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Abstract

Performance levels expected from future-generation wireless networks and sensor systems
are beyond the capabilities of current radio technologies. To realize information capacities
much higher than those achievable through existing time and/or frequency coding techniques,
an antenna system must exploit the spatial characteristics of the medium in an intelligent and
adaptive manner. This means that such system needs to incorporate integrated multi-element
antennas with controlled and adjustable performances. The antenna configuration should also
be highly miniaturized and integrated with circuits around it in order to meet the rigorous

requirements of size, weight, and cost.

A solid understanding of the underlying physics of the antenna function is, and has always
been, the key to a successful design. In a typical antenna design process, the designer starts
with a simple conceptual model, based on a given volume/space to be occupied by the
antenna. The design cycle is completed by the antenna performing its function over a range
of frequencies in some complex scenarios, i.e., packaged into a compact device, handled in
different operational environments, and possibly implanted inside a human/animal body.
From the conceptual model to the actual working device, a large variety of design approaches
and steps exist. These approaches may be viewed as simulation-driven steps, experimental-
based ones, or a hybrid of both. In any of these approaches, a typical design involves a large
amount of parametric/optimization steps. It is no wonder, then, that due to the many
uncertainties and ‘unknowns’ in the antenna problem, a final working design is usually an
evolved version of an initial implementation that comes to fruition only after a considerable
amount of effort and time spent on “unsuccessful” prototypes. In general, the circuit/filter
community has enjoyed a better design experience than that of the antenna community.
Designing a filter network to meet specific bandwidth and insertion loss is a fairly well-

defined procedure, from the conceptual stages to the actual realization.

In view of the aforementioned, this work focuses on attempting to unveil some of the

uncertainties associated with the general antenna design problem through adapting key
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features from the circuit/filter theory. Some of the adapted features include a group delay
method for the design of antennas with a pre-defined impedance bandwidth, inverter-based
modeling for the synthesis of small-sized wideband antennas, and an Eigen-based technique
to realize multi-band/multi-feed antennas, tunable antennas, and high sensitivity sensor
antennas. By utilizing the proposed approaches in the context of this research, the design
cycle for practical antennas should be significantly simplified along with various physical
limitations clarified, all of which translates to reduced time, effort, and cost in product

development.
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Chapter 1: Introduction

“The essence of science: ask an impertinent question, and you are on the way to a

pertinent answer.”’

Jacob Bronowski

Since its very first days, the wireless system has been composed of several key
components, one of the most crucial of which is the antenna. An antenna is essentially a
transducer that transforms electrical signals into waves propagating through space. It is
also capable of transforming the electromagnetic waves flowing in space into electrical
signals to be processed at the receiver. Numerous studies over the years have pontificated
on the most suitable antenna for a given wireless system, with a large number of books
summarizing a massive amount of work on the antenna theory from the early 1900s until
now. A close look at most of the pioneering and fundamental work on antennas reveals
some standard forms for antennas, such as dipoles, loops, printed microstrip patches,
helical-based, parabolic-based, and waveguide antennas, all of which have been
extensively studied. Models to predict their behavior are available, and many tools were
developed to analyze their properties. Most of these antennas are useful in a standard type
of applications, i.e., satellite communications, radars, and terrestrial communications

towers.

A common feature among these antennas is that most of them were developed for
broadcast systems or military applications. However, recently, we have witnessed a
significant increase of emerging wireless systems serving everyday individuals. Mobile
handhelds, such as smartphones, smart sensors, or tablets, have become a daily necessity
of life necessity for many around the world. In fact, the world’s wireless forum predicts
that, by 2030, each individual will be served by more than 1,000 sensors and wireless

systems.



In general, most of the new wireless devices share the feature of being “commercially”
driven products. They target different classes of the community, and thus for each there
are different marketing strategies. This reflect the capabilities and form-factors of each
wireless device. With such a variety in packaging possibilities comes the challenge of
antenna design. The antenna is no longer a simple dipole, loop, or patch antenna of
uniform geometries; rather, it has become a flexible varying structure that has to conform
to the package, support multi-frequency operation, satisfy many operational standards,
and maintain satisfactory operation at all possible scenarios experienced by the wireless

device.

With multiple sets of stringent requirements along with a variety of non-canonical
configurations, it became clear that the typical theoretical approach for antenna design is
quite limited and would not satisfy the needs for rapid and accurate product development.
This is why the use of an experimental-based approach, mostly relying on the cut-and-try
designs, surged in the early days of portable wireless devices. This approach was further
enhanced by massive advancements in computational powers, which allowed the designer
to experiment on his personal computer, minimizing his attempts on the bench or at the
lab. In fact, it has become a common design routine to start with a conceptual design and
let the software optimization package try to get the antenna form to comply with the
requirements. However, numerous limitations emerge from relying solely on software
capabilities. The computational power is simply useless if the optimizer has no physics-
based assessment of the design problem, particularly when it comes to three-dimensional

electromagnetic solvers targeting multi-objective antenna designs.

The market for wireless personal devices has expanded significantly. Nowadays, products
range from simple communication devices to medical applications, spanning through
wireless sensor nodes and the Internet of Things. All indications are that the demand for
custom antenna elements for each unique package will increase even further. The typical
try-on-the-bench approach is a time-consuming and costly process, while relying solely
on software optimization tools is not the ideal solution. Thus, well-defined synthesis
techniques are needed to address the design problem. It is understood that such an
approach cannot alleviate the need for optimization or replace fine on-the-bench tunings,

2



but it should be sufficiently effective in guiding the designer through the optimization and
tuning processes. To this end, the primarily target of this research is to establish a general

efficient antenna design strategy for next generation wireless devices.

1.1 Statement of the Problem and the Selected Tools

In its roots, each doctoral thesis seeks an answer to a given number of questions. Early in
my PhD work, I was challenged with the following thought: “How can we systematically
and efficiently design an antenna, especially one that is integrated in a package, can
cover as many bands as possible, and can operate in stringent and varying operational
conditions?” This question was the trigger for this thesis, in which I primarily seek a
modern practical approach to the design of compact, integrated, and multi-frequency

antennas.

To advance the work presented in this thesis, access to a number of tools was needed.
First, I had to re-visit some of the well-established electromagnetic and antenna theories
available. This was necessary both to stand on the shoulders of giants, while at the same
time not re-inventing the wheel. In addition, it served to define why many of the

commonly available techniques are not suitable for addressing the problem at hand.

Successful engineering design, in general, has always been a challenging task. However,
one particular community, known for its robust mathematical models implemented in
developing products that meet strict system requirements, is the filter design community.
My second tool was therefore to study their techniques closely and to understand their
approaches. By adapting some of the filter design ideas to the antenna problem, this

thesis illustrates how some complex antenna designs can be systematically developed.

Advancements in computational tools present a powerful paradigm towards better design
approaches. In particular, the application of Electromagnetic (EM) field simulation
packages to microwave engineering design has enabled unprecedented insight into a
multitude of complex problems. These packages feature a diversified number of

numerical techniques, each with a unique set of advantages. Interestingly, many of the
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kernels of these tools are widely available as open source software. This means that they
are freely available to the interested developer to edit and modify, without the need to
start from the basic principles. Additionally, many commercial software vendors make
their tools available for academic use at a significantly reduced price. So, given the large
number of available software tools, this work proposes new design methodologies that

efficiently utilize the currently available EM solvers.

Still, the development of a number of customized codes is a necessity. Some of these
have already been developed in the context of this research to implement some of the
proposed techniques. A custom tool was established to control several EM solvers and
integrate the proposed methodologies therein. This is an invaluable tool that greatly
enhanced the progress of this research. The list of EM solvers utilized includes: Matlab
Antenna Toolbox (Method of Moments MOM open source code supporting 3-
dimensional configurations and generalized dielectric inclusions), Ansoft’s Designer
(Circuit solver and Method of Moments MOM 2.5-dimensional solver supporting 2-D
infinite dielectric inclusions), Ansoft’s HFSS (3-D Finite Element Method Solver FEM),
COMSOL (2-D and 3-D Finite Element Method Solvers, with electro-static, magneto-
static modules, in addition to thermal and mechanical solvers), Sonnet EM (Method of
Moments MOM 2.5-dimensional solver supporting 2-D infinite dielectric inclusions),
CST’s Microwave Studio (3-D Finite Integration Solver), and SPEAG’s SEMCAD (3-D

conformal Finite Difference Time Domain Solver).

Finally, to verify the proposed concepts, many prototypes were developed. Understanding
the fabrication procedures and their tolerances was a crucial step towards adequately
modeling the proposed antenna designs. Some prototypes were produced using copper
tape and foam substrates, while others used FR-4 PCBs. To address the need for low-cost
"green" antennas, inkjet printing technology was utilized to produce some novel design

concepts suitable for next-generation wireless systems.



1.2 The Thesis at a Glance

The first section of this document briefly reviews some of the classical design methods of
traditional antenna structures of relevance to this work. The design strategies towards
converting these structures into working antennas are outlined. The purpose of presenting
such strategies in Chapter 2 serves in listing the common approaches before presenting
the proposed ones. Some fundamental concepts such as the antenna quality factor and its
relation to the impedance bandwidth are discussed, with further details available in the
associated appendices. In addition, state-of-the-art techniques in antenna design are
briefed. In view of the current trends and future needs, Chapter 2 concludes with some
specific features that should be incorporated in any newly developed design methodology

for antenna design.

Following a divide-and-conquer strategy, the proposed generalized design methodology
is presented through a number of novel concepts. Chapter 3 starts by emphasizing some
very basic circuit concepts and definitions, along with presenting the dominant
approaches in the analysis of the antenna quality factor. This review serves a two-fold
purpose. First, it clearly outlines some of the common definitions and their domain of
application, and second, it allows for drawing an analogy that could translate the antenna
design problem into a systematic procedure, like that encountered in filter design. Simple

examples utilizing this analogy are presented.

In Chapter 4, the simple analogy discussed in Chapter 3 is used to develop a theory for
the design of multi-coupled antennas. Detailed steps are presented, along with a number
of examples illustrating the usefulness of the proposed formulations. An observation is
made about the possibility of integrating filtering functionalities into these types of
antennas. The chapter concludes with a discussion on the need for extending the proposed

technique to multi-band multi-feed antennas. This triggers the work in Chapter 5.

In a different manner than that presented earlier, the antenna problem in Chapter 5 is
tackled from a feed-less point of view. That is, the modal behavior of the antenna
structure is studied, without the presence of any feed configuration. Modal analysis is one

technique that is typically involved in the filter design process. However, in such a
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process, the solution space is always assumed to be bounded with a metallic cavity, and
thus no radiation effects are taken into account. In the antenna community, the
application of modal analysis dates back to the late 1970s. Nevertheless, its application
has remained quite limited, with severe approximations in accounting for the associated
radiation mechanisms. Through some modifications to the aforementioned theory, and in
light of the recent advances in computational capabilities, Chapter 5 demonstrates a
number of novel concepts. Utilizing an efficient Eigen solver, the capability of accurately
extracting the modal field distribution and the radiation quality factor of antennas is
demonstrated. Through such capability, the concept of impedance maps is proposed. This
is a very special concept that allows the designer to predict beforehand the impedance
values at any location on a general antenna, without the need for parametric and
optimization trials seeking an appropriate feed location. In addition, through the modal
analysis, the designer will always have a priori information about the maximum
attainable bandwidth, the operational frequency, and the radiation pattern of any antenna
under study. Examples on utilizing the proposed concepts in the design of dual-feed
antennas, single-feed with dual bands, reconfigurable/tunable antennas, and antennas for
portable devices are illustrated. The chapter concludes that one promising technique for
multi-band multi-feed antenna design is to focus on finding a suitable antenna with the
appropriate resonant frequency and quality factor, irrespective of the feed configuration.
A suitable feed location can then be easily found following the generation of the antenna
impedance map at each band of interest. Hence, the remaining crucial question is how to
find an antenna shape resulting in the required complex frequency behavior. This

question motivated the work presented in Chapter 6.

Developing an antenna shape to meet some system requirements is one of the most
challenging design tasks. To search for such design, it is clear that the need for invoking
an efficient optimization routine is inevitable. One should note that this optimization
cycle is expected to be different from the traditional ones, given the presented
advancements in the calculation of the antenna quality factor. An enhanced optimization
cycle would then translate the return loss specifications into seeking structures with

specific resonant frequencies and quality factors. This translation would provide the



optimizer with some physics-based knowledge of the structure investigated, which in turn
should improve the convergence of the optimization cycle. Interestingly, various
optimization routines are already implemented in commercial EM solvers. However,
most of them require a significantly large number of simulations before a simple antenna

design can be optimized.

To this end, the work described in Chapter 6 proposes a novel physics-based optimization
routine based on multi-dimensional Cauchy rational modeling. This newly developed
routine proved quite suitable for antenna problems, with performance substantially
surpassing many commercially available routines. Furthermore, the routine proved
efficient in generating a surrogate model for the behavior of the optimized structure.
Hence, this optimizer is quite capable of assessing the design sensitivities and tolerances,

without need for further extensive simulations and studies.

To demonstrate the relevance of the proposed design techniques to next-generation
wireless devices (whether for personal handhelds, wireless sensor nodes, or Internet of
Things applications), Chapter 7 discusses the application of inkjet printing technology to
various wireless systems. The chapter lists some of the challenging aspects in order to
realize fine and repeatable printing resolutions of silver nano-ink. Examples on LCP and
paper substrates are demonstrated up to mm-Wave frequencies. Many of those are
suitable as package-integrated flexible antennas. Novel gas sensor concepts integrating

carbon nanotubes in antennas for remote sensing are also presented.

Chapter 8 concludes the thesis, highlighting some of the key contributions and suggesting
possible future work. Specifically, it is believed that the concept of impedance maps will
truly facilitate the design of multi-band tunable LTE and MIMO systems. Moreover, the
proposed approach for coupled antenna designs should be re-visited, focusing further
studies on the filter-integrated functionality associated with such antennas. Other future
research work could include further investigations on compact antenna array designs, as
well as investigations into using inkjet printing to create commercial package-integrated

low-cost flexible antennas.



Chapter 2: Background

“What is now proved was once only imagined.”

William Blake

Antennas are key components in any wireless communication system. They are the
devices that allow for the transfer of a signal to waves that can propagate through space
and be received by another antenna. The transmitting and receiving functionalities of
many of the basic antenna structures are fairly well understood [1]-[16]. For example, a
dipole antenna is formed of a straight wire, fed at the center by a two-wire transmission
line. To optimally perform its function, its length must be approximately half of the
wavelength at the frequency of operation. Its gain pattern is known to be omni-
directional, with a relatively narrow impedance bandwidth. To overcome its gain
limitations, the Yagi-Uda antenna [41]-[42] was introduced in the 1920s with more
directivity and gain that can easily be 10 times that of a dipole. Later in the 1940s, log-
periodic wire antennas produced both high gain and wide bandwidth. These were
paralleled by other types of antennas, such as the large reflectors, apertures, and

waveguides [46]-[48].

Until the late 1970s, antenna design was based primarily on practical approaches using
off-the-shelf canonical antennas. The antenna engineer would choose or modify one of
these antennas based on the design requirements on impedance bandwidth, gain
bandwidth, pattern beamwidth, and side-lobe levels. Such a design cycle typically
required extensive testing and experimentation. It is no wonder, then, that most of the
notable designs were funded by military-oriented research. Interestingly, with the current
exploding needs for the production of commercially-driven devices, along with the
remarkable growth in computing speeds and efficient computational techniques, the
development of realistic antenna geometries through low-cost virtual antenna design has

become a reality.



