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Abstract

With the increasing demand for high performance communication networks and the
proliferation of mobile devices, significant advances in antenna design are essential. In recent
years the rising demands of the mobile wireless communication industry have forced antennas
to have increased performance while being limited to an ever decreasing footprint. Such design
constraints have forced antenna designers to consider frequency agile antennas so that their
behavior can adapt with changing system requirements or environmental conditions. Frequency
agile antennas used for mobile handset applications must also be inexpensive, robust, and make

use of electronic switching with reasonable DC power consumption.

Previous works have addressed a number of these requirements but relatively little work has
been performed on frequency agile dielectric resonator antennas (DRAs). The objective of this
thesis is to investigate the use of DRAs for frequency reconfigurability. DRAs are an attractive
option due to their compactness, very low losses leading to high radiation efficiencies (better
than 95%) and fairly wide bandwidths compared to alternatives. DRA’s are also well suited for
mobile communications since they can be placed on a ground plane and are by nature low gain
antennas whose radiation patterns typically resemble those of short electric or magnetic

dipoles.

One way to electronically reconfigure a DRA, in the sense of altering the frequency band over
which the input reflection coefficient of the antenna is below some threshold, is to partially load
one face of the DRA with a conducting surface. By altering the way in which this surface
connects to the groundplane on which the DRA is mounted, the DRA can be reconfigured due to
changes in its mode structure. This connection was first made using several conducting tabs
which resulted in a tuning range of 69% while having poor cross polarization performance. In
order to address the poor cross polarization performance a second conducting surface was
placed on the opposing DRA wall. This technique significantly reduced the cross polarization
levels while obtaining a tuning range of 83%. The dual-wall conductively loaded DRA was then
extended to include a full electronic implementation using PIN diodes and varactor diodes in
order to achieve discrete and continuous tuning respectively. The two techniques both achieved
discrete tuning ranges of 95% while the varactor implementation also had a continuous tuning

range of 59% while both maintaining an acceptable cross polarization level.
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Chapter 1 -Introduction

1.1 Introductory Remarks

With the increasing demand for high performance communication networks and the
proliferation of mobile devices, significant advances in antenna design are essential in order to
meet tomorrow’s requirements. In recent years the rising demands of the wireless
communication industry have forced antennas to have increased performance while being
limited to an ever decreasing footprint. Such design constraints have forced antenna designers
to consider reconfigurable antennas so that their behavior can adapt with changing system
requirements or environmental conditions, thereby ameliorating the device performance while
providing additional functionality to the system [1]. Additionally, such antennas are essential if
software defined radio or cognitive radio are to be realized [2]. Such architectures would place
further demands on the antenna while at the same time necessitating that the antenna be
frequency agile. Therefore, electrically small antennas with narrow bandwidths can be used to
cover large frequency ranges by making use of frequency reconfigurability [3]. This would result
in a paradigm shift in mobile communications since rather than having multiple antennas that
cover several operating bands or applications (GSM, GPS, WDCMA, m-WiMax, WiFi, WLAN, etc.)
a single frequency agile antenna could be employed. This would reduce the antenna’s volume
while at the same time increasing performance. In order to make frequency agile antennas

practical the switching must be achieved electrically by making use of active devices.

1.2 Thesis Overview

In addition to the compactness requirement, antennas used for mobile handset applications
must also be inexpensive, robust, and make use of electronic switching with reasonable DC
power consumption. One method to achieve compactness is to use dielectric resonator
antennas (DRAs). Dielectric resonator antennas are fabricated from low-loss dielectric material.
Their operating frequency is a function of the shape, dimension and permittivity of the dielectric
material. These degrees of freedom allow a DRA to be designed to be quite compact.
Additionally, the antennas are an attractive option due to their very low losses leading to high
radiation efficiencies (better than 95%) and fairly wide bandwidths compared to alternatives.
DRA’s are also well suited for mobile communications since they can be placed on a ground

plane and are by nature low gain antennas whose radiation patterns typically resemble those of

15



short electric or magnetic dipoles. Despite the aforementioned, relatively little work has been

done on frequency agile DRAs. This possibility is investigated in the present thesis.

