-1365, 2004.

[13] X.FE Bai,S.S. Zhong, and X. L. Liang, “Leaf-Shaped Monopole Antenna with
Extremely Wide Bandwidth,” Microwave and Optical Technology Letters, Vol.
48, no. 7, pp. 1247-1250, 2006.


https://doi.org/10.1016/s0014%E2%80%935793(01)03293%E2%80%938

Journey of UWB Antennas Towards Miniaturization 67

[17]

(18]

(24]

(25]

(26]

(27]

(28]

(29]

N. P. Agrawal, G. Kumar, and K. P. Ray, “Wide-Band Planar Monopole Anten-
nas,” IEEE Transactions on Antennas and Propagation, Vol. 46, no. 2, pp. 294—
295,1998.

M. J. Ammann, “Control of the Impedance Bandwidth of Wideband Planar
Monopole Antennas Using a Beveling Technique,” Microwave and Optical
Technology Letters, Vol. 30, no. 4, pp. 229-232, 2001.

E. Antonino-Daviu, M. Cabedo-Fabres, M. Ferrando-Bataller, and A. Valero-
Nogueira, “Wideband Double-Fed Planar Monopole Antennas,” Electronics
Letters, Vol. 39, no. 23, pp. 1635-1636, 2003.

K. L. Wong, C. Wu, and S. Su, “Ultra-Wideband Square Planar Metal-Plate
Monopole Antenna with a Trident-Shaped Feeding Strip,” IEEE Transactions
on Antennas and Propagation, Vol. 54, no. 4, pp. 1262-1269, 2005.

M. J. Ammann, and Z. N Chen, “A Wide-Band Shorted Planar Monopole
with Bevel,” IEEE Transactions on Antennas and Propagation, Vol. 51, no. 4,
pp- 901-903, 2003.

T. Nikolay, and L. Yehuda, “Novel Method of UWB Antenna Optimization for
Specific Input Signal Forms by Means of Genetic Algorithm,” IEEE Transac-
tions on Antennas & Propagation, Vol. 54, no. 8, pp. 2216-2225,2006.

J. Liang, C. C. Chiau, X. Chen, and C. G. Pirini, “Study of a Printed Circular
Disc Monopole Antenna for UWB System,” IEEE Transactions on Antennas
and Propagation, Vol. 53, no. 11, 2005.

C. Y. Huang, and W. C. Hsia, “Planar Elliptical Antenna for Ultra-Wideband
Communications,” Electronics Letters, Vol. 41, no. 6, pp. 296-297, 2005.

A. Osama, and A. R. Sebak, “A Printed Monopole Antenna with Two Steps and
a Circular Slot for UWB Applications,” IEEE Antennas and Wireless Propaga-
tion Letters, Vol. 7, pp. 411-413, 2008.

S. H. Choi, J. K. Park, S. K. Kim, and ]J. Y Park, “A New Ultra-Wideband
Antenna for UWB Applications,” Microwave and Optical Technology Letters,
Vol. 40, no. 5, pp. 399-401, 2004.

J. Jung, W. Choi, and J. Choi, “A Small Wideband Micro-Stripfed Monopole
Antenna,” IEEE Microwave and Wireless Components Letters, Vol. 15, no. 19,
pp. 703-705, 2005.

L. Lizzi, R. Azaro, G. Oliveri, and A. Massa, “Printed UWB Antenna Operating
for Multiple Mobile Wireless Standards,” IEEE Antennas and Wireless Propa-
gation Letters, Vol. 10, pp. 1429-1432,2010.

C.C.Lin,Y. C.Kan, L. C. Kuo, and H. R. Chuang, “A Planar Triangular Mono-
pole Antenna for UWB Communication,” IEEE Microwave and Wireless Com-
ponents Letters, Vol. 15, no. 10, pp. 624-626, 2005.

J. R. Verbiest, and G. A. E. Vandenbosch, “A Novel Small Size Printed Tapered
Monopole Antenna for UWB WBAN,” IEEE Antennas and Wireless Propaga-
tion Letters, Vol. 5, pp. 377-379, 2006.

Y. J. Cho, K. H. Kim, D. H. Choi, S. S. Lee, and S. O. Park, “A Miniature UWB
Planar Monopole Antenna with 5 GHz Band Rejection Filter and the Time-
Domain Characteristics,” IEEE Transactions on Antennas and Propagation,
Vol. 54, no. 5, pp. 1453-1460, 2006.

W. Wang, S. S. Zhong, and S. B. Chen, “A Novel Wideband Coplanar-Fed
Monopole Antenna,” Microwave and Optical Technology Letters, Vol. 43, no.
1, pp. 50-52,2004.



68

Printed Antennas for Wireless Communication and Healthcare

[30]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

X. L. Liang, S. S. Zhong, W. Wang, and E. W. Yao, “Printed Annular Monopole
Antenna For Ultra-Wideband Applications,” Electronics Letters, Vol. 42, no. 2,
2006.

J. Kim, T. Yoon, J. Kim, and J. Choi, “Design of an Ultra Wide-Band Printed
Monopole Antenna Using FDTD and Genetic Algorithm,” IEEE Microwave
and Wireless Components Letters, Vol. 15, no. 6, pp. 395-397, 2005.

W. J. Lui, C. H. Cheng, and H. B. Zhu, “Experimental Investigation on Novel
Tapered Micro-Strip Slot Antenna for Ultra-Wideband Applications,” IET
Microwaves, Antennas & Propagation, Vol. 1, no. 2, pp. 480-487, 2007.

A. A. Kalteh, G. R. Dadashzadeh, M. Naser-Moghadasi, and B. S. Virdee,
“Ultra-Wideband Circular Slot Antenna with Reconfigurable Notch Band
Function,” IET Microwaves, Antennas & Propagation, Vol. 6, pp. 108-112,
2012.

N. Tasouji, J. Nourinia, C. Ghobadi, and F. Tofigh, “A Novel Printed UWB Slot
Antenna with Reconfigurable Band Notched Characteristics,” IEEE Anten-
nas & Wireless Propagation Letters, Vol. 12, pp. 922-925,2013.

C. W. Zhang, Y. Z. Yin, P. A. Liu, and J. J. Xie, “Compact Dual Band Notched
UWB Antenna with Hexagonal Slotted Ground Plane,” Journal of Electromag-
netic Waves and Applications, Vol. 27 no. 2, pp. 215-223,2013.

D. Abed, S. Redadda, and E. H. Kimouche, “Printed Ultra-Wideband Stepped
Circular Slot Antenna with Different Tuning Stub,” Journal of Electromagnetic
Waves and Applications, Vol. 27, no. 7, pp. 846-855, 2013.

X. J. Liao, H. C. Yang, N. Han, and Y. Li, “Aperture UWB Antenna with Triple
Notch Characteristics,” Electronics Letters, Vol. 47, no. 2, pp. 77-79, 2011.
E. S. Angelopoulos, A. Z. Anastopoulos, D. I. Kaklamani, A. A. Alexandridis, E.
Lazarakis, and K. Dangakis, “Circular and Elliptical CPW-Fed Slot and Micro-
Strip-Fed Antennas for Ultra-Wideband Applications,” IEEE Antennas and
Wireless Propagation Letters, Vol. 5, no. 1, pp. 294-297, 2006.

G.P. Gao, B. Hu, and J. S. Zhang, “Design of Miniaturization Printed Circular-
Slot UWB Antenna by Half Cutting Method,” IEEE Antennas and Wireless
Propagation Letters, Vol. 12, pp. 567-570, 2013.

P. Li, J. Liang, and X. Chen, “Study of Printed Elliptical/Circular Slot Anten-
nas for Ultra-Wide Band Applications,” IEEE Transactions on Antennas and
Propagation, Vol. 54, no. 6, pp. 1670-1675, 2006.

D. D. Krishna, M. Gopikrishna, C. K. Aanandan, P. Mohanan, and K. Vasug-
evan, “Compact Wide Band Koch Fractal Printed Slot Antenna,” IET Micro-
waves, Antennas & Propagation, Vol. 3, pp. 782-789, 2009.

X. L. Liang, T. A. Denidni, L. N. Zhang, R. H. Jin, J. P. Geng, and Q. Yu,
“Printed Binomial Curve Slot Antennas for Various Wideband Applications,”
IEEE Transactions on Microwave Theory and Technique, Vol. 59, no. 4,
2011.

M. Gopikrishna, D. D. Krishna, C. K. Anandan, P. Mohanan, and V. Vasudevan,
“Design of a Compact Semi-Elliptic Monopole Slot Antenna for UWB System,”
IEEE Transactions on Antennas and Propagation, Vol. 57, no. 6, pp. 1834—
1837,2009.

H. D. Chen, “Broadband CPW-Fed Square Slot Antennas with a Widened
Tuning Stub,” IEEE Transactions on Antenna Propagation, Vol. 51, no. 8,
pp. 1982-1986, 2003.



Journey of UWB Antennas Towards Miniaturization 69

[45]

[46]

[47]

(48]

[49]

[50]

[54]

[55]

[56]

[57]

[58]

V. A. Shameena, S. Mridula, A. Pradeep, S. Jacob, A. O. Lindo, and P. Mohanan,
“A Compact CPW Fed Slot Antenna for Ultra Wide Band Applications,” Inter-
national Journal of Electronics and Communication (AEU), Vol. 66, no. 3,
pp. 189-194,2012.

A. K. Gautam, S. Yadav, and B. K. Kanaujia, “A CPW-Fed Compact UWB
Micro-Strip Antenna,” IEEE Antennas and Wireless Propagation Letters, Vol.
12, pp. 151-154, 2013.

J. Qui, Z. Du, J. Lu, and K. Gong, “A Planar Monopole Antenna Design with
Band-Notched Characteristic,” IEEE Transactions on Antennas & Propaga-
tion, Vol. 54, no. 1, pp. 288-292, 2006.

C.Y. Hong, C. W. Ling, I. Y. Tarn, and S. J. Chung, “Design of a Planar Ultra-
Wideband Antenna with a New Band-Notch Structure,” IEEE Transactions on
Antennas & Propagation, Vol. 55, no. 12, pp. 3391-3397, 2007.

M. Ojaroudi, G. Ghanbari, N. Ojaroudi, and C. Ghobadi, “Small Square
Monopole Antenna for UWB Applications with Variable Frequency Band
Notched Function,” IEEE Antennas and Wireless Propagation Letters, Vol. 8,
pp.- 1061-1064, 2009.

R. Eshtiaghi, J. Nourinia, and C. Ghobadi, “Electromagnetically Coupled
Band Notched Elliptical Monopole Antenna for UWB Applications,” IEEE
Transactions on Antennas and Propagation, Vol. 58, no. 4, pp. 1397-1402,
2010.

C. T. Chuang, T. J. Lin, and S. J. Chung, “A Band-Notched UWB Monopole
Antenna with High Notched Band Edge Selectivity,” IEEE Transactions on
Antennas and Propagation, Vol. 60, no. 10, pp. 4492-4499,2012.

Y. C. Lin, and K. J. Hung, “Compact Ultra-Wideband Rectangular Aperture
Antenna and Band Notched Designs,” IEEE Transactions on Antennas and
Propagation, Vol. 54, no. 11, pp. 3075-3081, 2006.

R. Ghatak, R. Debnath, D. R. Poddar, R. K. Mishra, and S. R. Bhadra Chaud-
huri, “A CPW Fed Planar Monopole Band Notched UWB Antenna with
Embedded Split Ring Resonators,” IEEE Antennas and Propagation Confer-
ence (Loughborough), pp. 645-647,2009.

C. C. Lin, P. Jin, and R. W. Ziolkowski, “Single Dual and Tri Band Notched
Ultrawideband (UWB) Antennas Using Capacitively Loaded Loop (CLL)
Resonators,” IEEE Transactions on Antennas and Propagation, Vol. 60, no. 1,
pp. 102-109, 2012.

L. Peng, and C. L. Ruan, “UWB Band Notched Monopole Antenna Design
Using Electromagnetic Band Gap Structures,” IEEE Transactions on Micro-
wave Theory and Techniques, Vol. 59, no. 4, pp. 1074-1081, 2011.

C.Y.Pan, K.Y. Chiu, J. H. Duan, and J. Y. Jan, “Band Notched Ultra Wide Band
Planar Monopole Antenna Using Shunt Open Circuited Stub,” Microwave and
Optical Technology Letters, Vol. 53, no. 7, pp. 1535-1537, 2011.

M. Ojaroudi, N. Ojaroudi, and S. Amiri, “Compact UWB Micro-Strip Antenna
with Satellite Downlink Frequency Rejection in X-Band Communications by
Etching an E-Shaped Step Impedance Resonator Slot,” Microwave and Optical
Technology Letters, Vol. 55, no. 4, pp. 922-926, 2013.

L. N. Zhang, S. S. Zhong, X. L. Liang, and C. Z. Du, “Compact Omni-Direc-
tional Band-Notch Ultra-Wideband Antenna,” Electronics Letters, Vol. 45, no.
18, pp. 659-660, 2009.



70

Printed Antennas for Wireless Communication and Healthcare

[59]

[62]

[63]

[64]

[65]

[66]

[68]

[69]

[70]

[71]

W. S. Lee, D. Z. Kim, K. J. Kim, and J. W. Yu, “Wideband Planar Monopole
Antennas with Dual Band Notched Characteristics,” IEEE Transactions on
Microwave Theory and Techniques, Vol. 54, no. 6, pp. 2800-2806, 2006.

K. S. Ryu, and A. A. Kishk, “UWB Antenna with Single or Dual Band Notches
for Lower WLAN Band and Upper WLAN Band,” IEEE Transactions on
Antennas and Propagation, Vol. 57, no. 12, pp. 3942-3950, 2009.

E C. Ren, E S. Zhang, B. Chen, G. Zhao, and F. Zhang, “Compact UWB
Antenna with Dual Band Notched Characteristics,” Progress in Electromag-
netics Research Letters, Vol. 23, pp. 181-189, 2011.

M. Koohestani, N. Pires, A. K. Skrivervik, and A. A. Moreira, “Band Reject
Ultra Wide Band Monopole Antenna Using Patch Loading,” Electronics Let-
ters, Vol. 48, no. 16, pp. 974-975,2012.

D. Jiang, Y. Xu, R. Xu, and W. Lin, “Compact Dual Band Notched UWB Planar
Monopole Antenna with Modified CSRR,” Electronics Letters, Vol. 48, no. 20,
pp. 1250-1252, 2012.

Y. Sung, “UWB Monopole Antenna with Two Notched Bands Based on the
Folded Stepped Impedance Resonator,” IEEE Antennas ¢& Wireless Propaga-
tion Letters, Vol. 11, pp. 500-502, 2012.

W. Jiang, and W. Che, “A Novel UWB Antenna with Dual Notched Bands for
WiMAX and WLAN Applications,” IEEE Antennas & Wireless Propagation
Letters, Vol. 11, pp. 293296, 2012.

Y. Zhang, W. Hong, C. Yu, Z. Q. Kuai, Y. D. Don, and J. Y. Zhou, “Planar Ultra-
wide Band Antennas with Multiple Notched Bands, Based on Etched Slots on
the Patch and/or Split Ring Resonators on the Feed Line,” IEEE Transactions
on Antennas and Propagation, Vol. 56, no. 9, pp. 3063-3068, 2008.

T. D. Nguyen, D. H. Lee, and H. C. Park, “Design and Analysis of Compact
Printed Triple Band-Notched UWB Antenna,” IEEE Antennas & Wireless
Propagation Letters, Vol. 10, pp. 403-406, 2011.

X. J. Liao, H. C. Yang, N. Han, and Y. Li, “Aperture UWB Antenna with Triple
Band-Notched Characteristics,” Electronics Letters, Vol. 47, no. 2, pp. 77-79,
2011.

J. J. Liu, K. P. Esselle, S. G. Hay, and S. S. Zhong, “Planar Ultra-Wideband
Antenna with Five Notched Stop Bands,” Electronics Letters, Vol. 49, no. 9,
pp. 579580, 2013.

P. J. Gibson, “The Vivaldi Aerial,” Proc. 9th European Microwave Conference,
October, 1979, Brighton, pp. 101-105.

J.D.S. Langley, P. S. Hall, and P. Newham, “Balanced Antipodal Vivaldi Antenna
for Wide Bandwidth Phased Arrays,” IEE Proceedings H: Microwaves, Anten-
nas and Propagation, Vol. 143, no. 2, pp. 97-102, 1996.

X. Qing, Z. N. Chen, and M. Y. W. Chia, “Parametric Study of Ultra Wide
Band Dual Elliptically Tapered Antipodal Slot Antenna,” International Journal
of Antennas and Propagation, Vol. 2008, pp. 1-9, Article ID: 267197, 2008.
A. Z. Hood, T. Karacolak, and E. Topsakal, “A Small Tapered Slot Vivaldi
Antenna for Ultra Wide Band Application,” IEEE Antennas and Wireless Prop-
agation Letters, Vol. 7, pp. 656—660, 2008.

J. Bai, S. Shi, and D. W. Prather, “Modified Compact Antipodal Vivaldi Antenna
for 4-50 GHz UWB Application,” IEEE Transactions on Microwave Theory
and Techniques, Vol. 59, no. 4, pp. 1051-1057, 2011.



Journey of UWB Antennas Towards Miniaturization 71

[79]

R. Natarajan, J. V. George, M. Kanagasabai, and A. K. Shrivastav, “A Compact
Antipodal Vivaldi Antenna for UWB Applications,” IEEE Antennas and Wire-
less Propagation Letters, Vol. 14, pp. 1557-1560, 2015.

K. Kota, and L. Safai, “Gain and Radiation Pattern Enhancement of Balanced
Antipodal Vivaldi Antenna,” Electronics Letters, vol. 47, no. 5, pp. 303-304,
2011.

P. Fei, Y. C. Jiao, W. Hu, and E. S. Zhang, “A Miniaturized Antipodal Vivaldi
Antenna with Improved Radiation Characteristic,” IEEE Antennas and Wire-
less Propagation Letters, Vol. 10, pp. 127-130, 2011.

A. M. D. Oliveira, M. B. Perotoni, S. T. Kofuji, and J. E Justo, “A Palm Tree
Antipodal Vivaldi Antenna with Exponential Slot Edge for Improved Radiation
Pattern,” IEEE Antennas and Wireless Propagation Letters, Vol. 14, pp. 1334—
1337,2015.

I. T. Nassar, and T. M. Weller, “A Novel Method for Improving Antipodal Viv-
aldi Antenna Performance,” IEEE Transactions on Antennas and Propagation,
Vol. 63, no. 7, pp. 3321-3324, 2015.

Problems

w1

AN

S %N

What is an UWB frequency band?
What are the different practical usages of the UWB frequency range?

. What are the common frequency interference issues involved in UWB

range?

What are the different miniaturization techniques adopted in UWB
antennas?

Why is time-domain analysis essential to characterize UWB antennas?
What is group-delay measurement? How is it important for UWB
communication?

How can UWB antennas be useful for biomedical applications?

How the return loss graph will look alike in Smith chart?

What is the power spectral density in the UWB frequency band?

. How are bandwidth widening characteristics obtained in UWB antennas?
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Chapter 4

Modeling of Printed Antennas

4.1 INTRODUCTION

In the current communication world, printed antennas have taken the high-
est position because of their numerous merits, like light weight, small size,
volume, lower packing density, economy, and above all ease of realization.
They find wide application on the ground as well as in airborne devices.
There are standard design formulas to construct such antennas, but, with the
advent of user-friendly computational electromagnetics, optimization tech-
niques for designing printed antennas have improved drastically. Though an
efficient antenna can be designed with standard design rules and optimiza-
tion techniques, it turns out to be a complicated structure. Electrical model-
ing can only shed some light on the way to demystify the device physics.
In this chapter, three different types of printed antennas are modeled: elec-
trically small antennas, fractal-based printed UWB antennas, and MEMS-
based reconfigurable antennas. Each of these categories is further discussed
for three to four varieties of printed antenna. The following three sections
discuss electrical modeling. Without implementing mathematical trickery,
simple RLC networks are used to model the printed antennas.

4.2 MODELING OF ELECTRICALLY SMALL ANTENNAS

While humankind is trying to achieve multi-feature communications with
miniaturization, electrically small antennas (ESAs) are gaining importance
compared to their counterparts. Recent years have witnessed their develop-
mental progress because of several promising features [1-3]. Advantages of
these small antennas are their radiation efficiency, physical size, and radia-
tion quality. Though the concept of ESAs dates back to 1947-48 [4-7], their
actual development started just 10 to 15 years ago because of several practi-
cal technological constraints.

Now, in the era of System-on-Chip (SoC) or Antenna-in-Package (AiP)
[8, 9], ESAs are gaining popularity. This is because of its multiple favorable
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characteristics, like light weight, compact size, and low or adequate gain
for inter- or intra-chip communication. For antenna engineers, it will be
comfortable to have readymade electrical models for such a small antenna
structure before doing the actual 3D simulation or fabrication process.

To design ESAs efficiently, seven basic methods are generally adopted in
the literature: meandering [10], looping [11], fractal implementation [12],
shorting pin [13], loading of reactive elements [14, 15], slot incorporation
[16, 17], and capacitive loading [18, 19]. In practice, either one method or a
combination methods is used to design an ESA, but designing such antennas
is a troublesome and tedious job. A circuit model approach can be imple-
mented prior to 3D full-wave analysis or the final fabrication process steps,
which can predict the trend of device performance with respect to various
design parameters. Several modeling approaches have already been reported
[20-22], but they deal with complicated mathematical equations. To make it
easier as well as more efficient, here a simple electrical model is presented. To
validate the approach, a comparison was drawn between full-wave analysis
and electrical modeling for each individual case study. For proof of concept,
three practical antenna problems were taken that covers a wide range of
electromagnetic spectra. The first item is an on-chip antenna operating at
X-band (9.45 GHz), whereas the second is a super-wideband (SWB) on-chip
antenna (OCA) operating in the 2.5 to 20.6 GHz band, and the third oper-
ates in the sub-mmW range at 100 GHz.

4.3 CIRCUIT MODELING

This section outlines the electrical modeling of three different application-
oriented electrically small antennas.

4.3.1 Antennall

This section deals with the modeling of an X-band (9.45-GHz) on-chip
antenna. This particular antenna is targeted for bio-telemetry applications
and intra-/inter-chip communication. A standard 180-nm CMOS technology
node has been used for substrate applications. It occupies an area of about
2x2.1 mm?,

By implementing a meandering loop, capacitive loading, and shorting pin
techniques, miniaturization is achieved for the structure. In terms of operat-
ing wavelength, the size of the antenna is about Ay/15. Low-resistive silicon
(p=10 Q-cm, ¢, = 11.7, tand = 0.01) is used for the antenna structure. The
geometry of the antenna is shown in Figure 4.1 with detailed dimensions,
while the proposed model is depicted in Figure 4.2, with optimized param-
eters in Table 4.1.
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Figure 4.1 (a) Cross-sectional diagram; (b) schematic top view diagram; and (c) partially
shielded layered structure at bottom of Antenna | [8].

Source: © Copyright IET-MAP

The antenna consists of three main sections: feed line (R;and L), radiator
part with TM,, resonating mode (L,,, C;o, and R;), and plated through sili-
con oxide via-hole (C,,, L,,,, and C,,,). Finite conductor loss and Ohmic loss
are expressed by Ryand L whereas the parallel RLC network or tank circuit
is responsible for reserving EM energy. Preferably, the resonator is tuned
at TM;, mode. L, and C,, decide the resonance frequency. The parameter
R, dictates the bandwidth profile. Plated through via hole configuration
is denoted by a parasitic lossy inductor (L,,, and R,;,) parallel to the oxide
capacitor (C,,). The C,, value varies with the SiO, thickness.

Basically, a parallel plate capacitor is formed between the top metal
layer and bottom ground plane. Via-hole inductance is a function of the
radius and height of the hole. Values of all circuit elements are summarized
in Table 4.1, obtained by parametric extraction techniques for this model.



Table 4.1 Optimized Parameters for the Circuit Elements of the On-Chip X-Band Antenna

Freq. (GHz)/Parameter
Oxide Thickness (um)

R0 ()
Ljo (nH)
Cio (PF)
Cox (PF)
Lia (PH)
Riia (Q)
R: (Q)

L¢ (nH)

8
5.25

250
0.0687
0.344
5.58
0.565

31.2
|
1.085

8.57
7.25

250
0.0618
0.229
5.54
0.67

39
3.8
1.085

9
9.25

350
0.0618
0.1486
5.0678
0.452

76.5
0.5
1.085

9.45
11.25

275
0.054
0.344
4.99
0.678

144
0.7
|

9.7
13.25

275
0.0549
0.147
4.922
0.678

144.3
1.1
1.01

10
15.25

300
0.048
0.44
4.97
0.565

140

1.8
1117

10.2
17.25

300
0.048
0.39
4.82
0.565

156

1.9
I.11

10.4
19.25

300
0.048
0.24
4.77
0.565

159
2

1.24

10.5
21.25

225
0.048
0.19
47
0.565

163
1.3
1.24

10.7
23.25

225
0.041
0.73
4.7
0.565

132
0.5
1.24
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Figure 4.2 Equivalent circuit model of OCA.
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Figure 4.3 Comparative data analysis of the antenna.