Incidentally, it is no wonder that the commercial mobile communications industry has
been the catalyst for the recent explosive growth in antenna design needs. The last few
years have seen an extensive use of antennas by the public for cellular communications,
satellite-based Global Positioning Systems (GPS), wireless Local Area Networks (LAN),
Bluetooth technology, Radio Frequency ID (RFID) devices, and many others [49]-[57].
However, future needs will be even greater when a multitude of antennas are integrated to
form the backbone of the Internet of Things (IoT). For example, automobiles will be
fitted with a plurality of antennas for all sorts of communication, security, and safety
needs. Future RFID devices will most likely replace bar codes on all products, while
concurrently allowing for instantaneous inventorying. For military applications, there is
an increasing need for small and conformal multifunctional antennas that can satisfy a
plethora of communications needs using as little space as possible. Wireless implants and
body area networks are another massive realm where compact and efficient antenna
designs are needed to improve health monitoring and allow for better medical

assessments.

To satisfy the needs of this futuristic world of antennas, one needs to set up a well-
defined synthesis strategy. Generally, the antenna design process can be divided into two
major steps. The first tries to determine the lower limit on the volume of a general
antenna in order to meet a given bandwidth (and/or gain) requirement. This may be found
through studying the quality factor of the antenna. The second step tries to find a ptactical
antenna realization that meets the required specifications while fitting within a specified
volume. This volume is usually much larger than the lower limit found in the first part,

and the ultimate goal is to keep it as close as possible to the lower limit.

2.1 Size Limitations

The first step in antenna design is to assess the volume needed to realize an antenna with
the required specifications. These specifications may include impedance bandwidth, gain
bandwidth, efficiency, constraints on polarization, etc. [13]. For portable devices, it is

typically the impedance bandwidth that is most important [17]. Traditionally, the problem
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is tackled first by determining the quality factor, through which the impedance bandwidth

is calculated. A brief history is presented next to outline the procedure and its limitations.

2.1.1 Antenna Quality Factor

The radiation properties of antennas were first investigated in detail by Wheeler [58]-
[59], who coined the term “radiation power factor.” Using circuit concepts for a capacitor
and inductor acting as antenna, he showed that the radiation power factor for an electric

or magnetic antenna is somewhat greater than [58]:

1 4r°
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where V is the volume of the cylinder containing the antenna, and A is the wavelength.

N
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Fig. 2.1 Antenna visualized in its radian sphere.

Later, a very comprehensive theory was presented by Chu [60], in which the minimum
radiation quality factor Q of an antenna, which fits inside a sphere of a given radius, was
derived. This approximate theory was later extended by Harrington [61] to include
circularly polarized antennas. Collin [62] and later, Fante [63], published an extended
theory based on a calculation of the evanescent energy stored around an antenna. A
comprehensive review paper on this issue was published by Hansen [64]. He formulated

the Chu-Harrington’s limit of Q as [64]:

10



1+ 3k*a®

R M S 2.2
k3a3(1+k2a2) @2)
This result conflicted with Collin’s work, which showed that [62]:
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In fact, this result has split theorists into two camps: those who support the theory of Chu,
and those calling for its revision. In the late 1990s, McLean [65] reviewed the previously

published theories. He calculated the radiation Q directly from the fields of the TM,

spherical mode by analyzing a short wire, using a more direct technique than previous
work. McLean showed that the result is exactly the same as that obtained using either an
equivalent ladder-network analysis with no approximations [60] or the exact field based

technique given by Collin [62] and Fante [63].

To understand why different researchers arrived at different conclusions, we need to
review some of their main assumptions. Strictly speaking, the radiation Q of a simple
small antenna is not clearly defined, since, in general, such an antenna is not self-
resonant. In most cases, the O of a system is defined in terms of the ratio of the maximum
energy stored to the total energy lost per period. For an antenna, the following definition

for radiation Q is generally utilized:

2
D wsw,
Q _ I)rad (2 4)
200 WS
P

rad

where W, is the time-average, non-propagating, stored electric energy, W  1is the time-
average, non-propagating, stored magnetic energy,  is the radian frequency, and P, is

the radiated power. The basis for the given definition is that it is implicitly assumed that
the antenna will be resonated with an appropriate lossless circuit element, resulting in a

purely real input impedance at a specific frequency [60]. Thus, the definition of the
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radiation Q of an antenna is similar to the definition of Q for a practical circuit element,

which stores predominantly one form of energy while exhibiting some losses.

In Chu’s theory [60], the antenna is enclosed by a sphere of radius a, the smallest
possible sphere which completely encloses the antenna. The fields of the antenna external
to the sphere are represented in terms of a weighted sum of spherical wave functions, the
so-called “modes of free space”. It is implicit in Chu’s work that these modes exhibit
power orthogonality; that is, they carry power independent of one another. From the
spherical wave function expansion, the radiation Q is calculated in terms of time-average,
non-propagating energy external to the sphere, and the radiated power. In this manner,
the calculated radiation Q will be the minimum possible radiation Q for any antenna that

fits in the sphere. Any energy stored within the sphere will only increase the Q.

However, the calculation of this radiation Q is not straight-forward because the total
time-average stored energy outside the sphere is infinite, just as it is for any propagating
wave or combination of propagating waves and non-propagating fields. It is not possible
to calculate the non-propagating stored energy simply by using the near-field electric and
magnetic field components. Accordingly, Chu proposed a technique to separate the non-
propagating energy from the total energy. He derived an equivalent ladder network for
each spherical waveguide mode using a technique based on the recurrence relations of the
spherical Bessel functions and a continued fraction expansion. From the equivalent
circuit, one needs to calculate the total non-propagating energy, and hence the radiation
0O, by summing up the electric and magnetic energies stored in the inductances and
capacitances. However, this is quite a tedious task to include all modes. Chu
approximates the problem by deriving an equivalent RLC circuit and calculates the Q
from this equivalent circuit, assuming it behaves as a lumped network over some limited
range of frequency. From Chu’s calculations, it was shown that an antenna which excites

only one mode, whether TE, or TM,, external to the sphere and stores no energy in the

sphere, has the lowest possible radiation Q of any linearly polarized antenna.

McLean [65] derived an exact expression for the radiation Q of an antenna exciting only

one mode. He studied the fields of the 7M spherical mode with an even symmetry
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about @=0. Such fields are obtained from an r-directed magnetic vector potential A4, .

This is equivalent to the fields of a short, linear electric current element. The quality

factor can then be expressed as [65]:

_2om 11 (2.5)
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which is identical to that of Collin [62] and, as stated earlier, opposes the expression
presented by Chu-Harrington. Interestingly, McLean identified the inconsistency by

pointing out an algebraic mistake in their expression, and modifying it to [65]:

O 1+2k%a 1 s 1
BPd (1+k2a2) Pd ka(l +k2a2)

(2.6)

Intuitively, a lower Q value may be approachable, simply by combining two orthogonal
TM,, and TE,, to produce circularly polarized fields. Harrington [61] confirmed that the
lowest achievable radiation Q for a circularly polarized antenna is given by that
corresponding to a combination of the 7M,, and TE,, modes. Collin [62] and Fante [63]
used some exact analyses to derive an expression for this . In a much simpler manner,
McLean derived it by using the electric vector potential in a dual way to deal with the

TM,, . To achieve circular polarization, the radiated power for each mode should be
equal, making the total radiated power twice that of the 7M , mode acting alone. Hence,
the radiation Q is given by [65]:
20, 1( 1 2
Qcir = “= ( ) (27)
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It should be noted that the Q of a circularly polarized antenna is only approximately half
that of a linearly polarized antenna. This is because the 7E, mode, while storing
predominantly magnetic energy in the non-radiating fields, also stores some electric

energy. The dual for the TM , is true as well. Appendix I probes further to elaborate on

McLean’s formulations and those of Harrington-Chu. It is noteworthy to mention that
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Thal demonstrated Q bounds for the combined TM+TE fundamental modes excited by

surface currents over a sphere, stating [76]:

Q= (2.8)

In [66], [67] and [68] Dale and Craig Grimes re-formulated the Q theory using time

domain analysis. Their Q for circularly polarized waves was then given by:

w-max[W, +W, ]
0= (2.9)

rad

Computing the peak stored energy in the time domain, assuming that the antenna radiates

only the lowest order mode, they came up with:
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However, this expression was later pointed out by Collin to be erroneous [69].

In [70] and [71], Geyi noted that the lower bound found by Collin and Maclean might be
elusive to achieve in practice, since it does not take into account the energy stored in the
near field of the antenna (inside the sphere). Later, another research group [72]-[73]

duplicated the results of Geyi by numerically evaluating the O using:

max {2VV;tota/ , ZWV;()Z(J/} _ mad
O=w . Q.11

rad

to produce the results in Fig. 2.2 [72].
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Fig. 2.2. Antenna Q calculated with different methods [72].

In 2005, Wang [74]-[75] addressed the problem from a different perspective. His
reasoning was that antennas used on a platform can be classified into two basic types:
resonant antennas and traveling wave antennas. A resonant antenna is characterized by a
source distribution that can only be matched to free space by a resonance mechanism,
which is inherently narrowband. The traveling wave antenna is characterized by a source
distribution in the form of a directional modal wave or current which radiates its energy
while traveling along the antenna. An empirical theory on fundamental bandwidth
limitation due to size constraints has been developed [75] for small antennas on a
platform based on existing electromagnetic theory and experimental observation, and is

summarized in Table 2.1. Note that the data is given in terms of A,, which denotes the

wavelength at the lowest frequency of the band of interest. For a lossless narrowband
resonant antenna on a platform, the Chu theory is applied with proper inclusion of the
platform/transceiver. It should be noted that, for a conformable disk-shaped travelling
wave antenna on a platform, [75] states that there is no theoretical fundamental limitation

on its octave bandwidth. The reduced practical bandwidth limitation is largely due to the
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antenna’s radiation property (pattern and polarization), not impedance. The practical

impedance bandwidth of such an antenna can be much larger than 20.

Table 2.1. Bandwidth Limits of Travelling Wave Antennas on a Portable Platform [75].

Antenna Type Maximum Theoretical Maximum Practical
Octaval Bandwidth B, Octaval Bandwidth B,
B,—w

Ommidirectional conformable
TW antenna ) { antenna radius > Ay /4 <20
- antenna height > Ay /(4m)

o B,—w
Directional conformable e

TW antenna . - antenna radius > Ap/(27) <20
1 { antenna height > A /(16m)

Resonance antenna Chu theory without consideration of Chu theory applied to combined
platform/transceiver antenna and platform/transceiver

The work of Gustafsson applies forward scattering techniques to evaluate antenna Q. The
technique has its own merits compared to previous work, particularly when addressing
non-spherical volumes, but suffers from some critical limitations due to its inherent

assumptions [79]-[80].

In listing some of the most notable chronological advancements in the history of the
evaluation of antenna (, One may conclude that the key for an efficient design
methodology is to find the O definition which best facilitates the antenna design process.
In addition, one has to find a useful translation between the antenna Q and its bandwidth.

This is why a review of some of the available relations is presented next.

2.1.2 Q-BW Relations

The relation between the bandwidth and Q has a long history. In many cases, the relation

is simply stated as [20], [23]:

fo 1
—Jo - 2.12
0 BW  FBW (2-12)
This simple relation has triggered numerous discussions over the last century. Wheeler
commented on this relation in [58], arguing that there are limitations on the frequency

bandwidth of impedance matching between a resonant circuit (antenna) and a generator
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or load. The bandwidth of matching, within any specified tolerance of reflection, is
proportional to the resonance bandwidth of the resonant circuit. He stressed that such
expression, as in (2.12), is neither logical nor helpful in clear exposition [58]. From a
circuit point of view, there is a limit on the maximum achievable bandwidth for a simple
resonant antenna (i.e. one which exhibits no other resonances in the vicinity of the
operational band of interest), even if using an infinite number of loss-free matching
elements. For a specific VSWR level S, this maximum achievable bandwidth was

calculated by Fano, and is given by [77]
1 V4

O(w,) ln(fj]

On the other hand, Yaghjian and Best produced an approximate formulation for the

FBW,(w,)= (2.13)

relation between the antenna bandwidth and its Q yielding [78]

L 51 (2.14)

0(a,) /s

FBW,(w,) =

Due to their importance to the proposed antenna design techniques, the previously listed
expressions, along with limitations of other available expressions, are addressed in detail

in Chapter 3.

2.1.3 Discussion

Having outlined some of the historical formulations for the antenna quality factor, a few
conclusions can be drawn. First, the calculation of the energy stored using a sphere
around the antenna may not be of the best practical application towards the design of
many modern antennas. More accurate relations, at the expense of increased complexity,
are found by choosing more confined geometry such as the spheroidal coordinates [81],
[82], and [83]. However, such calculations remain highly theoretical, do not yield a
closed-form expression, and thus have not yet proven to be of a significant practical

usage.
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Second, for antennas placed on portable platforms, the choice of a proper geometry to
perform the Q calculations remains quite an open question. It is well agreed, however,
that such geometry should confine both the platform and the antenna (not the antenna

only) for proper calculations of the stored energies.

Third, the Q-analysis presented so far is applicable only to high-Q narrowband resonant
antennas. In all of the aforementioned calculations, a single mode is assumed to radiate,
or at best, two orthogonal ones. This implies isolated modes, which in turn implies
narrower bandwidths and thus higher Q values. To be specific, the outlined analysis is
usually sufficient only if Q is larger than 10. Otherwise, inaccurate conclusions might be

deduced.

Fourth, the problem is typically formulated as an antenna with an external matching
network and with a single-feed connection to the driving circuitry. In general, this is
adequate for many simple antenna designs. On the other hand, with the need for more
compact wireless systems, multi-fed/multi-coupled antennas are considered to be one
possible efficient solution. This means that further analysis is needed in order to correctly

predict the required volume of these antennas.

Apart from the abstract theoretical calculations and their various justifications,
systematically designing an antenna, or multiple antennas, that can efficiently operate
under a strict set of specifications and requirements has yet to be accomplished. This is
why the concept of realizing systematically an efficient system of antennas will be the
primary interest of this work. It is hoped that presenting some efficient design techniques
will make antenna design for future systems a well-defined process. A by-product is to
shed light onto the practically needed volumes, which could subsequently lead to the

development of realistic theoretical limitations.
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2.2 Antenna Design Approaches

Interestingly, the calculation of antenna Q and its corresponding bandwidth for a given
volume is merely an initial step in the design cycle of antennas. Finding an appropriate
configuration to realize the antenna is a major challenge. In addition to locations of
possible dielectric coverings, an antenna configuration typically compromises a unique
metallization shape (and/or a dielectric one) as well as an optimal feeding location. There
are numerous articles and books on various antenna realizations. In fact, the number of
published papers on antenna designs have been consistently increasing over the past few
years, with more than 1,000 papers published annually just on antenna designs for

portable devices.

Apart from the common brute force of on-the-bench trials or blind numerical
optimization techniques, two methods stand out among several techniques for realizing
an antenna. The first employs the theory of characteristic modes [86], while the other,
which is more popular for its simplicity, relies on cavity modal solutions [87]. Both of
these methods are briefly reviewed here. This should help in identifying their limitations

and thus define an alternate direction for the proposed research.