Chapter 2 provides a brief overview of the various categories of reconfigurable antennas
before focusing on frequency agile antennas. A fairly complete survey of the techniques that
have been described in the literature to achieve both discrete frequency tuning and continuous
tuning will be presented. In addition to the review of frequency agile antennas a review of

rectangular dielectric resonator antenna design is also given.

In Chapter 3 a method for achieving frequency agility using a slot coupled dielectric
resonator antenna (by partially loading one or more faces of the DRA with a conductive wall) is
presented, using ideal switches. First, a single-wall reconfigurable DRA is examined for various
aspect ratios and a study is performed on all the possible switchable states. An optimum design
is obtained and the results of simulation and measurement are discussed. A dual-wall
reconfigurable DRA is then presented to address some of the shortcomings inherent in the

single-wall design. Again simulation and measurement results are presented and discussed.

As the dual-wall frequency reconfigurable antenna from Chapter 3 showed excellent
performance, in Chapter 4 the ideal switches are replaced with PIN diodes in order to achieve
discrete tuning using electronic switching. Chapter 4 presents the selection process for the PIN
diodes along with equivalent circuit models that represent the PIN diode states. The complete
antenna design is then presented, along with simulation and measured data showing the
frequency response and radiation pattern. In addition, the bias network design and DC power

consumption are discussed.

Similar to Chapter 4, Chapter 5 again makes use of the dual-wall frequency reconfigurable
antenna from Chapter 3 but rather than implementing electronic switching with PIN diodes,
presents the results when varactor diode switches are implemented. The use of varactor diode
switches allow continuous tuning to be achieved electronically. The selection process for the
varactor diodes is outlined along with equivalent circuit models that represent the various
varactor diode states. The antenna design is also presented, along with simulation and
measured data showing the frequency response and radiation pattern. In addition, the bias

network design and DC power consumption are again discussed.
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Finally, Chapter 6 contains general conclusions drawn from the material in Chapters 3, 4 and 5

and contributions, therein described, will be summarized.

1.3 References for Chapter 1

[1] J.T. Bernhard, Reconfigurable Antennas. Chicago, IL: Morgan & Claypool Publishers, 2007.
[2] P.H. Rao, "Antenna Configurations for Software Defined Radio and Cognitive Radio
Communication Architecture," in Wireless Communication and Sensor Computing, Chennai,

2010, pp. 1-4.

[3] A. Petosa, "Frequency agile antennas for wireless communications — A survey," in Antenna

Technology and Applied Electromagnetics & the American Electromagnetics Conference, Ottawa,

2010, pp.1-4
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Chapter 2 -Review

2.1 Introductory Remarks

In this chapter we will review the concept of reconfigurable antennas and define what it
means to be reconfigurable. We will also briefly examine the various categories of
reconfigurable antennas before focusing our interest on frequency agility. A survey of the
techniques that have been used to achieve frequency agility will be presented and the core
results will be outlined. In addition to the review of frequency agile antennas a brief overview of

rectangular dielectric resonator antennas will be presented.

2.2 Overview of Reconfigurable Antennas

With the ever increasing demands of the modern wireless communication network and the
proliferation of wireless devices and applications, novel advances in antenna design are
essential. In recent years the demands of the wireless communication industry have forced
antennas to be increasingly adaptable due to various constraints, such as antenna size,
geometry, polarization and spatial diversity, radiation pattern, impedance bandwidth and
operating frequency. Such design constraints have forced antenna designers to consider
reconfigurable antennas so that their behavior can adapt with changing system requirements or
environmental conditions, thereby ameliorating the device performance and eliminating some
restrictions while providing additional functionality to the system [1]. Additionally, such an
antenna is essential if cognitive radio or its predecessor, software defined radio, are to be
realized [2]. Software defined radio is essentially a communication system that makes use of
software protocols in lieu of fixed hardware components such as mixers, amplifiers,
modulators/demodulators, etc. Since the traditionally fixed hardware components that handle
the signal processing would now be implemented by software, the system can transmit and
receive on widely different communication protocols simply by reconfiguring their software [3].
Cognitive radio shares the same fundamentals with software defined radio but extends software
defined radio in that it adds environmental awareness [4]. Clearly such architectures would
place further demands on the antenna while at the same time necessitating the antenna to be

reconfigurable.