Finally, Figure 4.3 shows the close relevance between the circuit modeling
and full-wave analysis of the antenna structure.

4.3.2 Antenna ll

This section deals with the modeling of a CPW-fed UWB type monopole
antenna. Return loss bandwidth of the antenna ranges from 2.5 to 20.6
GHz, which falls under SWB range (super wide band). It has been realized



78 Printed Antennas for Wireless Communication and Healthcare

on a standard 675-pm-thick high-resistive silicon (p > 8 kQ-cm, ¢, = 11.7)
wafer. It occupies an area of about 8.5 x 11.5 mm?. A band notching feature
for the 7.9- to 8.4-GHz frequency range is included in the structure to avoid
the already existing ITU-T recommended X-band satellite communication
(uplink). The main radiating element consists of an irregular-shaped octago-
nal patch with a rectangular spiral slot within it. The feed line consists of a
U-shaped slot responsible for band notching behavior.

Initially, four corners are removed from the basic rectangular patch struc-
ture, and a half-wavelength (1,/2)-long slot is embedded with the patch.
These are intended to achieve enhanced gain profile and super-wide band
impedance characteristics. In the feed line, a quarter-wavelength-long
U-shaped slot is included (A,/4) to obtain frequency notch characteristics.
The geometry of the antenna is shown in Figure 4.4 with all detailed dimen-
sions given in Table 4.2. The proposed modeling of this antenna is shown in

A\ &
\

>,

G IS
10

Figure 4.4 (a) Geometry of antenna Il structure. (b) Prototype of Antenna-II [9].
Source: © Copyright JMWT

Table 4.2 Optimized Parameters for Antenna-Il Structure © Copyright JMWT

Parameters Values Parameters Values
L, 8.5 P, 0.5
W, 1.5 W, 0.2

L, 3.04 G 0.51
W, 3.3 S, 3.1

L 4.5 S, 1.1
W, 1.4 S; 2.2
M, 0.9 S4 22

L, 34 S 24

W, 0.15 S, 46
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Figure 4.5 Electrical equivalent modeling of Antenna II.

Figure 4.5. Altogether it has five different segments, which explicitly describe
the insight device physics. Basic UWB antenna operation can be thought as
a combination of several resonant circuits, which are interlinked with each
other.

It is assumed that, all of these tank circuits are operating in TM;, mode,
whose cut-off frequency is determined by L;, and C,,, whereas, the band-
width profile of TM,, mode is dictated by the Ry, parameter. They are des-
ignated here as four different sets: (R4, Cy4, and L,), (Rs, Cs, and L;), (R, Cq,
and L), and (R, C,, and L-).

Four corners of the patch have been cut to enhance the gain and impedance
profile. These truncated corners are represented by a parallel LC network (L,
IC,), and the spiral rectangular slot is modeled as a series combination of L
and C (L, and C,).

To achieve the frequency notch characteristics, a series RLC network
(Rs, L3, and Cj) is connected in parallel with the actual UWB antenna. This
RLC series circuit denotes the U-shaped slot within the feed line. The cor-
responding inductor (L3) and capacitor (C3) values determine the notch
frequency, whereas the parameter R; decides the notch bandwidth, Standard
50 Q planar transmission line used for excitation of such antenna, and it is
represented by series combination of Ryand L. Finite conductivity values are
reflected by these two parameters. Table 4.3 summarizes all values of circuit
elements for this model. Further, Figure 4.6 shows a close comparison of the
circuit modeling and FEM simulated data.

4.3.3 Antenna lll

This section outlines the modeling of a rectangular microstrip antenna array
(RMAA) operating at sub-mmW range (100 GHz), specifically targeting
medical imaging or THz applications. This antenna has been realized on a
very thin (~100-pm) flexible substrate, called liquid crystal polymer (LCP),
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Table 4.3 Equivalent Circuit Parameter Values of Antenna Il

Parameters Values Parameters Values

R 15Q Ly 0.75nH

L IH Cy 3.2pF

L, 75pH Rs 51Q

C 0.65pF Ls 0.63nH

L, 5pH Cs 1.08pF

G, 100nF R4 630Q

R; 0.20Q Ly 0.18nH

L; 45nH Cs 1.028pF

G 8.8fF R, 550

R4 61Q L, 0.6nH
G 1.29pF

0

s, (dB)

Equivalent Circuit
— — -HFSS Result

: T o T 1 T T T T T T T T d T T T
2 4 6 8 10 12 14 16 18 20
Frequency (GHz)

Figure 4.6 Comparison of circuit modeling and HFSS results.

which is non-toxic in nature and bio-compatible. The designed antenna
occupies an area of about 12.5 x 27 mm?, and because of its inherent flex-
ible nature, it can be wrapped or conformed over cylindrical, spherical, or
any regular-shaped 3D structure. Proper utilization of the 3D shape can
be achieved with this antenna profile. With the implementation of para-
sitic patch structures along with main array elements, the peak gain of
the radiator reaches 19.3 dBi, which is appreciable for such small planar
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| -
{ ’ | | | ‘ i l . LCP Main Parasitic

Figure 4.7 (a) Geometry of the antenna array. (b) Fabricated prototype.

Table 4.4 Optimized Dimensions of RMAA

Variables Without Parasitic With Parasitic
Elements (um) Elements (um)

L 2489 2489

w 3078 3078

L 1293 1293

l, 2685 2685

Wy, 690 500

W, - 1539

g - 200

h 100 100

antennas. The geometry of the array with the fabricated structure is shown in
Figure 4.7, with detailed dimensions as specified in Table 4.4.

This array antenna consists of five main reading elements, as shown in
Figure 4.8, which can be represented by parallel tank circuits (L;,, C;9, and
Ryp). These tank circuits are assumed to resonate at TM;, mode. Capacitor
and inductor values (C,y and L,,) decide the resonance frequency, and Ry,
determines the bandwidth profile.

Individual radiating elements are interconnected by a series-fed transmis-
sion line segment, which is expressed as a parallel combination of a lossy
inductor and a capacitor. The current distribution within the line segments
joining two radiating elements is expressed as L;; (i = 1 to 4,7 =2 to 5)
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Figure 4.8 Equivalent circuit of the 100-GHz rectangular microstrip antenna array.

Table 4.5 Optimized Electrical Parameters of 100-GHz Array

Variables Values Variables Values
Ry 0.01 Q Ry 161.12 Q
L 54 pH o 16.45 pF
L, 4.28 pH Gy 16.45 pF
Cho 0.591 pF R, 161.12 Q
R} 44 QO R; 55.6 Q
Cy 16.45 pF L; 100 pH
C, 16.45 pF G 7.4 pF

with finite conductance (R;) parasitic capacitances between two elements
described by C;. Parasitic patch elements, responsible for enhancing the peak
gain of the whole array, are denoted by a leaky capacitor (C, and R,), with
an extra ground-based capacitance C,. All the optimized parameters are
summarized in Table 4.5.

A comparative data analysis of circuit modeling and full-wave FEM simu-
lation for the 100-GHz antenna array is shown in Figure 4.9.
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Figure 4.9 Comparative data analysis of circuit modeling and full-wave for the 100-GHz
antenna array.

4.4 MODELING OF FRACTAL-BASED UWB ANTENNAS

For short-range and high—data rate indoor communication, UWB technology
has gained immense popularity in the last two decades after the frequency allo-
cation by FCC [23]. Whether civilian or strategic applications, UWB technology
has spread its wings. But the challenge of future wireless communication is the
manifestation of advanced features with portable or miniaturized circuits, which
will consume almost negligible power. Scientists have applied their minds to
learn from nature. Inspired by this, fractal engineering [24, 25] has been applied
to the antenna world. It directly helps to obtain the miniaturized version of vari-
ous multi-featured antennas [26-28]. ‘Space-filling’ and ‘Self-similar’ are two
key features of fractal engineering, which make it an attractive choice for UWB
antenna. With these, the effective length of the antenna increases, which reduces
the size and enhances the impedance bandwidth by bringing the multiple reso-
nance peaks closer. But designing such antennas is a challenging task for an RF
engineer. Understanding the actual device physics is a trivial solution in this case.
To alleviate these issues, a simplified electrical model of the complicated antenna
structure is a great alternative for antenna engineers. Circuit modeling basically
tries to explain the device physics of the antenna. With this, the importance of
each design parameter can be well understood.

In this section, three fractal-based miniaturized UWB antenna problems
are discussed.
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4.4.1 Antennall

This antenna uses an Apollonian fractal [29] in its circular radiator, with
the added feature of a band notch at 5.5 GHz, while its operating band is
a 1.8- to 10.6-GHz CPW line used for excitation. In its ground planes, two
L-shaped (symmetrically placed) slots are placed to achieve band notching
at 5.5 GHz. It has been realized on an FR4 substrate (¢, = 4.4, tand = 0.02~
0.03), and it occupies an area of about 44 x 58 mm?. The geometry of the
antenna is shown in Figure 4.10, with all detailed dimensions in Table 4.6.
This antenna offers a peak gain of about 2 to 6 dBi (except the notch band).

Wsub

I~
€

P ———————

Substrate,sr=4.4
=159

Figure 4.10 Geometry of Antenna | [29].
Source: © Copyright PIER C
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Table 4.6 Detailed Dimensions of Antenna | [29]

Parameters Value (mm) Parameters Value (mm)
Loy 58 Wand 20

Wb 44 Sk + L) =S, 16.65

& 0.4 R, 19

wr 32 Ry 35

Long 15.9 R, 1.5

Source: © Copyright PIER C

C —M— M M
Ry M R )[R [R][/
— MW Y] —nn
— L Jhl L
2 -
Ly
T

Figure 4.1 Electrical equivalent of Antenna .

As discussed previously, numerous advantages are obtained with the
implementation of fractals in antenna geometry. Multiple resonance peaks
are observed in the return loss profile, which are placed close to each other.
This phenomenon can be expressed in terms of the cascaded version of tank
circuits (parallel RLC networks), as shown in Figure 4.11. It is assumed
that all the resonances are tuned to TM;, mode. A bank of parallel RLC
networks (R; to Ry, Ly to Ly, and C; to C,) are staggered to represent these
resonance phenomena. Along with this, one more tunable capacitor (Cj,)
can be placed in series. The value of Cj, is changed by the fractal’s iterative
methods. L-shaped slots a quarter wavelength long can be modeled as a
sharp band notch filter centering around 5.5 GHz. The value of this notch
frequency is decided by the combination of L, and C,, whereas R, deter-
mines its impedance bandwidth profile. The feed-line of the antenna is mod-
eled as a combination of two lumped elements, L, and Ry. The finite value of
the conductance value of the metallization layer is expressed as R, while the
change in current distribution is denoted by L. Cj, represents an Apollonian
fractal for which the resonance frequency shifts down from 2 to 1.8 GHz.
Optimized values of each circuit element are summarized in Table 4.7. To
validate the model, comparative data has been analyzed between the full-
wave analysis and performance of circuit modeling. Both data sets resemble
each other well, as shown in Figure 4.12.
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Table 4.7 Optimized Values of Circuit Elements of Antenna |

Parameters Value Parameters Value
Rs 30 mQ R, 56 Q
L 100 fH L, 0.22 nH
R, 020 (o 7.66 pF
L, 95 nH R; 55Q
C, 8.8 fF L; 0.6l nH
Cq | uF G 1.04 pF
R, 55Q R4 50 Q
L, 3nH Ly 0.24 nH
o 1.84 pF C, 0.95 pF

?g .
or q |
7))
-30 4 | CST Simulation
a === « Circuit Simulation
-40 - 1
'50 T T T T T T T

1 2 3 4 5 6 7 8 9 10 11
Frequency(GHz)

Figure 4.12 Comparison of reflection coefficient between CST and circuit simulation of
Antenna I.

4.4.2 Antenna ll

In this fractal-based UWB antenna, two Q-shaped slots have been used in
the main radiator to get dual band notch characteristics at 5.5 and 7.5 GHz,
respectively [30]. This antenna is also excited by a standard CPW feed, whose
ground planes are loaded with two crown-shaped fractal slots. The geometry
of the antenna is shown in Figure 4.13, with all dimensions summarized in
Table 4.8. The cross-sectional area of this structure is about 28 x 36.7 mm?,
and the fabricated prototype exhibits a peak gain of around 2 to 6 dBi, with
a radiation efficiency of 80%, except the notch point. A proposed equivalent
model of this antenna is shown in Figure 4.14.
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Figure 4.13 Geometry of Antenna Il [30].
Source: © Copyright PIER C

Table 4.8 Detailed Dimensions of Antenna Il [30]

Parameters Value (mm) Parameters Value (mm)
Lo 36.7 Wang 12

W 28 W, 13

g 0.4 L, 13

wr 32 g 1.2

Lgng 16

Source: © Copyright PIER C

Vo M M M
Re Ly Ry | [ Ry |[Rs
bl LB Lk
R G g

Ly Jlny

Ta 16

Figure 4.14 Electrical equivalent of Antenna Il.

The basic UWB monopole antenna is represented by a staggered version
of three parallel RLC networks. With the alteration of fractal geometry, the
effective L and C values are changed for the aforementioned tank circuits,
which further determines the resonant frequency peaks. It is assumed that
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these resonators are tuned to TM;, mode. The dual band notch character-
istics are obtained by the inclusion of two Q-shaped slots, which are pre-
dominantly responsible for attenuation radiation. In equivalence, it can be
modeled as two series RLC networks. The notch points are achieved with
the values set by the parameters L,;, L,,, and C,, while the bandwidth of
the notch profile is governed by the circuit’s resistance value (R,). The feed
structure is symbolized as series combination of Ry and L. Table 4.9 sum-
marizes the values of all circuit parameters. The validity of the proposed
model is shown by comparing it with full-wave simulated results, as shown
in Figure 4.15.

4.4.3 Antenna lll

This is a dual-feed half annular-shaped antenna with fractal-shaped binary
tree architecture. Additionally, an electromagnetically coupled disc-shaped
parasitic patch is introduced at the back side of the antenna substrate to

Table 4.9 Optimized Values of Circuit Elements of Antenna Il

Parameters Value Parameters Value
R 30 mQ R', 630
L 100 fH L, 0.63 nH
R', 020 c, 1.08 pF
L', 50 nH R'; 62 Q
c, 8.8 fF L' 0.21 nH
L', 95 nH s 1.03 pF
RY, 61 Q
c, 3.2 pF

o

-10

-20 -

S, (dB)

-30

=404 CST Simulation
= = Circuit Simulation

-50 T T T T T T T T T
2 3 4 5 6 7 8 9 10 11 12
Frequency(GHz)

Figure 4.15 Comparison of reflection coefficient between CST and circuit simulation of
Antenna Il.
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enhance the bandwidth of the whole antenna [31]. Three different fractal
shapes have been used here to obtain the band-notching characteristics at
5.5 GHz. These are: Minkowski, Hybrid and Sierpinski fractal. In addition,
a binary tree is introduced in the main antenna architecture to enhance the
capability covering the Bluetooth (2.45 GHz) band. This antenna shows a
peak gain of about 1 to 1.5 dBi for the Bluetooth band and 2.5 to 6 dBi for
the rest of the UWB frequency range. The geometry of the antenna is shown
in Figure 4.16(a and b), with detailed dimensions as in Table 4.10. The pro-
posed model of the antenna is shown in Figure 4.17.

\ 4

o
5
: £ Lyun
Thel "
—— . WP 3
A
< >é o
Wa | Le ; 4
3 * FRd substrate
v
Figure 4.16 Geometry of Antenna lll. (a) Front view. (b) Back view [31].
Source: © Copyright JEMWA
Table 4.10 Detailed Dimensions of Antenna Ill [31]
Parameters Value (mm) Parameters Value (mm)
Loy 333 ¢, 1.65
W 244 W, I
Wf 2.5 WI 6
L 11.35 L, 2
Ly 3.25 R, 5.5
L, 6.8 Py, 14.65
W, 1.02 W, 14
R 9.5 Ly
r 4.5 Wei 3
¢ 85 L, I
¢, 33

Source: © Copyright JEMWA
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Figure 4.17 Electrical equivalent of Antenna IIl.

The antenna consists of four of parallel RLC networks. Multiple resonance
characteristics can be explained with the tank circuits. It is assumed that all
RLC networks are resonating at TM;, mode. The inductor and capacitor
values decide the resonance frequency, whereas the resistor value determines
the impedance bandwidth profile. In this antenna, the circular patch, which
is placed at the back side of the substrate, can be modeled as a lossy capaci-
tor (C"sIR”s). The dimensions of the patch, along with its position, decide
the C"; values, whereas the R”s symbolically denotes the surface/leaky wave
losses associated with the antenna structure. The feed line is represented here
as a lossy inductor (R;and L; in series). The finite value of metal conduc-
tance is given as R, and the change in current distribution is expressed as
L. Optimized values of the parameters are given in Table 4.11, with all the
parameter values. The performance of the proposed model is shown with
full-wave analysis of the antenna in Figure 4.18.

4.5 MODELING OF RECONFIGURABLE MEMS-BASED PATCH
ANTENNAS

Modern-day communication demands portable, multi-featured, efficient cir-
cuits. With the advent of various switching technologies [32], the whole sce-
nario is changing rapidly. The concept of a “smart antenna” was conceived
only in the last decade. Re-configurability can make an antenna smart enough
for practical application. This configurability can be achieved in terms of fre-
quency, polarization, directivity, or a combination of two or three. In the last
two decades, RE-MEMS technology has proved a key enabling solution in
the realization of reconfigurable RF devices. Compared to existing switching
technologies, RF-MEMS [33-35] technology seems superior because of its
unique characteristics.
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Table 4.11 Optimized Values of Circuit Elements of Antenna Il

Parameters Value Parameters Value
R" 30 mQ R"; 51Q
L" 100 fH L" 0.59 nH
R", 550 c"s 1.0 pF
L" 3.18 nH R", 530
c, 1.84 fF L", 0.21 nH
R", 60 Q c", 1.0 pF
L" 0.26 nH R"s 134 Q
c", 7.5 pF c"s 1.0 pF

— CST Simulation
- « Circuit Simulation

S,,(dB)

IN
o

v ————— v .
2 3 4 5 6 7 8 9 10 11
Frequency(GHZ)

Figure 4.18 Comparison of reflection coefficient between CST and circuit simulation of
Antenna lIl.

Micromachining techniques [36-38] can change the whole color of the
antenna world in the case of system-on-chip realization. A lot of device opti-
mization is essential prior to fabrication. Even the fabrication process also
faces challenges at every step. So prior device modeling will guide a designer
to choose the right path.

Here, we discuss a MEMS-based reconfigurable Ku-band antenna, whose
operating frequency can alter from 14.3 to 14.5 GHz and vice-versa with
the change of switching states, that is, ON/OFE. The antenna exhibits lin-
ear polarization with 4.8 dBi gain (peak). It has been realized on 675 =
30-pm-thick high-resistive silicon (g, = 11.7, p > 8 kQ-cm, tand = 0.01). Bulk
and surface micromachining have both been implemented here. The follow-
ing section will elaborate on the circuit modeling strategy.
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4.6 CIRCUIT MODELING

Conventional microstrip antennas have numerous advantages, but they also
suffer from lot of problems. MEMS can be a blessing to antenna engineers. It
can alleviate various issues associated with microstrip antennas. Gain, band-
width, radiation efficiency, or the figure-of-merit of these printed antennas
can be improved significantly in the MEMS version. Printed work discusses
a Ku-band reconfigurable antenna. Here, the RF-MEMS switch basically
alters the electrical length of the radiating element; thus it changes the cen-
ter frequency of operation. With the dynamic variation of ON/OFF [39]
switching states, the center frequency changes from 14.3 to 14.5 GHz. The
geometry of the antenna is shown in Figure 4.19 [40], with detailed dimen-
sions given in Table 4.12.

T,
A 1.2 mm

2
4.19mm ‘<

< s
Patch 345 um

100 um 60 um

2.7 mm

Silicon ! A Y

1 1
M 1 Gold coated wafer

Bulk Micromachining “s«o--< Patch antenna

Figure 4.19 (a) Geometry and (b) cross-sectional view of MEMS-based reconfigurable
antenna [40].

Source: © Copyright IRSI-13
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Table 4.12 Dimensions of Proposed Antenna [40]

Parameters Values
Length of the switch membrane 310 pm
Width of the switch membrane 100 pm
Thickness of the switch membrane 0.5 um
Pull-down voltage 30V
Material used for switch membrane Gold
Initial air-gap height 3um

Source: © Copyright IRSI-13
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Figure 4.20 Proposed electrical model of the reconfigurable antenna.

The cross-sectional diagram of the antenna reveals the application of
micromachining in the structure. A standard 675-pm-thick substrate is used
as a base for the antenna. The actual radiation is positioned on a very thin
silicon membrane (26 pm), which helps to improve the gain, bandwidth,
and efficiency of the antenna. The proposed electrical model of the antenna
is shown in Figure 4.20. This antenna can be modeled as a resonator circuit
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tuning in TM,, mode. The resonator is represented by a tank (parallel RLC
network) circuit. The resonance frequency is mainly governed by the combi-
nation of L,y and C,, or (L, I L’;) values. Resistance (R;,) determines the
impedance bandwidth profile. Frequency reconfigurability is obtained by
implementing a switch between L, and L’,. Thus, the center frequency is
altered from one value to another.

From the physical geometry, it can be seen that, with the alteration of
switch states, one additional conducting portion (T-shaped stub) is appended
to the main patch. Thus, the electrical length changes. Input feeding is sym-
bolized as a combination of R;and L. The finite value of metal’s conduc-
tivity is reflected in the non-zero value of Ry while the change in current
distribution is represented by the L; parameter. Further, with the application
of DC actuation voltage or electrostatic force, the RF-switch exhibits two
different states, ON/OFF: in other words, Up/Down. The RE-MEMS switch
can be modeled in terms of R, L, and C, which has been included in the
antenna structure, as shown in Figure 4.21.

Here, the switch is represented by a two-state (digital) capacitor, whose
value can be high or low depending upon the state of the switch. Usually at
rest, it shows a lower value, and when DC voltage is applied, the capacitor
value shoots up. The ratio between these two capacitors is known as the fig-
ure-of-merit (FOM), which basically decides the performance of the switch
at the OPEN or DOWN state by its isolation property. Additionally, at the
down state of the switch, the inductance (L,;) and contact (R,) resistance

-5
] e Switch Down (Model)
104 == Switch Up (Model)
N == = Switch Down (FEM)
154 == = Switch Up (FEM)
@ -20-
k) ]
0 .25
-304

-354

-40 -

14.0 ' 14'.2 ' 141.4 ' 1¢1|.6 ' 141.8 ' 15.0
Frequency(GHz)

Figure 4.2] Comparison of FEM data and circuit model data.
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Table 4.13 Parameter Values of Equivalent Circuits of Reconfigurable Antenna

Parameter Values Parameter Values

Rs 1Q Cop 28.5 pF
L | fH Coown 2.076 fF
Ro 50 Q Ly 7.622 pH
Lo 0.124 nH Ry 0.035Q
Cio | pF L' 3.72nH

parameters come into the picture. It can be clearly seen that, when the switch
is closed, the overall inductance becomes a parallel combination of both L,
and L'}, which shifts the center frequency (f,) to 14.3 GHz. In Table 4.13, all
the parameter values for circuit elements are summarized. A graph is drawn
between the modeled data and full wave analysis results for two distinct
states of RF switch. Close relevance is observed.

4.7 SUMMARY

This chapter shows the easiest path for beginners in this field from start-
ing from scratch to complicated 3D model creation and optimization for
printed antennas. Three popular types of printed versions of antennas were
discussed here as case studies: ESA, fractal-based UWB antenna, and finally
reconfigurable MEMS-based antenna.

The authors have proposed electrical models for all antenna types, which
demystify the working principles of the structures in a very simple manner
without applying any unwanted mathematical complexity. Comparison of
the model data with the results obtained from full-wave analysis validates
the proposed circuit model.
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Problems

1. What is modeling of an antenna? Why is it needed?

2. What is an electrically small antenna?

3. What are the different practical applications of small antennas?

4. What is the UWB range?

5. Write down the salient features of UWB communication.

6. Why is frequency notching required for some bands in UWB

—
SECE

11.
12.

communication?

What is a fractal? How is it used in antenna engineering?
What is an on-chip antenna? Where can it be used?
What are inter- and intra-chip communication?

. What is the Friis transmission formula?