2.2.1 Theory of Characteristic Modes

The theory of antenna characteristic modes can be traced back to Garbacz's modal
expansion work in the 1960s [84]-[85]. His work was refined by Harrington and Mautz's
[86] formulation to characterize the electromagnetic behavior of conducting bodies. The
theory was later used to perform a systematic design of different types of antennas [89],
[90], [109], and [110]. In its most basic definition, characteristic modes are real current
modes that can be computed numerically for perfectly conducting bodies of arbitrary
shape. Since these modes form a set of orthogonal functions, they can be used to expand
the total current on the surface of the body. This means that they bring some physical
insight into the radiating phenomena taking place in the antenna. The resonance
frequency of modes, as well as their radiating behavior, can be determined from the

information provided by the eigenvalues associated with the characteristic modes. In

19



addition, by studying the current distribution of the modes, a suitable feeding

arrangement can be found in order to obtain the desired radiating behavior.

In spite of being of a great theoretical appeal, the theory of characteristic modes has some
practical limitations. In particular, encompassing dielectric materials significantly
complicate the calculations. Another important limitation is its increased inaccuracy with
problems involving lossy structures/low Q calculations. This is merely due to the inherent
mathematical foundations of the theory (see Appendix II for details). The addition of loss
simply complicates the nature of the characteristic functions (i.e., real currents on an
antenna), possibly resulting in the loss of orthogonality relations for the associated far
fields (theoretically, a choice may be made to keep such orthogonality relations by
allowing the currents to exist in the complex domain). In short, the theory of
characteristic modes has a set of incorporated approximations that facilitate developing
some simple expressions for the resonance frequency and the O factor. These
assumptions are valid only if the antenna is loss-free with narrow bandwidth, i.e., for high
O narrow-band simple resonant antennas. Modifying the theory to become more suitable
for a larger set of antenna problems is an ongoing research focus of many academic and

R&D groups.

2.2.2 Modal Cavity-based Analysis

If the antenna takes the form of a conductive plate of an arbitrary shape, parallel to
another conductive plane at a distance which is much smaller than the free space
wavelength, then one very popular method used to study the resonance frequency,
radiation resistance, and bandwidth of such antennas is the cavity-based model [87] (a
theory that can also be applied to dielectric resonator antennas). This method, in its most
basic form, considers the antenna as a cavity bounded on its perimeter by magnetic walls.
The quality factor, resonance frequency, and the radiation resistance can be computed

from the approximate field evaluations (see Appendix III for details).

Although the method is quite limited, with several approximations, its simplicity made it

quite popular [13]-[16]. It is typically the starting point of many designs and serves as a
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good initial guess for the resonance frequency and radiation pattern in many antenna
optimization problems. It should be emphasized, however, that this method is quite
limited in its basic form beyond predicting the approximate resonance frequency of an
antenna under study. Several attempts were taken to enhance its performance ([13]-[16],
and references therein), but its theoretical/practical application is still quite limited. A
quick survey among recent academic works indicates that there is little ongoing research

to make the modal cavity-based analysis more useful.

2.2.3 Design Through Parametric Analysis and/or Optimization

So far, the available approaches for finding the volume needed to meet a required
bandwidth specification were brief. It was emphasized that these approaches are highly
theoretical and in many cases merely serve as a bound for design dimensions. In addition,
some of the most successful theoretical approaches that should help in realizing an
antenna configuration were discussed. Nevertheless, these methods are not valid for all
design scenarios and have several limitations due to a number of inherent

approximations.

Practically speaking, in most system designs, the antenna is limited to some given
footprint, which is typically dictated by cosmetic, mechanical, and compact packaging
considerations. The designer is then required to realize an antenna in the given space. For
example, in the smartphone industry, a basic cell-phone should cover as many
communication bands as possible. These include GSMS850 (824-894MHz), GSM900
(880-960MHz), GSM 1800/DCS (1710-1880MHz), GSM 1900/PCS (1850-1990MHz),
UMTS (1920-2170MHz), GPS (1565-1585MHz), WiFi/Bluetooth (2400-2490MHz),
WLAN (2400-2500MHz, 5100-5900MHz), and the new TV bands (DVB-H Europe 470-
700MHz, US 1670-1675MHz, CMMB China 470-800 MHz). Each of these bands
operates among a range of frequencies as listed, with specific voltage standing wave
(VSWR) levels that typically vary, depending on the radio standard, from VSWR<2 to
VSWR<6. Thus, the antenna designer has to come up with a realization that satisfies all

of the included band requirements in the given volume. It should be emphasized that this
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volume is typically dictated by non-electromagnetic factors, i.e., the cosmetic design of

the portable device, with very little that can be done from the antenna perspective.

Fig. 2.3 shows a pictorial of the typical volume given in a cell phone and some

realizations to cover two of the GSM bands.

Cap. Patch  Diel. Patch  C-Patch

Fig. 2.3. Simple antenna layouts and evolution to a quad band antenna.

From this, the question arises as to how to come up with an antenna configuration in a
given volume that meets the stated requirements. One simple answer is to try to find an
appropriate structure that exhibits resonance in the required bands. For example, the
cavity model method should serve in rapidly reaching some initial design. However, in
many cases, the antenna volume available is too small to easily — if ever — exhibit
resonances with the required bandwidth. In some of these scenarios, one may utilize the
antenna to couple to the platform of the portable device in order to excite board
resonances, which would normally result in a design that meets the bandwidth
specifications. Fig. 2.4 shows the currents in a situation where the antenna is used to
excite the board resonance for operation in the GSM800. The antenna itself resonates at
1900 to cover the higher GSM bands. Nevertheless, in many other cases, one has to find a
way to widen the bandwidth of an antenna resonance, without relying too much on the

platform board, in order to meet the specifications.
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Fig. 2.4. Currents on a cell phone antenna and its PCB.

It should be noted that getting the antenna to resonate in the middle of a specified band is
not enough to get a working design that meets some impedance bandwidth requirements.
This is because the resonance has to have a suitable quality factor to allow for covering a
desired bandwidth. It is true that one may utilize matching networks to enhance the
impedance bandwidth, but these also have limits on the achievable bandwidth [77]. In all
cases, one needs to find an appropriate feeding location to alleviate the need for a
matching network or at least minimize the number of required matching elements. Both
of these issues (resonance with enough radiation bandwidth and optimum feeding
locations) are not trivial problems and remain ambiguous for many. It is thus one purpose

of this work to propose a systematic methodology for identifying each of them.

A close look at the available literature of antenna designs for portable devices reveals
more about the complexity of the problem [17]. Even with advanced computer resources,
most designs require a considerable amount of time to finalize. Fig. 2.5 shows some
realistic antenna shapes for dual/quad band antenna designs. For some bands, the design
is not that complex. For example, a Bluetooth antenna, shown last in Fig. 2.5, is a simple
strip on the board edge, which is relatively much easier to integrate in a cell board than

with a quad band GSM/UMTS antenna.
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These complex antenna shapes (Fig. 2.5) typically require invoking some sort of an
optimization routine. Many of the routines are available integrated with several
commercial solvers [32]-[36]. However, reaching a working design, even with few
parameters, could be quite challenging. As an example, let us consider the design of a
global positioning system (GPS) patch antenna. This antenna should meet the constraint
VSWR < 2 over the bandwidth 1575+ 20 MHz. In addition, the antenna has to be of
circular polarization over this band (further details about this problem are found in
Chapter 6). Fig. 2.6 illustrates a layout for the patch antenna. The design has four
variables, the patch length, width, and the feed location among the two axes. For
simplicity, let us assume that the patch is to be designed on rigid foam material with a
thickness of 10.0 mm. Three different commercial optimization routines were used to
attempt the design of such an antenna: Sequential non-linear, quasi-Newton, and Pattern
Search. All three are standard tools of several commercial electromagnetic softwares. A
min-max cost function was defined for the given specifications. This cost function should
be below zero if all requirements are met. The EM solvers were run, along with the

optimization packages, and the results are shown in Fig. 2.7.

It is clear that, even after 35 full wave simulations, none of the tools was capable of
proposing a suitable design. In fact, the sequential non-linear was the first to come up
with a working design, but only after 90 full wave simulations. One should mention that
other optimizers, such as genetic algorithms or particle swarms, would provide a solution,
but these would typically involve more than 200-300 full wave simulations before an
acceptable design is found. This simple example shows how costly it can be to generate a

simple design from running optimizations on EM simulations.
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Fig. 2.6. Patch antenna layout.
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Fig. 2.7. Optimization convergence of the GPS antenna example using some of the available
commercial algorithms.

In addition to possible excessive optimization times, it is possible that the designer may try
optimizing a structure that could never physically meet the required specifications. For example,
Fig. 2.8 shows a simple cell phone quad antenna [100] for the GSM low and high bands. The
antenna metallization is constrained to be on the cell board, with a height of 6mm. By doing so,
no matter how the antenna metallization is shaped, a narrow bandwidth will always be the best
that could be achieved. Interestingly, by carefully studying the field distribution and the

characteristics of the problem, one would notice that a simple strip cut in the ground plane could
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easily tune the performance to provide a design that meets the requirements (
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Fig. 2.9). This example should emphasize the importance of identifying some sort of field
measure to assess the potential of meeting the required bandwidth before blindly

invoking expensive optimization routines. Chapter 6 will address these issues in detail.

Fig. 2.8. A cell phone antenna versus a tuned one with a slot in the PCB [100].

4 (07396
-6.01 08

1.88 GHz
-6 dB

2.05 GHz
-6 dB

-10
-11
-12
-13
-14

~&— DB(IS[1.1]1)
tuned PCB

- DB(IS[2.2]))
standard PCB

070809 1 111213141516 171819 2 212223 24
Frequency (GHz)

Fig. 2.9. Performance of an optimized cell phone antenna versus one with a slot in the PCB.
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2.3 Relevant Concepts for Antenna Realization

Antenna design keeps growing with the increase in demand for wireless and sensor
devices for security, health, and entertainment systems. Due to extreme variations in their
form factors, along with various operational environments, the antenna design process is
usually quite challenging. Often, the initial allocated volume for the antenna would never
allow for full or even acceptable functionality. In the following sections, we discuss a

number of the most relevant antenna technologies.

2.3.1 Fractal Antennas

Due to the many challenges with finding a design that meets some specifications over
small space, several researchers focused on designs based on the mathematical concept of
fractals in an attempt to generate responses with many close resonances [101]-[109].
These, in principle, should be able to cover many bands. So far, these designs offer
limited advantages, if any, in comparison with traditional antenna designs [GS.1].
However, they might be quite useful if a tunable element is integrated therein. An
example of a fractal Sierpinski gasket [101] is shown in Fig. 2.10, along with its
response. Adding a tunable element to this antenna has the potential of creating wide-
band coverage. However, since such designs do not appear to present the best possible

practical solution, they will not be considered in this thesis document.
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Fig. 2.10. A fractal Sierpinski gasket along with its response [101].

2.3.2 Tunable Antennas

Another possible technique in antenna design is to employ some tunable elements in its
configuration [111]-[115]. In principle, this idea has several benefits. First, it should relax
the need for meeting a wide bandwidth, as the antenna just needs to cover a small
bandwidth at a time. This is due to the fact that the tunable element serves in shifting the
small bandwidth along the large bandwidth it should cover. Second, tunable behavior
should decrease problems associated with post-fabrication tolerances and thus be able to
vary its response when needed. Third, for systems with time-varying environments (like a
cell phone used in hand, in pocket, or on desk), the antenna would typically “see”
different boundaries, resulting in strong response variations. Incorporation of a tunable
element would possibly alleviate the need for a complex design that can handle these

variations. Fig. 2.11 shows an antenna with multiple switches and its response when

different combinations of the switches are active [115]. Removing all but one of the
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switches and replacing it with a tunable capacitor would result in the response shown in

Fig. 2.12.
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Fig. 2.11. Switching to achieve tunability [115].
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Fig. 2.12. Effect of a tunable capacitor on the return loss.

On the practical side, most recent industrial designs try to integrate the tunable elements
solely in the matching network, with few cases also considering the addition to the
antenna (see Fig. 2.13). The realization of tunable inductors is still in its infancy, while
tunable capacitors have gone a long way. The top three adopted technologies are based

on: CMOS (as those available from Peregrine), MEMS/MEMS-on-CMOS (as those
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available from Cavendish Kinetics, WiSpry, EPCOS, DelfMEMS, Radant MEMS, and
Omron), and BaSrTiO3 (as those available from AgileRF and Paratek, which became part
of Blackberry). Each has its own wide deployment challenges, with the former being the
most successful to date because of its mass production versatility and intermodulation

measures.

f
7 7

DAC

‘ Controller

Fig. 2.13. Tunable elements on the antenna and at the RF input.

Most of the published work in this area so far has discussed tunability achievements
when using the tunable elements with various antenna designs. Very little work has been
published on the optimum location to place the tunable element (on the antenna or by the
matching network) to realize the best possible system performance. As seen in Fig. 2.12,
changing the capacitance resulted in tuning the center frequency but degraded the return
loss. The concept of brute-forcing multiple tunable elements on the antenna and at the RF
input could prove costly in terms of the overall system performance, particularly if using
a closed-loop system solution. This is in addition to the associated EMI/EMC challenges
besides adding to fabrication issues and overall cost. It is thus desirable to study the

conditions that would lead to the development of a design that supports tunability and
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maintains a satisfactory system performance over the specific bands of interest. It is

hoped that the work presented in this thesis will pave the way for such studies.

2.3.3 MIMO Antennas

In recent years, diversity, and multiple input multiple output (MIMO) antennas have
gained significant attention [116]-[119]. Simply by adding more antennas on a platform,
more functionality is possible. However, caution has to be exercised over the level of
coupling between these antennas and its impact on the overall performance. In most
cases, it is desirable to keep the coupling low, since highly coupled antennas could mean
a higher transfer of energy between the antennas and thus less energy exchange with the
outer world. This would result in reduced system efficiency (note that, in select practical
systems, one may have to accept a higher level of coupling for overall better system
capacity). Decreasing such coupling was subject to extensive research for many years.
Metamaterials, electromagnetic band gaps (EBGs), and synthetic absorbers are among
some techniques attempted [120]-[121]. In 2006, the work in [122] suggested connecting
the antennas to minimize the coupling. This counter-intuitive (to many) idea was highly
applauded by the antenna community, to the extent that it received the IEEE 2007
Wheeler prize for best Transactions paper on antenna applications. However, the choice
of the shape of the connecting link remained ambiguous and required a large number of

optimization cycles in order to find the correct combination to suppress coupling.
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Fig. 2.14. A method for reducing mutual coupling between antennas [122].

In [GS.9], a mathematical description of the properties needed by such a connection line
was proposed. The method resulted in a significant reduction in simulation/optimization
attempts. It simply provided a map that the designer can generate to assess the best
possible reduction in coupling between two antennas in a given location. If the reduction
is satisfactory, the formulation helps the designer systematically synthesize a
network/line to connect the antennas and achieve the required reduction in coupling.
Interestingly, this work was awarded a prize the IEEE 2008 Antennas and Propagation
Symposium. Fig. 2.15 shows an example of two WiFi antennas on a smartphone board.

The return loss and coupling are shown in Fig. 2.16.

Fig. 2.15. Two WiFi antennas on a cell board.
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Fig. 2.16. Decoupling of the WiFi antennas.

The same concept proposed in [GS.9] was utilized to advance the design technique for
multi-fed diversity antennas [GS.3]. Fig. 2.17 shows one of the proposed designs and the

resulting reduced coupling between the ports.
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Fig. 2.17. Proposed dual-fed diversity antenna.
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One should note, however, that solely observing the scattering parameters is not enough
to ensure a proper MIMO design [95]. It is crucial to observe the realized modes (far field
pattern) and typical channel conditions to optimize a design at hand. Appendix IV
presents a summary of the proposed method and its application in de-coupling 4-patch
antenna arrays. Future work is certainly needed to efficiently encapsulate the proposed

technique in the design of compact arrays.