Since we have established the need for such an antenna the next question is to define what

constitutes a reconfigurable antenna. When referring to an antenna’s ability to be reconfigured
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one is referring to the ability to change an individual radiating elements fundamental operating
characteristics by some means. The fundamental operating characteristics that may be
reconfigured include the elements operating frequency, polarization, radiation pattern, and
impedance bandwidth. Therefore, a phased array is not in itself a reconfigurable antenna since
the individual elements remain unchanged and the phase shift is responsible for beam steering
[1]. However, if a phased array antenna included elements whose radiation pattern can be
reconfigured by some means than the antenna array would be viewed as a reconfigurable

antenna array under the aforementioned definition.

As previously mentioned there are three primary methods with which to reconfigure an
antenna. Since we are primarily interested in frequency reconfigurable antennas we will only

briefly touch on the other two methods.

Antenna Radiation Pattern Reconfigurability

As the name implies this method involves reconfiguring a radiating element’s radiation
pattern while not altering the other fundamental operating characteristics to a large extent. The
ability to reconfigure an antenna’s pattern would be invaluable within a cognitive radio
architecture as the main beam can be reshaped in order to maximize efficiency and conserve
battery power. Since the radiation pattern is a function of the arrangement of currents on an
antenna structure it would appear as though rearranging the currents while maintaining a
constant frequency response and polarization would be quite challenging [1]. However,
techniques have been developed that include a hybrid high impedance surface along with
multiple feeds in order to achieve a beam steerable loop capable of steering to 4 quadrants [5].
Another technique used by Sarrazin et al., involves using a single feed that is used to excite a
metallic cubic cavity which radiates through rectangular slots, as shown in Figure 1. The pattern
reconfiguration is achieved with PIN diode switches by short-circuiting slots in their center. The
designed antenna can switch between three different radiation patterns which radiate in a 4n
steradian range [6]. Many other techniques exist in addition to the two listed but most make use
of either symmetry in the feeding mechanism in order to maintain the frequency response or
employ a coupling element so that the feed mechanism is electrically isolated from the radiating

structure.
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Slot 2 |

Slot5 |

Figure 1: Pattern Reconfigurable Cubic Antenna (After [6])

Antenna Polarization Reconfigurability

The second main antenna reconfiguration technique involves the ability to alter the
antenna’s radiating polarization by some means. An antenna with such ability would grant some
immunity from interfering signals as well as provide an additional degree of freedom to improve
link quality as a form of switched antenna diversity [7]. Since the polarization of an antenna’s
radiated field is dependent on the current flow on the element’s surface, the techniques used to
alter the polarization usually involve altering the antenna structure, material properties or feed
configuration so that the current flow is altered [1]. One method that makes use of varying the
amplitude of orthogonal feeds to a patch antenna was demonstrated by Ferrero et al [8]. The
antenna is fed by a quasi-lumped coupler that is able to tune the magnitude ratio between its
two outputs from -30 dB to 15 dB by modifying the bias of two varactor diodes. This enabled the
patch antenna to have continuous linear polarization tilt control over a range of 90 degrees. In
other words, the antenna by Ferrero et al. operated on the principle of varying the magnitude of
orthogonal currents on a microstrip patch. An example that illustrates the symmetry approach is
demonstrated by Khaleghi et al.[9]. Their design of a single feed circular patch antenna with
polarization reconfigurability made use of a circular patch printed on a thin substrate, that is
supported by non conductive posts on a conducting ground plane, and excited with a

capacitively coupled feed. The polarization of the circular patch is altered by switching on one of
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two parasitic pins (SC1 and SC2) that connect the outer rim of the circular patch to the ground
plane through the use of PIN diodes as shown in Figure 2. The switching of the parasitic shorting
pins enables two orthogonal patterns with right-hand circular polarization (RHCP) and left-hand
circular polarization (LHCP), while maintaining a constant frequency response and radiation
pattern shape. Several additional techniques exist but the two just listed demonstrate the main
techniques whereby either the feeding mechanism is altered in order to rearrange the current

distribution or techniques are used to alter the current distribution while maintain symmetry.
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Figure 2: Polarization Reconfigurable Circular Patch Antenna a) Top View b) Side View (After [9])