What is a re-configurable antenna?
How do you make a re-configurable antenna?
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Chapter 5

Printed Antennas for
Biomedical Applications

5.1 INTRODUCTION

In recent years, printed antennas have found wide applications in medical
science. In terms of wireless telemetry with a high or appreciable data rate,
miniaturized versions of antennas are gaining popularity. Broadly, the usage
of antennas in the biomedical field can be categorized as follows: diagnos-
tic, monitoring, and therapeutic applications. Wireless transmission is most
commonly performed in the 402-405-MHz band, 915-MHz range, or 2450-
MHz band, which has been exclusively allocated for medical implant com-
munication systems (MICSs), is internationally available and feasible with
low power circuits, falls within a relatively low noise portion of the EM spec-
trum, and allows for acceptable propagation through human body. Design-
ing antennas for biomedical usage is overall a challenging task [1-8]. A few
issues have to be addressed whenever we deal with such radiators: the high
permittivity of biological tissues, conductive nature of human body material,
exposure or radiation limits considering human health, bio-compatibility
concern, and so on; apart from these concerns, a useful link budget has to
be maintained well for wireless data communication along with a high data
rate of transmission.

In this chapter, the authors highlight one of the most recent topics of
research on antenna engineering for biomedical applications, wireless cap-
sule endoscopy (WCE). Currently, medical practitioners use conventional
endoscopy to detect the presence of any malignant tissue within the diges-
tive tract. Real-time images are captured during this diagnostic process, and
usually it is easy to capture images of the upper part of the tract and small
intestine. But this is not as much the case for the lower portion of the colon
and rectum [9]. Additionally, the traditional endoscopy system is painful to
patients and time consuming. To alleviate all these practical issues, wireless
capsule endoscopy was convinced. This method is painless and non-invasive
in nature. In this technique, a capsule is swallowed by the patient and starts
to capture images of internal tissues while traverses the gastrointestinal tract
(GI) under gravitational force. These real-time images are sent outside the
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body in the form of digital data (2 images/sec). The operational life of the
battery inside the capsule is 8 to 10 hours [10].

An antenna acts as an “electronic eye” for the WCE system. The dispersive
nature of human tissue plays a key role in designing such antennas. In the
wireless capsule endoscopy method, an important point to be considered is
the omni-directional radiation pattern of the antenna, along with its broad-
band nature.

In this chapter, we touch upon two different schemes, elaborating upon
them with a focus on WCE antenna design and development. These are:

1. Inside the capsule
2. Outside the capsule

5.2 ANTENNA DEVELOPMENT INSIDE THE CAPSULE

Though using the surface area of the capsule provides a larger gain and
bandwidth for the antenna, it introduces other problems of signal intercon-
nection in the final stage of assembly during placement of all the electronic
parts inside the capsule.

5.2.1 Antenna Design

Here, the authors present a miniaturized version of the antenna which can be
fitted inside a capsule in flat form instead of wrapping it inside or outside the
wall of capsule in conformal form. The antenna is designed for the 915-MHz
ISM band. Its size is only 7 x 7 mm?, which can easily be accommodated inside
the standard capsule (26 x 11 mm?). The base substrate is 675-pm-thick high-
resistive silicon (p > 8 KQ-cm, ¢, = 11.7, tand = 0.01); the silicon antenna paves
the way for monolithic integration with other electronic components of the
endoscopy capsule. Further micromachining processes can be implemented to
achieve higher gain and bandwidth for this miniaturized antenna.

The proposed antenna is a slot-line fed (50-Q) structure. The architecture
of the antenna is shown in Figure 5.1.

Here, the parameter s determines the characteristic impedance of the
slot line using the closed-form Equation (1) [11]. For this electrically small
antenna, the overall dimension is considered one-tenth of the guided wave-
length (i,).

1200 K(k,)

X

Zo(.f,tzo): Sq”, K(k(,)) (1)

where
K(k) = complete elliptical integral of the first kind
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Figure 5.1 Proposed antenna. (a) Architecture of antenna. (b) Antenna inside the capsule.

K = aspect ratio of structure
&, = Effective permittivity of structure

K(K)=K(J1-#")

As the slot-line is a balanced transmission line, to make a connection with
a standard RF coaxial cable, a balanced-to-unbalanced impedance trans-
former, that is, a Balun circuit, is essential. The antenna is placed horizon-
tally at one side of the inner space of the capsule, and the other side remains
vacant for the placement of the camera, battery, and other components.
The optimized dimensions of the antenna for 915 MHz are summarized in
Table 5.1. For bio-compatibility concerns, a 100-pm-thick polyetherether
ketone (PEEK; ¢, = 3.2, tand = 0.01) coating is chosen as the capsule shell to
prevent any malignant effects with biological tissue.

For simulation purposes, the antenna is placed inside the capsule, which
is ultimately positioned symmetrically within a cubical homogeneous muscle
phantom (as a reference case). Similar procedures have been carried out for
other human phantoms, like muscles, the stomach, and small intestines. The
dimensions of the cable are chosen as 183 mm (0.5 A, to 0.6 4,) to avoid
any unwanted modes. The capsule antenna arrangement in Figure 5.1(b)
was implemented at the center of the muscle tissue phantom, as shown in
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Figure 5.2 Capsule antenna inside the colon phantom.
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Figure 5.3 Current distribution of the proposed antenna at 915 MHz.

Figure 5.2. The surface current distribution of this electrically small antenna
is shown in Figure 5.3. The maximum current inside the geometry flows in
the unified direction at each end. This is the main source of radiation. At the
center of the antenna, currents are out of phase with each other, so it makes
hardly any contribution to antenna radiation.

5.2.2 Parametric Studies

The most important design parameter of this antenna is the slot dimension,
s, and the others are chamfering radius (R), length (72), and width (z) of the
upper metallic strip, as shown in Figure 5.4(b).

The slot dimension determines the 50-Q impedance balance profile.
Any major deviation from this may lead to mismatching, as shown in Fig-
ure 5.4(a), whereas Figure 5.4(b) depicts the effect of the chamfering radius
on the reflection coefficient of the antenna.

Any sharp transition (R = 0 to a finite value) may degrade the performance
metric (S;;) even by 50%. So an optimum value of R is chosen as 1 mm.
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Figure 5.4 Parametric study of antenna geometry at the center for colon tissue. (a) Slot
line gap dimensions. (b) Chamfering radius. (c) Length of the metal strip. (d) Width of the
metal strip.
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Figure 5.4 Continued



Printed Antennas for Biomedical Applications 105

Table 5.1 Optimized Dimensions of Capsule Antenna

Parameter Value (mm)
L 7.000
"% 7.000
1 0.925
m 3.600
t 0.300
s 0.110
R 1.000

The portion of the antenna (inverted U-like structure) formed by 1, [, and ¢
makes the actual radiating part. Figures 5.4(c) and 5.4(d) clearly depict the
role of each design parameter. If / is constant (0.925 mm), if 7 is altered, then
the electrical length of the antenna is changed.

As the electrical length increases, the resonant frequency decreases. For
m = 3.6 mm, it tunes at 915 MHz. Figure 5.4(d) explains the physics of the
alteration of dimension ¢. Due to the increase in metal strip width, the overall
equivalent inductance of the antenna will increase, which leads to a lowering
of the center frequency.

Initially, as a reference case, a capsule antenna is considered without any
bio-compatible material or electronics components inside it. Then, it is placed
at the center of the colon phantom, as shown in Figure 5.2. The simulated
reflection coefficient performance of this antenna is shown in Figure 5.5.
It shows an impedance bandwidth between 783 and 1015 MHz. The peak
simulated gain comes out as —=35.5 dBi. Further, while the capsule is coated
in bio-compatible material (PEEK), it modifies the electromagnetic behavior
of the radiator. Figure 5.6 shows the difference between applications of this
coating material on antenna performance. Results indicate that the resonance
frequency shifts slightly at the higher side due to the decrease of the dielectric
frequency range, and wide bandwidth characteristics are maintained.

When a patient swallows the capsule, it traverses various biological tis-
sues of the GI tract. Different tissues exhibit variable characteristics in the
electrical domain, which can further detune the capsule antenna. So rigorous
study is essential to capture this effect. Figure 5.7 shows explicitly this practi-
cal issue. The performance of the antenna changes, which is summarized in
Table 5.2. This tabulated data shows the change in overall antenna perfor-
mance due to changes in bio-tissue phantoms. During this downward move-
ment of the endoscopy capsule under the influence of gravitational force, the
orientation of the capsule may change randomly. But, for the case study, we
have considered here only +45° rotation with regard to the reference case’s
baseline in the XY, YZ, and ZX planes, as shown in Figure 5.8. Hardly any
significant effect is observed here.
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Figure 5.5 Simulated S,, of the capsule antenna at the center of the colon-tissue phantom.
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Figure 5.6 Effects of biocompatible layer on S| characteristics.
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Figure 5.7 Effects on simulated S, characteristics of capsule antenna with different tissue
phantoms.

Table 5.2 Properties of various tissues of the human body at 915 MHz.

Tissue Colon Muscle Small intestine Stomach
& 57.86 54.99 59 65
o (S/m) 1.09 0.95 2.17 1.19
S,1 (dB) -20.02 —l6.113 -13.23 -24.16
matching
BW (MHz) (1015 (1020 (roz1 (965

—785) =230 —815) =205 —765) =256 —743) =222
Gain (dBi) -35.5 -33 —40 -35.85
Efficiency (%) 0.03 0.06 0.0l 0.03

Despite the previous points, another major point in capsule antenna design
is considering the effect of the battery. As we know, an endoscopy capsule
consists of different electronic components, such as camera, battery, light-
emitting diodes (LEDs), and telemetry units. Among these, the battery can
perturb the radiation field of the antenna significantly. The battery can be
modelled as a perfect electric conductor (PEC) cylinder with 5.5 mm (max)
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Figure 5.8 Effects on S;, characteristics with different capsule orientations.

diameter and 7 mm thickness. The proximity distance between the antenna
and battery is also varied with the parameter D. When D = 0, the radiation
field of the antenna is severely disturbed, which leads to severe mismatching.

At the design frequency (915 MHz), the far-field zone starts from 0.3 mm
and beyond. It can be found from the standard formula of antenna calcula-

2D’
2’0
Here, D = maximum dimension of the antenna, 0.7 mm, and A, =

327 mm.
Accordingly, the battery is placed at a distance of three to four times
2

tions:

Results clearly indicate this phenomenon at D = 1 or 2 mm, as shown
0

in Figure 5.9.
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Figure 5.9 Effects on S, characteristics with electronic (battery) components.

5.2.3 Measurement of the Antenna

For prototype development, the miniaturized antenna was fabricated with
a 675-pm-thick HRS substrate (¢, = 11.7, tand = 0.01 and p > 8 KQ-cm).
Initially, a stack of oxide/nitride (500A/1500A) was formed, followed by
1-pm aluminum sputtering. The antenna pattern was etched with wet etch-
ing chemistry. Finally, the silicon die was attached to a chip-on-board where
the input connection was made through a Balun or impedance transformer.
This assembly enables the user to make a comfortable connection to a stan-
dard RF co-axial cable with 50 Q characteristic impedance. A test fixture is
shown in Figure 5.10.

The simulated and measured reflection coefficient of the antenna resemble
each other, as shown in Figure 5.11. Small deviations are attributed to fab-
rication tolerances.

An electrical model of this antenna module, along with the human phan-
tom, is presented in Figure 5.12. Phantom liquid exhibits conductive as well
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Figure 5.1 1 Simulated and measured reflection coefficients with fabricated prototypes.
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Figure 5.12 Electrical equivalent circuit. (a) Equivalent model of human phantom. (b) RLC
model of antenna module.

as dielectric behavior surrounding the capsule antenna. Here, for simulation
purposes, we consider a cubical shape phantom, the side of which can be rep-
resented by an equivalent impedance of Z,;, Q0. This impedance is composed
of a parallel combination of a capacitor (C,,) and lossy inductor (L,;, with
R,;). C,), indicates the dielectric property of the phantom, whereas the lossy
inductor denotes its conductive (electrical) nature.

The human phantom is electromagnetically coupled with the capsule
antenna. The antenna is represented by a tank circuit (parallel RLC net-
work) with its constituent parts Ly, C;(, and Ry,. It is assumed that the
antenna is tuned at TM;, mode. There is a flux linkage between L,, and
L, which reflects the effect of the human phantom on the actual antenna’s
performance alteration. L, and C,, together decide the resonance frequency,
while the impedance bandwidth profile is governed by R;,. The feed portion
is represented by R, and L,. The finite conductivity values of the metal strip
give a non-zero magnitude of R,, and the variation of current crowding is
symbolically expressed in terms of L,.
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Figure 5.13 Measurement setup for fabricated antenna.

To characterize the antenna, in vitro measurement was performed with the
help of a vector network analyzer (VNA), R&S-ZVA-40, and a cylindrical
glass beaker full of phantom liquid, as shown in Figure 5.13.

The beaker size was chosen so that it matched well with the simulated phan-
tom size/dimensions. For initial testing purposes, a phantom colon was made
by mixing 24% (by volume) TritonX-100 with 76 % salted aqueous solution
(Nacl+H,0) at 40°C. The salted solution was made with solid contents of 5
gm/L. TritonX-100 is a surfactant which is non-toxic in nature, with a density
of 1.07 gm/cc, molar mass of 647 gm/Mol, r.i. of 1.49, and melting point of
279K. A local hot plate arrangement was created near the test setup. This was
to maintain the in-situ temperature of the experimental setup.

The properties of the human phantom play a crucial role, which needs a
thorough theoretical understanding and practical characterization.

A quad Cole-Cole model, shown in Equation (2), provides a parametric
representation of the basic four types of dispersions in biological tissues, o,
B, v, and 8.

&, (f)=¢,(/)-Jje (f) (2)
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where

, & —-&
(/) =6, +3, —
1+ i

o

" Opc
g, (f)= ngo

€, ¢,,and g," are the complex relative permittivity, relative permittivity, and
loss factor, respectively. is the DC conductivity, and and are the /th static per-
mittivity, relaxation frequency, and distribution parameter in each dielectric
dispersion, respectively.

For colon tissues, the values of ¢,'(f) and €,"(f) can be determined as
follows:

. 51.5 2720
g,(f)=456+ . 006 T ) 0.842
+( if j ]+[_M j (3)

9 6
17.6x10 18x10

p 0.309

&, ()=
2r fg,

g = 8.85 x 1072 F/m

The dielectric property of the human phantom was measured using Key-
sight’s E4991 A impedance/material analyzer instrument using a dielectric
probe kit. Measured and simulated data were compared, as shown in Fig-
ure 5.14. No significant difference was observed. Only 0.3% (max) devia-
tion was noticed. This difference is attributed to human errors associated
with the preparation of the homogeneous liquid phantom as compared to
ideal colon tissue (as used in FEM simulation).

To validate the design with a much more practical scenario, in the FEM envi-
ronment, an actual human body model was used. Likewise, the Male Torso
model available in ANSYS HFSS software with volume 290x230x 100 mm?
was used for simulation, as shown in Figure 5.15. It summarizes two differ-
ent environments for the antenna: homogeneous and inhomogeneous human
phantoms.

The E-plane pattern is like a figure eight, whereas the H-plane is almost
omnidirectional. This is essential for efficient data transfer during various
positions of the capsule, along with its random orientation. The cross-polar-
ization level is around 40 dB less than the co-pole level. In an actual human
body model, the smoothness of the contour of the radiation pattern is
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Figure 5.14 Simulated and measured phantom properties.
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Figure 5.15 Realistic human body model. (a) 3D realistic human body model. (b) Simulated
S,1 of both single-layer colon phantom and Torso body model.
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Figure 5.15 Continued

slightly disturbed due to asymmetrical changes in the dielectric and conduc-
tive properties in this case. The corresponding peak gain values are -35.35,
-33, -40, and -35.85 dBi, respectively, for colon, muscle, small intestine,
and stomach. This indicates that the peak gain value is a strong function of
the phantom property. Further, budget analysis can be performed with this
gain specification and other relevant parameters using the Friis transmis-
sion formula. The effect of battery cells can be seen clearly in the antenna’s
radiation pattern.

If there is a source of EM energy in the vicinity of the human body, then
we should always consider the specific absorption rate (SAR) to judge the
amount of energy absorbed by the unit kilogram of bio-tissue. Generally,
worldwide, there are two standards per the IEEE C95.1-2005 standard, the
1 g average and 10 gm average. Limiting values of these standards are 1.6
and 2 W/Kg, respectively. To meet the regulation, the allowable power is
3.2 mW for 1 g average SAR (Table 5.3). This value is much higher than
the required transmitted power (25 pw). It means the SAR should not be a

problem for this capsule antenna.



116 Printed Antennas for Wireless Communication and Healthcare

Table 5.3 Maximum Power Limit for Satisfying the Standard SAR in the Human Body at
915 MHz

Antenna Locations I-g SAR power limit (mW)
Muscle 3.2

Stomach 9.5

Colon 8

Small Intestine 6.3

5.3 ANTENNA DEVELOPMENT OUTSIDE THE CAPSULE

Mainly to save inner space for other electronic components within the cap-
sule geometry, conformal antennas are the preferred choice to wrap outside
the capsule wall.

In this section, a wideband thin (100-pm) conformal fractal-inspired min-
iaturized antenna is presented. The targeted frequency of operation is 2450
MHz (ISM band) [12-17]. Second, an iterated Minkowski fractal architec-
ture is implemented here to obtain a wideband profile with a miniaturized
version of the antenna. The outer wall is a prime choice to get the maximum
directive gain and radiation efficiency.

5.3.1 Antenna Design

The whole design is accomplished by considering the standard dimensions
of an endoscopy capsule, that is, 26 x 11 mm?. It is a CPW-fed antenna struc-
ture, designed and developed on a 4-mil-thick flexible substrate LCP with
a dielectric constant of 2.9 and loss tangent of 0.002. It is a non-toxic sub-
strate and bio-compatible in nature. The geometry of the antenna is shown
in Figure 5.16. Its optimized dimensions are shown in Table 5.4. The G/W/G
dimensions of the CPW transmission line determine its characteristic imped-
ance per the standard formula [11], as follows.

_30n K
oop \/g K (k) (4)

where

2

N
o
N—
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Figure 5.16 Capsule antenna. (a) Before and (b) after wrapping the outer wall of the capsule.

a=Wi2ib=a+gsc=g+2.5W,

g, = effective permittivity of the substrate

K(k) = complete elliptical integral of the first kind

k = aspect ratio

Here, fractal geometry is adopted for the miniaturization procedure,
along with the wideband characteristics of the antenna. Implementation of
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Table 5.4 Optimized Dimensions of the Capsule Antenna

Parameter Value (mm)
w 20
L 13
W, 9
L, 1.3
W, |
g 0.2
g 1.2
S 0.6
g 0.2
W, 1.2
w, 6
L, 1.5
L, 1.2
L, 22
W, 22
W,, 0.5
L, 52
0
—a— 1st iteration
— % 2nd iteration
54
g S0 s -eorevever MigeiswrssnersinussisMsvesevsamns floevssessivers foasssasssssasnisve
w::
154
-20 1%¢ Iteration 2" [teration
2.0 2.2 24 2.6 2.8 3.0

Frequency (GHz)

Figure 5.17 Simulated reflection coefficient of the capsule antenna at different iterations
in flat form.

a second iterated Minkowski fractal in this antenna yields an impedance
bandwidth which is 24.5% higher than that of the first iteration, as shown
in Figure 5.17. Generally, the effective electrical length of the antenna is
increased with the number of iterations applied in antenna circuits. Theoreti-
cally, though, a much higher number of iterations is possible. But, practically,
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Figure 5.18 Current distribution of the conformal antenna at 2.45 GHz.

it has some limitations from the fabrication point of view. The critical dimen-
sions of the antenna layout become infeasible in the case of larger iterations
for realization in standard PCB etching chemistry. As the effective length is
enhanced, so the lower cut-off frequency shifts downward (or much lower),
and the upper cut-off frequency shifts towards higher values. Hence, the
dynamic range or operational bandwidth is increased significantly.

Careful design also considers the surface current distribution of the
antenna (Figure 5.18). It indicates smooth flow of current vectors towards
the periphery of antenna, which are responsible for stable and continuous
radiation.

As discussed earlier, the human body or biological tissue plays a very
important role in designing any ingestible or implantable antenna. This is
mainly because of the dispersive nature of the tissue. As the current antenna
resides at the outer wall of the capsule, it needs more emphasis on the reso-
nance behavior of tissue layers. So, here, in full-wave analysis, an eigenmode
simulation was carried out. We consider a human phantom of cubical size
121x121x 121 mm? to predict the frequency characteristics of the phantom.
Table 5.5 summarizes the eigenmode simulation results. It indicates that the
resonance frequency ranges from 241 to 314 MHz, which is far from the
antenna’s operating frequency (2450 MHz). So there is hardly any chance of
interference between these two modes. Figure 5.19 depicts the spatial varia-
tion of the E-field inside the phantom volume.

Further, the capsule antenna is placed inside a human phantom (ref. case-
muscle phantom) of 121 mm?® dimensions. This is equivalent to one free
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Table 5.5 Eigenmode Simulation for Human Phantom

Tissue Resonant Frequency (MHz)
Skin 241.168
Muscle 353.833
Stomach 288.520
Small Intestine 252,117
Colon 313.618

Figure 5.19 Simulated electric field variation inside the phantom box.

space wavelength at the operating frequency for avoiding an unwanted spu-
rious mode.

This cube mimics muscle tissue, which has an electrical conductivity of
1.705 S/m and permittivity of 52.79 at 2450 MHz. The designed structure
offers an impedance bandwidth of 630 MHz (2160-2940 MHz), which is
30.60% fractional bandwidth with respect to its center frequency, as shown
in Figure 5.20.

The variation of the real and imaginary parts of the antenna’s impedance
with regard to frequency is shown in Figure 5.21. It has been observed that
the real part reaches almost 50 Q at 2450 MHz, while the imaginary part
reaches zero, which suffices for design purposes.

The interior electronic components of capsule can also lower the perfor-
mance of the antenna. The battery module especially plays a very important
role. So this phenomenon is studied with a cylindrical battery (considered
a perfect electrical conductor). The performance parameters are shown in
Figure 5.22. Apart from the frequency detuning effect, the peak gain is also
reduced by 2-3 dB.

As the capsule traverses various biological media during the actual endos-
copy operation, the antenna will always see its variable surroundings around
it. This can lead to a change in frequency response as well as the radiation
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Figure 5.20 Simulated reflection coefficient of the capsule antenna at the center of the

muscle-tissue phantom.
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Figure 5.21 Variation of input impedance of proposed antenna with frequency.

— — -With battery
—— Without battery

S,,(dB)

20 22 24 26 28 30
Frequency (GHz)

Figure 5.22 WCE antenna with and without battery inside the capsule.
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pattern of the antenna. To analyze this effect in the simulation, various pos-
sible phantom conditions were created, which resulted in comparative per-
formance data, as shown in Figure 5.23. Table 5.6 summarizes a data set
for various biological tissues at 2450 MHz. this analysis shows that there is
a slight decrease of the antenna’s resonance frequency in the stomach and
colon due to higher permittivity. Despite these variations, the reflection coef-
ficient of the antenna remained below 10 dB between 2.2 and 2.6 GHz in
all cases.

5.3.2 Electrical Equivalent Circuit

The whole antenna assembly can be modeled as a superstrate—substrate
composite structure, as shown in Figure 5.24(a). Here, body tissue acts as a
superstrate. This can also be expressed using a transmission line analogy, as
explained in Figure 5.24(b).

Similarly, with the help of the lumped R, L, and C parameters, the electrical
equivalent circuit of the antenna can be envisioned as shown in Figure 5.25.

6 —a— Colon
—e— Muscle

—&— Intestine

s, (dB)

20 22 24 26 28 30
Frequency (GHz)

Figure 5.23 Simulated reflection coefficient of WCE antenna for different tissues of Gl tract.

Table 5.6 Dielectric Properties of Different Biological Tissues at 2.45 GHz

Tissues &, (Permittivity) o Conductivity) (S/m) Gain (dBi) BW (MHz)
Muscle 52.79 1.705 -30.61 630
Stomach 62.239 2.1671 -33.8I 580

Small 54.527 3.1335 —45 690
Intestine

Colon 53.969 1.9997 -33.63 680
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Figure 5.24 (a) Endoscopy antenna embedded in composite structure. (b) Transmission line
analogy of superstrate—substrate geometry.
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Figure 5.25 Electrical equivalent circuit.

Phantom liquid exhibits electrical conductivity as well as a dielectric
nature and surrounds the capsule antenna.

Here a cubical phantom is taken into consideration. Each side of the cube
is represented by Z, Ohm. Z,, is a parallel combination of an inductor and
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leaky capacitor. The dielectric property of the phantom is represented by
C,, while the finite conductivity of bio-fluid is represented by L, and R,.
The phantom environment is electromagnetically coupled with the capsule
antenna by the flux linkage between L, and L, (inductance of the antenna).
Thus, the environment inductance changes dynamically depending upon the
nature of the bio-tissue. It is reflected in the S;; curve by the detuning factors
observed thereafter. The antenna is represented by a tank circuit (parallel
RLC network), tuning at TM;, mode. Effective inductance and capacitance
determine the center frequency, whereas the resistance changes its imped-
ance bandwidth profile. Little electromagnetic energy is wasted within the
substrate material in terms of leaky and surface waves. It happens due to
the non-zero value of the loss tangent parameter, pinholes associated with
the dielectric material, or trap charges induced during manufacture of the
substrate material. Substrate loss can be explained with the help of a leaky
capacitor concept, that is, R, in parallel with C,. The feed portion of the
antenna is expressed in terms of the series combination of R, and L,. This
indicates the finite conductivity of the metal used in the feed line. For a
certain reference case (muscle phantom), numerical values of each circuit
parameter can be determined by the following mathematical equations, and
Table 5.7 summarizes all obtained parameter values.