2.3.4 Antennas for Medical Applications

With increased demands placed on advanced medical devices, there is a growing need for
wireless communication links that allow for connection between and among various
implants and instruments/sensors attached to the human body. The first generation of
medical wireless devices relied on establishing an inductive link between the implant and
an external coil at a low carrier frequency [123]. To enable greater functionality, wider
range, and higher speeds, it is necessary to migrate to higher frequencies and larger
bandwidths. However, such increases would typically complicate the antenna design and
the link budget. To successfully realize a working design, the antenna has to be designed
taking into consideration the details of its location in and around the human body. For
example, Fig. 2.18 shows a hearing aid device with an integrated antenna allowing for
communication across the head, connecting the two ears wirelessly. This system was
proposed in the context of this research [GS.4]-[GS.7]. Using a simple antenna design at
400MHz, one would not be able to have enough signal power transmitted across the head.
However, by careful design of the antenna, it is possible to launch the signal around the
head, similar to terrestrial-guided communications around Earth, and thus it was possible

to realize an efficient communication link.
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Fig. 2.18. A hearing aid device and its model for EM simulations.

2.4 Discussion and Conclusions

In this chapter, some of the key challenges in the antenna design problem were
highlighted, particularly those associated with antennas integrated in portable devices.
The concept of the quality factor of antennas was reviewed through presenting some of
the most notable formulations and their interpretations. The key for a useful quality factor
definition is its applicability in defining the operational bandwidth for the antenna. With
s0 many existing expressions, the problem is worth further study and will be re-visited in

the next chapter.

Antenna synthesis and realization is a vast area of research. Notable techniques in this
area were presented and their most important shortcomings outlined. Whether the theory
of characteristic modes, the cavity modal method, or design through optimization, it is
clear that significant research is needed to advance antenna design methodologies for

handheld/body-centric devices. This will be the primary task in this work.

One cannot mention antenna design or synthesis without noting some of the practical
advancements that try to overcome the current design limitations. Among these are the
concepts of fractal antennas and tunable ones. The latter may present a highly appraisable
solution in many antenna designs. However, to date, published work on tunable-enabled
antennas mainly reported feasibility data without groundbreaking studies on where to

optimally place the tunable components or how they will ultimately affect antenna
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performance (non-linearity and passive intermodulation, total radiated power, total

isotropic sensitivity, etc.).

Diversity and MIMO communications represent a viable solution for the increased
demand on higher data rates and wider network coverage. Since this research work
primarily focuses on general antenna design, it was necessary to demonstrate the
applicability of some of the proposed techniques in realizing diversity and MIMO
antennas. A simplified theory for de-coupling of antennas was first introduced, followed

by its application in designing some antenna systems.

Furthermore, the proposed techniques were also demonstrated applicable for bio-
electromagnetic applications, where the modal theory was used to develop a working
solution. In comparison to the proposed hearing aid wireless communication system,
conventional design techniques could never realize a working solution. However, through
appropriate studies of the electromagnetic field distributions, it was possible to use the
head in a manner similar to terrestrial communications, i.e., to guide the electromagnetic
wave around the head. This allowed establishing a very good signal level across the link

and thus enabled the assembly of a working device.

Having outlined some of the key limitations with the available theories and techniques for
antenna design, and having demonstrated some of the complex antenna designs
developed with the techniques proposed in this work, it is now time to probe further into

the underlying details of this thesis.
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Chapter 3: Circuit-Based Techniques for the Calculation of the
Antenna Quality Factor and Its Relation to the Impedance
Bandwidth

“Intuition is the clear conception of the whole at once.”

Johann Kaspar Lavater

In this chapter, some of the well-established circuit-based notions are re-visited
(particularly around the concept of quality factor), seeking their adaptation for utilization
in antenna design. The circuit/filter society is known for its detailed mathematical models
that guide the filter design process. Several books assemble information from numerous
papers, technical reports, and hands-on knowledge, reflecting on well-defined design
routines for many filtering functions [19], [20], [24], and [124]-[127]. On the other hand,
the antenna design for portable devices seems less mature compared to the filter one.
Perhaps one of the main reasons is the wider possibility for antenna shape compared to
filter ones. However, another important reason is the fact that, in most analytical models
for filters, loss is initially not taken into account. The analysis is then modified to account
for a typically low loss level; otherwise, the filter will not adequately transfer/block the
energy. On the contrary, it is desirable to have high radiation (loss) in antennas. This has

mostly limited the adaptation of many filter design techniques to the antenna world.

In this chapter, the adaptation is addressed through revisiting some of the basic relations
used in the filter community and trying to identify how they can be adapted for use in

antenna analysis and design.

3.1 Simple Resonant Network

Let us start with an antenna that possesses simple resonant behavior. This resonant
structure can be modeled either as a series resonant circuit or a parallel one, depending on

the nature of its resonance mechanism. The antenna itself need not to be naturally
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resonant, but may be brought to resonance through the addition of a simple reactive

element.

Several researchers adopted this concept, as seen in [1], [60], and [130]. In order to

understand their analysis, we review the behavior of a simple series resonator. Such a

resonator has an input impedance of:

Z, =R+ joL +L
joC

and the complex power delivered to the resonator is:
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with the average magnetic energy stored in the inductor, L, being:

m_|4L

and the average magnetic energy stored in the capacitor, C, being:

e
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where V. is the average voltage across the capacitor. The complex power can then be

written as:

P =P

in loss

+ 20 (W, -W,)

40

(3.6)



Hence, the input impedance can be re-written as:

2P, B, +j20W,-W,)

U L
2

(3.7)

in

Physically, resonance occurs when the average stored magnetic energy and electric
energies are equal [1]. Thus, the input impedance at resonance is:

2R,
Z, ="l =R (3.8)

m l|12
2

and the resonance frequency is given from the equal energies condition, given by:

W =W (3.9)

yielding

0, = (3.10)

JLC

The quality factor of the circuit is defined by [60] as:

» Average Stored Energy

Energy Loss/Second
(3.11)
W AW,
= Q)—
5
Thus, Q is a measure of the loss of a resonant circuit. At resonance, Q becomes:
/4 L 1
0=, e = g, 2w _ AL _ (3.12)
})lass ])loss R a)ORC
Now, if we consider the behavior of the input impedance near resonance, and let
w=w,+Aw (3.13)
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the input impedance can then be written as [20]:

2 2
Zm=R+ja)L(a) Z‘UOJ (3.14)
@
A key step in the manipulation is writing:
@’ -, =(0-o,)(0+0,)=(Ao)(20-Aw) (3.15)
which, for small Aw, is approximated to give:
o -] =20A0 (3.16)
Hence, we have:
Z,=R+j 2ROA® (3.17)
@,

This result is also achievable if we use the complex effective resonant frequency in the
analysis of a lossless structure, such that:

a)0—>a)0(1+ij (3.18)
20

resulting in:

Z, :j2L(a)—a)O)—>j2L(a)—a)o—j§)—°]
(3.19)

w,L

+ j2LA®

If we observe the behavior of the input impedance, one can see that at the frequency
where |Z . |2 =2R?, the average real power delivered to the circuit is half that delivered at

resonance. Thus, we can write:
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2
R+ jROZAY _op? (3.20)
0
Hence,
028 (3.21)
@,

Recalling that Aw=w—®, and re-writing it in terms of the band edge frequencies @,

and o,,
BW =2Aw=w, - o, (3.22)

which results in a fractional bandwidth expression in terms of the half-power Q, such

that:

T _FBW =— (3.23)

An identical expression is achievable for the fractional bandwidth of a parallel resonant

circuit, with O defined as:

0=a,RC =1 (3.24)

@
It is clear from the previous analysis that its accuracy depends on the approximation of

o’ —w} = 20A®. In addition, the whole concept of bandwidth defined earlier relies on

relating the frequencies where the average real power delivered to the circuit/antenna is
half that delivered at the resonance frequency. This is not the only possible definition for

bandwidth, as discussed next.
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3.2 The General Notion of Impedance Bandwidth

Let us start again from the simple series RLC circuit. The input impedance can be written

as:

zl.n(w):R+jx(a)):R+ij+ijC

(3.25)

Let us for now define the points @, and ,, at which the relation between the reactance

X (@) and the resistance R can be written as [125]:

R n=1273,...
n

X ()=

with

0, < 0, < ,

and the resonance radian frequency, @, , where X (a)o) =0, is given by:

1
W, =—F—
¢ JLc
Thus, we can write:
X(a)l)=L—a)1L=£ n=12,3,...
1 n
which can be written as:
W, = w, 1+ ! = |- ! n=12,3,....
n
4[%L”j 2(a)OLj
R

Also, above resonance, we can write:
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X(o)=0,L ———= n=1,273,... 3.31
(o) =0t~ 631

3 |

That is:

o, =aw,| |1+ + n=1,2,3,.. (3.32)

(3.33)

and

00, =0 (3.34)
At this point, one may think about the physical significance of »n and the term a)OL% .

3.2.1 First Definition

Now, if we define @, and o, as the frequencies where the power dissipated in the circuit
is half the amount dissipated at the resonance frequency (similar to the previous section),
then these points also represent the frequencies where the current has fallen into 1/ V2 of

its maximum value at resonance /, . That is:

1

P(a)l’z)=%P(a)0)=E|Im

2 1(1 2
R =—(—|1 Rj (3.35)
2\ 2

and
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1
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On the other hand, one can write:
|
"z (w1,2 )
)i (3.37)

Comparing the last two expressions, one can note that we need m=1 to have
1 . .

P(a)l,z) = EP(a)O). That is to say, the bandwidth, defined as the frequency range where

the power dissipated in the circuit is half the amount dissipated at the resonance

frequency, is given by:

(3.38)

BW:a)Z_wl:a)OW
0
&9

The physical significance of the term a);eL will be discussed later in detail. However, it is

noteworthy to mention here that, when it comes to @ calculations [20], this bandwidth

definition is the most adopted definition in circuit and filter theories.

3.2.2 Alternate Definition
Now, if we define @, and @, as the frequencies where the power absorbed by the

network is half of the incident on it, we then need to evaluate the corresponding value for
n. This can be done by studying the total voltage incident at the terminals, which can be

written as [20]:

V=V +V, (3.39)
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and the total current is given as:

N 040
ZO ZO
At the terminals, we have:
Vi+V,
7z, =L 7z Nt (3.41)
1 Ve =V,

The ratio between the incident voltage and reflected one can be thus written as:

KN _z-4 (3.42)
vy, Z,+Z,
Hence, the total power incident on the network can be written as:
1 il
B, =—Rely,; 1, =12 3.43
inc 2 { 0 -0 } 2 ZO ( )
and the total power delivered to the network is:
1 1 2
P, ==Re{ri\ ==L (1|1 3.44
0 =5 RV} =1 ) (3.44)

0

Thus, if the reflection coefficient is such that the delivered power is half that of the

incident, then we can write:

- (3.45)

The above analysis is valid if the source impedance is matched to the impedance at the

terminals. Thus, we can write:
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|( ) ‘R+J[XL(a’l,Z)_XC(wl’2)]+R‘ 2 (3.46)
NV
a 2n+j _\/5

which means that » should be equal to 1/2 in order to have the power absorbed by the
network at @, equal to half of the power incident on it. That is to say that the

bandwidth, defined as the frequency range where the power absorbed by the network is

half of that incident on it, is given by:

In most cases, specifications on the antenna impedance bandwidth are given in terms of

BW =w,-w =, (3.47)

the level of the absorbed power relative to the amount of power incident on the antenna
terminals, and not relative to the power absorbed at a specific frequency. Hence, in
contrast to the most adopted definition in circuit theory for Q calculations [20], this
definition is considered a representative one for antennas (if the antenna can be
adequately modeled by an RLC circuit) since the value of the factor “n” can be easily
changed depending on the desired level of absorbed power. The exact relation between

such bandwidth to the Q is discussed next.

3.2.3 The Concept of Quality Factor

Having discussed two possible impedance bandwidth definitions, let us study their
relation to the term Q. The quality factor Q is traditionally defined as the ratio between

the stored energy in the system to the rate of energy loss [60]. Thus, one can write:
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Stored Energy

° Energy Loss/Second
W AW,
B

(3.48)
=,

where @, denotes the radian frequency of interest, W, denotes the stored electric energy,
W denotes the stored magnetic energy, and P denotes the power loss. For a simple

series RLC circuit, and in view of the definition of the quality factor, one can write at

resonance:

W +Ww 2W 2(411|1|2 Lj L

ota e m m @,

0" = w, R Rt =2 (3.49)
!

One could also define the quality factor of a single circuit element from its stored energy

as:

Single __ m,e
e =, (3.50)

For example, in a circuit, where we have a network of series RC and an inductor of
infinite quality factor used to bring the circuit to resonance, one may write the quality

factor of the capacitor only as:

v w15 1a
gingleza)o e 4 — a)o

(3.51)

These definitions will reflect on the subsequent relations, as shown later. Now if we look

at the impedance seen at the input (load) terminals, we have:

=R+jXL—jXC=R+ja>L+_L (3.52)

Z, =R+ jX
joC

tot
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The derivative of the reactive part at the frequency of interest (resonance frequency) can
be written as:
d

%Xtot

d
==X
do "

d
L e
do °

@

1

=L+—;
o, C

=2L (3.53)

@ @y

Comparing the last expression with the one for the total O, one can re-write the circuit

total quality factor as:

Total a)OL a)() d
= —X
© R 2R (da) !

] (3.54)

or

d

do €

d

do" e

Total a)O d
=S 2 x
© R(da) t

Jalid sl

Also, if we are interested only in the energy stored in one of the two elements, assuming

J (3.55)

@y [2))

that the other element is ideal (of no associated losses), one can write:

L2 R 4R

Single _ l ,L _ &( d ] (3.56)

tot
do \
or

d
o e

Single __ & d
L,C 2R

x| e
w) 2R

do "

dylll=2
W 2R

do €

] (3.57)

@y

These various Q expressions should always produce the same bandwidth information
about a network under study. However, in most antenna-related problems, the designer

has immediate knowledge of the antenna behavior at its terminals, i.e., R, and X, ,

whether through numerical simulations or measurements. Deriving the antenna circuit

model X, or X, usually requires an extra calculation step. Hence, the expression in
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(3.54) is considered the most appropriate one for a general antenna problem operating at

its fundamental resonance or below.

3.3 The Quality Factor of a General Simple Network

So far, the basic bandwidth-Q relations for simple resonant antennas, adequately modeled
with an RLC circuit, were discussed. In many situations, the antenna can be modeled as a
simple series RL or parallel RC network. Adding a series C for the former, or a parallel L
for the later should bring the antenna to resonance, which can be analyzed using the
aforementioned relations. However, it is also possible to use other combinations to tune
the antenna. Such possibilities were addressed in [78]. Interestingly, the formulations in
[78] are currently widely utilized in the antenna community. So, it is important to

understand their underlying derivations and the associated approximations.

Let us consider a general network composed of electromagnetically linear materials

and fed by a transmission line, or a “feed line” that carries just one propagating mode at

the time-harmonic frequency e’” [78]. Note that this feed line is assumed to be
composed of perfect conductors separated by a linear, homogeneous, isotropic medium.