2.3 Frequency Reconfigurable Antennas

The needs for frequency agile antennas are becoming ever more widespread as the rising
demand for bandwidth will lead to saturation of the available frequency spectrum. As previously
mentioned, novel communication architectures are being developed (software defined radio,
MIMO and cognitive radio) that will alleviate the stress on the wireless networks and open new
opportunities for drastic improvements in bandwidth and efficiency of the wireless network.
However, in order for such architectures to be implemented, antennas capable of wideband
operation are required. The austere antenna constraints on hand-held or portable devices make
it difficult, if not impossible, to achieve wideband operation on such a small footprint. By
designing antennas with frequency agility, small antennas with narrow instantaneous
bandwidths can be tuned to operate over a larger range of frequencies, thus effectively

enhancing bandwidth performance [10]. Since portable wireless communication devices
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emphasize a compact antenna with omni-directional coverage, typical candidates include dipole
antennas, monopole antennas, microstrip antennas, planar inverted F-antennas (PIFAs), slot

antennas, chassis antennas and dielectric resonator antennas (DRAs).

Frequency agile antennas capable of tuning their frequency of operation can be classified
into two distinct categories. The first category is known as discrete tuning, whereby the antenna
is capable of a finite number of states or operating bands. The second category is continuous
tuning, whereby the antenna is capable of achieving any frequency of operation within its tuning
range. Tuning range (TR) is defined as

_ 2(fhigh—f1ow)
(Frigh+fiow)

TR X 100% (2.3.1)

where fyign and fio refer to the upper and lower frequency bounds of operation. Therefore, as
one can easily deduce the tuning range of a frequency reconfigurable antenna is a very
important figure of merit. Some other important figures of merit when it comes to frequency
agile antennas include the antenna size, radiation efficiency, radiation pattern, cross
polarization levels, power consumption to achieve reconfigurability and complexity of the bias
network, among others. In the coming subsections a survey of the various mechanisms used to

achieve frequency agility, along with the results achieved by the designs, will be reviewed.

2.3.1 Discrete Tuning

In order to achieve discrete tuning a frequency reconfigurable antenna usually employs some
sort of switching mechanism. The switching mechanisms most commonly used to achieve
discrete tuning include microelectromechanical systems (MEMS), field effect transistors (FETS)
and PIN diodes. One advantage of a discretely tuned antenna over a continuous tuned antenna
is the ability to design for specific bands of operation. For example an antenna by Mak et al. [11]
was designed to operate in the GSM, DCS, PCS, UMTS, Bluetooth and 2.4 GHz LAN bands using
an electrical switching mechanism for a planar inverted F-antenna (PIFA). Another benefit of
discrete tuning involves larger tuning ranges on average, as sections of antennas or parasitic
elements can be switched on or off, rendering them electrically absent. Additionally, switching
mechanisms used in discrete tuning antennas typically require lesser DC bias levels and have
lower switching device losses than their continuous tuning counterpart, although this may not

always be the case.
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A. MEMS Switching

In recent years MEMS switches have become a viable option for frequency agile antennas.
Some notable advantages of MEMS switches are that they are very low loss, have a very wide
operating frequency range, low power consumption and can handle high power. But they are
currently rather expensive, and require a large DC voltage to perform switching [11].
Nonetheless, as advances are made in the fabrication process the cost of MEMS switches will
surely come down. MEMS have successfully been integrated into many frequency agile antennas
for the purpose of achieving specific tuning bands, such as the design by Sunan et al. [12]. The
design involved a dual frequency reconfigurable microstrip patch antenna with integrated
MEMS in order to achieve dual band operation. The ten switches are incorporated into the
diagonally fed square patch (five along each side of the patch connecting to the addition) for
controlling the operating frequency and a rectangular stub attached to the edge of the patch to
act as the perturbation to produce the fixed circular polarization at 6.69 GHz and 7.06 GHz [12].
As shown in Figure 3 the design achieves dual band operation by either having the MEMS
switched off so that the patch is of dimension L1 by L1 or switching the MEMS on so that the
effective dimensions of the patch are L2 by L2 which results in a lower frequency of operation.
The design achieved a tuning range of 5.38 % while requiring a DC bias of 30 volts with negligible

current.