_30m K'(h)
= T K (5)

where

¢ Y 2
—a,K(k)_k(,h i)

Table 5.7 Numeric Values of Equivalent Circuit Parameters

Parameters Values
R, 24 Q

L, 1.21 nH
L, 0.37 nH
R, 43 Q

C, 0.21 pF
R 1000 Q
C, 32.34 pF
L, 0.2 nH
G | pF

R 100

<
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Table 5.8 Maximum Power Limit for Satisfying the Standard SAR
in the Human Body at 2.45 GHz

Antenna Locations I-g SAR Power Limit (mW)
Muscle 32

Stomach 9.5

Colon 8

Small intestine 6.3

a= Wf/2;19261+gf;6:gf+2.5 Wf

g, = effective permittivity of the substrate

K(k) = complete elliptical integral of the first kind

k = aspect ratio

Like the previous capsule antenna case, this antenna also suits the bio-
compatible features in terms of SAR value. For different bio-tissues, it has
been evaluated, as shown in Table 5.8.

5.3.3 Measurement of Antennas

After fabricating the prototype antenna, the substrate was wrapped over the
outer wall of the endoscopy capsule. Afterwards, a 0.1-mm-thick spray coat-
ing of PEEK (g, = 3.2, tand = 0.01) layer was applied, which is bio-compat-
ible. Further, a suitable RF connector was assembled to the antenna circuit,
as shown in Figure 5.26. In vitro measurement was done by a VNA, R&S-
ZVA40, and a cylindrical beaker to form the human phantom, as depicted
in Figure 5.27.

The beaker was filled with a liquid mixture mimicking muscle tissue at
2450 MHz. The liquid was made by mixing 26.7% (by volume) diethylene
glycol butyl ether (DGBE: CgHgO;) with 73.2% deionized (DI) water and
0.04% salt (NaCl). The salted aqueous solution was prepared with solid
contents of 5 gm/L. It is an organic compound, which has a very high boiling
point. Figure 5.28 shows a capacitive result between measured and simu-
lated reflection coefficient data for the capsule antenna. The difference is
attributed to fabrication tolerances and unavoidable human errors associ-
ated with the preparation of the phantom liquid mixture.

As explained in the previous section, here also it is necessary to evaluate
the characteristics of the human phantom very well because the dielectric
loading effect can alter the whole resonance behavior of the antenna.

The far-field simulated radiation pattern of the capsule antenna with
all its expected surroundings is shown in Figure 5.29. The E plane is
almost like a figure eight, and the H plane is nearly omnidirectional
in nature. A slight detrimental effect is observed in the presence of the
battery/cell.
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Figure 5.26 Fabricated antenna wrapped outside the capsule.

Figure 5.27 Measurement setup for fabricated antenna.

5.4 LINK BUDGET ANALYSIS

To predict the range of data telemetry, a link-budget analysis was computed.
Figure 5.30 shows a schematic setup for link-budget calculation. The pro-
posed antenna (either inside or outside the capsule) was considered a trans-
mitting antenna, and a half-wave short dipole was considered a received one.
Polarization and impedance matching loss were neglected. Under far field
conditions, the link margin (LM) using the Friis transmission formula can
be calculated as follows in Equation (6).

LM (dB) = Link C/N, — Required C/N,
=(P+G,+G,~L,~N,)~(E, /N, +G,) (6)



Printed Antennas for Biomedical Applications 127

S,, (dB)
=

—— Simulated
— — Measured

; r ; r . .
2.2 2.4 2.6 2.8 3.0
Frequency (GHz)

Figure 5.28 Simulated and measured reflection coefficient of proposed conformal antenna.
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Figure 5.29 Radiation pattern characteristics of the proposed antenna with and without
battery. (a) E-plane. (b) H-plane at 2.45 GHz.
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Figure 5.30 Schematic setup for link-budget analysis.

Table 5.9 Parameters of Link Margin Calculation

Parameters

Inside Capsule

Outside Capsule

Frequency (MHz)

Tx power (P,) [dBm]

Tx antenna gain (G,) [dBi]
EIRP = PG, [dBm]
Propagation

Distance d (m)

Free space loss (dB)

Transmission
915
-10
=355
—45.5

1,5, 10

31.66,45.64,51.66

2450
—4

~30.61
-34.61

1,3,5,7
40.257,49.799, 54.236,57.158

Receiver-Dipole Antenna

Rx antenna gain G, (dBi)
Temperature T, (Kelvin)
Boltzmann constant (J/K)
Noise power density N, (dB/Hz)

E,/N (ideal PSK) (dB)
Bit error rate (P,)
Bit-rate (Mbps) (B,)

2.15

293

.38 x 105
-200

Signal Quality
9.6

I x 105

I

2.15

293

.38 x [0
-199.95

9.6
| x 1073
I
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Parameters Inside Capsule Outside Capsule
Coding gain (G,) 0 0
Fixed deterioration G4 (dB/Hz) 25 25
Link Margin
Distance d (m) 1,510 1,3,5,7
LM (dB) 52.84,38.86, 32.84 48.144,38.60, 34.165,31.243

where P, = input power of capsule antenna, G, = gain of capsule antenna,
G, = gain of receiver antenna, L; = free space path loss [18], N, = noise
power spectral density, E, = bit error ratio, G, = different deterioration, and
C/N, = carrier-to-noise ratio.

Further,

2
4rd
Lf = 1010g10 [/l—j

0

where d = reference distance from Tx to Rx antenna
According to [19], the acceptable path loss for an improved WCE was
73.3 dB.

5.5 SUMMARY

In this chapter, two types of printed antennas are discussed for biomedical
applications in the ISM band. One miniaturized antenna was placed inside
a capsule with an operating frequency of 915 MHz, and another antenna
was wrapped outside the capsule wall with an operating frequency of 2.45
GHz. Parametric studies of the antennas were done to obtain the optimum
design values for both antennas. The maximum simulated gain the inside
antenna was —35.5 dBi in the colon phantom, whereas it was -30.61 dBi
for the muscle phantom in the conformal antenna. Both antennas were fab-
ricated and measured in two different substrates, high-resistive silicon and
liquid crystal polymer, respectively. The variation of antenna performance
with different tissues was also studied, and it was shown that both antennas
had satisfactory performance in various tissues due to their wide bandwidth.
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What is SAR in biomedical engineering?

What is the significance of wireless capsule endoscopy (WCE)?

How do antennas play an important role in WCE systems?

What is bio-compatible material?

What is link-budget analysis? Why is it essential?

What is a link margin?

How does a battery play an important role in antenna design?

How do you characterize WCE antennas?

What are the different challenges in designing antennas for biomedical
applications?

. Why is an omnidirectional pattern essential for WCE antennas?
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Chapter 6

High-Gain Printed Antennas
for Sub-Millimeter Wave
Applications

6.1 INTRODUCTION

Printed antennas for the sub-millimeter wave range are obviously minia-
turized in shape. But, apart from their compact size, they also require a
high-gain profile, which is traditionally achieved with bulky mechanical
structures. Whenever, we think about any system-on-chip (SoC) concept
at millimeter wave (mmW) or sub-mmW frequency range, designing the
antenna also plays a very important role. In the field of medical imaging or
the area of Terahertz application, antennas with high gain and wide band
characteristics are especially essential. This chapter discusses printed ver-
sions of miniaturized antennas with high-gain profiles targeting sub-mmW
applications.

6.2 DESIGN AND DEVELOPMENT OF HIGH-GAIN PRINTED
ANTENNAS

This section deals with the design and development of a high-gain min-
iaturized antenna for sub-millimeter wave application. It is one kind of
antenna array where parasitic elements have been loaded to enrich the
peak gain. The antenna structure is fabricated on a thin (~ 4 mil), flexible
substrate called liquid crystal polymer. This substrate is a non-toxic mate-
rial and bio-compatible in nature. The literature shows that RF circuits
have been demonstrated on LCP even up to 110 GHz [1-5]. This mate-
rial is compatible with the standard CMOS process or micro-fabrication
method. In the current work, we have chosen 4-mil-thick Rogers-made
ULTRALAM 3850-HT LCP substrate, properties of which are summa-
rized in Table 6.1.
The details of antenna engineering are given in the following.
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Table 6.1 Properties of ULTRALAM-3850 HT LCP Substrate

Properties Typical Values

Dielectric constant 2.92-3.32

Dissipation factor 0.0020-0.0038

Thermal Coefficient (¢,) 9 ppm/'C (=100°C to +250°C)
Density |.4 gm/c.c

Dielectric strength 2.27 kV/mil

Volume resistivity 10'° MQ-cm

Moisture absorption <0.4%

Thermal conductivity 0.3 W/m/k

6.2.1 Design of Parasitic Element Loaded Microstrip
Antenna Arrays With Enriched Gain

This section details the design of a rectangular microstrip antenna array
(RMAA) loaded with parasitic elements to achieve very high gain. The tar-
geted frequency of application is 100 GHz. A high peak gain of around
19.3 dBi has been achieved in this planar configuration with five radiating
elements connected in cascade with series feeding. Each of the radiating ele-
ments excites two parasitic patches placed on both sides of the non-radiating
edges. Figure 6.1 shows the schematic of the antenna array. This array archi-
tecture comprises five primary patches (length L and width W) with ten
parasitic elements (length L and width Wp). The dimensions of the patch can
be evaluated by Equations (1)—(2) [6].

C 2
=5 (1)
L\ 1+e,
c 1
L= ——2AL 2
N 2)

where

f, =100 GHz

&, = elective dielectric constant

AL = extended length on both sides of the radiating patch due to fringing
field [6]

In this series-fed array configuration, small segments of transmission line
between primary patches are used for impedance matching as well as for
phase-balancing purposes. The dimensions of this Tx-line segment, length ¢,
and ¢, and width W, and W,,, are computed by standard design equations
available in [7]. Parasitic elements, along with the primary radiators, enhance
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Figure 6.1 Top view and dimensions of RMAA with parasitic patches.

the aperture size of the array structure, which in turn becomes responsible
for the high-gain profile.

Parametric study has been carried out to optimize various design param-
eters for this array design. In particular, here the gap between the main radi-
ating elements and parasitic patch and the width of parasitic elements play
important roles. Figure 6.2 depicts an abstract of the parametric study. The
gap g determines the amount of E-field coupling strength between the main
radiating element and the parasitic patches [8]. As the antenna is realized
implementing the standard PCB etching chemistry, hence any design dimen-
sion below 3 to 4 mil is hard to achieve. Simulation study reveals that up
to g values of 200 pm, the reflection coefficient of the antenna doesn’t alter
significantly.

While the width of the parasitic patch is changed, the overall input imped-
ance of the antenna is changed, and other spurious modes also try to appear.
The surface current distribution plot explains this phenomenon clearly.
Finally, the optimized dimensions of the RMAA architecture are summa-
rized in Table 6.2.

The surface current distribution of this enhanced gain array antenna is
depicted in Figure 6.3. It reveals that the energy associated with each patch
element monotonically decreases from the directly fed array element to the
last element. This is because most of the energy is radiated by the first patch
itself, and the rest is passed to the next patch, which radiates a partial amount
of energy, partially transfers to the next patch, and so on.

The simulated far-field radiation pattern of the antenna is shown in Fig-
ures 6.4 and 6.5. The H-plane indicates a broadside pattern in the bore sight,
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Figure 6.2 S parameter for (a) width W variation and (b) gap g variation.
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Table 6.2 Optimized Dimensions of RMAA

Variables Without Parasitic With Parasitic
Elements (um) Elements (um)

L 2489 2489

w 3078 3078

L 1293 1293

[ 2685 2685

Wy, 690 500

W, - 1539

g - 200

h 100 100




High-Gain Antennas for Sub-Millimeter Wave Applications 137

Isurt [(A/n]

700, 000
6% B34
SW.0%s
N7y 3276

816, 6105
365, 930S
321.%0%6
282. RS2
87,9585
217. 7908
191,293
168,019
1IN7.5773
129.6223
113.8518
100, 0000

Figure 6.3 Surface current distribution for RMAA.
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Figure 6.4 Simulated far-field radiation pattern of the RMAA at 100 GHz in (a) E-plane and
(b) H-plane.

and the cross-polarization level is well below (~38 dB) the co-polarization level,
whereas the E-plane pattern is like a flower with multiple petals. Peak simulated
gain is around 19.2 dBi, with a radiation efficiency of more than 80%.

6.2.2 Antenna Fabrication

After optimization, the final prototype structures are fabricated on 4-mil-
thick LCP (g, = 2.92, tand = 0.002) material, as shown in Figure 6.6. Stan-
dard wet etching chemistry is implemented to pattern the metal layer (18 pm
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aCanTota)

Figure 6.6 Fabricated prototype antenna on LCP: (a) array with/without parasitic elements;
(b) the flexibility of the structure.
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copper on the front side). To realize the microstrip ground plane, the back-
side metallization layer is kept untouched. A special type of RF-connector is
essential for testing such antennas.

6.3 SUMMARY

This work focuses on exploring the capability of printed antennas with very
high gain for sub-millimeter wave applications. Along with this, it also out-
lines the possibility of framing flexible electronics for such high-frequency
usage. LCP is chosen for this R&D activity, and its flexibility, non-toxic char-
acteristics, light weight, robustness in harsh environment, and above all ease
of making circuits make this an attractive candidate for several commercial
as well as strategic applications in the very near future. Prototypes have been
fabricated for proof of concept.
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Problems
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What is flexible electronics?
Give some examples of flexible electronics.
What is LCP?

Why is LCP substrate becoming popular for current electronics?

. What are the different ways to improve the gain of printed antennas?

What is the sub-mmW frequency range? What are its usages?

Why is a high-gain antenna required for the sub-mmW band?

What is capacitive loading in antenna engineering?

What are the different features of substrates required for biomedical
applications?

. How are leaky-wave and surface-wave problems associated with antenna

substrate height and its dielectric properties?



Chapter 7

Systematic Investigation
of Various Common
Imperfections in Printed
Antenna Technology
and Empirical Modeling

7.1 INTRODUCTION

In the last six chapters, the authors have discussed the evolution of printed
antennas along with their wide application. Then we outlined various modeling
approaches for those antenna modules in context with equivalent RLC net-
works. How miniaturization techniques are adopted for modern antennas has
also been outlined. The use of fractal geometry in antenna engineering is also
one booming technique. Apart from the conventional RF/wireless communica-
tion field, miniaturized antennas are finding great importance in the modern-
day biomedical field. They are becoming an inevitable part of our day-to-day
life. People have reported numerous techniques of printed antenna develop-
ment work in the last 30 years, but every method has its own pros and cons.

In this chapter, we focus on some of the common imperfections involved
in the development of printed antennas. In parallel, each phenomenon will
be expressed with an empirical model, which sheds significant light on the
problem for better understanding of the imperfection. Broadly, these imper-
fections are categorized into two classes: fabrication related and assembly
related. The following sections will examine them.

7.2 FABRICATION-RELATED IMPERFECTIONS

This section will discuss various common fabrication issues of printed anten-
nas. These are as follows.

7.2.1 Surface Roughness or Hillocks

In an active or passive device, the conduction current flows through the met-
allization layer, though theoretically it is assumed that the metal surface is
ultra-smooth. In practice it doesn’t happen this way because of fabrication-
related irregularities or environmental effects, such as corrosion. In the case
of RF devices, this roughness plays a very important role, especially at the
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higher side of the EM spectrum, while the roughness profile is comparable
to the skin depth. The conductivity of metal and its surface impedance can
be changed significantly because of this imperfection. Usually two popular
models are adopted to investigate surface roughness—related matters: the
Hammerstad-Bekkadal [1, 2] and Huray [3-5] models.

7.2.1.1 Hammerstad-Bekkadal Model

In this model, surface roughness is treated as series of peaks and valleys, as
shown in Figure 7.1(a). This model yields good results when the RMS value
of roughness (hg ;) is comparable with skin depth (8;,). The roughness fac-
tor (f,) given in this model is expressed as

2
I =1+£z‘arfl 1.4(hkﬂj (7.1)
T 5skin
where &, is given by
6skin = ( 2 )%
O-smooth op (7.2)

Hence, the modified conductivity of material (5,,,,) is

rough ~— f; (7'3)

Figure 7.1 Roughness profiles of surface assumptions for the (a) Hammerstad-Bekkadal
model and (b) Huray model.
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Figure 7.2 (a)Variation of conductivity with respect to frequency and (b) S,, plot for Ham-
merstad-Bekkadal model.

Equations (7.1)—(7.3) give an idea of the modified metal conductivity in
context with surface roughness. It clearly indicates that the skin-depth can
also be changed. The variation of metal conductivity with respect to fre-
quency is shown in Figure 7.2(a), and how this modulated conductivity can
affect the attenuation factor in the feed network of the antenna structure is
also shown in Figure 7.2(b) using the Hammerstad-Bekkadal model.

7.2.1.2 Huray Model

This model considers the roughness profile through hemispherical snowballs
of radius 7 on the surface, as shown in Figure 7.1 (b). The roughness factor
(f,) in this model is expressed as
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Ana’N
3 A
Sonamar =15 5 5 (7.4)
1 + skin + skl;
a 2a

where, N is expressed as

_ Volume of surface
Volume of each Snow ball (sphere) (7.5)

Considering a metallization thickness of 3 pm for the Huray model, the
radius of the snowball can typically range between 0.1 and 1.5 pm. Fig-
ure 7.3 depicts the modified conductivity due to the surface roughness fac-
tor, along with the attenuation factor.
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Figure 7.3 (a) Variation of conductivity with respect to frequency and b) S,, plot for differ-
ent radii of snowballs using the Huray model.
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7.2.2 Voids in Via-Hole Filling

Interconnections and grounding play a key role in advanced radio frequency
and mixed-signal integrated circuits. Vias are implemented in single-layer
or multilayer PCBs and RFICs to provide ground paths or connect various
layers [8]. Printed antenna technology often uses this via-hole architecture to
enhance the gain and power handling capability. The literature has reported
prediction of an accurate, simple, and scalable model of the via-hole [9-10].
But there is hardly any literature which talks about the practical imperfec-
tions imposed by the fabrication process on via-hole modeling. Generally, it
is a very common issue of the formation of voids with the plating (or metal-
lization) of the via-hole structure. This can lead to a complete change of the
current distribution profile. The whole empirical circuit model can be now
thought of as shown in Figure 7.4.

Overall inductance, capacitance, and resistance profiles are altered signifi-
cantly with the inclusion of voids in the metallization pattern. This change
in values of R,;,, L,,, and C,;,, depends upon the size and number of voids
formed. There may even be formation of an extra parasitic capacitance
(Cpara) due to this.

7.2.3 Voids in Traditional Conducting Plates of Radiator
or Feed Networks

Due to unexpected contaminations present in the pre-metal process step(s),
there may be a chance of void formation in the metallization layer. This void
can give rise to a change of current vector direction as well magnitude along
with extra inclusions of fringing fields. Though this effect can be neglected in
DC or in lower-frequency applications, while entering the field of microwave

—_— A N—

C

para o

Figure 7.4 Proposed electrical equivalent of via-hole with void in its plating.
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Figure 7.5 Electrical equivalent of faulty metalized feed structure with voids or scratches.

or millimeter waves or a sub-mmW regime, huge signal loss or a change in
the current vector can deteriorate the expected results. A simple metal line
with a void structure can then be modeled as a series of Ry, L and C,,,;4, as
shown in Figure 7.5, where Ryand Lyare variable in nature, depending upon
the nature of void formation.

7.2.4 Unexpected Polymer Residues in the Gap Between
Two Metal Traces

Though proper cleaning steps are included within micro-fabrication pro-
cesses after metal etching (whether dry or wet), there may a small chance of
polymer residue remaining if the gap between two consecutive metal strips
is very narrow. There is a probability of such an incident in the case of very
high frequency RF-ICs or a system-on-chip (SoC), where metal traces are
densely populated. In an antenna array structure, various metallic lines run
in parallel side by side in close proximity. These unexpected residues may
sometimes short two strips or invite perturbation in the electric field between
two adjacent traces. This imperfection may be electrically modeled as fol-
lows (Figure 7.6). Depending upon the volume and position of the polymer
residue, the value of C,,,,. changes.

7.2.5 Cavity Opening Problem in Bulk Micro-Machined
Antennas

Bulk micromachining is a process which is widely used for realization of
multiple kinds of MEMS antennas. Whether it is partial etching or through
and through wafer etching [6, 7], it plays a key role in establishing the mer-
its of a MEMS antenna over its traditional printed version counterparts.
Usually, in an anisotropic wet etching method with the help of tetra methyl
amino hydroxide (TMAH) and potassium hydroxide (KOH), silicon wafer
micromachining is performed. Between these two, KOH has become more
popular because of its inherent advantages of a less toxic nature and high
etch-rate of 1.1-1.2 pm/min, compared to 0.8 pm/min for TMAH solution.
A standard process of 40% KOH solution at 80°C is the optimum method for
silicon micromachining, but it requires continuous stirring to keep the whole
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Figure 7.6 Schematic model of the polymer residue remaining between two metal strips
in a high-frequency circuit.

solution homogeneous. Using the etch-stop method at the right instant con-
trols this process. Although precautions [11, 12] are taken during processing,
there may be a high chance of non-uniformity in the case membrane thick-
ness at the last stage of the whole process. This non-uniformity may be of
two types: within wafer or wafer-to-wafer. Now, suppose there is an antenna
array that has N elements. Though during design stage, the antenna was
optimized by assuming uniform membrane thickness beneath each element,
however due to variation in the fabrication processes, each of the radiating
element looks at a non-uniform silicon membrane below it. Ultimately the
resonant frequency will be changed along with its other radiation charac-
teristics. The whole phenomenon can be explained with the help of the pro-
posed electrical model, as shown in Figure 7.7.

The center frequency of the antenna is controlled by the C;, and Ly, val-
ues, while the impedance bandwidth profile is governed by R,. For the non-
uniform nature of the bulk micromachining process, the C;, value changes.
C,, is the series equivalent capacitance of C,, (capacitance due to the etch-
stop SiO, layer), C; (capacitance due to the Si membrane), and C,;, (capaci-
tance due to air pocket formed between the Si wafer and bottom ground
plate). Due to non-uniformity in etching, Cs; and C,;, change dynamically,
which changes the C,, values and in turn alters the resonant frequency

1
(fo =—————| of the antenna.
2w

\/LIOCIO
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Figure 7.7 Proposed circuit model of (a) single element micro-machined patch antenna; (b)
equivalent capacitance of the tank circuit showing its all components.

7.2.6 Sagging Problems in Surface Micromachining

In the realization of various tunable or reconfigurable antennas in RE-MEMS
technology, usually a cantilever or fixed-beam configuration type of RF switch
or its derived circuitries are employed. Surface micromachining is the back-
bone of realization of such devices and suffers mainly due to stiction. Many
methods have been reported in recent times to alleviate this process issue [13].
But it is really very difficult to get a perfectly straight hanging membrane with-
out any sagging due to processing issues or internal residual stress problems.

Due to this sagging, an unexpected variation of the initial air gap-height
occurs, which in turn can change the ON-state capacitance (C,,-state) value
at the higher side. This way, the figure of merit of a capacitive structure
deteriorates, which in turn leads to poor RF performances. The electrical
equivalent of such an imperfection is shown in Figure 7.8.

7.2.7 Improper Wafer Bonding or Misalignment in 3D
Vertical Integration

Wafer bonding is a unique feature of MEMS technology, which is not
possible in the standard CMOS process. Various three-dimensional struc-
tures (cavities, resonators, filters, waveguides, aperture-coupled antennas,
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Figure 7.8 Electrical equivalent of sagging-induced membrane in RF switch structure.

antennas with multiple substrates, etc.) can be made faithfully in RE-MEMS
with the aid of a bonding mechanism. Today, literature can be found where
it has been shown that vertical integration is an inevitable technique which is
often used in the realization of aperture-coupled antennas or antennas with
multiple other building blocks in the system-on-chip concept. Usually, the
anodic and eutectic categories are very popular [14, 15]. The main promising
feature of this technique is that user can get a higher Q-factor-based cavity
or resonator structure or an antenna with the desired air pocket beneath the
patch per design requirements, which is hardly possible in the conventional
microfabrication process because of several constraints. This whole process
is governed by the ultra-clean surface of the bonded materials, and alignment
accuracy is maintained throughout the process. A particle in the bonding sur-
face can be the cause of a future void or crack and thus lead to leakage of the
cavity. On the other hand, a misalignment can alter the shape of the intended
cavity, and thus its capacity to store electromagnetic energy or Q-factor will
be changed. Thus the eigenmode pattern will also be altered, which will dra-
matically vary the frequency characteristics. For a better understanding of
this process-related error, in Figure 7.9, one cavity structure is shown. Here,
it is observed that using the “split-block” technique, two similar halves of
the devices are made separately, like for a rectangular cavity resonator. For
the misalignment issue, the equivalent capacitance and inductance change
because of the changes in the internal magnetic field distribution and electric
field pattern. Hence, the whole frequency response of the circuit is changed.
In the case of aperture-coupled antennas, a simple misalignment can be the
cause of spurious radiation or inefficient excitation of the main radiating
element.
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Figure 7.9 Proposed electrical equivalent of the cavity resonator structure.