The propagating mode in the feed line can be characterized at a reference plane S,
(which separates the resonator from its supply) by a complex voltage V(a)), complex

current / (@), and complex input impedance Z (@), defined as:

Z(0) = R(0)+ jx (o) 12) _ 7 @l@)+b(@) (3.58)

=) T (3.59)
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with Z_as the characteristic impedance of the line. Assuming the network is tuned at a
frequency @, with a series reactance Xs(a)) comprised of either a positive series

inductance L_ or a positive series capacitance C,, where L and C, are independent of

frequency, this makes the total reactance

X (0)=X(0)+X, (o) (3.60)
with
oL X(w,)<0
X (o)=1 1 X(@,)>0 (3.61)
oC

which is equal to zero at @ = @,, that is:

X, (@) =X (@,)+ X, (,)=0 (3.62)

t

The derivative of the tuned impedance with respect to the radian frequency can be written

as:
X'(w)+L, X(w,)<0
@)= x(o) s X(,)>0 (3.63)
a) s
That is:
X,'(a)o)=X'(a)0)+M (3.64)
a)()

The total power accepted can be expressed as:
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where G,(m):Re{ ! }_ R (o)

Z(0)] R (0)+ X} (®)
The matched voltage standing wave ratio VSWR bandwidth for a resonator tuned at a
frequency @, is defined as the difference between two frequencies on either side of @,

at which the VSWR equals a constant V'SWR_ or, equivalently, at which the magnitude of

the reflection coefficient is such that:

_ (VSWR, -1)

[Suu (@)= (VSWR, +1) (3.66)

Hence,

(3.68)

Traditionally, both |S . (a))| and its derivative with respect to the radian frequency are

zero at @,. This means that |SRL (a))| has a minimum at @,, for all values of the
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frequency at which the resonator is tuned to (X , (a)o) = O) and matched to a feed line

Z, =R, (w,). Thus, the matched VSWR bandwidth, ®, —@._ is determined by:

t(a)i)_Rt(a)O))2+Xt2(a)i) (3.69)

:\/ (R (.)+ R (@,)) + X7 (e

H+

Hence,

(R (0,)~R (o)) + X2 (.)

(3.70)
:a(Rf(a)i)+2Rt(wi)Rt(w0)+Rt2(a’0)+X,2(wi))

yielding

Expanding in a Taylor series around @,, and neglecting the third-order terms (which is

justified if Ao, << 1), then one can write [78]:
@y
2 2 a
Z,' (o) (Aw,) ~4 —— R () (3.72)
That is:
Aw, =2, |-%— R (@) (3.73)
- l-a Zt'(a)o)|

Hence, defining O-factor such that:



0= (3.74)
O, —
We then have [78]:
@ @y )
= = = 3.75
o o, -0 Ao, —Ao. a R(wo,) (3-75)
1-a|z,'(m,)|

This loaded Q-factor is defined for the tuned network when the network impedance is the
same as the feed impedance, which is the same as for the critically coupled scenario. At

half-power VSWR,

_ _ ) _% |Zf '(w0)|
0,=20, = ) (@) - 2R (@) (3.76)
Zt'(a)o)|

It should be emphasized at this point that such an expression for the quality factor is only
valid for a simple network (i.e., one with simple and apart resonances). In addition, due to
the inherent approximations in the derivations, it is only valid for narrow band networks
with band edge frequencies related to the center frequency through their algebraic
mean. Still, it is noteworthy to observe that this expression is currently the most utilized

among the antenna community.

3.4 Antenna Modeling Using Lossy Filter Analysis

Those who deal with filter design techniques appreciate the systematic procedure in the
design cycle. On the other hand, many would refer to the antenna design as “Black
Magic”. It is thus important if some of the widely used typical filter design procedures
are adapted to the antenna design cycle. One significant challenge is that, in filters, the
design target is to maximize/minimize power transfer between two ports, with minimum
energy loss. This could be viewed as a contrast to the antenna problem, where there is

usually one port defined for the antenna and all the energy should be lost to space in
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radiation. Nevertheless, for reasons that will be clarified later, let us study the insertion

loss method as a starting point for attempting the adaptation.

3.4.1 The Insertion Loss Method

In the insertion loss method [20], a response is defined by its insertion loss, or power loss,

ratio:

_ Power Available from Source P, 1

f)LR _ : mc — 2 (3.77)
Power Delivered to Load B 1- |S RL (60)|

For an equal ripple response, a general Chebyshev polynomial of order N can be used,

such that [20]:

P, =1+kT] (ﬁj (3.78)
a)C
with 7,| 2 oscillating between 1 for @ <1, and k* determining the ripple level.
"\ o 1)

For a cutoff frequency of @, =1, we have:

P =1+kTy (o) (3.79)
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Fig. 3.1. A circuit representation of general network in terms of the “g” values.
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Fig. 3.2. Transformation of the low-pass prototype to a band-pass one in terms of the normalized

frequency response.

Hence, for a required insertion performance, one needs to specify the order and ripple of
the circuit. This circuit is commonly known as the low-pass filter prototype [20], and the
values forming its ladder equivalent network (Fig. 3.1) can be easily calculated. These are
commonly available as tabulated “g” values in several microwaves and filter text books
[20]-[22]. The transformation (Fig. 3.2) into a different circuit behavior, as a high pass,
band stop, or band pass, is readily available by a series of impedance and frequency
scaling transformations. Although the Chebyshev polynomials are used here, other forms
of polynomials can be used to realize different in-band and out-of-band characteristics.
Regardless of the required response, one can easily generate (or find tabulated in filter

books) the associated “g” values needed to represent the circuit’s response. This useful

property will be used to search for generalized O-BW relations, as discussed next.

3.4.2 Q Calculations Using the Reflective Group Delay
The reflective group delay response I',(w) of a network response S, (@) can be

defined as [20]:
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r,(0)=-22 (3.80)

where ¢ is the phase of §,, (a)) and o is the angular frequency. For a band pass circuit,

the group delay of S, (a)) can be calculated directly from the low-pass prototype. Note

that the term ‘group delay’ is typically associated with the transmission group delay.
However, in this work, the reflective group delay is adopted in all calculations.
Additionally, the calculation from the low-pass prototype enables the reflective group
delay to be expressed directly in terms of the normalized “g” values and bandwidth of the
band pass circuit. In this case:

op 0Q

Fi(@)=--57, (3.81)

where ¢ is the phase of S, (a)) of the low-pass prototype and €2 is the angular

frequency of the low-pass prototype. For the standard low-pass to band-pass

transformation [20], we have:

QP [ﬂ—&J (3.82)
0, -o\0, o
where @, is the center frequency of the band-pass filter, o, is the lower frequency edge
of the band-pass filter, and @, is the upper frequency edge of the band-pass filter. For a

low-pass prototype, the center frequency is 0 rad/s with the cut off frequency of unity.

Using this transformation, the center frequency of the band pass prototype is fixed to 1

rad/s with a bandwidth of 1 rad/s, (i.e. @, =./@®, ). The group delay can then be given

as:

Fd(a))z—( (lj) j(i_l—&gja_q)
o, -0, )\ w, @ )oK
(3.83)



Now,

Thus,

o=—tan” ( 5, () J _tan” [MJ (3.85)

Hence,

66 9

For a low-pass prototype given in terms of the “g” values (Fig. 3.3), we have:

Bin (a)) = le
1 1
Y,=—=— (3.87)
Z, &
1 1
Gin =T
in g2
&
& )

[T ]

Fig. 3.3. Low pass “g” value prototype suitable for modeling a simple resonant network.

Thus, it is possible to express the group delay as:
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8088, 80&.18>

r (a)):_[ W+, J_ $78& . &ta (3.89)
d 2 2 2 '
o (@, -a) 1+Qz(goglgzj 1+Qz[goglng

&7 8o g +8&

A typical circuit-based low-pass to band-pass transformation implies that:

PP [ﬁ—&] (3.89)

0, -0 \w, o

However, an important step towards adapting the circuit formulations towards
representative expressions for the antenna behavior is to add a term to reflect an arbitrary
level of possible associated losses (whether ohmic or radiative ones). To this end, the

following transformation is employed [143]:

Q-2 (ﬁ—&J—L (3.90)
w,-o\w, o) 0 (o,-o)
That is:
2 2
" + o,
e
o’ (0, — )
£0818>
B 827 8o
. 2 2
14| @ (w_a)oJ_ J @, {gOgIgZJ (3.91)
o, -0 \w, o Qu(a)Z_a)l) 8,8
80818>
. & +8&
. 2 2
14+ (w_a’oJ_ Jj@, [goglgzj
o, -0\ W, @ Qu(a)Z_a)l) g, +t&

So, for a perfect match at @,, we need:
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1— @y gog1g2J2 1_[ @, J[goglgzjz —0 (3.9
[Qu(a)Z_a)l)] (gz_go 0, (a)z_a)l) 8, +t8, ( :

which has four numerical solutions, as follows:

o, _a)1|12 _ 1 80818 @y
' & t&, Qu (3.93)
20818, O '
g
0 2 u

For an antenna system, the second port is left open. Thus we get g, — o, with only one

physical solution:

,
0, — 0, =g,8, a" (3.94)

which simply means that the bandwidth can be easily defined in terms of the center

[IP=l]

frequency, O, and the “g” values determining the return loss level of the bandwidth. For

half -power bandwidth, the “g” values are [20]:

8o =
(3.95)
g =2

and the fractional bandwidth becomes:

FBW:M:i
@,

(3.96)

u

which is an identical result to that found earlier in (3.47). However, this approach not
only accurately determines the exact band edge locations (which is not possible through
the work in [78], but it can also be extended to the design of multiple-coupled antennas.
This extension is discussed in detail in the next chapter. For now, as a simple example for
illustration purposes, Fig. 3.4 shows the reflection coefficient responses of two different

RLC parallel networks. The first has R =500hm,L =10nH and C =1pF, with exact
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0,.. =®,RC=0.5, and the second has R =500hm,L =2nH and C =5pF, with exact
0,..=25. Fig. 3.5 shows the extracted Q factors for the second network.

0F,0", and Q7 are derived from [78], [139], and the proposed “g” value method,

respectively. Note that manipulating the outlined proposed method yields:

S
0f -~ (o) 2 G97)

This means that the Q"(w) shown in Fig. 3.5 is only correct at @, (natural

resonance/anti-resonance of the circuit). Extension of the plot to estimate Q versus
frequency for non-resonant circuits (which is typical for electrically small antennas)

would add an extra step similar to that in [78], i.e., bring the antenna at each frequency to

resonance. Note that S, (@) and I, (@) are readily available from any numerical solver

used for antenna/circuit simulations. Also note that the Q extraction procedure is
numerically much easier when the network is not perfectly matched, which is preferred

for quick extraction procedures during design cycles.

It should be noted that both the extracted FBW, s Values based on [78] and those

based on the proposed analysis are identical. However, the proposed expression
accurately defines the position of the band edge frequencies, which is not possible if
using [78] or [139]. For example, the extracted half-power fractional bandwidth for the

aforementioned network with Q, . =0.5 is 4. Its extracted band-edge frequencies are

xact

f,=0.376GHz and f, =6.742GHz, which are within the numerical error compared to

the simulated ones. On the other hand, the formulation in [78] will result in a negative
value for f,, which is a non-physical solution. Realistically, (3.47) should present as
accurate results as (3.97). Nevertheless, the latter is potentially favorable, since it is easily

extended to predict the behavior of multiple coupled resonances, as demonstrated in

Chapter 4.
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Fig. 3.4. Reflection coefficient for the two networks. Asymmetry in response increases for lower

Q and higher VSWR.

4 T
B
Y TS D S S R S TR R - Q
35 .
T —a§
.... —— H i |
................................... Qu
2.5 T e o ;"‘\s
l/ \ \\
g 2 - ’,’ .
15 ~‘s " \\‘
: o 7 %
1 e 4 X
Y 7 / \ \\
4
0.5 ™, h\\,(\ / \ \’\"'\"/—_
. \\ 7 \~ -
5 NS \/ \/ \\/'l’

1 11 1.2 1.3 1.4 15 16 1.7 1.8 19 2
Freq [GHz]

Fig. 3.5. The extracted Q values for each network.

3.4.3 Application to Antenna Problems

The proposed procedure was applied to a set of canonical antenna problems, i.e., simple
dipole and patch antennas. In order to avoid any possible uncertainties about the
numerical accuracy of the simulations, different commercial solvers were used: Ansoft’s
Designer (MOM code) [31], Ansoft’s HFSS (FEM) [32], and Schmid & Partner
SPEAG’s SEMCAD (FDTD) [36]. A portion of the results is listed in Table 3.1. The

63



procedure of extraction is summarized as follows. Upon simulation of the antenna, the
reflection coefficient is plotted on a smith chart. Typically, the plot needs to be rotated on
the admittance (impedance) chart to resemble the simple parallel (series) RLC circuit.
Fig. 3.6 shows a typical plot for a patch antenna. Once this rotation is completed (which
is effectively de-embedding of the feed inductor in patch antennas), the extraction
procedure proceeds as described earlier, using (3.97), to extract the resonant frequency
and the unloaded Q. Once extracted, it is possible to rapidly predict the simulated

response, taking into consideration the de-embedded reactive element.

60.00

40.00
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o 2000 R
Qué -——-“'—\/\/ﬁ\'--—______
e
0.00
20,00 | J_
e M ey 210 70 730 740 750 750
1.0 oo 1.0 F[GHz]

Fig. 3.6. Steps for extraction of the response of a patch antenna: First, rotation, and then using the

“g” values extraction technique.

Table 3.1. Summary of Results for Antennas Under Test.

Structure FO0O | Qu(G) | F1,F2 (G) | F1, F2 (Sim.)
Printed Dipole in Designer VSWR<1.5 1.947 | 4.959 1.870 1.871
(78.74WX3031.5Lmil in air ) 2.031 2.033
Patch Antenna in HFSS VSWR<5.828 2.374 | 22.405 2.2704 2.273
(2290LX2500WX118.11Hmil no substrate) 2.4823 2.485
Dipole in SEMCAD VSWR<2 0.810 | 4.457 0.7414 0.738
(1.8RX169Lmm) 0.8952 0.899
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3.5 Discussion and Conclusions

This chapter discussed some of the very basic notions in defining the bandwidth of a
simple circuit in terms of its quality factor. As various expressions exist, the adoption of
any of them would largely depend on which form yields a simple and accurate design
approach. One may draw a number of important observations. For example, the B=1/Q

relation for (reflection) half-power bandwidth, where Q is given by:
w,( d
=20 2 X(w
© 2R (d 0] ( )J

with X denoting the antenna reactance at its physical terminals and R denoting the

(3.98)

antenna resistance, is very useful for small non-resonant antennas. Typically, a small non-
resonant antenna is modeled by a simple inductive or capacitive reactance, depending on
its configuration, along with an associated quality factor. In many antenna designs, the
aforementioned relations are quite adequate. On the other hand, at self-resonance, X will
have both inductive and capacitive components associated with the magnetic and electric
stored energies. In such a scenario, the O-BW relation becomes B=2/0Q, where Q is given
as stated above, and X is still the antenna reactance at its physical terminals. Of course,
one may alter the expression of Q to have a B=1/Q for self-resonant antennas. These
variations should be noted in the attempt to find a practical systematic antenna design

process.

Another definition with B=1/Q, not B=2/0Q, also exists for resonant circuits, given that Q
is still defined as stated earlier. This definition is common in many microwave circuit
books. Actually, a half-power bandwidth designates the frequencies where the power
dissipated in the resonant network is half the amount dissipated at the resonance
frequency. This differs from the definition where the (reflection) half-power bandwidth
designates the frequencies where the accepted power by the resonant network is half that
of the incident power at these frequencies. From a designer’s perspective, the best

definition is that which facilitates the design process to meet the system specifications.
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So, all of the aforementioned definitions should be kept in mind for proper choice in

developing a design routine.