DC

L1=9 mm, L2=10.3mm, S1=3.61lmm, SI.=2.4 mm

Figure 3: A Frequency-Reconfigurable Circularly Polarized Patch Antenna by Integrating MEMS Switches (Adapted
from [12])
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A second design that makes use of MEMS switches to achieve discrete tuning ranges involves
an innovative nested patch antenna developed to cover the various GSM, GPS, DCS, PCS,
Bluetooth and WLAN services [13]. The design by Chunna et al.[13] was achieved using U-slots
for multi-band operation so that a set of appropriately chosen nested patches each operate at
specific frequencies. Even and odd structure symmetry was then applied in order to reduce the

size by 50%, as shown in Figure 4.

Open-circuit

Figure 4: Design Methodology for Mini-Nested Patch Antenna Using MEMS (After [13])

Since the nested patches are conductively coupled through the narrow microstrip sections
along the top of the antenna, MEMS switches were integrated in order to provide the
reconfigurability feature as shown in Figure 5. The final design was able to achieve a tuning
range of 141% with a gain of over 4 dBi while operating in the GSM, GPS, DCS, PCS, Bluetooth,
WLAN 2.4GHz, and WLAN 5.2GHz frequency bands, as shown in Figure 6. While many other
frequency agile antennas exist which employ MEMS switches as the switching component the
aforementioned design achieved the greatest performance in terms of tuning range, antenna
footprint (size), gain and radiation pattern, although details on power consumption, efficiency or
cross-polarization levels were not given in [13]. MEMS have also been used for PIFA antennas
[14], capacitive coupling element antennas [15], printed fractal antennas [16, 17], slot antennas

[18-20], printed dipoles [21] and microstrip antennas [22].
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Figure 5: Mini-Nested Patch Antenna with Integrated MEMS Switches (After [13])
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Figure 6: Frequency Response for Mini-Nested Patch Antenna with Integrated MEMS Switches (After [13])

B. FET Switching

Field effect transistors (FETs) have also been used to achieve frequency reconfigurable
antennas. FETs can be an attractive switching element as it is a voltage-controlled device which
saves on power consumption while at the same time being very low cost. Although FETs
typically involve a more complex bias network, and result in lower antenna radiating efficiency,

they are still viable options in some cases with tuning ranges of 10 % being achieved using a slot
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antenna with a layered structure loaded with FET’s [23]. Mak et al. [11] incorporated a GaAS FET
to operate in the GSM, DCS, PCS, UMTS, Bluetooth and 2.4 GHz LAN bands with a PIFA resulting
in a tuning range of 84%. However, it was found that the GaAS FET had a substantial reactive
loading effect resulting in a diminished tuning range as well as a reduction in radiation efficiency
when compared to a MEMS switch and PIN diode [11]. GaAS FETs were also integrated into a

frequency agile PIFA [24] that obtained a contiguous tuning range of 12.7%.

C. PIN Diode Switching

These are perhaps the most widely used electronic switch employed to achieve frequency
agility due to their low cost, very low loss, good isolation and simplicity when modeling with
lumped elements [25]. In [11] Mak et al. found that after experimentation with MEMS switches,
GaAS FETs and PIN diodes, the PIN diode switched antenna had the greatest antenna radiation
efficiency and was most similar to an ideal switch for their application. The PIN diode has also
become an attractive element since it comes in many package sizes (which increase its
functionality) and has a relatively simple DC bias network. However, since the PIN diode is a
current device it may consume more power than MEMS and FETs. Nonetheless some of the
highest tuning ranges and performance levels have been achieved with PIN diodes. A compact
tunable rectangular patch antenna with slots etched in the patch in order to reduce its size and
increase the tuning range was developed by Sheta et al [26]. It uses PIN diodes in order to
achieve reconfigurability. As shown in Figure 7, the design places thin posts at selected positions
near the edge and each can be short circuited to the ground plane through an electronically
controlled PIN diode. Frequency agility is achieved by the appropriate selection of the posts to
be shorted. The antenna is capable of tuning in operating bands from 620 to 1150 MHz,

corresponding to a tuning range of 60%.
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Figure 7: Frequency Agile Compact Tunable Rectangular Patch Antenna a) Top View b) Side View (After [26])
Another example designed by Laheurte et al.[27] involves a switchable CPW-fed slot antenna
with eight PIN diodes integrated along the dipole arms used to obtain frequency
reconfigurability, as shown in Figure 8. By switching on or off different combinations of diodes

the effective length of the dipole is altered, thus changing the resonant frequency.
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Figure 8: Switchable CPW-Fed Slot Antenna Geometry (After [27])

Since four sets of diodes are used, five unique operating bands were obtained that are
dependent on the relative length of the dipole arms. A tuning range of 92% was achieved, with
very low cross polarization levels over the tuning range. PIN diodes have also been integrated
into PIFAs [28, 29], microstrip antennas [30], printed dipoles [31], and various shaped slot
antennas [32 -35].