7.3 IC ASSEMBLY OR PACKAGING-RELATED ISSUES

7.3.1 Effect of Epoxy Spreading

During assembly of the RF connector at the feed portion of the printed
antenna, unexpected spreading of conductive epoxy or solder materials may
happen, as the whole process is done manually. If it is a CPW-type feeding,
then it can lead to a change in actual gap dimensions. Hence, the expected
50-Q value of the standard characteristic impedance degrades, which may
randomly affect the impedance matching profile. Simulations results show
that the characteristic impedance can even fall in the range of 30 to 40 Q
instead of 50 Q due to this.

The effect of epoxy has been analyzed in electro-magnetic solvers, as
shown in Figure 7.10. It reveals that the S;; value can degrade up to 8 dB
for the asymmetrical spreading of conductive epoxy at the feed portion of a
simple 50-Q CPW transmission line [16]. This imperfection in the IC assem-
bly process can be electrically modeled as follows in Figure 7.11.

Due to unexpected spreading of conductive epoxy, with the transmission
path, there is a certain localized change in capacitance (AC) and conductance
(AG) values.

7.3.2 Improper Wire Bonding

Traditionally, the wire-bonding technology is used in IC packaging field
to make out the electrical connection between chip-to-package. In System-
in-Package (SiP) or Antenna-in-Package (AiP) during the realization of
multichip modules (MCMs), wire bonds are absolutely essential. At the
higher frequency range, they have a detrimental effect on RF performance.
It can be thought of as a parasitic inductor series with a resistor if its
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Figure 7.10 Effect of epoxy/solder spreading at the CPW-type feeding point of a printed
antenna.
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Figure 7.11 Proposed electrical equivalent of transmission line model with unwanted
epoxy in the structure.

dimension is shorter than the operating wavelength. When a RF-current
cycle increases and decreases in a sinusoidal fashion, the magnetic field
surrounding a bond-wire expands and contracts, including a time-vary-
ing voltage. Ideally, bond-wires should be placed one-quarter wavelength
(operating frequency) apart or less, not in an arbitrary fashion. Other-
wise, their interactive coupling fields may affect the performance of the
device. The skin-depth phenomena should also be taken into account. So
the dimensions of the wire become very important. As a rule of thumb,
a 1-mm-long, 1-mil wire provides 1 nH inductance [17]. However, in
practice, people used to keep unnecessarily long bond-wires for their RF
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Figure 7.12 Proposed electrical equivalent of bond-wire geometry.

circuits or in some instances the bond wire is not terminated suitably. It
will be a significant reason for signal loss and can even be a root cause
of device failure. For 40-50 GHz or beyond, a wire bond may act like an
electrically small antenna.

The proposed model (Figure 7.12) shows a simple bond-wire of improper
detention or end connection can act as a tank circuit with variable frequency
characteristics. With the change of basic bond-wire geometry, its parasitic
inductance and capacitances are changed.

7.4 SUMMARY

This chapter discusses various process issues and packaging-related imper-
fections in the realization of printed antennas. Additionally, it explains
every phenomenon with an electrical equivalent circuit model (empirical
type). Thus, the working principle of the concerned antenna can be under-
stood very easily. A total of 11 such practical scenarios have been dem-
onstrated in this chapter. Per the authors’ knowledge, such an attempt to
explain all possible imperfections in printed antenna technology has not
been tried to date. Failure analysis of the device can be done very easily
using this work.

In the future, much more extensive research work has to be done in
this field to predict the value of each circuit parameter. The vector-fitting
curve method, along with experiments, can solve the mystery in a proper
way.
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. What is stiction? How it can affect device performance?

. How does bond wire play a key role in RF design?

. How do you model a bond wire for high-frequency circuits?

. What is the misalignment issue in the wafer bonding procedure?

What are the common fabrication issues in printed antennas?

What are the various assembly-related issues in antenna circuits?

How do you model a bulk-micromachined antenna with an improper
cavity opening?

How do you model the plated through via hole?

What is the importance of plated through via technology in the antenna
field?

What is 3D integration? How is it relevant to the antenna field?



Chapter 8

Multiple Input and Multiple
Output Antennas

8.1 INTRODUCTION

Modern wireless communication world demands high-gain, compact, por-
table devices supported with enhanced data throughput for multiband uti-
lization. The demand for higher data rates with longer distance has been
creating a revolution behind the development of multiple inputs—multiple
outputs (MIMO) technology. These days, WiFi, long-term evolution (LTE),
and many other radio, wireless, and RF technologies are using the MIMO
technique to acquire enhanced link capacity and spectral efficiency com-
bined with improved link reliability. Work in this area started back in 1998;
however, wide spreading of its applications/usages are observed in recent
times because of its several promising features. In general, wireless channels
may be affected by fading factors, thus leading to changes in the overall
signal-to-noise ratio. In turn, this may impact the error rate. The concept of
diversity is conceived to mitigate these kinds of losses.

There are three different diversity modes available for wireless commu-
nication systems: time diversity, frequency diversity, and space diversity.
Using time diversity, a message may be transmitted at different time instants,
whereas in frequency diversity, different frequency bands are used for opera-
tion. It may be by using different channels or technologies such as spread
spectrum or OFDM. Space diversity employs multiple antennas located in
different positions to take advantage of different radio paths. In a broader
sense, this is the basis of MIMO technology. It can be viewed as a logi-
cal extension to the smart antennas that have been used for many years to
improve the quality of wireless channels.

A general outline of a MIMO system is shown in Figure 8.1, where [H]
is the channel information matrix and b;; is the fading coefficient of the ith
transmitting and jth receiving antennas. Traditional MIMO systems may
have two or four antennas at either or both the transmitter and receiver
sides.

However, while tens or hundreds of antennas are used in MIMO sys-
tems, this is popularly termed massive MIMO, which creates more degrees
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Figure 8.1 MIMO antenna arrangement.

of freedom in the spatial domain and therefore enables the whole system to
improve.

Three basic performance metrics are enhanced with massive MIMO tech-
nology: increasing data rate, empowering the SNR, and hardening the wire-
less channel.

Depending upon the number of users in the MIMO system, it can be
broadly classified into two categories: single-user MIMO (SU-MIMO) and
multi-user MIMO (MU-MIMO).

For years, communication engineers assumed that the theoretical chan-
nel capacity limits were defined by the Shannon-Hartley theorem defined in
Equation (1)

Capacity(C) = BW xlog,[1+ SNR] (1)

It demonstrates that an increase in a channel’s SNR results in marginal gains
in channel throughput. Hence, the traditional way to achieve higher a data
rate is by increasing signal bandwidth. However, increasing the bandwidth of
a communication channel by enhancing the symbol rate of a modulated car-
rier increases its susceptibility to multipath fading. A MIMO system offers
an interesting solution to this fading issue by providing multiple antennas
and multiple signal paths to gain knowledge of the communication channel.
By using the spatial dimension of a communication link, a MIMO system
can achieve significantly higher data rates than traditional single input-sig-
nal output (SISO) channel.
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Here, the channel capacity can be estimated as a function of N spatial
streams. Hence, Equation (1) can be modified as

Capacity = N x BW xlog,[1+ SNR] (2)

Microstrip antennas (MSAs) are widely used in MIMO techniques due to
their different advantages such as low cost, low profile, ease of fabrication,
ease of integration with other microwave monolithic integrated circuits
(MMICs), planar structure, and ability to generate both linear and circular
polarization, though there are also different disadvantages to MSAs such
as low gain, narrow bandwidth, low efficiency, and lower power handing
capacity. Generally microstrip antennas can be rectangular, circular, square,
elliptical, and triangular in shape, but in MIMO design, rectangular and
circular antennas are preferable because of the characteristics of low cross-
polarization level and low side-lobe level. If the length L and width W of
a rectangular antenna are used for the MIMO technique, then W can be
calculated by Equation (3) [1]

Vo |2
TR vl

where v, is the velocity of light in air, f, is the resonant frequency, and ¢, is
the dielectric constant of the substrate. The effective length of the antenna
can be calculated by Equations (4 and 5)

L =L+AL @
[=—20
“af e, (5)
Again, L= % —-2AL
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But due to low bandwidth, MSA antennas can’t satisfy the desired require-
ments. A variation of the microstrip antenna is the monopole antenna, which
is an ideal candidate to achieve a large bandwidth. The lower frequency of
monopole antennas can be calculated by Equations (8-13).
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For rectangular-type monopole antennas
C

Oy ;

For cylindrical-type monopole antennas

L=024AF (9)

where ) = putting the value in Equation (9)
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If we consider feed length, then the equation becomes

7.2

L_L+r+g

(12)

For circular-type monopole antennas:

where L is the length of the rectangular monopole antenna,  is the radius,
and g is the probe length. As L = 2R and r = R/4; for the quarter-wave mono-
pole antenna, then Equation (12) can be replaced by

7.2

= 25R+ g (13)

A conventional monopole antenna is difficult to integrate in MMIC. There-
fore, a printed planar monopole antenna is used for IC technology. Also, a
printed version of a monopole antenna has smaller dimensions and possess
similar radiation qualities.

8.2 PERFORMANCE METRICS OF MIMO ANTENNAS

There are four performance parameters to evaluate a MIMO antenna, which
are explained in the following.
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8.2.1 Envelope Correlation Coefficient

The envelope correlation co-efficient (ECC) indicates how much similarity
there is between different received signals. Ideally its value should be zero,
but practically it should be as low as possible. In terms of the S-parameter, it
can be expressed as follows:

2

C _ S]*] S]*Z + S;]S;Z (14)
(1—|S“|2 _|S21|2)(1_|522|2 _|S21|2)

where S,; and S,, are the reflection coefficients of the individual antenna, and
S,, and S, are the transmission coefficients of the individual antenna. This
method easily calculates the correlation coefficient of a MIMO antenna.

8.2.2 Diversity Gain

To evaluate the figure-of-merit (FOM) of diversity technique, the term “diver-
sity gain (DG)” is used. It can be mathematically expressed by Equation (15)

DG =101-ECC? (15)

For any MIMO antenna, the relation between ECC and DG are comple-
mentary in nature, or in other words it varies inversely to each other. The
diversity gain should be high, which means there is a high isolation between
antenna elements, which is the desired requirement for a MIMO antenna.

8.2.3 Total Active Refection Coefficient

Another important parameter is total active refection coefficient (TARC),
which is used to accurately determine the radiation efficiency and bandwidth
of antennas. ECC and DG are not able to determine the accurate radiation
efficiency and bandwidth, as they are based on S-parameters. TARC gives
more meaningful and complete information about efficiency than the ECC
and DG parameters. For a dual-port MIMO system, the TARC can be deter-
mined by Equation (16)

2 2
i J(sn +5,) | (5.+52) 16

2

The value of TARC should be minimal for multiple orientation of a feeding
arrangement, which is the indication of efficiency of diversity in MIMO systems.
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8.2.4 Channel Capacity Loss

The channel capacity of MIMO systems can be characterized by the channel
capacity loss (CCL) parameter for the diversity performance measurement. It
helps in defining the loss of transmission bits/s/Hz in a high data-rate trans-
mission. To have good diversity performance for a MIMO antenna, CCL
should be smaller than 0.4 bps/Hz.

8.3 CHALLENGES IN MIMO ANTENNA DESIGN

One of the challenges of designing a MIMO antenna is miniaturization.
Having multiple antenna elements in a compact size is a great achievement.
The spacing between each antenna element should be greater than 0.5 A
to ensure high isolation between them. If antenna elements are spaced less
than 0.5 A apart, then mutual coupling will increase dramatically. There are
three types of mutual coupling: near-field coupling, far-field coupling, and
surface wave coupling. Near-field coupling is due to the placement of differ-
ent antenna elements in close proximity. Far-field coupling is if an antenna
is placed in the path of far-field zone of another antenna that is about one
wavelength distant; then that creates a strong coupling between these two
antennas. Surface coupling occurs when a thick substrate is used; then sur-
face waves travel around the discontinuities, like-bends and truncation, and
increase the mutual coupling between antennas. Again, due to strong mutual
couplings, sometimes destructive interference of fields may occur, which fur-
ther lead to decrease of overall performance metrics of the MIMO system.

Another challenge is to maintain high isolation among antenna elements
so that mutual coupling can be reduced in the MIMO system. That’s why
designing a multiband MIMO antenna is a cumbersome task. Multiband
MIMO antennas are essential today because the same antenna can be used
for different frequencies in transmission and reception modes. But multiband
MIMO antennas should have high isolation characteristics between various
resonating bands.

Again, the size of the MIMO antenna is an important factor, as it affects
the mutual coupling, gain, and impedance bandwidth.

There are some applications like ground-penetrating radar and through-
wall imaging where a high-gain and high-isolation MIMO system is required.
Thus, it is a challenging task to design such multiband MIMO antennas.

8.4 DIFFERENT METHODS TO REDUCE MUTUAL COUPLING

The main problem in MIMO systems is mutual coupling when two or more
antennas are in close vicinity, spaced as discussed earlier. Therefore, to design
functional MIMO antennas, mutual coupling should be as low as possible,
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Figure 8.2 Different mutual coupling reduction techniques.

and isolation should be high enough. Mutual coupling mainly arises due to
the propagation of surface waves. Suppose a surface wave is traveling in the
positive y-direction; then, according to electromagnetic wave theory, it can
be expressed by Equation (17)

E(p,t) = E,e’™ -’ (17)

where k = a)\/a is the wave number, E, is the amplitude of the surface
wave, is the angular frequency, ¢ is the permittivity of the substrate, y is per-
meability, and ¢** is time convention. Here permittivity, permeability, and
wave number all are positive, so electromagnetic waves will travel accord-
ingly. The surface waves can be distinguished by creating an artificially peri-
odic structure like meta-material, which has either negative permittivity or
negative permeability. When an EM wave passes through, it will disappear
instantly. However, for the meta-material there are several methods to reduce
the mutual couplings.

Researchers have adopted various techniques to reduce mutual coupling,
as discussed in the following.

8.4.1 Defected Ground Structure

Many passive and active circuits has adopted a defected ground structure
(DGS) in microwave and millimeter wave for band-notched characteristics,
concealed surface waves, impedance-matching purposes, and compactness
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Figure 8.3 Different types of DGS structure: (a) spiral head, (b) arrowhead slot, (c) H-slot,
(d) square open loop with a slot in the middle section, (e) open loop dumbbell, (f) inter-
digital DGS [3].

of the circuit. DGS gives an extra degree of freedom in the field of microwave
and millimeter wave. It is an etched periodic or non-periodic structure in the
ground plane of the planar transmission line (microstrip line, coplanar wave
guide, etc.). For this etched structure, the current distribution of the structure
is disturbed as the characteristics of the transmission line (inductance and
capacitance) are changed. Different types of DGS [3], such as spiral head,
arrowhead slot, H-slot, square open loop with a slot in the middle section,
open loop dumbbell, and inter-digital DGS, are shown in Figure 8.3.

Though DGS has the drawback of a high front-to-back ratio (FBR), there
are many more examples for utilizing a defected ground structure in surface
wave reduction. Mahmoud et al. used a simple defected ground structure to
reduce the mutual coupling between two antennas [4]. Due to the use of the
defected ground structure, the coupling isolation was up to —45 dB, though
the distance between the two antenna elements was only 1.8 mm. Also, by
using a DGS, the correlation coefficient was enhanced by 6.5 dB. The mutual
coupling in a microstrip antenna is reduced by implementing a dumbbell-
shaped defected ground plane structure in [5].

There is a remarkable reduction of mutual coupling of —34 dB. A novel
meander line defected ground plane is added in a two-element MIMO
antenna operating at 1.8 GHz [6].

In this work, the author have clearly shown that without DGS, the cou-
pling is —=11.1 dB, and with a novel meander line DGS, the mutual coupling
is reduced to —15.5 dB at the 1.8 GHz frequency. To increase the isolation
between two FIFA antennas for small handheld devices at 2.4 GHz, an
extended H-shaped DGS is introduced in [6]. Figure 8.4d shows that an
excess of 30 dB mutual coupling reduction is achieved in comparison to
an antenna without the defective ground plane structure. Also, the ECC is
reduced to 1.3 x 10, which is far below 0.5, the criterion for efficient MIMO
characterization. A T-shaped metallic stub is used as a defected ground struc-
ture in [7] to increase isolation between antennas in the ultra-wideband
range. It can reduce the mutual coupling —20 dB. Also, two open-ended slots
are added in the ground plane for the betterment of the impedance matching.
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Figure 8.4 MIMO antenna with DGS structure for mitigating mutual coupling factors [4—6].
(a) Simple DGS. (b) Dumbbell-shaped DGS. (c) Meander-line DGS. (d) Extended T-shaped
DGS [7].

8.4.2 Electromagnetic Band Gap Structures

An electromagnetic band-gap (EBG) structure is a periodic pattern made
on small metal patches or dielectric substrate. The structure mainly prohib-
its the propagation of EM wave for a frequency band that creates surface
waves and thus reduces mutual coupling. There are two different efficient
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properties of EBG structure; one is phase reflection, and the other is surface
wave reduction. The first property is used for antenna gain enhancement,
and the second one can be utilized for MIMO antenna decoupling purposes.
EBG is a branch of metamaterials that have negative permittivity or per-
meability that can suppress the surface waves that cause coupling between
antenna elements in MIMO systems.
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Table 8.1 Performance Comparison of Different DGS Embedded MIMO Antennas

Ref. Freq. Band Substrate Isolation Technique Diversity Size (mm?) ECC Application
(GHz) (Thickness) (dB) Gain (dB)
[4] 5.8 FR4 45 Simple 9.99 236%x26 - -
(1.6 mm) DGS
[5] 3.5 FR4 34 Dumbbell- 4.6 234x182 — -
(0.8 mm) shaped
DGS
[6] 1.8 FR4 15.5 Meander- 2.78 10x 14 - -
(1.6 mm) line DGS
[6] 2.4 FR4 30 Extended 8.63 60x45 1.3% 10 Small
(0.8 mm) H-shaped handheld
DGS devices
[7] 3.1-11.8 FR4 >20 dB T-shaped 6 22x26 <0.03 UwB
(0.8 mm) strip and
open-
ended slot

Sometimes an EBG structure needs a large space; then it can exploit the
miniaturization of the antenna elements. Therefore, EBG structures should
be smaller in dimension with full potentiality.

Different types of EBG structures are added for reduction of mutual cou-
pling, such as a novel type of two-layer electromagnetic band gap struc-
ture [8] implemented between two closely spaced planar UWB monopole
antennas on a common ground plane. The proposed EBG structures are two
closely coupled arrays; one is a linear conducting patch, and other is slit in the
ground plane. With this technique, greater than 13 dB isolation is achieved.
To get better results, sometimes researchers have implemented two differ-
ent techniques to increase the isolation between MIMO antennas. Lee et al.
[9] introduced both a 1D EBG structure and split ring resonator structure
(SRR) simultaneously in one MIMO system. Therefore the mutual coupling
was reduced to 53.7 dB, and the back lobes were reduced by 6 dB. Again
correlation coefficient is also very minimum of 0.002. Similarly, in 2019, a
MIMO antenna was presented with low coupling and high isolation with
two hybrid EBG structures and one DGS structure [10]. By incorporating
this, the ECC was 0.0006 in simulation and 0.002 in measurement, which
made it efficient and usable in a 5G MIMO system. With a combination of
three techniques, like EBG, complementary split ring resonator (CSRR), and
H-shaped defected ground structure (HDGS), the mutual coupling is reduced
by 12 dB in [11]. An unique asymmetric EBG structure with polarization
diversity was employed in a compact CPW slot MIMO antenna for coupling
reduction purposes. The isolation improved and varied from 26 to 50 dB.
The envelope correlation coefficient was less than 0.03 [12].
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8.4.3 Neutralization Line

Another way to decouple antenna elements or enhance isolation is to imple-
ment a neutralization line (NL). A neutralization line is used to move electro-
magnetic waves through any slots or slits. The main physics behind it is that,
while decoupling, the current cancels the coupling current; then isolation
automatically increases. However, this method has a disadvantage in that it
increases impedance mismatch and hence incurs extra insertion loss charac-
teristics. Overall antenna efficiency will thus decrease.

60 mm

19 mm

50 mm

Ant#2 Ant#1l
~

Figure 8.5 MIMO antenna with EBG structure for decoupling. (a) Two-layer EBG. (b) 1D
EBG and SRR [8, 9]. (c) Hybrid EBG and DGS [11].
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Table 8.2 Performance Comparison of Different EBG-Incorporated MIMO Antennas

Ref Freq.Band Substrate Isolation Technique Max Gain/ Size ECC Application

(GHz) (Thickness) (dB) Efficiency (mm?
(dB)
[8] 3-6 FR4 >[3dB Two-layer 90% 60%x50 — UwB
(1.5 mm) EBG
[9] 2.46 FR4 53.7 ID EBG+ 82% 60x57 0.002 ISM
(1.2 mm) SRR
. ri - . .
[10] 4.9 FR4 35 Hybrid 0.88 4, 0.002 5G
(1.5 mm) EBG+DGS x 0.44 MIMO
A
€
[11] 3.25 FR4 12 EBG+ 4.9 70x40 — 5G
(3 mm) CSRR+HDGS MIMO
[12] 3.4-73 FR4 26 to 50 Asymmetric 10 21.6 x 0.025 sub-6
GHz (1.6 mm) EBG 422 GHz 5G

MIMO

[13] presents a planar UWB MIMO antenna with a compact size of
4 x4 cm? with a partial slotted ground plane. The structure has in total four
numbers of circular-shaped radiators. Out of these, two are in front side and
rests are in the back-side. To increase the isolation between them, the front
side patches are orthogonally connected to the back side patches. For further
reduction of mutual coupling, a stepped neutralization line in the top and
bottom layers of the substrate is implemented. The isolation achieved —20
dB of the frequency band from 3.1-11 GHz. In Figure 8.6(b), a dual-antenna
system is used for an LTE/smartphone [14] system.

Two neutralization lines are implemented to reduce the mutual coupling
by 17.78 dB and to attain a correlation coefficient of less than 0.5. A UWB
MIMO antenna achieves —22 dB isolation [15] by introducing a wideband
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Figure 8.6 MIMO antenna with neutralization line structure for decoupling. (a) Stepped
neutralization line. (b) Neutralization line. (c) Two-metal-strip and metal circular neutraliza-
tion line. (d) U-shaped and inverted U-shaped neutralization line. (e) Systematic neutraliza-
tion line [13-17].
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neutralization line between two monopoles. The neutralization line consists
of two metal strips and a metal circular disc. The circular disc cancels all
possible coupling current paths in different directions in the ground plane.
A pair of tri-band MIMO antennas is implemented with high isolation using
the NL technique. A U-shaped neutralization line contacts two microstrip
lines, [16] which improves the isolation in the high-frequency band 24.3 dB,
and an inverted U-shaped NL contacting two radiation patches can decouple
in the middle-frequency band 32.4 dB. Recently a systematic approach to
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decrease mutual coupling was introduced by using NL [17]. Each NL con-
sists of a metal strip and reactive component attached to its middle portion.
With this technique, an isolation of around 25 dB can be obtained with 70
% efficiency.

8.4.4 Metamaterial Structures

From the name itself, it is clear that these are not naturally existing materials
or structures. These are artificially engineered structures offering negative
permittivity or permeability. Basically, they are represented equivalently by
inductance and capacitance, which can work as a band stop filter and can be
used as a reduction of unwanted current flow due to surface waves.

There are different types of metamaterial structure, such as meander line
(ML), complementary split ring resonator (CSRR), and capacitively loaded
loop (CLL). Therefore, it is useful as a band rejection filter for notching out
a resonant frequency from a band of frequencies or can be used to increase
isolation by reducing the mutual coupling between closely spaced antennas
in a MIMO system.