In most of the published work on O-BW relations, the bandwidth is defined as the
difference between two specific frequency points, as discussed earlier, with the center
frequency related to them through their algebraic mean. This is an acceptable
approximation for most antenna designs. However, in situations where the antenna has a
very low quality factor (i.e., wide bandwidth), this approximation has a large error
margin. In fact, the exact relation for a simple series or paralle]l RLC networks shows that
the center frequency is related to the band edge frequencies through their geometric
mean. This is an important difference for low Q structures, since it significantly affects
the design process. As an example, consider the design of a moderate to wide-bandwidth
biomedical implant antenna. The Q of such an antenna is typically low due to the in-body
losses. Its associated numerical simulation for the overall band, in the presence of a
human model, could be quite costly. This becomes even more significant during
optimization seeking a design that meets specifications. However, by utilizing the
appropriate O-BW relations along with the proper center frequency definitions, it is
possible to focus the whole optimization process around this center frequency when
trying to realize the required quality factor. This results in a significant reduction in the

computational efforts as well as a noticeable acceleration in the design cycle.

Apart from seeking O-BW relations for networks operating at some form of simple
resonance, there are situations where the design of a single antenna to meet a required
bandwidth is physically impossible. Interestingly, bringing multiple resonant antennas in
close proximity can realize an antenna system meeting this bandwidth specification.
Antennas used in smartphones are one important example for such a system. However,
there is no unified theory on the design of multiple coupled antennas. The previous
formulations cannot be simply applied ‘as is’. Recently, there have been a number of
publications on the O-BW relations for multi-coupled antennas such as those in [140],
[141], and [142]. These relations are useful for approximate analysis, with error margins

of more than 40% [141] in addition to not presenting a systematic design methodology.
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In sum, a new procedure is demonstrated for extracting the unloaded Q of antennas.
Unlike commonly used methods, the proposed technique accurately predicts the
asymmetric response in the reflection coefficient of canonical antenna problems. Portions
of the verifications using different commercial solvers were presented. The proposed
technique is extremely useful when designing different classes of antennas. It should be
emphasized that the analysis is not limited to naturally resonant structures and can be
extended to study the O and BW of electrically small antennas. Its extension to multi-
resonant models (discussed in detail in the following chapter) provides a promising

systematic method for the analysis and design of multi-band/wideband antennas.
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Chapter 4: Q-Bandwidth Relations for Mutually Coupled

Antennas and the Associated Integrated-Filtering Functionalities

’

“Science progresses best when observations force us to alter our preconceptions.’

Vera Rubin

In this chapter, the idea proposed and discussed in Chapter 3 is extended to present a
systematic approach for realization of multi-coupled radiators. This procedure can be
adopted easily either when using an electromagnetic simulator or building antennas on
the bench. Not only does the presented analysis define some useful upper bounds on the
achievable performances, it also significantly accelerates the development cycle and
alleviates the need for an exhaustive set of parametric trials or optimization cycles. In
addition, this design methodology allows us to synthesize antennas with asymmetric and
symmetric transmission zeros in the frequency plane, enabling us to realize a large set of

complex filter-integrated antennas.

4.1 Introduction

Circuit-inspired wide-band antenna designs rely basically on bringing two resonances
together to achieve wide-band operation, along with an increase in gain in some cases. It
is notable that this concept was widely studied in the antenna community and was applied
in different topologies, i.e., stacked or side coupled patches [145]-[148], or using stacked
dielectric resonator antennas [146]. A close look at the most referenced design procedures
applied so far reveals several complexities in their implementation. These complexities
are simply due to the broad range of uncertainty that a design cycle will feature [145], or
the need for a numerical procedure at each parametric design step to extract the
associated design parameters by curve fitting [146]. It is also noted that, recently, a large

number of researchers decided to abandon these circuit-based procedures and move into
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developing optimization routines that automatically invoke a number of parametric

studies searching for a design that meets the specifications [147]-[148].

Instead of following these approaches, an alternative design approach based on
accumulated knowledge of the design variables is proposed in the context of this thesis.
Here, the theory of designing multiple-coupled antennas is tackled as follows. First, the
network model for coupled antennas is theoretically studied. Such a study allows us to
define the required resonance frequency, quality factor, and coupling coefficients to cover
a desired bandwidth. That is, a “Golden Response” is generated for what the design
response should be. Interestingly, this theoretical analysis also reveals methods of
extracting the associated design parameters. This means that not only the required
parameters are known, but it is also possible to extract, without curve fitting, the
associated parameters through the design process. This is invaluable in guiding the
process to converge quite rapidly to the ideal design. Next, the steps of the design are
listed in a recipe format and demonstrated by a numerical example for illustration.
Finally, following the proposed procedure, a number of realistic coupled radiators are

designed to create antennas with wide-band operation.

4.2 Q-BW Relations for Simple Antennas Re-visited

In most typical antenna design scenarios, it is sufficient to model the antenna
performance over a wideband as a network of series RLC or parallel RLC ones. The
following two figures show a network model for a simple dipole, and one for a simple

patch antenna. It should be noted that the capacitance C, accounts for the DC

capacitance, while L should account for the probe inductance of the patch. Over the

probe

band of interest, such model may be simplified to a single RLC network.
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Fig. 4.2. Wideband circuit model for a patch antenna and its narrowband simplification.

In antenna design, one of the very important parameters is the voltage standing wave ratio
(VSWR) bandwidth of the antenna. This bandwidth can be quickly predicted from the
simple antenna model. Actually, if we study the input impedance of the antenna, one can

see that in the series case it is possible to write:

Zin(f)=R(1+jQ(§—§D @1

while in the parallel case, it becomes:

R

Zm(f): I (4.2)
1+ jo| L —Jr
( +]Q(f, fD

where f, = in both cases, while Q is given by:

1
27N LC
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o Average Stored Energy

Energy Loss/Second
(4.3)
W AW,
=Q)—
B
which, for the series case, is given by:
w,L
= 4.4
Q== (4.4)
while for the parallel case, Q is given by:

Now, assuming that the antenna is fed by a transmission line of characteristic impedance

Z,, then:
1+ ?:« Efff;_io
, +
VSWR( f) = n 0 (4.6)
SN PR
Z,(f)+z,

Defining  the  impedance  bandwidth  such  that  VSWR(f)<S, with

VSWR( f,)=VSWR(f,)=S, where f and f, are the band-edge frequencies, then one

may write the fractional bandwidth as:

FEw =122 4.7
/,

r

By some simple manipulations using the earlier equations, it is possible to write:

FBW:é\/(KS—l)(S—K) “8)

71



Z . R
where K = ?0 for the series-resonance case and K =— for the parallel-resonance case.
0

Typically, the antenna is designed such that R = Z; at the resonant frequency. Thus, one

should get:

FBW = (4.9)

15-1
0 s
which may be considered as another version of (3.94).
4.2.1 Maximizing the Bandwidth

Given that one usually wants to maximize the bandwidth realized by an antenna design in

a given volume, it is thus better not to design the antenna with R = Z at the resonant

KS-1)(S-K
frequency. Instead, if the FBW:é\/ ( L( ) expression is used to find the

optimal value for K where FBW is maximized, one will find:

1 1
K oy ZE(MEJ (4.10)

Thus, the maximum possible bandwidth for an optimum antenna design, adequately

modeled by a series or parallel lumped circuit, is given by:

2 —
FBW, :iS !
0 28

4.11)

It can be easily shown that the band edge frequencies in these models are related to the

resonant frequency through:

Lh=1 (4.12)

One important observation is that the result in (4.9) matches that of (3.94), which was

(Y=t

developed using the “g” value technique. However, this is not the largest possible
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bandwidth for a given antenna/resonant circuit. As can be seen from (4.11), by properly
designing the circuit/antenna resistance in terms of the system resistance, it is possible to
enlarge the achievable bandwidth without adding any matching circuitry [148]. This will

be crucial when considering the extension of the “g” value method to multi-coupled

scenarios.

So, for a general simple antenna design with single resonance, the design cycle to achieve

maximum impedance bandwidth may be summarized as follows:

1) Define the desired band edge frequencies.

2) Define the required VSWR level.

3) Use Equation (4.12) to determine the corresponding resonant center frequency.

4) Use Equation (4.11) to determine the corresponding QO of the antenna.

5) Design the antenna to resonate at the resonant frequency, with the specified O and

required input resistance deduced from (4.10).

4.2.2 The Utilized Q-expressions

In the outlined recipe listed above, one needs to assess the Q of the antenna under study,
seeking to realize the desired Q. Chapter 3 summarized some of the useful expressions
for this purpose. One approximate method to determine the Q of the antenna from the

input impedance is by using [78]:

@,

QB(a)O):m

(4.13)

- [R'<wo>]2{x'<wo>+—

Another expression, which was derived in the course of this work, was presented in the
previous chapter. It is more suitable for extremely low Q and for cases where the probe

inductance or DC capacitance of patches should be included, and is given by [GS.8]:

O (@) =T, (a)o)% (4.14)
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It is noteworthy to mention that the aforementioned design routine can be modified to
account for the probe inductance associated with feeding printed antennas. The same can
be said if another feeding technique is used, such as proximity feeding or aperture
coupled feeding. However, the focus here is on establishing some simple theory for

further utilization in the multi-coupled design.

4.2.3 Note on Utilization of Matching Circuits for BW Extension

In the simplified antenna design process outlined earlier, the most challenging step for the
antenna designer is to realize, in a given space, an antenna with the required Q to cover
the required VSWR bandwidth. Sometimes, with space limitations, such a design is not
physically achievable. One way to overcome these limitations is to implement a matching
network seeking wider impedance bandwidths. Theoretically, an infinite order matching
network of ideal lumped inductors and capacitors would be able to further extend the
maximum bandwidth in (4.11) to a certain extent. This was studied by Fano in [77] and is

given by:

T

1
NO—EIH(S—H]
S-1

FBW,, (4.15)

In reality, there is no such thing as ideal lumped elements. Also, in terms of cost and
space, adding a large number of inductors and capacitors is not practical. In addition, it
was shown in [138] and [150] that the Fano bandwidth can be approached quickly with
only limited number of matching elements. On the other hand, one may argue that such a
limit can be overcome by using lossy matching networks [151]-[152]. However, the price
paid is the significant reduction in the radiated power by the antenna, and thus reduction
in the overall system efficiency. Still, the idea is worth some investigation. In principle, if
the lossy matching network is implemented in the antenna itself so that the required loss
is realized by antenna radiation, then one can possibly widen the antenna VSWR
bandwidth, along with maintaining high radiation efficiency. This idea is investigated

next.
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4.3 Multiple-Coupled Radiators

As discussed in the previous section, radiation from an antenna may be modeled as a type
of power loss from a resonator. Having studied the performance of a single resonator, it is
desirable to extend the study to having more resonators. In Chapter 3, the possibility of
dealing with the multi-coupled antenna problem through analogy with multi-coupled
filter formulations was noted. However, in section 4.2.1, it was noted that merely using
the “g” values derived in the circuit community using Chebyshev polynomials will not
result in the maximum possible bandwidth for a given antenna Q. To this end, this section

attempts mimicking the “g” value method, after applying some modifications, to realize

the maximum possible bandwidth in multi-coupled antenna designs.

First, let us start with two coupled lossy resonators. The effect of adding more
resonators/antennas will be studied later in the chapter. So, if we have a network
composed of two coupled resonators, as shown in Fig. 4.3, then it is possible to write the

input impedance as:

Z, (@)=~ 1 = (4.16)

R—+]0)C2+ -

2 JOL,

One should note that the capacitance, inductance, and resistance are related in such model

where:
c = 4.17)
a)OlRl
and
L = ! (4.18)
1 a)glcl '
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with @, , =

= and (@, , defining the quality factor of the corresponding
Ll,z 1,2 ,

resonator. Thus, one can re-write the input impedance as:

1
Z,(f)= (4.19)
1+jQ01£ / _J;(;lj JR
R o f S
1 L _Jo2
"']Qoz(fo2 f]
o J

A
° J ' > - °
I 7, =J
+9()° I 0

O O

o H o

— —(
O O
J =wC

Fig. 4.4. Different models for admittance inverters.

It should be noted that the J (admittance inverter) used in this analysis should be treated

with care. The concept of admittance inverters is widely used in filter/coupled circuit
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design [20] and has been quite useful in circuit designs of fractional impedance
bandwidths up to 30%. In principle, the values realized from the J inverter model
basically rely on the synthesized structure and its frequency dependency. However,
modeling using the J inverter brings valuable insight into the basic network behavior
and limitations. Afterwards, it is then a matter of searching for a physical structure that

can realize the required admittance inverter.

Typically, when designing an antenna system, it is desirable to maximize the realizable
bandwidth in a given volume. Since bandwidth is inversely related to the radiation quality
factor of the antenna, as discussed in Chapter 3, then one may intuitively argue that it is
better to have both resonators/radiators with the lowest possible Q in order to realize the
maximum possible bandwidth. The analysis is this section addresses the case for
synchronized resonances. However, the methodology is applicable to the general case as

described by (4.19). It is thus possible to write:

1

Z = 4.20
w () — [f‘f()j (4.20)
7O
fi f), D
R, "
1 A
"G {fo fJ
where
D=JR, (4.21)

The reflection coefficient seen at the feed port can be expressed as:

(4.22)

This reflection coefficient is what commonly defines the impedance bandwidth of a

circuit/antenna. At the band-edge frequencies f,,, and f,,,, the reflection coefficient
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F( f ) should be equal to the target return loss level, RL, and hence is consequently

related to the VSWR level S by:

Zin fRLl _Zo
RL2 _VSWR-1_§-1

r =RL = = = 4.23
[fjjj;] VSWR+1 S+1 (*23)
Zin fRLl + ZO
RL2

The impedance bandwidth is thus given by:
BW :fRLZ _fRLl (4.24)

For identical resonators, the fractional bandwidth, relative to the synchronized resonance

frequencys, is stated as:

FBW = 2= (4.25)

0

4.3.1 Maximizing the Bandwidth

In section 4.2.1, the maximum possible bandwidth for a simple antenna without any
matching elements was discussed. In a similar fashion, this section presents some
limitations on the maximum possible bandwidth using two coupled identical

(synchronized) resonators/antennas. Using (4.23), one may write:
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1 7,
1+J.Qo[f1eu,2 _ Jo ]
So Swo) D
R
1 H].Q{f?,z _ffo J
1 0 RL1,2 ZRL
+Z,
1+jQO(fRL1,2_ Jo J
f‘O fRLl,Z + D
R, 1+jQ0[fRL1,2 _ Jo ]
ﬂ) fRLl,Z
Defining X = M—L ,and K = % , it is then possible to write:
fo fRLl,Z Rl
2
(1-2,0-K+K(0 X)) +(QX —2KQ,X ) .

(1+ZOD+K ~K(Q,X) )2 +(Q,X +2KQ,X )’

On the other hand, at f = f, one can write:

2
1-K-Z,D _ R
1+K+Z,D

which simplifies to:

1-KS
Z,8

S-K

ZO

(4.26)

(4.27)

(4.28)

(4.29)

It can be readily seen that these two values for D correspond to different values of the

coupling coefficient, J. In fact, the choice of D would result in one of the responses

shown in Fig. 4.5.
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Fig. 4.5. Effect of the choice of “D” on the return loss.