Table 8.3 Performance Comparison of Different MIMO Antennas With Neutralization Lines Implemented

Ref.  Freq.Band (GHz) Substrate Isolation (dB)  Technique Max Gain/Efficiency (dBi) ~ Size ECC Application
(Thickness)
[13] 3.1-11 FR4 (1.6 mm) 20 Stepped 3.28~4 4%x4 cm? <0.004 uwB
neutralization
line
[14] 0.702-0.968, FR4 (0.8 mm) 17.78 Neutralization ~ 34.20%—43.61% 135%80 mm? <0.5 LTE
1.698-2.216, line for lower band and smartphone
and 2.264-3 29.63%—61.73% for
higher band
[15] 3.1-5 FR4 (0.8 mm) 22 Two metal - 35x16 mm?2  <0.l MIMO
strip and
metal circular
neutralization
line
[16] 2.24-2.453.3-4 FR4(0.8mm) 182,324 U-shaped - 49x48 mm?  <0.02 Tri-band
and 5.6- 5.75 and 24.3 and inverted MIMO
U-shaped
neutralization
line
[17] 245 FR4 (0.8 mm) 25 Systematic 75.2%-84.0% 95x52 mm?  0.06~0.03 MIMO array

neutralization
line
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[18] shows a technique for reducing the mutual coupling of a high-profile
monopole antenna by single negative magnetic metamaterial for MIMO
application. The MNG strips are placed between closely spaced antennas
so to show their effectiveness in reducing mutual coupling and shielding in
suppressing displacement current. Another innovative technique to reduce
mutual coupling is incorporating a novel metamaterial polarization-rota-
tor (MPR) wall [19]. Actually, the MPR has no effect on the antenna input
impedance and radiation pattern. Therefore it can be easily applied between
two dielectric resonator antenna array MIMO systems, as shown in Fig-
ure 8.7 (b). A capacitively loaded loop metamaterial exhibits a high degree
of surface wave attenuation for MIMO antenna application.

In [20],a CLL-MTM superstrate is introduced that achieves 55 dB mutual
coupling reduction in a MIMO antenna array system. For microwave imag-
ing application in a UWB MIMO system, [21] used a split ring resonator
as a metamaterial to reduce coupling between multiple antennas. By using
this material, the performances of the antennas in terms of S-parameter,

Plastic Support

SRR Inclusion /ﬁonopole

A

D gngth= Lemda/4
Z

I | v Ground Plane

“Z >
d=Lamda/8

Figure 8.7 MIMO antenna with metamaterial structure for decoupling: (a) single negative
magnetic metamaterial (MNG), (b) CSRR metamaterial, (c) CLL-metamaterial superstrate,
(d) SRR-metamaterial [18-21].
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Table 8.4 Performance Comparison of Different Metamaterial MIMO Antennas

Ref.  Freq.Band Substrate (Thickness) Isolation  Technique Max Gain/Efficiency (dBi) Size (mm?) ECC  Application
(GHz) (dB)

[18] 1.24 Rogers (0.762 mm) 20 Single negative ~ 80~93% 30x70 025 MIMO
magnetic
metamaterial

[19] 57-64 Rogers (RT6010). 16 - 88% I x7 - MIMO

(10.2 mm)

[20] 3.3 Rogers (2.2 mm) 55 CLL- 8.2 dB and 97% 29.24x% - MIMO array
metamaterial 347
superstrate

[21]7 2-18 FR4 (1.6 mm) 20 SRR- 2-8 and 89% 48x35 0.07 MIMO
metamaterial telecommunication

[22] 5.5 FR4 (1 mm) 35 metamaterial 7.53-7.77 dB and 66.64 9x9 >0.05 MIMOWiMAX

absorber

to 68.03%
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multiplexing efficiency, diversity gain, radiation efficiency, and envelope
correlation coefficient improved. Isolation is improved by using a novel
flower-shaped metamaterial absorber [22]. It consists of four square rings
split at the corners arranged in a symmetrical flower shape. With this system,
35 dB isolation can be achieved with ECC less than 0.05.

N
Parasitic elements
20
3
=3 fu |}
N N

25.3 12

15

51.7

Port-1 60 Port-2

pd ~
~ L

Figure 8.8 MIMO antenna with parasitic elements for decoupling. (a) Double coupling patch
parasitic element. (b) Parasitic element. (c) Staircase-shaped radiating element [23-25].
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8.4.5 Parasitic Elements

Parasitic elements are placed between multiple MIMO antennas to reduce
the mutual coupling between different antennas. The parasitic elements cre-
ate an opposite current which is induced in the second antenna, and this
induced current cancels out the current of the first antenna. Therefore the
net mutual coupling current will be zero.

In [23], a double coupling patch is used as a parasitic element in a closely
spaced MIMO antenna for mobile terminals. By using this technique, the
mutual coupling decreases from —8 to —20 dB. An improvement of 37 dB
mutual coupling is observed in [24] by using a parasitic element by employ-
ing polarization diversity in an H-shaped patch antenna used for 4G and
WiMAX application. In [25], two antenna elements with staircase-type
radiators with a bottom-shorted strip are placed at a distance of 0.5 Ag. Due
to the very short distance, the mutual coupling is very high. To reduce the
mutual coupling, a metal conducting strip of 0.4 mm is placed 0.10 to 0.25
Mg from the feeding line. This metal strip acts as a reflector and works as a
coupling line between two antenna elements.

8.5 TYPES OF MIMO ANTENNAS

The literature reveals that various kinds of MIMO antennas are available
depending upon the system requirements. Here we will discuss mainly single/
dual-band, multiband, wideband, ultra-wideband, high-gain, and antipodal
Vivaldi UWB MIMO antennas. Mutual coupling is the main issue/bottleneck
in a MIMO antenna system. Also, there are different techniques to reduce
mutual coupling, discussed in the previous section.

Table 8.5 Performance Comparison of Different MIMO Antennas with Parasitic Elements

Ref. Freq.Band Substrate Isolation Technique Max Gain/ Size (mm?) ECC Application

(GHz) (Thickness) (dB) Efficiency
(dBi)
[23] 1.9-2.1 FR4 20 Double - 95x60 - MIMO in
(0.8 mm) coupling a mobile
patch terminal
parasitic
element
[24] 2.36-5.2 FR4 37 Parasitic — 21x18 - 4-G and
and 7.38 (1.6 mm) element WiIMAX
application
[25] 3.1-10.6 FR4 20 Staircase- 5.2and  25x30 - uwB
(1.6 mm) shaped  90% MIMO
radiating

element
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Backside ground plane

Feed point

Figure 8.9 Front side of the fabricated antenna.

8.5.1 Single-Band MIMO Antennas

To design a MIMO antenna, microstrip types of antennas are widely used
due to their several advantages such as low profile, low cost, ease of fabri-
cation, and ease of manufacture with other monolithic integrated circuits.
Figure 8.9 shows an H-shaped microstrip antenna [26] with dumbbell-type
DGS at the back side to reduce the mutual coupling.

The antenna is tuned for a single frequency in the 5.8 GHz WLAN band.
The dumbbell DGS structure acts as a band stop filter and rectifies the mutual
impedance between two antennas. Figure 8.10 (a) shows a planar inverted
F antenna [27] used for MIMO techniques at the 28 GHz frequency band.
The inverted PIFA antenna has the advantages of high bandwidth compared
to the planar antenna and is simple and easy to fabricate. On the other hand
Figure 8.10(b) indicates a single-band MIMO antenna for the Ku band for
NASA’s global positioning system tracking applications [28]. The antenna
exhibits a 646 MHz bandwidth with a high gain and isolation characteristics.

8.5.2 Dual/Multiband MIMO Antennas

The digital communication world demands high-speed, small-size, low-
profile portable devices. To fulfill these demands, many single-band anten-
nas cannot be designed in limited space. Increasing the number of antennas
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Figure 8.10 Single-band MIMO antennas. (a) Planar inverted F-antenna. (b)MIMO antenna
for Ku band [27, 28].

in MIMO systems also degrades the performance due to mutual coupling
between them. The solution to this problem is to design a multiband antenna.
The authors of [29] designed a four-element MIMO antenna with multiband
which covers three LTE bands (LTE700/2300/2500), five WLAN bands
(GSM800/950/DCS/PCS/UMTS), and the WLAN 2400 band. An antenna of
dimensions 30 x26 mm? [30] has achieved a dual band of 3.2-3.8 GHz and
5.7-6.2 GHz with higher than -20 dB isolation, as shown in Figure 8.11(b).
To improve the isolation, Zicheng et al. designed an antenna with a decou-
pling structure consisting of a modified array antenna decoupling surface
(MADS) [31]. This MADS structure improves the isolation up to —30 dB.
To cancel the reactive coupling, Y. Yang et al. designed a MIMO antenna
composed of two symmetrical radiating elements [32]. Also, a 3D MIMO
antenna structure [33] is fabricated and designed for its multiband perfor-
mances in four different bands: WLAN, WiMax, 5G cellular, and 5G WiFi.
This 3D antenna with compact size has excellent performance for MIMO
techniques.

8.5.3 Wide-Band MIMO Antennas

There are several wideband MIMO antennas, which have been designed to
enhance the overall bandwidth of the MIMO system. Figure 8.12 shows some
of this research work on wideband MIMO antennas. Figure 8.12(a) shows
a wideband MIMO antenna where the isolation is improved by etching two
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Figure 8.11 Dual/multiband MIMO antennas. (a) Four-element MIMO antenna. (b) Sym-
metrical structure MIMO. (c) MADS. (d)Multiband MIMO [29-32].
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60

Figure 8.12 Wide-band MIMO antennas. (a) Triangular slot and its S;; characteristics. (b)
2.45-GHz operating band antenna. (c) Four-element MIMO antenna [34-36].
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Figure 8.12 Continued

triangular slots at the ground plane and placing a mesh metal strip between the
two antennas [34]. The antenna also exhibits a large bandwidth from 2.5 to 12
GHz. Similarly, in [35], a MIMO antenna has a wide bandwidth of 1.09 GHz
(1.67 to 2.76 GHz), which covers the applications of GSM 1800, GSM 1900,
UMTS, LTE2300, LTE2500, and 2.45 GHz WLAN band. A wideband mean-
der line 4 x4 MIMO antenna [36] was designed with polarization diversity so
that it helps to reduce total substrate size without the need of any isolating
structure. The antenna displays a bandwidth from 4.76 to 10.6 GHz. Also, a
MIMO antenna is designed for 5G applications [37] which cover a bandwidth
of 14.5 GHz, from 25.5 to 41 GHz, with a good isolation of 25 dB.

8.5.4 Ultra-Wideband MIMO Antennas

In the last two decades, rapid growth of wireless technology has been wit-
nessed. Now, with the advent of the Internet of Things (IoT), smart homes,
smart cities, and smart healthcare systems need wireless access technology
with a speed of about 1 Gb/s.

This goal can be reached with the combination of UWB technology and
MIMO technology. UWB technology has various merits such as large band-
width, low cost, multipath fading, and high channel capacity, with an almost
1 Gb/s data rate. Consequently, if an UWB wireless communication system is
combined with MIMO technology, then the whole system will be improved
with respect to its throughput as well as multipath fading. Hence design of a



184 Printed Antennas for Wireless Communication and Healthcare

UWB-MIMO antenna [38—41] attracts researchers. When designing such a
system, researchers mainly focus on the large bandwidth, high isolation char-
acteristics, miniaturization techniques, band notch characteristics, and so on.

For high isolation purposes, different diversity decoupling techniques,
slotting, and current neutralization techniques are adopted. For miniatur-
ization purposes, generally, electromagnetic gap structure, fractal geometry,
metamaterial structure, meandering line, and defect ground plane structure
are implemented. For band notch characteristics, inclusion of split ring struc-
ture, electromagnetic band gap structure, cutting slots, resonant structure,
fractal geometry structure, and so on are endorsed.

The antenna shown in Figure 8.13 [42] is a small antenna with dimen-
sions of 39 x 39x1.6 mm?>. The antenna obtains a wide bandwidth from
2.3-13.75 GHz with triple band notched characteristics by different types
of slot, slit, and decoupling structures. Also, the mutual coupling among
the antennas is significantly reduced by introducing symmetrical orthogonal
separated four-directional staircase structures.

[43] investigated a novel UWB Vivaldi antenna for MIMO application
with dual band notched characteristic. The proposed antenna covers the
frequency range of 2.9-11.6 GHz with dual band notch characteristics at
5.3-5.8 GHz and a 7.85-8.55 GHz frequency band. On the other hand, a
eight-element UWB-MIMO antenna is fabricated for 3G/4G/5G commu-
nications [44]. The orthogonal placement of printed monopoles permits
polarization diversity and provides high isolation with a broad spectrum
from the 2-12 GHz frequency range. A 4 x4-element UWB MIMO antenna

Return Loss(dB)

—$11-Simulated ] i
Top view Back view
50 +—+TTT7T—T—T 7T T T
2 3 4 5 6 7 8 9 10 11 12 13 14
Frequency(GHz)

Figure 8.13 Ultra-wideband MIMO antenna [42].



Multiple Input and Multiple Output Antennas 185

creates a dual notch band by incorporating H- and U-slots in a monopole
antenna with gap sleeves [45]. This antenna’s performance is good, with an
envelope correlation coefficient (ECC) less than 0.02, diversity gain (DG) of
10, and peak gain of 5.8 dB, except the notch bands. To reduce coupling of
multiple antennas, a metamaterial-based multi-input-multi-output antenna
is designed in [46]. The metamaterial is constituted by a linear array of five
identical copper unit cells of the SRR type. With this metamaterial structure,
the mutual coupling is reduced to 35 dB at 7.8 GHz with an isolation gain
of =20 dB compared to antennas without SRR [47].

,w
ol
v e
Vg e 0l .
v Ay g
N WS
e L T}

> b

b
*
4

L
: ]

Vi, s 4
Tand o »

Figure 8.14 Different types of ultra-wideband MIMO antennas. (a) UWB Vivaldi. (b) Eight-
element MIMO. (c) Four-element UWB MIMOs (d) Metamaterial-based MIMO. (e) SRR-
based MIMO [43—47].
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Figure 8.14 Continued
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8.6 MIMO ANTENNAS IN BIOMEDICAL USAGE

In every implantable medical device (IMD), a high-resolution image is
required for detection and analysis of malignant and benign cells. One prom-
ising application of IMD devices is a wireless capsule endoscopy (WCE)
system [48, 49]. In the WCE system, the patient swallows a capsule which
consists of transmitting antenna, batteries, image sensor, and so on, and out-
side the body, there are receiving units from which physicians can get the
data and images to resolve the particular problem. However, the prime con-
cern in this biotelemetry system is the quality of the captured images and
data rate of communication between the transmitting and receiving systems.
For acceptable quality of images, a 3.5 Mb/s data rate is required, whereas
a 110 Mb/s data rate is mandatory for video frames. The main problem for
ultra-wideband technology is that with the increase in frequency range, the
propagation path loss also increases.

The multiple-input—-multiple-output system offers the high throughout
and reliability of IMD devices. Biswas et al. designed a novel type of Hil-
bert curve [50] fractal MIMO antenna which can serve in wireless capsule
endoscopy systems at the 2.45-GHz industrial and scientific band (ISM).
The antenna is fabricated on 4-mil-thick liquid crystal polymer substrate
(LCP) due to its flexible characteristics so that it can be easily wrapped
outside the capsule wall. The antenna size can be made very tiny with the
application of fractal geometry. The prototype antenna was measured in
liquid performance, showing expected performance at the desired frequency
band. MIMO technology is introduced in two orthogonally looped antenna
used for an ingestible capsule system [51] to improve its channel capacity.
The proposed antenna shows its efficiency for real-time and offline data
transmission in a future wireless capsule endoscopy system. An EBG-based
implantable four-element MIMO antenna is presented in [52] for implant-
able medical applications at the 2.4-2.48—-GHz ISM band. The electromag-
netic band gap structure provides high isolation with an improved gain of
-15.18 dBi. Ex vivo measurement in pork tissue showed the antenna’s safety
and diversity requirements and its potential use in implantable electronics
and bio-monitoring applications.

8.7 RECONFIGURABLE MIMO ANTENNAS

MIMO antennas can be used in reconfigurable systems too. Reconfigu-
rability can be done by using a solid-state switch or PIN Diode, RE-MEMS
switch, varactor diode, or others.

In [53], a reconfigurable MIMO antenna is used in a WLAN/LTE smart-
phone application. The antenna satisfactorily covers the hepta band like
GSM850/900/GSM1800/1900/UMTS/LTE2300/2500. The antenna pres-
ents acceptable performance in all desired respects like efficiency, gain, and
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Figure 8.15 Different types of MIMO antennas for biomedical applications. (a) Hilbert curve
MIMO. (b) Orthogonally looped MIMO. (c)EBG-based MIMO [50-52].
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Figure 8.15 Continued

impedance, as well as MIMO parameters like ECC, DG, TARC, ergodic
channel capacity, matching, and bandwidth coverage.

One reconfigurable circular patch antenna [54] is presented by exploiting
the pattern and polarization diversity to provide the highest gain in a MIMO
system in comparison to the standard non-reconfigurable arrays. By using
this circular patch antenna, 26 % channel capacity is improved. A PIN diode
is used here. A novel two-port four-element pattern and frequency reconfigu-
rable MIMO antenna is presented in [55]. The pattern reconfigurability is
achieved by a varactor diode and reflecting metal patch.
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Figure 8.16 Experiment with pork MIMO antenna [52].
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Figure 8.17 Eight element reconfigurable MIMO antenna with ultra-wide band
characteristics.
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8.8 SUMMARY

This chapter summarizes different types of MIMO antennas and their char-
acteristics, taking into consideration ECC, diversity gain, TARC, and CCL.
MIMO antenna application is increasing day by day. Last, the application of
MIMO antennas in the biomedical field and reconfigurable MIMO antennas
are considered.
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Problems
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10.
11.
12.
13.

What is MIMO technology?

What are the different performance metrics of MIMO systems?

How can you minimize the mutual coupling between antenna elements
of a MIMO system?

What are ECC, TARC, and DG? How they are related?

What is the channel information matrix (H) of a MIMO system?

How are the limitations of the Shannon-Hartley theorem overcome
using MIMO systems?

What kind of diversity technique is implemented in MIMO systems?
Explain with a diagram.

What are the challenges in designing efficient MIMO antennas?

What is a reconfigurable antenna? In what respect can an antenna be
reconfigured? Can a MIMO system be realized by implementing recon-
figurable antennas?

Can a MIMO system be utilized for biomedical applications?

What are the salient features of a MIMO system?

What is meta-material? How can it be implemented for MIMO antennas?
What is massive MIMO? Is there any practical use for such a system?
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14.

15.

16.

What are DGS and EBG structure? Explain with a proper diagram. Can
they be used for a MIMO antenna?

How can S-parameters be utilized to evaluate the figure-of-merit of a
MIMO system?

What are the different types of antennas generally used for MIMO
systems?
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Chapter 9

Antennas for Microwave
Imaging

9.1 INTRODUCTION

Microwave imaging is a special type of technology that exploits the radia-
tion of frequency for detecting and locating hidden, concealed, or embed-
ded objects using electromagnetic waves (EMWs) in the microwave region
(300 MHz to 300 GHz). Based on the frequency, the radiation can pen-
etrate through many optically opaque media, like wall, cloth, soil, fog, wood,
concrete, and plastic. Hardware and software components are required for
microwave imaging purposes. The transmitting antenna transmits EM waves
to the sample under test (different parts of the human body for medical treat-
ment/concealed weapons). The hardware component collects data from the
antenna. If the sample is made up of homogeneous material, and then no
EM wave will be reflected. However, if the sample has any anomalies which
may have different electrical or magnetic properties, then a portion of the
EM wave will be reflected back, and it will be stronger if the change in prop-
erty between the anomaly and surrounding environment becomes promi-
nent. The reflected data can be collected by the same transmitting antenna
by mono-static method or by any other receiver antenna by the bi-static
method. The collected raw data is fed to different software algorithms for
processing purposes. Based upon the software algorithm, microwave imag-
ing is categorized into two parts, quantitative and qualitative. The qualita-
tive method calculates a qualitative profile of the hidden objects, whereas
the quantitative method exactly calculates the size, location, and orientation
of the hidden objects. The synthetic aperture radar (SAR) and ground pen-
etrating radar (GPR) algorithms are two of the most popular algorithms for
qualitative imaging. Table 9.1 gives the details of the two methods.

9.1.2 Why Microwave?

Medical imaging is widely used for visualizing the internal human body. It
can be used from all phases of medical treatment from bone fracture to can-
cer treatment; its application is widespread. There are different techniques
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Table 9.1 Comparison of Algorithms Between Qualitative and Quantitative

Types Method Algorithm Frequency Positive Negative
Aspects Aspects
Qualitative  Radar scattering |. Synthetic UuwBs It is easy to It is unable
technique aperture radar  frequency compute  to provide
2. Ground- range and exactly the
penetrating 3.1-10.6  requires location
radar GHz less time and size of
and cost the object
Quantitative Inverse I. Gauss-Newton  Single- Exactly When
electromagnetic method frequency, provides using direct
scattering 2. Log magnitude multiple- the object’s inverse
methods used and phase frequency shape, method, the
iteratively reconstruction  etc. size, and process is
method location costly,and
the iterative
method
is time
consuming

used for microwave imaging such as X-ray, magnetic resonance imaging
(MRI), ultrasound graph (USG), computed tomography (CT scan), and
position emission tomography (PET), which are the most popular. These
different methods have provided a variety of resolutions, implementation
costs, complexity, and ionizing radiation. Among them, MRI provides good
resolution at the expense of higher cost and patient discomfort with the pro-
cedure. Similarly, a CT scan has high resolution but provides high radiation
exposure and is less informative. X-rays can ionize the tissue and increase
health risk. PET can yield good information for soft tissue but suffers from
poor resolution. So the major problem with the existing systems are safety,
cost, and accuracy. The alternative to the aforementioned technologies is
microwave frequencies of non-ionizing electromagnetic waves for sensing
and imaging for medical diagnosis at low cost and low health risk with
accurate measurement.

9.1.3 Challenges to Designing Microwave Imaging
Systems

Over many vyears, designers have implemented microwave imaging tech-
niques for medical purposes for early detection and diagnosis of cancer. How-
ever, there are many challenges to face during the design of microwaves for
human body imaging and the conversion of data to high-resolution images.

1. Most of the antennas, designed for parcatical usages are assumed to
be in free-space while evaluating its performance metrics. However,
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antennas used for medical imaging have a conductive environment
which has different conductivity and permittivity depending upon the
tissue properties and temperature used. The human body consists of
different body tissues which have different electrical properties. The
electrical properties of stomach tissue are totally different from the
colon or muscle tissue. So it is important to avoid an air-body interface
mismatch.

. The bandwidth of the antenna should be high enough to avoid the
detuning effect. Narrow-band antennas can’t be used for this purpose.
. Human tissue is heterogeneous in nature and also dispersive, which
causes multiple scatters to appear as clutter. A strong imaging algo-
rithm can only compensate for clutter. Also, signals are highly attenu-
ated due to lossy human tissue. It also affects the depth of penetration.
. An antenna array offers higher performance in microwave imaging,
though it requires a large size. Various techniques are adopted to min-
iaturize the antenna array. But with high frequency, the depth of pen-
etration of EM waves will be decreased.

. By increasing the number of antenna elements in a array, the perfor-
mance will automatically increase so that the system can create an
image which will closely resemble the original one. However, simul-
taneously, it will increase the total area and mutual coupling between
array elements. Again, due to the increase of mutual coupling, the per-
formance of the system will automatically be decreased.

. A suitable choice of frequency is also a challenging task because it is a
trade-off between penetration depth and resolution. It is a well-known
fact that as the frequency increases, the penetration depth decreases
and tissue attenuation increases. However, with increased frequency,
the resolution of the images increases. So, depending upon the appli-
cation, the frequency should be chosen. For detection of concealed
weapons, where high penetration depth is required, low frequency is
required, and for detection of breast cancer, where high resolution is
essential, a high frequency should be chosen.

. Microwave imaging is based on the significant difference of the elec-
trical properties between malignant and normal tissue. However, this
imaging technique may not work faithfully while very slight difference
in electrical property is observed between the benign and malignant
tissues.

. For sensing applications like heartbeat detection or respiration arti-
fact, the background clutter creates noise. It is a very challenging task
to separate the desired sound from the background clutter. Hence, a
robust, efficient signal processing algorithm is required.

. The material of the antenna should be bio-comfortable in nature so
that it will not hamper the human body.
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10. Data acquisition and processing techniques should have high resolu-
tion to produce the correct size and location of the targeted image
data so that false detection can be avoided. It is expected that much
time will be needed to process the data and generate images.

11. The imaging algorithm should be efficient enough to show the
exact location and size of the targeted data. A 2D-based imaging
algorithm may not work for a 3D biological object; it demands a
3D-based imaging algorithm. Each algorithm has its own limita-
tions. Properly selecting the algorithm for a particular application is
important work, so in-depth studies are required to develop efficient
and accurate computational algorithms.

12. The surrounding interference, like mobile phones, computers, fluo-
rescent lights, magnetic fields, static discharge, and electrical power
supplies, can interfere with microwave imaging systems, so micro-
wave imaging systems should be used in a particular room free from
these disturbances.

13. Besides the technical challenges, there are some non-technical chal-
lenges. Though microwave imaging has the advantages of low risk,
time resolution, and cost effectiveness, it lacks special resolution in
comparison to MRI, CT scan, and so on.

9.1.4 Application of Microwave Imaging

There are variety of applications for microwave imaging.
1. Medical imaging

A decade ago, medical imaging saw a revolutionary metamorphosis by
producing pictures inside the human body. There are different methods used
for imaging purposes, such as X-ray, computer tomography scan, magnetic
resonance imaging, ultrasound imaging, and position emission tomography.
For early detection of breast tumors or cancer, microwave medical imaging
is an important and non-invasive technique. Malignant tissue in the human
body contains more water and blood than normal tissue. Therefore, EM
wave scatters from that tissue can be identified by the imaging technique.

2. Concealed weapon detection at security checkpoints

In high-security areas such as airports, government buildings, and court-
houses, it is essential to monitor safety. Sometimes it is not possible to detect
concealed weapons carried by individuals by metal detectors. Microwave
frequency has a inherent characteristic of penetrating any objects like cloth,
metal, or the body. By properly using this unique property, microwave imag-
ing techniques can efficiently detect concealed weapons.
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3. Structural health monitoring

Aging materials/buildings are now a serious concern in the world. Infra-
structure becomes corroded due to rain or sunshine over time. Its longev-
ity is thus shortened. Recently microwave imaging has brought tremendous
improvement in structural health monitoring. Low-frequency microwave
signals (less than 10 GHz) can easily penetrate concrete and detect if there
is any rust or corrosion. Microwave imaging can also detect if there are any
cracks or air voids in cement.

4. Through-wall imaging

The ability to see through obstacles, such as walls, windows, and other
optically opaque things, using microwave signals has become a major area
of interest in a variety of applications for both military and commercial pur-
poses. Itis applicable for law-enforcement officials, counter-terrorism agents,
search-and-rescue workers, and those who encounter situations where they
need to detect, locate, and identify occupants of a building. Through-wall
imaging can be a powerful tool for that use.

5. Weather radar

Radio detection and ranging (radar) works in the microwave frequency
range for detection and location of objects in the air. Radar transmits a
focused-pulse electromagnetic wave; then part of this wave is reflected after
hitting the target object. From this reflection of the energy, it is capable of
detecting objects like rain, snow, and storms. Thus, microwave imaging sys-
tems can help by predicting the severity of storms.

9.2 TYPES OF MICROWAVE IMAGING

Microwave imaging can be classified into three categories: passive, hybrid,
and active. For suitable microwave imaging, especially for breast cancer
detection, these three techniques are used.

For the case of passive microwave imaging in breast cancer detection,
the temperature difference between normal and tumor breast tissue can be
observed. Cancerous or tumor tissue generally has absorbed more energy
and is more heated than normal breast tissue. A hybrid technique needs
an ultrasound transducer. Malignant tissue has higher conductivity, so it
absorbs more energy and expands. The expansion creates a pressure wave,
and this wave can be detected by the ultrasound transducer. In active micro-
wave imaging, antennas are essential. The antenna is used for transmitting
a low-power microwave signal pulse to penetrate human tissue and receive
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Types of Mi?rowave Imaging
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Figure 9.1 Different types of microwave imaging.

the back-scattered signal response. Two active process are employed for
microwave imaging, microwave tomography and UWB radar-based imag-
ing. In the microwave tomography technique, the antenna collects data from
the surrounding malignant tissues. Then a forward and reverse electromag-
netic problem can be solved to detect and locate the cancerous cell. In this
approach antennas covering a low-frequency range (1-6 GHz) are needed,
as they are efficient for penetrating tissue easily. In the UWB radar technique,
an antenna or a set of antennas (an antenna array) is applied for transmit-
ting and receiving short pulses from different locations. The exact size and
location can be determined by the time delay between the transmitted pulse
and scattered signals and also from the amplitude of the scattered signals.
There are different imaging algorithms such as space time beam forming,
tissue-sensing adaptive radar, delay, and sum imaging algorithms [1-3]. In
this approach, antennas for high-frequency coverage are applicable because
high-resolution image construction is required here. In comparison to both
active microwave imaging techniques, the UWB radar technique has greater

capability to detect and locate infected tissue in the human body than micro-
wave tomography. Microwave tomography is much more complex.

9.3 ANTENNAS FOR MICROWAVE IMAGING

9.3.1 Medical Imaging Applications

The most important component of microwave imaging is the antenna.
Different challenges in designing a suitable antenna for microwave imag-
ing, such as compact size; large bandwidth; moderate to high gain; high
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efficiency; very low to minimal distortion in performance, especially in the
time domain; complexity; and cost, should also be considered. An ideal breast
cancer detection antenna should be easily available. Again, the placement of
the antenna is a challenging task. For example, for near-field applications,
the antenna needs to be placed very close to the tissue, which could result in
a reflection that occurs at the air-skin interface. Therefore, various types of
antennas are used for different types of microwave imaging.

First we will discuss numerous types of antennas used for microwave
breast cancer detection.

9.3.1.1 Monopole Antennas

Monopole antennas are widely used for microwave imaging purposes due
to their large bandwidth; smaller, flexible size; and easily available nature.
A UWB monopole antenna has the advantages of large bandwidth, high data
rate, low cost, high resolution, low power requirement, reasonable gain, and
high resistance to interference. Those promising characteristics make UWB
monopole antennas an attractive choice for microwave imaging applications.

Over the last decade, numerous studies have been conducted on UWB
monopole antennas. In [4], a compact UWB monopole antenna is designed
with 136.5% fractional bandwidth for in-body microwave imaging applica-
tions. The antenna shows 6.1 dBi peak gain with 89% efficiency over the
bandwidth. The antenna is an efficient candidate for circular cylindrical
microwave imaging applications. Another body-centric imaging application
is indicated in [5], where a UWB slotted monopole antenna is used. In this
paper, the antenna is placed in close proximity to phantom liquid mimicking

Antenna for microwave breast imaging

Monopole antenna

Vivaldi antenna

Bowtie Antenna

Vb

Fractal Antenna

>I Horn Antenna

Figure 9.2 Different antennas used for microwave breast imaging.
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healthy breast tissue and malignant tissue for practically verifying antenna
performance. The experiment showed that the antenna is robust. [6] shows
a modified octagonal UWB monopole antenna for investigation of specific
absorption rate in female granular tissue in the breast. They determined
SAR values in skin, fatty, glandular, and tumor tissues and compared them.
The SAR values of those tissues changed or increased when a tumor was
introduced in the breast tissue. However when tumor size changed, then the
average SAR value from the layers was reduced. The antenna operated in
the frequency range of 3-15 GHz. In [7], a UWB monopole antenna with
efficiency of 86% operated in the range of 2.9-15 GHz for microwave
imaging. The antenna exhibited a peak gain of 6 dBi. The antenna behaved
well in the time domain measurement, as two similar antennas were placed
side by side and face to face 250 mm from each other. The fidelity factor of
the antennas was 0.91 and 0.84, respectively, in face-to-face and side-by-
side positions. The proposed antenna is a good candidate for a microwave
imaging system.

9.3.1.2 Vivaldi Antennas

For medical applications of microwave imaging, the main characteristic of
the antenna should be a highly directional pattern, wide bandwidth, and
enhanced gain characteristic. Vivaldi antennas have the inherent broadband
characteristic with high gain and directivity. Also, the low weight and low
profile quality make Vivaldi antennas preferable for microwave imaging.
Much research is ongoing on Vivaldi antennas, and several modifications
have been done to them. As a result, the antipodal Vivaldi antenna has been
developed. [8] introduces a compact UWB tapered slot antenna for micro-
wave imaging application purposes. To test that the antenna can transmit
and receive pulses without any distortion, two identical antennas are placed
at 45 cm distance. The received pulse is scaled, and it is observed that 3 dB
width of the received pulse is equal to the original pulse. The distortion is
less than 0.1 peak value compared to the original.

A high-gain Vivaldi antenna [9] is designed with a novel combination
of corrugation and grating elements for radar and microwave imaging.
Due to this combination of both corrugation and grating elements, the
gain and front-to-back ratio improved significantly, almost 10 dB over
3-8 GHz. It shows a perfectly stable unidirectional radiation pattern and
peak realized gain of more than 5 dBi. In the time domain characteristic,
the antenna exhibits good pulse handling capability with nearly flat group
delay, which indicates it is a superior candidate for microwave imaging. An
antenna with the ability to send short EM pulses into the near field with
low distortion and low loss with a high directional manner is designed in
[10] for microwave near-field breast cancer imaging. The directivity of the
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A’

Figure 9.3 Monopole antenna for microwave imaging [4—7].
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Figure 9.3 Continued

antenna is improved by adding a high dielectric constant material called a
director. Figure 9.4¢ indicates that directivity is improved at 12 GHz with
the director compared to without the director. The fidelity factor of the
antenna is nearly 1, which is appropriate for microwave imaging applica-
tions. In [11], a corrugated Vivaldi antenna is developed for microwave
imaging applications. Here, the authors compare the corrugated design
with that of a generic Vivaldi antenna and show that the corrugated design
has better performance, like higher gain, broader bandwidth, and reduc-
tion in the side lobes.
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Table 9.2 Monopole Antennas for Microwave Imaging

Ref. Dimensions (mm?)  Dielectric Operating Antenna  Gain (dBi) Image
Material Bandwidth Design Reconstruction
(GHz) Type Algorithm
[4] 12%18x%0.8 FR4 2.96-15.8 Printed 6.1 N/A
Er=43 monopole
[5] 33.14%x14.9%0.84 FR4 3.1-10.6 Slotted 4.74 Yes (delay-
Er=43 UWB multiply-sum
monopole and filtered
delay and
sum)
[6] 27%29% 1.6 FR4 3-15 Monopole — N/A
Er=44 octagonal
uwB
[7] 12x18x%1.6 FR4 29-15  Square 6 N/A
Er=44 microstrip
monopole
antenna

9.3.1.3 Bow-Tie Antennas

Printed planar antennas gained more attention due to their characteristics of
being easily mountable on planar surfaces and simple low-cost manufacture.
Bow-tie antennas, which are the planar version of biconical antennas, can
be used for microwave medical applications, with their advantages of com-
pact size, low profile, good time domain, and broadband frequency domain
radiation characteristics. Bow-tie antennas can be mainly used for ground-
penetrating radar (GPR) application purposes. In some cases, they are also
used in medical imaging. In [12], a UWB bow-tie antenna is used for tumor
detection purposes in a radar-based microwave imaging system. The antenna
performed efficiently at 1-8 GHz with good impedance matching at 40 mm
depth inside the breast phantom.

A rounded bow-tie antenna [13] was fabricated on an FR4 substrate for
microwave imaging applications. The antenna is compact in size so that it
can be easily mounted in a scanning arrangement, efficiently optimize sig-
nal attenuation and image resolution, and receive a scattered signal from a
small target. In [14], a miniaturized bow-tie antenna is sketched for medical
imaging using microwave tomography. The measurement of this antenna
can be done in two steps. The antenna is immersed in 60% PEG solution
which mimics the dielectric properties of human tissue, and then it is applied
directly to human skin. The result is matched in both cases to prove the
antenna has high potential to be implemented in a microwave tomography
setup. A double-crossed planar bow-tie [15] on a hemispherical lens antenna
is introduced at terahertz frequency for imaging applications. To reduce



210 Printed Antennas for Wireless Communication and Healthcare

Figure 9.4 Vivaldi antenna for microwave imaging [8—11].
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Table 9.3 Vivaldi Antennas for Microwave Imaging

Ref. Dimensions Dielectric ~ Operating  Antenna Design Gain (dBi)  Image

(mm?) Material ~ Bandwidth Type Reconstruction
(GHz) Algorithm
[8] 50x50%0.64 Rogers 2.75-11  Circular 3.5-94 NA
RT6010LM cylindrical
[9] 40x45x0.8 FR4 2.9-12 Tapered 5 NA
corrugated
and grating
Tapered Vivaldi
[10] 80%x44x92 RT/Duroid 2-16 Antipodal - NA
6002 Vivaldi with
dielectric
director
[11] 62x50x%1.52 Taconic 1.96-8.61 Corrugated 5.6-104  S-parameter
RF-35 antipodal based linear
Vivaldi sampling
method
(SLSM)

Coupling Medium

Figure 9.5 Bow-tie antenna for microwave imaging [12-16].
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Figure 9.5 Continued
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Table 9.4 Bow-Tie Antennas for Microwave Imaging

Ref.  Dimensions Dielectric  Operating  Antenna Gain (dBi)  Image
(mm3) Material ~ Bandwidth  Design Type Reconstruction
(GHz) Algorithm
[12] 26x40 - 1-8 UuwB - Delay and
bow-tie sum (DAS)
[13] 10xIIxI.6 FR4 5.5-6.2 Rounded 3-5 NA
bow-tie
[14] 30x30x1.5 Rogers 0.5-1.5 Wideband - NA
6010 bow-tie
[15] - Silicon 850-1280 Double 32.26 NA
crossed
bow-tie
[16] 169%x169%1.6 RT/ 3.1-40 Printed 7.1 NA
duroid slot loaded
5870 bow-tie

the side lobe level (SLL), the modification of the bow-tie antenna is done
by the double-crossed technique. Two bow-tie antennas cross each other
with different arm lengths. The side lobe levels at the E- and H-plane are
reduced at —=11.3 and —-11.7 dB, respectively. Another printed modified bow-
tie antenna with rounded T-shaped slots [16] loaded through a microstrip
balun is implemented. The smooth impedance matching performance gives
the antenna super-wideband radiation characteristics over 3.1-40 GHz with
a gain of 7.1 dBi. The measured far-field radiation pattern and super-wide-
band characteristics of the antenna play an important role in microwave
imaging techniques.

9.3.1.4 Fractal Antennas

Fractal antennas are used to improve gain, directivity, and squint, in addition
to decreasing the side lobe level and increasing the main lobe. Fractal anten-
nas have two properties: being self similar and space filling. The self-similar
property gives the multiband technique, and space filling provides miniatur-
ization. By utilizing these two properties, a fern fractal leaf-inspired wideband
antipodal Vivaldi antenna [17] is applied in microwave imaging applications.
The antenna displays almost 175% fractional bandwidth (1.3-20 GHz), with
a high directive gain of 10 dBi and a high fidelity factor of 90%.

Another AVA of the palm tree class with a Koch square fractal [18] is pro-
posed for near-field microwave imaging applications. The antenna provides
8.41 dB of gain at 4 GHz, 11.7 dB side lobe levels, and 0.10° squints. These
types of antennas are able to detect lung cancer and lung infection caused
by SARS-CoV-2, the virus caused by COVID-19. A compact square modified
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fractal antenna [19] is introduced with high resolution for microwave imag-
ing. A UWB fractal antenna with a high fidelity factor is used for microwave
imaging purposes [20]. The antenna produces fidelity factors of 73%, 76 %,
81%,and 83% of probes at 0°, 30°,45°, and 90°, respectively, at 1 m distance.
The antenna also shows a fidelity factor of 0.80 for face to face and 0.75
for side by side. The antenna covers the bandwidth of 3.1 to 12 GHz with a
stable gain and good time domain performances.

— = Measurement
—— Simulation
E T S U

- ———

15 20
Frequency(GHz)

= >

Figure 9.6 Fractal antenna for microwave imaging.
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Figure 9.6 Continued

9.3.1.5 Horn Antenna

Horn antennas are used today for breast cancer detection and tracking.
Horn antennas give better noise performance in comparison to the widely
used Vivaldi antenna. In [21], the fact that the double ridge horn antenna
gives a better response with respect to TFR, SNR, and so on in comparison
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Figure 9.7 Horn antenna for microwave imaging [22-24].
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Figure 9.9 Structural health monitoring through microwave imaging [27].
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to a Vivaldi antenna with same frequency response and phantom is explored.
These performances of SNR and TFR allow the formation of images.

In [22], a pyramidal horn is designed with a rigid curved launching plane
terminated with resistors. The antenna evinces a very high fidelity factor,
almost 0.92-0.96 in the range of 1-11 GHz, for both transmission and
reception mode. The distortion is also very low, which makes the antenna an
excellent candidate for a variety of microwave imaging radar applications.
Near-field imaging based on aperture raster scanning is done by a TEM horn
antenna in [23]. The arrangements for this setup consist of two antennas
aligned along each other’s bore sight and moving together to scan two paral-
lel apertures. For this type of imaging, the advantages are that no coupling
liquid is required, coupling between antennas is optimal, and image genera-
tion is simple. Recently a novel and compact double-ridged horn antenna

Table 9.5 Fractal Antennas for Microwave Imaging

Ref.  Dimensions (mm?) Dielectric Operating ~Antenna Gain (dBi) Image
Material ~ Bandwidth Design Type Reconstruction
(GHz) Algorithm

[17] 50.8x62x%0.8 FR4 1.3-20 Fern fractal 10 NA
leaf inspired
Vivaldi

[18] 150x113.71x1.6 FR4 1.5-5 Koch square 9.23 NA
fractal AVA

[19] 39%x39x1.65 FR4 2.2-11 Modified - NA
square
UwB

[20] 0.24 % % 0.33 FR4 3.0-12 UwB 2.75-3.54 NA

A% 1.6 fractal

Table 9.6 Horn Antennas for Microwave Imaging

Ref. Dimensions (mm?) Fidelity Operating Antenna Gain (dBi)/ Image reconstruction
Factor Bandwidth design type Efficiency  algorithm
(GHz)

[22] 25x20%2 0.92-0.96 1-11 Rigid - NA

curved

pyramidal

horn
[23] 74x19%30 0.88 311 TEM horn  40% Blind

antenna de-convolution algo
[24] 151 x108x146.6 — -9 Double- NA

rigged horn
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(DRH) is illustrated for microwave imaging [24]. The antenna has a 30%
size reduction in comparison to commercially available DRH antennas.

9.3.2 Concealed Weapon Detection Applications

Due to the increase of threats from national and international terrorists, the
security should be tightened, especially in vulnerable spots like airports and
railway stations. For this, a reliable and reasonable imaging or detection
procedure is required. Many systems are available on the market, such as
X-rays and metal detectors. X-ray has high resolution capability but creates
high radiation, which is invasive for human beings, and metal detectors only
reveal metal weapons like metal guns or knives. The effectiveness of metal
detectors can vary with their quality, quantity, orientation, and type of met-
als. It can’t differentiate between other items such as keys, belts, and glasses.
It is also unable to detect modern threats like plastic and ceramic hand-
guns and the most dangerous items, like liquid explosives like nitroglycer-
ine; acetone peroxide; and plastic explosives like C-4 and RDX. Microwave
and millimeter-wave imaging systems have a wide span to detect a variety
of threatening hidden items with appreciable image resolution. It has the
special capability of penetrating cloth, materials, liquids, and plastic items in
the lower frequencies without any hazardous radiation. This particular char-
acteristic makes it efficient in detection and location of concealed weapons.
It mainly focuses on low atmosphere attenuation bands, which are called
window bands, such as 335, 60, 95, 140, and 220 GHz. The 60-GHz band
is the most popular band for security personnel surveillance systems. The
60-GHz band can detect concealed weapons behind different materials such
as layers of most commonly worn fabrics, plywood sheets of different thick-
nesses, objects behind windows, buildings, doors, and luggage. The 60-GHz
frequency can even detect four different types of explosive liquids behind
clothes, plywood, and plastic materials. In [25], the authors worked with
metallic and non-metallic weapons and suspected liquids hidden in clothes,
plastic, and plywood with a high-gain low-profile multi-sine corrugated
AFTSA antenna sensor. The authors targeted three different types of weapon,
a handgun wrapped with aluminum tape; a knife with a ceramic body with
a plastic handle, which is impossible to detect with a normal detector; and
scissors made of stainless steel with plastic handles. The three weapons were
placed in different layers of cotton fabric, plywood, and plastic sheets.

In [26], a spare aperture MIMO SAR-based UWB imaging system is
designed for concealed weapon detection. Here a high-resolution imaging
system based on the combination of ultra-wideband transmission, multiple-
input-multi-path output array, and synthetic aperture radar is illustrated.
By combining a UWB MIMO array with SAR, a high-resolution 3D volu-
metric imaging system is prepared for detection of concealed weapons. For
MIMO-SAR application, a mannequin 1.8 m high and 0.5 m wide covered
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with aluminum foil is used in a standing position facing the aperture plane.
Weapons like a revolver and knife are attached at the wrist and leg of the
mannequin. The authors compare experiments for both a SAR-based system
and MIMO-SAR system and reveal that the MIMO-SAR system obtained far
better results than the SAR 2D system.

9.3.3 Structural Health Monitoring

In [27], an antipodal Vivaldi antenna with a sun-shaped configuration is
designed for microwave and millimeter-wave imaging applications for struc-
tural health monitoring. Radiation characteristics, like-extended low end of
frequency, increased antenna gain at lower frequencies, high front to back
ratio, high gain at higher frequencies, low side lobe and cross-polarization
level, and narrow half power beam width are improved by introducing a
half electrical shaped dielectric lens. The antenna covers a bandwidth of
5-50 GHz. For inspection of structural health, rubber discs are embedded in
construction foam at different depths.

Another multi-slot rectangular UWB antenna with a compact size of
18 x 10 mm? is used for structural health monitoring of wind turbine blades
[28]. The antenna specifies a broad bandwidth of 9.2-21.4 GHz with a peak
gain of 3.79-3.63 dBi, which is very helpful for health monitoring of wind
turbine blades.

9.4 SUMMARY

This chapter details about the pros and cons of microwave imaging tech-
nique along with its antenna theory. The essence of the microwave imaging
in connection with bio-medical engineering has been discussed here. The
types of imaging processes and its antennas have been highlighted. Mono-
pole, Vivaldi, antipodal Vivaldi, Bow-tie, fractal and horn are some prime
candidates in its antenna field. Various reported structures have been com-
pared quantitatively, which acts as a ready reference for the beginners apart
from the bio-medical field, usage of this imaging technique in strategic and
commercial domain is also demonstrated with real life problem.
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Problems
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Why is microwave preferred for imaging purposes?

Name a few important applications of microwave imaging.

What are the different types of microwave imaging?

What are the different types of antennas used for microwave imaging
applications?

What are the specialties of fractal antennas?

Why have Vivaldi antennas become so popular in microwave imaging?
How can microwave imaging be utilized to detect concealed weapons?
How the microwave imaging technique can be implemented for health
monitoring of any machine in industry?

How is microwave imaging treated as a better/the best option compared
to its counterparts?
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Chapter 10

Rectennas

A New Frontier for Future Wireless
Communication

10.1 INTRODUCTION

With the rapid growth in IC and embedded system technology, self-supporting
low-power devices suitable for the IoT, RFID systems, smart cities, wearable
electronics, wireless sensor networks, and so on have attracted notable atten-
tion in the last few years. Presently, the power requirements of these remote
devices are generally met using standard cells or batteries. Once exhausted,
these DC power sources are immediately replaced with new ones. This itself is a
tedious job in addition to being hazardous to the environment. Hence, there is a
need for a sustainable or green solution. Energy harvesting (EH), wherein abun-
dantly available energy is absorbed by several means and thereafter converted
into a DC power source for powering devices, is the most suitable for this issue.

There are various sources of ambient energy, like the sun, wind, tides,
piezoelectric vibrations, and EM waves. Among them, the energy associ-
ated with EM waves or RF energy source is the most easily available, and
it is abundant due to the explosive growth of mobile communication, WiFi,
TV users, and so on in the modern era. Hence, it can be used as a primitive
resource for EH systems in the current scenario. Table 10.1 summarizes com-
parative studies of possible sources of energy harvesting in terms of power
density, harvesting technique, advantages, and inherent disadvantages.

Radio frequency energy harvesting and wireless power transferring meth-
ods gained wide recognition over a decade ago in the process of enabling
battery-free wireless networks. Rectifying antennas, or rectennas, are the
backbone of such systems. The performance of the whole system greatly
depends on the quality of the rectenna developed for it. This kind of antenna
picks up electromagnetic waves from the surroundings. Whenever it receives
a signal, it generates oscillating charges that move through attached fluctua-
tions to a direct electric current. The throughput of the system solely depends
upon the AC-to-DC conversion.

The main concept of wireless power transferring (WPT) is not new. It
is dates back to 1890s, when Nikola Tesla originally proposed it for high-
power applications. However, practical applications started much later due
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Table 10.1 Overview of Probable Alternative Sources of Energy to Replace Batteries/Cells

Source Power Density Harvesting Advantages  Disadvantages
Technique
Sun [I] Indoor: 10 yW/cm? Photovoltaic High power Not always
Outdoor: 10 mW/ density available
cm? Expensive

Thermal [I] Human:30 pW/cm?  Thermoelectric High power Not always

Industrial: I-10 mW/  Pyro-electric density available
2

cm Excess heat
Vibration Human: 4 pyW/cm? Piezoelectric High power Not always
[ Industrial: 100 pW/ Electrostatic density available
cm? Electromagnetic Material science
limitations
RF[1] GSM: 0.1 pW/em? Antenna Always Low density
WiFi: | mW/cm? available Efficiency inversely
Implantable proportional to
distance

to various technical bottlenecks. The term “Rectenna” refers an antenna
along with some rectifying circuit, which can be used for harvesting the RF
energy from the surroundings [2].