So, to realize the maximum bandwidth, it is desirable to have:

Now, solving (4.27) in X yields:

\/S(3KS2 ~4K*S-S+K)
SKQ,

X==

Jrur _ Jo

0 RL1,2

Recalling that X = ( J , where f,,, > fy,,, 1t is possible to write:

1 [(S(3Ks*-4K>S-5+K)
Jrn =

28KQ,/ 1, _\/31{53 —4K*S* - 8% + SK +4S°K*(;

and

| [(S(3KkS*-4K*s-S+K)

fRLz TN ar -
28K0,/ 1, +3KS® —4K>S* - §% + SK +4S*K>Q?
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Hence, the bandwidth expression can be written as:

\/S(3KS2 ~4K*S-S+K)

BW = fuy = fr = SKQ,/ f,

(4.34)

To maximize this bandwidth, for a given antenna Q and required VSWR, one needs to

differentiate with respect to K . Hence, solving for K, we have:

k=2 (4.35)
R 357 +1
That is:
R =35t (4.36)
1 2S 0 .
and

J’R, = - (4.37)

Thus, the maximum achievable bandwidth is given by:

s

BW__ = 4.38
max 2SQ0/f;) ( )

One should note that the presented analysis implies that the band-edge frequencies are

related to the center frequency through:

fo :\]fRLlfRLz (4.39)

4.3.2 Required Input Impedance

Having presented the maximum possible bandwidth for two coupled resonators, it is
important to study the input resistance corresponding to such a bandwidth. Using the

analysis in section 4.3.1, the input impedance can be written as:
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Zm(f)jg[ 22 1 (0) + {ro:(lt o —(Qog)zj—zQO:D o
(14207 | +(20.)

S S

0

where { = . Extracting the real part of the input impedance yields:

Z,(. Z,D )
K[”K*(Qo?) ]

(1422047 | (0

R,(f)= (4.41)

The maxima of R, (/) are at two frequency points( f,,, /., ), which are given by:

N | =

2\-0y +95°0) +40; - 05 -35°Q;

1 !
fm1,2=—2Q§ 0 —80! —240:S* +1602 -0 +98*0 307 +65°Q? |?
F

0
—4-0! +95°0Q} +455°02 —128%/-0; +95*0}

The values of these maxima are identical at f, , and are independent of the quality

(4.42)

factor. Interestingly, they can be asymptotically written as (for Z, =50Q):
R(S)=C,S*"+C,S*+C,S*+CS+C, (4.43)

where the coefficients are given as C, =2.046, C,=-19.34, C,=69.59, C,=-79.28,

and C, =87.

Utilizing the network in Fig. 4.3, the variation of the maximum value of input resistance
versus the VSWR level, the frequency variation of the input resistance for different
quality factors, and the input reflection curves for different quality factors are shown,

respectively, in Fig. 4.6, Fig. 4.7, and Fig. 4.8.
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Fig. 4.6. Maximum value of input resistance versus VSWR level (Z, =50Q).
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Fig. 4.7. Frequency variation of the input resistance for different quality factors (Z, =50Q2).
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Fig. 4.8. Input reflection curves for different quality factors (Z, =50Q2).

Fig. 4.9 shows the effect of using R, =233 (optimum value for maximum bandwidth if
Z,=50Q and VSWR=3) and R, =50 (after adjusting the corresponding coupling in

Fig. 4.9). It is clear that the choice of R, could result in a large difference in the achieved
bandwidth.
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Fig. 4.9. Effect of the choice of the impedance of the first resonator on the realized bandwidth.
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4.3.3 The Golden Response

Before defining a procedure for the coupled antenna design, let us study a simple
numerical example that clarifies some properties of the coupled antenna model used in
this work. Let us say that we want to design an antenna connected to a 50 Ohm feed line
and covering the band frequencies of 1.7-2.1GHz with VSWR=3. Using the
aforementioned formulations presented so far in section 4.3, one would ideally need a set

of design parameters as listed in Table 4.1.

Table 4.1. Design Parameters Required for Covering 1.7-2.1 GHz with VSWR=3

Quantity Value
Jo 1.8894 [GHz]
0, 19.9165
R 233.33 [Ohm]
D 0.0557 [Ohm]

In order to illustrate how the antenna/network response will vary with different scenarios,

let us plot the input resistance for the three distinct cases of Table 4.2
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Table 4.2. Three Different Frequency Variation Cases.

Case 1

Case 2

Case 3

Jo =18, f,=2.0

fou=2.0, f,=18

£, =1.889, f,, =1.889

Qm =16, Qoz =25

Qm =16, Qoz =25

Qm =16, Qoz =25

R =250,R, =250

R =250, R, =250

R =250,R, =250

D =0.09 D =0.09 D =0.09

In Fig. 4.10, one can quickly deduce some properties of the input resistance response. For

example, if f, < f,,, the value of input resistance at the first peak is larger than that at

the second one. It is also noted that if f, = f,,, both peaks become equal in their values.

Additionally, these peaks are related so that f,, =+/fpfr.p » Where f,,, is the first
peak, f,,, is the second peak, and f,, is the apparent synchronized frequency of the

system.

Such a simple model suggests that if one is designing/optimizing an antenna, and even if
the Q, resistance, and coupling values are not tuned to the correct ones, it might be useful
to start by adjusting the resonators to realize the “Frequency Golden Response”, where
the antennas have their resonance frequencies synchronized to the desired center
frequency. Note that the term "Golden Response" is common in filter terminology,

denoting the "target response" in a design process [24] [144].
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Fig. 4.10. Input resistance for the three cases under study.

Now if we assume that the resonance frequencies are synchronized, let us investigate the

effect of having the antennas with different O values. Again, we may use the three cases

from Table 4.3 to illustrate the problem.

Table 4.3. Three Different Q Variation Cases.

Case 1

Case 2

Case 3

£, =1.889, f,, =1.889

£, =1.889, f,, =1.889

£, =1.889, f,, =1.889

0, =16, Q,, =25

0, =25, 0, =16

0, =19.91, 0,, =19.91

R =250, R, =250

R =250, R, =250

R =250, R, =250

D =0.09

D =0.09

D =0.09

In these three cases, the quality factors of the antennas may be different or equal. To

extract information about these quality factors, the group delay technique presented in

Chapter 3 is used. In Fig. 4.11, one can quickly identify which quality factor is higher

than the other, and how they both need to be adjusted to realize the desired response. This

means that the designer/optimizer should seek the “Quality Factor Golden Response”,

where the antennas quality factors are synchronized to the desired value. In reality,
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adjusting the quality factors involves changing the antenna dimensions, which in turn will
affect the resonance frequencies. Thus, the adjustment of the resonance frequency and Q
takes the form of an iterative procedure. However, it should be emphasized that this

procedure is quite useful and generally results in rapid convergence.

25 T T T
: s ~o-Qy,=16,Q,,=25
- - Qyy=25,Q,,=16 |
--Q,=19.9165,Q,,=19.9165

15

At S S00 008 soag
e B oses00resss

10

1 1 L i 1 L 1 1 i 1
D1 1.2 1.4 1.6 1.8 2 2.2 2.4 2.6 2.8 3
Freq [GHz]

Fig. 4.11. Information about the quality factors extracted using the group delay-based QO

expression.

Now, assuming that the resonance frequencies and quality factors are synchronized, let us
investigate the effect of changing the resistance of the first resonator. Three different
cases will be studied (Table 4.4). Fig. 4.12 illustrates how the input resistance plot varies
with the actual input resistance of the first antenna. The value of the desired resistance at
the peaks is known, using (4.43), so the designer/optimizer should seek to realize the
“Resistance Golden Response”. It should be noted that these values will slightly vary,

depending on the coupling coefficient. However, this can form a part of a rapidly

converging iterative procedure.
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Table 4.4. Three Different Cases for Variation in Resistance.

Case 1 Case 2 Case 3

£, =1.889, f,, =1.889 £, =1.889, f,, =1.889 £, =1.889, f,, =1.889

0, =19.91, Q,, =19.91 0, =19.91, 0,, =19.91 0, =19.91, Q,, =19.91

R =100,R, =233 R =300, R, =233 R =233,R, =233
D=0.09 D=0.09 D =0.09
160 T T T T T
: [ R.=100
140 .;é% g% ! .
i £ |- Rp=300
120 5 i | . R,=233|4
Eé 3 : 1

X :

= 1000 i £ ]
= wiﬁ i & 8
= il iy

O, 80p wp g €38 o
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Fig. 4.12. Variation in the input resistance with different feed antenna resistance.

Now, assuming that the resonance frequencies, quality factors, and resistance of the first
resonator are synchronized, let us investigate the effect of changing the coupling
coefficient. Three coupling values are studied (Table 4.5): ideally coupled, over-coupled,
and under-coupled cases. As observed from Fig. 4.13, the location of the maxima of the
input resistance plot depends on the coupling coefficient. If the resonance frequency,
quality factor and resistance of the first resonator are tuned to the desired values, one
should expect that the desired location of the maxima will correspond to those from
(4.42). It should be noted that, in a practical scenario, changing the coupling coefficient
requires changing the separation between resonators, which may affect their resonance

frequency and quality factor. However, following the “Golden Response” approach in an
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iterative manner between the frequency, quality factor, first antenna resistance, and the

coupling coefficient should result in very fast converging design cycle.

Table 4.5. Three Different Cases for Variation in the Coupling Coefficient.

Case 1 Case 2 Case 3

£, =1.889, f,, =1.889 £, =1.889, f,, =1.889 £, =1.889, f,, =1.889

0, =19.91, Q,, =19.91 0, =19.91, Q,, =19.91 0, =19.91, Q,, =19.91

R =233,R, =233 R =233,R, =233 R =233,R, =233
D =0.02 D =0.09 D =0.0557
140 ! , ! !
: : ~+-D=0.02
120t = D=0.09 |-
LY}
o ﬁ é% f“éﬁ ~+-D=0.0557
100} Sﬂgg% sl : 1
E'E i & %7 § 2
— fevy  fidgcs
E 80 afog fofifen 2 1
= s ia o $ 8t g
2} 5;3% PRI
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Fig. 4.13. Variation in the input resistance with different coupling coefficients.

Case 3 of the last scenario is essentially what should be realized (Table 4.5) in order to
meet the specifications of covering 1.7-2.1GHz with VSWR=3. The reflection coefficient
seen at the input, with a 50 Ohm feed line, is plotted in Fig. 4.14 for the ideal case from
Table 4.1, along with that realized after implementing the aforementioned rapidly-

converging iterative steps.
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Fig. 4.14. Ideal response versus realized one from application of Golden Response iterations.
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4.3.4 Design Steps

Having outlined some of the key formulations utilizing the proposed coupled antenna

model and discussed the application of the concept of Golden Responses towards a rapid

design methodology, the design cycle procedure can be summarized as follows [GS.11]:

)]

2)
3)

4)

S)

6)

7)

Specify the required band edge frequencies f,,, and f,,,. The bandwidth is given

as BW = fr, = frun-
Specify the required VSWR level §.

Use the following equation to determine the corresponding resonance center

frequency: f, = \ S Srea -

Use the following equation to determine the corresponding quality factor, Q, of

fy ALS°-1)(08 1)

the antenna: = .
O BW 28

Use the following equation to determine the corresponding resistance, R,, of the

387 +1
28

antenna connected to the feeding line at f,: R, = Z,.

Design the antenna to resonate at the resonance frequency, with the required Q

and required input resistance. Using Q. or O, (>10) should significantly

facilitate the design procedure.

Now add the second antenna. A good initial design is starting with identical
dimensions for the first antenna. The required coupling is then defined from:
s(3s*-1)

_ 72 _
p=J R2_20(3SZ+1)'

One should note that, when adding the second antenna, there will be mutual loading

effects between the two antennas. Depending on the topology, this may result in a shift in

the apparent resonance frequency, O, and input resistance of each of the antennas.

However, utilizing the Golden Response should facilitate the design procedure. This

means that once the second antenna loads the first one, observing the impedance behavior
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rapidly informs us how the frequency, Q and resistance have changed. This guides the
designer to quickly adjust the antennas in an iterative manner to match the Golden

Response. A possible practical route is to:

8) Use the “Frequency Golden Response” to synchronize the antenna frequencies to
the desired value.

9) Use the “Quality Factor Golden Response” to tune the Os to their desired values.

10) Use the “Resistance Golden Response” to tune the resistance of the first antenna
to its desired value. For probe-fed antennas, this is simply implemented by
changing the feed location.

11) Use the “Coupling Golden Response” to adjust the location of the maxima of the

input resistance.

It is again emphasized that, in practical designs, steps 8-11 are implemented in an
iterative manner. Nevertheless, following this design routine in the specific outlined order

should yield a very fast converging design cycle.
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4.3.5 Multiple-Coupled Lossy Resonators

By generalizing the analysis outlined earlier, it is possible to study the bandwidth limits
associated with any number of coupled lossy resonators. Extending the aforementioned
manipulations for N-identical coupled resonators, the resulting maximum achievable

bandwidth may be written as:

1

BW 1 (& N
2% 0, :—(H[(1+8(n—1))S2 —1]J (4.44)
/o AR

Fig. 4.15 illustrates the O-BW limits for different VSWR values when using different
numbers of coupled resonators. In Fig. 4.16, the resulting reflection coefficient at the feed
port, meeting a VSWR limit of 3, is plotted for different numbers of coupled identical

antenna models. Note that each antenna resonator model used in this plot has a O of 10.
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Fig. 4.15. Q-BW limits versus different VSWR values.

The results in (4.44) indicate that, by adding more resonators/radiators, one may extend
the realizable impedance bandwidth for a given VSWR level. On an abstract level, there
seems to be no limitation on the number of resonators to be used. However, physically,
the more resonators used and the wider the bandwidth, the harder it is to realize a
physical structure with the required coupling coefficients. In addition, for antenna
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problems, there are usually other system requirements than the VSWR level, such as gain
bandwidth, pattern, and polarization of the radiated field. In fact, with this proposed
technique for the realization of wide-band multiple-coupled antenna designs, it is the

radiated field behavior that sets the operational limits on the resulting performance.
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Fig. 4.16. Resulting reflection coefficient at the feeding port.
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4.4 Fano Limits Revisited

Lopez [150] and Hansen [138] studied the Fano limits [77] on broadband matching. In
[150] Lopez presented a summary listing the O-BW relations for some of the important
cases. It should be noted that although the cases in [150] assume ideal lumped elements,
in reality, these elements suffer from associated losses and thus degrade the efficiency of
the system. Table 4.6 reproduces Table I of [150] with the addition of the results

produced in this work.

Table 4.6. O-BW Limitations from Prior Work Compared to This Work.

Impedance Matching Circuit QO-FBW Q-FBW Q-FBW
VSWR=2 | VSWR=3
Single-Tuned Mid-band §-1 0.707 1.155
Match (non-Fano) Js
Single-Tuned Edge-band | 0.750 1.333
matching (Lopez-Fano, n=1) 28
Double-Tuned Matching $2_ 1.732 2.828
(Lopez-Fano, n=2)
Two Coupled Antennas \/(Sz ] 1)(9S2 j 1) 2.562 4.216
(This work,n=2) 7S
Infinite-Tuned Matching V4 2.860 4.532
(Fano-Bode, n =) m(‘m)
S-1
Three Coupled Antennas | (2 % 4.790 7.665
(This work, 7 = 3) g(g[(1+8(74—1))52—1ﬂ

One may draw a number of interesting conclusions from Table 4.6. For example, using
three coupled antennas can easily result in more than a 50% increase in bandwidth
compared to using a simple single antenna with an infinite number of ideal matching

elements. In fact, the two coupled antennas can realize an impedance bandwidth close to
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that when using infinite ideal matching elements. Table 4.6 also highlights the fact that,
by using two coupled antennas, one can easily achieve a four-fold increase in bandwidth
compared to traditional single-tuned mid-band match. Such enlargements in the
achievable bandwidths without utilizing any matching networks emphasize the

importance and the potentials of circuit-based systematic design techniques for antennas.
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4.5 Practical Examples

In this section, the presented procedure to design various common classes of antennas is
applied. As will be demonstrated, the proposed approach will typically result in quite a
fast design cycle. This is illustrated through the design of several commonly utilized
configurations. Although the method is general and can easily handle fully 3D
configurations (such as the dielectric resonator antennas and the 3D conformal
metallization), the examples listed herein will focus on the planar technology. This is
mainly due to its popularity and the ease of fabrication of the proof-of-concept
prototypes. Two substrate materials are chosen for the designs: Rigid foam and FR4. The
former is selected where maximum efficiency is required, while the latter is chosen since
it is the most common material used in microwave circuits. Each of these two materials
will result in different radiation and loss characteristics. However, it will be shown that

the design method remains applicable, irrespective of the choice of the substrate material.

One interesting characteristic of coupled antennas is the excitation of odd mode
distributions. With the presence of a slight amount of loss, these modes severely degrade
the radiation efficiency, resulting in significant reduction in the radiated power. This is in
addition to the fact that they typically alter the direction of the main radiation lobe
completely. This feature could be quite useful in the design of asymmetric and symmetric
radiation patterns with respect to the operating frequency, and thus will be elaborated

further in the presented design examples.

4.5.1 Practical Considerations

The Golden Response plots discussed earlier were generated assuming simple
two/multiple coupled resonators. This means that the effect of the feeding probe for patch
antennas was not present in any of these models. Ignoring the probe inductance may alter
the results substantially from those predicted by the simple model. On the other hand,
merely adding it after applying the previous design routine will result in a design that
deviates from meeting the VSWR bandwidth. Several research groups studied the

calculation of the associated inductance with a feeding probe [6] [196] [268]. This allows
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estimation of the value of inductance for a given substrate thickness. Thus, if the value is
incorporated in the model before the actual design process starts, then a different Golden
Response is generated, with proper embedding of the effect of the inductor on the design
process. Fig. 4.18 shows the effect of a 2nH probe on the response of a simple coupled
resonant circuit. When such an inductance is incorporated in the model before defining
the resonator/radiator parameters, another set of different parameters is achieved, with a

Golden Response that minimizes the feeding effect and hence yields better design results.
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Fig. 4.18. Accounting for probe inductance before and after the design procedure.
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4.5.2 Design of a Dual Mode Square Patch Antenna

A square/circular patch antenna can easily excite two orthogonal modes by perturbing
one of the patch corners [153]-[158]. Several researchers tried to place the design of the
patch into simplified systematic forms [159]-[161]. Here, the proposed procedure is

applied to realize a wide-band dual-polarized antenna.

Fig. 4.19. Schematic for square patch antenna with notch and sample prototype.

Let us choose a 62 mil FR4 substrate for the design and start with a simple 35X35mm
square patch, feeding it at 10mm from the edge along its axis. The patch impedance at
2GHz will be 56.43+j10.46, with a probe inductance of nearly 0.83nH and approximate
Q of 32.5. Given the low value of inductance, the simple coupled model will be used and
the inductance model added to it at the end of the procedure. For matching with a return
loss of 10dB, the input impedance at 2 GHz needs to be adjusted to 157.36 Ohm. By
varying the feed location from the edge through 10 to 8 to 1 mm, we can find the desired
feed location (Fig. 4.20).
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Fig. 4.20. Varying the feed location to achieve the desired value.

Now a 6 mm square notch is added to the corner of the patch, a shift in the resonance
frequency is noticed, as seen in Fig. 4.21. It is clear that the synchronized resonance

frequency of the two modes is slightly perturbed from the desired one.
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: : ‘ : : - |—Rin (Simple Patch)
---Xin (Simple Patch) | i

----- R (Patch with Notch)
--= X, (Patch with Notch) |-

150

100

50

. i i
10?.5 1.6 1.7 1.8 1.9 2 2.1 2.2 23 24 25
Freq [GHz]

Fig. 4.21. Effect of adding a notch to a simple square patch.
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This shift can be adjusted by extending the side length to 35.6mm instead of 35mm. Fig.

4.22 clearly shows the resulting shift due to this increase in length.
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Fig. 4.22. Effect of increasing side length of patch.

After a very quick iterative routine following the proposed procedure, the final design is
35.8X35.8mm, with a notch of 6.6mm and a probe at Imm. Fig. 4.23 shows the final
result of the EM simulation with the plots expected from the circuit model (with and

without) the probe inductance.
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Fig. 4.23. Measured, EM simulation and circuit model-based responses.

The three-dimensional radiation gain pattern is plotted at 2GHz in Fig. 4.24. In order to
compare the radiation from the notched patch (N) to the simple one (S), the realized gain

pattern (Fig. 4.25) is evaluated for each of the patches at three distinct sets of angles:
{¢ =0%0= 00} , {¢ =0°0= 300} and {¢ =0°6= 600} . The realized gain pattern is

defined as the ratio of the antenna’s radiation intensity in a given direction in watts per

steradian to the total power incident at the antenna’s ports in watts.

U(9.4)

inc

Realized Gain(6,¢) =4z (4.45)

Note that the term “realized gain pattern” is used instead of the term “gain pattern” to
include the mismatch at the antenna ports. This allows us to compare different antennas
relative to fixed available power by the source at the input of the antenna. This will also

be useful in looking at their filtering characteristics in subsequent sections.
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Fig. 4.24. Radiation pattern at 2GHz.
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Fig. 4.25. Realized gain for simple and notched patches evaluated at different angles in space.
Now, let us compare the polarization of the field produced by a notched patch to a simple

one. In Fig. 4.26, the gain values are normalized to 0dB and the E field values are

normalized to the maximum of Ex (or Ey). It is clear that the polarization characteristics
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of the notched patch differ significantly from its simple square one. Still, for many

applications, the notched antenna is considered a suitable candidate antenna.
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Fig. 4.26. Normalized realized gain and field magnitudes of simple and notched patches.
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4.5.3 Design of a Stacked Patch Antenna

There has been a noticeable interest in the stacked antenna topology, whether by stacking
metallic patches [162]-[174] or by stacking dielectric resonators [146] [176] to achieve
wider bandwidth and higher gain. Various design procedures are available in the
literature. Some of them are based on general guidelines [159]-[161], some involve
parameter extraction and curve fitting [146], and some apply extensive EM simulations in

parallel with optimization routines to realize the desired response [147]-[148].

To illustrate the implementation of the proposed procedure, let us postulate that we need
to synthesize a stacked antenna (using patches) to cover 200MHz bandwidth between 1.9-
2.1GHz at a VSWR of 3. Starting with a simple patch of 34X20mm, such patch resonates
at 2GHz with Q, =36.3 on 62mil FR4. From Table 4.6, these parameters mean that this

single patch should maximally cover 1.333 f,/Q, =73.46 [MHz], without using any

external matching elements. If the substrate thickness is doubled (i.e., a 124 mil FR4 is

used instead), the quality factor will be Q,=27.9, which in turn can cover
95.5795 [MHz] at maximum. However, if we have two patches, of the same Q) =36.3,

then it is possible to cover up t0232.31 [MHZ] Hence, the stacking technique may be

utilized to realize such a wide bandwidth in a small footprint.

Using the design procedure outlined earlier, the dimensions of the patch can be rapidly
adjusted. One needs to start with the simple patch first. The location of the feed probe
should be adjusted so that the input resistance is around 233. This is achieved by locating
a 1.3mm probe at 3.5 mm from the radiating edge. It is important to mention that these
values are achieved by using a 62mil FR4 cover, which will back the metallization for the

other patch on top.

Next, another patch is placed on top of the upper substrate. Since the substrate height is
fixed, the patch length and its relative location should be adjusted to realize the desired
resonance and coupling factors. Following the Golden Responses, one would quickly

reach an acceptable realization (Fig. 4.27), with a lower patch dimension of 33.6X20mm
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fed by a probe at 2.5mm from its radiation edge, and an upper patch of 36.7X20mm
shifted by 4.3mm from the radiating edge of the lower patch.

Upper Patch

Fig. 4.27. Schematic for two-patch stacked antenna.

Fig. 4.28 shows the reflection coefficient at the feed port for a single patch (S), a dual
patch model (D), and a dual patch model with its probe inductance (D + probe), in

addition to the full wave EM simulation of the realized stacked antenna.
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Fig. 4.28. Evolution of equivalent models of stacked antenna compared with realized EM

simulation response.

It should be emphasized that realizing a wider bandwidth with coupled antennas usually

results in variations of the pattern characteristics from the simple antenna case. In order
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to investigate the pattern properties of the stacked antenna, the realized gain function is

evaluated at the normal to the antenna plane, {¢:0°,9:O°}. The variation of this

function versus frequency is plotted in Fig. 4.29, along with that of a single patch
antenna. It is clear that there is a sharp reduction in radiation in the normal-to-patch
direction around the higher band-edge frequencies. For clarification, the realized gain
function is evaluated (Fig. 4.30) at two different frequencies, 1.95GHz, and 2.15GHz,

over two cuts in space (the two normal planes to the antenna plane ¢ =0"and ¢ =90° ). It

is noted that there is a significant reduction in radiation efficiency at the 2.15GHz
compared to the 1.95GHz one. Although the radiation efficiency degrades rapidly near
the higher band edge, there is still a significant increase in the gain bandwidth compared

to the case of a single patch antenna.
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Fig. 4.29. Realized gain of single and presented stacked antennas versus frequency.
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Fig. 4.30. Realized gain of the presented stacked antenna at 1.95 and 2.15 GHz.

4.5.4 Design of on-Foam Coupled Antennas: Asymmetric Response

In order to clearly assess the potential bandwidth increase when dividing a given area into
a number of coupled patches, one option - instead of using a single patch - is to study a
structure made of multiple copper plates backed on high quality rigid foam. Thus, all
losses in the system will mainly be due to radiation, with very little conductor loss and
negligible substrate losses. A simple 80X10mm patch separated by 8mm from the ground
plane will have a resonant frequency at around 1.7GHz, with Q of 39.5. The patch will
theoretically cover a maximum bandwidth of around 57.5 MHz if used on its own. If
another patch with the same Q is added, the system can potentially cover up to 181.5
MHz for VSWR=3. It should be noted that adding a single matching network to the
single patch would maximally cover up to 125.3 MHz. On a practical side, if another
patch is added (of dimensions 76X10mm) to the simple patch and separated by 5 mm and
2 mm from the non-radiating and radiating edges, respectively, then it is possible to cover
VSWR=3 bandwidth of about 143MHz. This is slightly less than the theoretical
maximum limit of 181.4 MHz; however, it is an expected decrease due to the large probe

inductance involved (about 4.5 nH). On the other hand, if a large patch of the same foot
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print as the coupled patches, i.e., of size 80X25mm, is used, the patch will resonate at
1.643GHz, with a Q of 24.3. This has a maximum bandwidth of 90.1MHz. It is clear,
then, that using more than one resonator in a given area could potentially cover more
bandwidth than one larger antenna in the same area. Furthermore, it should be noted that
the major difference between this example and the previous ones (including those in the
relevant appendices) is the utilization of a foam substrate. Thus, the resulting quality
factor is purely that of the radiation effect. It is to be noted that the choice of rectangular
metallic patches merely serves in demonstrating the capabilities of the proposed method.
An antenna designer may elect to chose other configurations (loop/triangular/slot

structures, etc...) while maintaining the applicability of the design technique.

Fig. 4.31. Schematic for two coupled patches and their prototype on foam.

The simulated realized gain is plotted in Fig. 4.32, while the measured response is shown
in Fig. 4.33. There is only a slight difference from simulation to measurement, which is
largely attributed to the method of assembling the metallization on foam. The metal strips
are cut, and a Kapton adhesive layer is placed on them to keep their relative orientation
intact. Next, the adhesive metallic layer is placed on the foam (Fig. 4.31). The
metallization adhesive layer, in addition to the Kapton one, introduces some variation in
the effective dielectric constant and loss tangent, thus affecting the coupling coefficient

and subsequently shifting the resulting response slightly from the simulated one.
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In order to evaluate the realized gain, two identical antennas are placed facing each other

at a separation of 20cm, and §,, (in their broadside) is measured. Fig. 4.33 shows the

measured scattering parameters for one of these antennas. It is noted that a sharp
reduction in broadside radiation occurs out of the VSWR=3 band. However, observing
the gain function over space (Fig. 4.34), one can see that the radiation mode at the higher
band edge shifts from an even mode to an odd mode. With no loss in the system, the odd
mode will significantly contribute to radiation in the end-fire direction. Actually, the
realized maximum gain at 1.83GHz is 1.8dBi, while at 1.72 it is 8.75dBi. Fig. 4.35 shows
the realized gain function versus frequency when evaluated at different angles off
broadside. This realized gain plot reveals some important features. Specifically, outside
the VSWR=3 bandwidth, the spatial radiated power significantly degrades over space.
This suggests the potential use of such antennas in incorporating some useful filtering
functionality. Moreover, the broadside radiation of this class of antennas experiences an
interesting asymmetric sharp reduction in the radiated power. Interestingly, this feature
can be easily extended to the realization of symmetric sharp reductions on the edges of
the impedance bandwidth, as demonstrated in Appendix VI. Generally speaking, these
filter-integrated antennas have the potential of significantly simplifying the front-end
circuitry. Further studies on the control of these transmission zeros and the potential

effect on the system signal to noise ratio might be an interesting topic for future work.
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Fig. 4.34. Directivity (left) and realized gain (right) functions at 1.72GHz (broadside) and
1.83GHz (off-broadside).
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Fig. 4.35. Realized gain function versus frequency when evaluated off-broadside.
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4.6 Discussion and Conclusions

The simple filter-antenna analogy, discussed in Chapter 3, was used to develop a new
theory for the design of multi-coupled antennas. This is a general design theory that
significantly simplifies the antenna design process, especially when wider bandwidths are
needed in a compact volume. Detailed steps were presented, along with a number of
examples illustrating the usefulness of the proposed formulations. An observation was
made about the possibility of integrating filtering functionalities into these types of
antennas. In other words, it is possible to realize antennas with patterns featuring
symmetric or asymmetric transmission zeros in the frequency plane (see Appendix VI for
more examples). This is an interesting capability which is worth further studies to assess
its potential (particularly for interference mitigation applications) and possibility for

casting it into a generalized design strategy for filter-integrated antennas.

Despite of its merits, it is important to observe that the presented design technique is
limited when a multi-band multi-feed antenna is desired. Hence, it is seeking a general
technique to facilitate the design of multi-band multi-feed antennas that triggered the

work discussed next.
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Chapter 5: Modal Analysis Techniques for the Calculation of

Antenna Q and Input Impedance

“You have to work hard to find the easy way”

H. A. Wheeler

Modal analysis among the circuit and filter communities is widely spread. A close look at
the design steps of many of the available modern filters reveals the utilization of modal
techniques as a key design component [24]. Notably, modal analysis of antennas has long
been known in the antenna community. Lo and Richards contributed significantly to the
advancement of this theory in the late 1970s and early 1980s [180]. However, their
approach was limited in its accuracy due to the utilization of some theoretical predictions
of the complex resonant frequencies of the antennas they studied. These predictions
imposed significant limitations on the antennas’ structures that could be analyzed, along
with limitations on the achievable Q values. To date, modal analysis in antenna design

has not evolved at the same rate it did in circuit/filter applications.

In this chapter, the modal theory of antennas is re-visited, believing that it brings
invaluable information towards facilitating the design of multi-feed multi-band antennas.
First, some subtle cha