As time progressed towards a revolution in wireless communication, the
power consumption of semi-conductor devices and wireless sensors nodes
continuously went down. It became more feasible to power sensor nodes
using ambient radio frequency energy harvesters. Such a system mainly con-
sists of an RF harvesting front end, DC power source, storage unit, and low-
power microprocessor and transceiver. Figure 10.1 depicts the architecture
of an RF energy harvester. The efficiency of such a system depends upon the
performance of individual blocks, such as the antenna, rectifier, and power
management unit. Figure 10.2 shows the possible sources of RF energy in
the ambient environment. Table 10.2 summarizes a variety of rectenna cir-
cuits developed in recent times, whereas Table 10.3 briefly outlines various
WPT techniques along with their performance metrics. Figure 10.3 illus-
trates WPT techniques.

In the subsequent sections, a detailed analysis of rectenna circuits is car-
ried out. A recent literature survey enriches the chapter, with the latest state-
of-the art architectures and their inherent merits and demerits.

10.2 PERFORMANCE METRICS OF RF HARVESTERS

There are various parameters that directly or indirectly decide the perfor-
mance of the whole energy harvesting system, and they need to be evaluated
rigorously. These are: efficiency, sensitivity, operating distance, output power,
maturity of fabrication/manufacturing process, and so on.
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Figure 10.2 Available RF energy sources in ambient environment.

10.2.1 Range of Operation

The range of operation is strongly dependent on the frequency of the opera-
tion. Transmission of the higher-frequency side is affected badly by various
loss factors associated with the atmosphere. At low frequencies, the signal
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Table 10.2 A Comparison of Rectenna Circuits

Literature Antenna Matching Frequency
Technique Bands (GHz)
2018[3] Narrowband patch Single-band 2.45
tapered line
2018[4] Broadband slot, single Tee or Pi 0.9,2,2.55
band slot network
2017[5] High-Z, multiband dipole N/A 0.95,1.85-2.4
2016[6] Frequency-independent Transmission 0.55,0.75,0.9,
log periodic line method 1.8,2.3
2016[7] High-Z dipole N/A 0.55
2014[8] High-Q loop Weighted 0.868
capacitor bank
2013[9] Broadband Yagi-Uda 8th-order LC 1.8,2.1
array network

Table 10.3 Comparison Between Various WPT Techniques

Field Region WPT Technique Nature of Efficiency
Propagation
Near-field Resonant inductive Non-radiative 5.81-57.2%
coupling (for 16.2 to 508 KHz) [2]
Magnetic resonance Non-radiative 30 to 90%
coupling
Far-field RF energy transfer Radiative 0.4%,>18.2% and >50% at

—40,-20, and -5 dBm input
power, respectively [2]

can easily penetrate matter. Hence, for the application of radio frequency
energy harvesting, the frequency of the operation should be chosen very
wisely.

10.2.2 Power Conversion Efficiency of RF to DC

This is the ratio of power applied to the load and that retrieved by the
antenna element. In RF-to-DC conversion, the PCE covers the efficiency of
the rectifying circuit, voltage multiplier, and storage unit. PCE can be math-
ematically expressed as

P
Npep = 24— (10.1)

retrieved
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Figure 10.3 WPT techniques. (a) Near-field communication. (b) Far-field communication.

where B, ,is the power delivered to the load, and P, is the power
retrieved at the antenna side.

In this equation, RF transmission loss is neglected.

10.2.3 Q-Factor of the Resonator

Q-factor or quality factor is defined as the ratio between the maximum
energy stored by the resonator and the energy dissipated per cycle. It decides
the resonance frequency as well as the operational bandwidth. It can be
defined as follows:

Maximum energy stored within resonator  f,

=2r =0
© Energy dissipated per cycle BW (10.2)

1
i -f =— 10.3
Capacitor Q-factor, O —RC (10.3)
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L
Inductor Q-factor, 9, = % (10.4)

10.2.4 Sensitivity

The sensitivity of a harvesting system is defined as the minimum amount of
incident signal power that is sufficient to trigger/initiate the operation of the
system. It is generally expressed in mV/dBm.

10.2.5 Output Power

The output of a harvesting system is DC power, which is further character-
ized by load voltage Vp, and current Ip,.

If the load is a sensor, V5 is more important than I, while in applica-
tions like electrolysis or LEDs, the main dominant parameter is Ipp.

10.3 DESIGN PROTOCOL OF RF ENERGY HARVESTING
CIRCUITS

In previous sections, the constituent building blocks of RF energy harvest-
ing systems are described. The overall efficiency of the system relies upon
the efficiency of individual elements. Hence, optimization is essential at the
design level for individual building blocks. The work flow of designing such
a harvesting system is shown in Figure 10.4.

Design

Targeted Specs.

*RECTENNA
* Voltage multiplier
*impedance matching

Evaluation
of parameters

*Freq. Of operation
* Range of operation
*Output power level

Requirement
of Applications

YES

l RFEH system

Figure 10.4 Work flow of designing an RF harvesting system.
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10.4 BUILDING BLOCKS OF RECTENNAS

10.4.1 Front-End Antennas

As the electronic eye of the whole system, the antenna plays an important
role in energy harvesting circuit. There are several parameters that decide
the performance metrics of the antenna. These are: return loss, impedance
bandwidth, gain, directivity, polarization, radiation efficiency, and so on.
A literature survey reveals that people have tried single as well as multiband
antennas for this purpose to achieve maximum throughput of the system.
Further, the polarization features have also been altered to attain maximum
efficacy of the energy harvester. As a key component of the whole system, the
operating frequency of the antenna is chosen wisely so that the maximum
ambient RF energy can be captured. Usually, the frequencies of operations
are 915 MHz, 2.45 GHz, and 5.8 GHz, and the types of antenna elements
used are microstrip patch, Yagi-Uda, dipole, aperture coupled patch, stacked
patch antennas, and so on. The gain of the antenna mainly varies from 3
to 20 dBi, whereas RF-to-DC power conversion efficiency can be achieved
up to 83 %. Various types of antennas used/developed for this purpose are
shown in Figures 10.5 to 10.7.

Low Gain,

Wide Beam

N

4

Figure 10.5 Rectenna topologies based on radiation patterns. (a) Omnidirectional antenna.
(b) High-gain directional antenna. (c) Multiband high-gain narrow beams with RF combiner.
(d) Multiband high-gain narrow beams with DC combiner [10].
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Figure 10.5 Continued
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I

Figure 10.6 Multiband, ultrahigh-frequency RFEH antennas: (a) triple-band antenna with a
lumped inductor and three radiator elements [ 1], (b) triple-band slotted patch [4],and (c)
one-probe-fed, dual-band patch [12].
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Figure 10.7 Polarization-independent rectennas: (a) dual-LP slot [13], (b) dual-CP slot [14],
(c) dual-LP cross-dipole array [15], and (d) dual antennas for harvesting near-field (top)
H- and (bottom) E-fields [16].
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10.4.2 Impedance Matching Networks

Impedance matching networks (IMNs) play an important role in making a
smooth transition between the impedance level of the antenna’s input feed-
ing network and load impedance of the rectifying circuit. Maximum power
can only be transferred if there is conjugate matching of impedance at the
RF level.

Several types of matching topologies are adopted as depicted in Fig-
ure 10.8. Depending upon the suitability of the application engineering, the
type of matching network is selected. For multiband antenna applications,
sometimes tunable IMNs are implemented instead of fixed ones. Usually,
three basic configurations of matching networks are used extensively: L, T,
or . Commonly, L-type matching is used, which simplifies the design and
control process. It doesn’t alter the Q-factor of the circuit. However, complex
design problems demand a T or pi network.

10.4.3 Rectifying Circuits

Usually, the density of the ambient RF energy/power is feeble, so processing
it through the antenna and input matching network will further decrease its
power level. Hence, along with RF-to-DC conversion activity, it becomes
essential to have a boost or multiply the output voltage level.

Some common topologies of rectifiers are shown in Figure 10.9. Among
these, the most primitive is the half-wave rectifier, which includes a single

(c) (d)

Figure 10.8 Impedance matching circuit of (a) forward L-type, (b) reverse L-type, (c) T
network, and (d) T network.
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Figure 10.9 Rectifier circuits of (a) half-wave type, (b) full-wave type, and (c) bridge type.
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Figure 10.10 Voltage multiplier types: (a) Cockcroft-Walton and (b) Dickson.

diode. It allows only half of the input AC/RF waveform. For smoother AC-
to-DC conversion, a full-wave rectifier or bridge network is implemented.

A voltage multiplier is another kind of rectifier circuit that converts and
boosts AC input to DC output. There are some cases where rectified power
is inadequate for the rest of the applications. Hence, the importance of a
voltage multiplier circuit is realized. Basically, there are two types of voltage
multipliers: Cockcroft-Walton and Dickson [1] (Figure 10.10).
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10.5 PRACTICAL APPLICATIONS OF RF ENERGY
HARVESTERS

10.5.1 Healthcare Devices/Biomedical Engineering

The healthcare sector or biomedical engineering demands sensors or devices
with very low power needs for general operation. Radio frequency energy
harvesting may be the answer for all of these devices, replacing the current
DC power source, that is, the battery/cell. In a very efficient way, the RFEH
technique can be an alternative to all sensors. A battery-free bio-signal pro-
cessing System-on-chip (SoC) is demonstrated in [17]. The system is able to
monitor various bio-signals via ECG, EEG, EMG, and so on. The overall size
of the chip is 8.25 mm?, which only consumes 19 pW to measure the heart
rate. The power module of this system consists of RFEH, which can sup-
ply around 1.55 Volts (DC). Table 10.4 presents the performance of several
health-monitoring SoCs.

10.5.2 Future Wireless Communication Networks

In the very near future, wireless communications will be established between
various wireless sensor networks in smart cities, the IoT, and even 5G. With
the rapid growth of micro- and nano-technology along with IC fabrication
and embedded systems, the realization of various sensors is imminent.

In such WSNs, energy is a critical concern, along with sensing reliabil-
ity, communication protocols used, and network services. Fortunately, with
CMOS and MEMS technology, sensors are becoming miniaturized and
need very low power for normal operation. Utilizing harvested RF energy
to recharge batteries is one approach to enhance the lifespan of WSNs. [22]
demonstrates an RF charger implementing a wireless harvester. The system
is able to work with minimum power of 0.1 mW in the frequency range of
1.96 to 1.98 GHz to charge a 5V super-capacitor. The maximum RF-to-DC
power conversion efficiency (PCE) achieved was 81% at 6 dBm (3.98 mW).

Table 10.4 Various Health-Monitoring Sensors With Power-Consuming Capabilities

Reference Sensor Chip Power (uW)
[18] EEG |
[19] ECG 1.2
[20] Intra-ocular pressure —
(I0P)

[21] Neural, ECG, EMG, EEG |
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10.5.3 Explosive Detection Missions

In the near future, robots are planned to be used for this purpose. The robot
has battery/cell inside it, and it requires recharging after a few hours, so re-
charging it without human intervention by wireless means will be a blessing
for technologists. These robots also operate at larger ranges.

Near-field coupling (NFC) will be suitable up to s few feet, whereas if the
range/distance is larger, WPT with the means of a microwave or laser tech-
nique will be ideal. A laser technique needs line-of-sight (LOS) communica-
tion, whereas microwave doesn’t particularly need a LOS communication
link. Even through physical barriers (non-metallic in nature), microwave can
penetrate. The only hurdle for it is the moisture content of surroundings. If
there is heavy rain or a dense forest, its power budget will be compromised.

10.5.4 Unique Solutions for Specific Military Applications

Radio-frequency energy-harvesting technology is very well suited to some
of the unique challenges faced by combatants in current military vehicles,
such as supplying power to individuals seated in the vehicle. Today, sol-
diers carry many electrical and electronic systems that provide them with
advanced capabilities. However, these advances have come with a cost: it
has become necessary for soldiers to carry many spare (non-rechargeable)
batteries to keep these systems operational. An individual could be required
to carry approximately 25 Ib of battery weight to support a typical three-
day mission. Hence, any opportunity to recharge the batteries or provide
temporary operating power for these systems could offer major benefits by
reducing the weight. With these challenges as a motivation, the possibility
of transferring power from source to load using non-contact wireless means
can be investigated, or RFEH using a robot remotely operated by a soldier
could be very useful.

10.6 SUMMARY

In this chapter, the essence of rectenna circuits is discussed in detail in context
with the rapid growth of mobile or wireless communication. The evolution
of energy harvesting circuits is also highlighted here. Comparisons between
various harvesting techniques have been given. Various performance metrics
of harvesters are also outlined to evaluate the quality of the built proto-
types. Subsequently, the building blocks of rectenna modules are explained.
Antenna design is detailed with a literature survey. Keeping in view of fabri-
cation tolerances, the design parameters of antenna architecture is finalized.

Polarization of antennas plays an important role in such applications.
With the next key component being the impedance matching network, its
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design becomes a vital point. Depending upon the system requirements, the
type of matching network is selected, and finally, the rectifier circuit finishes
its job to successfully convert AC to DC. The power conversion efficiency
depends upon lot of factors, which have been discussed in the chapter.

Apart from design strategies and fabrication challenges, the chapter con-
cludes with the possible application of rectenna circuits targeting multifac-
eted wireless communications.
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14.
15.
16.
17.

. What are the possible sources of energy harvesting?
. Why is RF energy harvesting becoming popular?
. What are the ranges of frequency of operations where RF harvesters can

work satisfactorily?

. What is the power density available in ambient from where RF energy

can be harvested?

. Why is the near-field communication technique less preferred for wire-

less power transfer?

What are the types of antennas used for RFEH systems?

What kind of polarization is used for antennas in RFEH systems?
What is a rectenna? What are its basic building blocks?

What are the bottlenecks of rectenna circuits?

. What is power conversion efficiency (PCE)? What are the factors that

influence the PCE?

. Sketch a circuit diagram for a rectenna circuit used for 900 MHz.
. What is the role of a diode in a rectenna circuit? How it can influence

the frequency behavior of the circuit?

What is the role of an impedance matching network?

What are the different types of IMNs? Explain with schematics.
What is LNA? What are its specifications?

Why are voltage multiplier circuits necessary in rectenna modules?
What are the targeted applications of rectennas?
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Future Scope

Printed antenna technology is not a new topic of discussion. Dates back, its
theory was conceived and with the progress of fabrication technologies it
has been implemented practically for various multifaceted applications. Cur-
rently it is finding wide applications in multiple fields of communication. As
the “electronic eye” of a whole communication system, its design plays a key
role. Future wireless communication is inevitable for ground-based appli-
cations, airborne usage, underwater applications, or use in the healthcare
industry. Whether it is for consumer electronics or strategic applications,
the future of printed antennas is very bright. An antenna engineer’s life is
becoming challenging day by day because of various multi-linked techno-
logical issues.

For future wireless communication, adaptive electronics is becoming a
main area of research. In the field of antenna engineering, adaptivity or re-
configurability can be obtained either by altering the operating frequency
or polarization, the radiation pattern, or a combination of more than one
features. With the help of various switching circuits, these reconfigurable
antennas can be realized for adaptive electronics.

Another important feature of modern-day electronics is flexible circuits.
Very complicated circuits can be made compact and conformal in shape
according to the requirements of practical applications where the end prod-
uct may have a curved surface. Antennas fabricated on such flexible plat-
forms are in high demand for space as well as for various crucial division
applications.

In the upcoming era of the Internet of Things (IoT), sensors will be the
main building blocks of whole networks, and wireless sensor modules
(WSMs) will be the heart of such networks, where numerous sensors will
be connected virtually by wireless means through defined protocols. Printed
antennas will be a viable solution for this wireless communication.

Biomedical engineering will be another vast market for printed antenna
engineering. Across the entire gamut of the EM spectrum, there are multiple
applications for the welfare of humankind.
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Last but not least is the integration capability of antenna modules with
their associated driving electronics. This can be either in the form of a sys-
tem on chip (SoC), system in package (SiP), or antenna in package (AiP).
Antenna engineers also need to broaden their field to the packaging area for
developing such systems in practice. This strategy will be very helpful for
future 5G communication, automotive RADAR applications, 60 GHz-mmW
applications, or to develop multi-input-multi-output (MIMO)-based wire-
less communication.
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Table A.I RF and Microwave Frequency Spectrum Along With Practical Applications
Band Frequency Range Application

Low frequency 30 to 300 kHz Navigation, RFID, time standard, submarines
(LF)

Medium 300 kHz to 3 MHz  Marine/aircraft navigation,AM broadcast

frequency (MF)
High frequency
(HF)

Very high
frequency (VHF)

Ultra-high
frequency (UHF)

L

Ku

ozx~

3 to 30 MHz

30 to 300 MHz

300 MHz to 3 GHz

| to 2 GHz

2to 4 GHz
4 to 8 GHz

8to 12 GHz

12 to 18 GHz
18 to 26 GHz
26 to 40 GHz
30 to 50 GHz

40 to 60 GHz
50 to 75 GHz
60 to 90 GHz
75 to 110 GHz
90 to 140 GHz
110 to 170 GHz

Mobile radio, short-wave broadcasting

Land mobile, FM/TV broadcast, amateur radio,
aircraft communications

RFID, mobile phone, wireless LAN, PAN

Mobile satellite service (MSS), remote sensing,
airborne warning and control (AWACS)

WiFi, Bluetooth, ZigBee biomedical

Satellite communication, WLAN,WiMax, WiFi
and ISM band application

Radar, FSS family, police radar

VSAT, broadcast satellite Doppler navigation
Radar, satellite communication

Satellite communication

Terrestrial microwave communication, radio
astronomy

5G cellular, satellite communication
New WLAN, 802.1 1ad/WiGig

5G cellular

Automotive radar

Radar, radio astronomy

Millimeter wave, radar
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Appendix 2

Table A.2 Comparison of Different Planar Antennas

Type Radiation Directivity Bandwidth Polarization
Pattern

Microstrip Broadside Medium Narrow Linear/circular

Dipole Broadside Low Medium Linear

Monopole Broadside Low Medium Linear

PIFA Broadside Medium Medium Circular

Slot Broadside Medium/low Medium Linear

Bow tie Broadside Medium Wide Linear (vertical)

Circular loop Broadside Medium Narrow Linear/circular

Spiral Broadside Medium Wide Linear/circular

Quasi-Yagi End fire High Wide Linear

Fractal Broadside High Wide Linear/circular

Leaky wave Scannable High Medium Linear

Appendix 3

Table A.3 Comparison of Various Computational Electromagnetic Solvers

Parameter

MOM

FEM

FDTD

In-line method
Advantage

Background
mathematics

Best suited for

Operating
principle

Frequency domain

Fast simulation

Integral equation

Electrically small

antennas, wire
antenna, planar
antenna etc.

Frequency-dependent
Green’s function

Frequency domain
Flexible type with
suitable mesh
generation

Differential
equation

Arbitrary shapes,
single or a band of
frequencies

Minimizing energy
function

Time domain
Electrically large
structure can be
solved easily

Electrically large
structure can be
solved easily

Electrically
large structure,
broadband

A discrete
solution of
Maxwell’s
equation
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Appendix 4
Table A.4 Popular Types of Planar Antennas for Antenna-in-Package (AiP) Configuration
Antenna Type Merits Demerits Usage (s)
Patch * Compact * Narrow BW * Mobile phone
* Light weight * Low gain * Base station
* Low profile * Low power landline capability * Imaging
* Can be multiband * Warpage * RADAR
» Can be conformal
* Polarization diversity
Yagi-Uda * Compact * Low power handing capability * Mobile phone
* Light weight * Sensitive to its location on
* Low profile PCB
* Wideband * Non-polarization diversity
* High directivity
Grid * High gain ¢ Pattern squint * Radar

Low X-polarization
Compact

Light weight
Wideband

Low profile

Low power
Narrow gain
Bandwidth
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bio-telemetry, 74

bow-tie antenna, 209

breast imaging, 205

bulk micromachining, 146

C

Cantor set, 16

capacitively loaded loop (CLL), 54

channel capacity loss (CCL), 160
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Sierpinski gasket, 18
Friis transmission formula, 115

249



250 Index

G

gastrointestinal (G.I) tract, 99

global positioning system (GPS), 178

ground penetrating radar (GPR),
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half annular-shaped antenna, 26, 88
Hammerstad-Bekkadal model, 142
high resistive silicon, 78

Hilbert curve, 19, 188

Hillocks, 141

Huray model, 143

IEEE802.11a, 46

IFA: inverted F-antenna, 5, 179
impedance matching network (IMN), 238
implantable medical devices (IMD), 196
IoT (Internet-of-Things), 225, 243

ISM band, 100, 116

iterative structure, 24

ITU, 55, 78

K

Kirchhoff’s surface integral
representation (KSIR), 41
Koch fractal, 20

L

LCP (liquid crystal polymer), 79, 129
leaky-wave antenna, 12
linearly tapered slot antenna

(LTSA), 60
link margin, 126
log-periodic dipole antenna, 5
light emitting diode (LED), 107, 230
link-budget analysis, 126
long-term evolution (LTE), 155
line-of-sight (LOS), 238
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Male Torso, 113

medical implant communication
systems (MICS), 99

MEMS, 90, 91

meta-material structure (MTM), 170
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microwave imaging, 22, 199, 172
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monolithic microwave integrated
circuits (MMICs), 40
monopole antenna, 157, 205
multi band MIMO antenna, 178
multichip modules (MCMs), 150
multiple band-notched UWB antenna, 55

N

near-field coupling (NFC), 238, 160
near-field imaging, 219
neutralization line (NL), 166

(0}
omega-shaped slots, 25

P

PEEK, 101, 125
Penta-Gasket-Koch (PGK), 23
perfect electric conductor (PEC), 107
polarization, 126
position emission tomography
(PET), 200
potassium hydroxide (KOH), 146
power conversion efficiency (PCE), 228
printed antenna
bow-tie antenna, 209
dipole antenna, 3
fractal antenna, 7
inverted F-antenna, 5
log-periodic antenna, 11
microstrip antenna, 79, 134
microstrip leaky wave antenna, 9
monopole antenna, 20
quasi-Yagi antenna, 6
slot antenna, 38, 59
spiral antenna, 8
Pythagoras tree fractal, 19

Q

Q-factor, 149
quasi-Yagi antenna, 6



Index 251

R

radio frequency energy harvesting
(RFEH) technology, 225, 237

radio-frequency identification
(RFID), 225

reconfigurable antenna, 73, 92

reconfigurable MIMO antenna, 188

rectangular microstrip antenna array
(RMAA), 82,134

rectenna, 225

RF energy harvester, 226, 237

RF harvesting, 226, 230

RFIC, 145

RE-MEMS, 90

RLC networks, 85, 141

S

self-similar property, 7, 25, 214

sensitivity, 226, 230

Shannon-Hartley theorem, 156

side lobe level (SLL), 60, 157

Sierpinski carpet, 17, 21

Sierpinski gasket, 17, 18

single input-signal output (SISO), 156

SIR, xxi

slot antenna, 36, 38

slot-line, 100, 101

smiley fractal antenna, 21

space-filling property, 25

specific absorption rate (SAR), 115, 206

spiral antenna, 8, 9

split ring resonator structure (SRR), 165

stiction, 148

sub-mmW, 7, 74, 79

substrate, 79, 84, 88

superstrate, 122,123

super-wideband (SWB), 20, 74

surface micromachining, 91, 148

synthetic aperture radar (SAR), 199,
200, 220

System-in-Package (SiP), 150

system-on-chip (SoC), 133, 146

T

tapered slot antenna (TSA), 59, 206
antipodal Vivaldi antenna, 64
Vivaldi antenna, 62

tetra methyl amino hydroxide
(TMAH), 146

TM10 mode, 75, 79

total active refection co-efficient
(TARC), 159

through-wall imaging, 203

U

ULTRALAM, 133, 134
ultra-wideband MIMO antenna, 183
ultra-wideband (UWB) antenna, 35
band notched UWB antenna, 48
dual band notched UWB antenna, 54
multiple band notched UWB
antenna, 55
printed monopole, 40
single band notched UWB antenna, 48
slot antenna, 52
UMTS, 179,183

\%

Vivaldi antenna, 206

VSWR, 21, 22, 24, 40

vector network analyzer (VNA),
112,125

via-hole, 75, 145

w

wafer bonding, 148

weather radar, 203

wideband MIMO antenna, 179

WiFi, 35, 38,155

WiMAX, 179, 245

wire bonding, 150

wireless body area network (WBAN), 42

wireless capsule endoscopy (WCE), 99,
121,122

wireless local area network (WLAN), 245

wireless power transfer (WPT), 225,
226,228

wireless sensor modules (WSMs), 243

wireless sensor network (WSN), 237
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