2.3.2 Continuous Tuning

In order to achieve continuous tuning a frequency reconfigurable antenna usually employs
structural changes, material changes or reactive loading. For frequency agility by means of
altering material or structural properties, one likely uses ferrite materials, piezoelectrics or even
mechanical actuators. Although material changes may provide large continuous tuning ranges,
they often lead to very high DC power consumptions and can be impractical to implement. The
switching mechanism most commonly used to achieve reactive loading is a varactor diode. Since
varactors are voltage devices they have very low power consumption but sometimes requiring

relatively high DC voltages.
A. Structural/Mechanical Changes

Although structural changes can deliver large continuous frequency shifts, they can often be

impractical to implement or require complex bias networks. Such is the case for the
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reconfigurable dielectric resonator antenna designed by Huff et al.[36]. Their design dispersed a
colloidal barium strontium titanate in hydrotreated naphthenic oil into cylindrical polycarbonate
tubing, as shown in Figure 9. By varying the vertical displacement of the liquid continuous
frequency tuning was achieved from 2.5 GHz to 4.5 GHz corresponding to a tuning range of 57%.
Although the design achieved a relatively large continuous tuning range the feasibility of
implementing such a design and incorporating a mechanism to add, remove and store the fluid

render it ineffective.

Colloidal
Dispersion

Polycarbonate Shell

Ground Plane

Coaxial
Probe y

Figure 9: Diagram of the Coaxially Fed DRA using a Variable-Height Colloidal Dispersion (After [36])

A piezoelectric actuator system has also been used to vary the spacing between a microstrip
antenna and parasitic radiator [37] which achieved a tuning range of 9% while still requiring
considerable complexity. While structural changes may seem like an attractive option due to
their inherent low losses, the slow switching time, limited tuning ranges and large DC bias power

levels render them as poor candidates for mobile communications.
B. Material Changes

Since an element’s frequency of operation is dependent on its material properties, having
the ability to vary a material’s permittivity or permeability will result in frequency of operation
shifts. Since ferrite, ferroelectric and liquid crystal material properties can be altered by the

presence of an electric or magnetic field they make good candidates for frequency agile
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antennas. One of the first examples of using ferrite materials to achieve a continuous tuning
range was presented in 1988 by Pozar et al.[38]. The design achieved a continuous tuning range
of 40% by printing a microstrip antenna on a ferrite substrate and then subjecting it to a varying
magnetic bias field perpendicular to the resonant dimension of the patch. Another example of a
microstrip patch on a ferrite substrate [39], shown in Figure 10, achieved a tuning range of 133
% by varying the DC magnetic bias field. Although a continuous tuning range of 133 % was
reported no analysis on the radiated pattern was performed and the return loss was not

reported.
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Figure 10: Frequency Agile Microstrip Patch Antenna on Ferrite Substrate a) Top View, b) Side View (After [39])

Dielectric resonator antennas fabricated from ferrite materials have also been used to achieve
frequency reconfigurability [40] with a tuning range of 19% being reported. Ferroelectric
materials have also been used in recent years; however they suffer from high losses at
microwave frequencies and require large bias voltages. It's clear that although large tuning
ranges can be obtained via material changes, the disadvantages far outweigh the benefits as
they typically require high bias levels and standard ferroelectric materials have high

conductivities relative to other substrates that degrade the efficiency of the antenna [1].

C. Variable Reactive Loading

In order to achieve variable reactive loading, a varactor diode is most commonly utilized.
Since a varactor’s capacitance can take on a continuous range of values by varying a DC bias
voltage, they make excellent tuning components. One example of a continuously tuned

frequency agile antenna is presented in [41]. The design consists of a driven dipole element with
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a varactor in each of two arms, a director with an additional varactor, and a truncated ground
plane as shown in Figure 11. The effective electrical length of the director element and that of
the driven arms are adjusted together by changing the biasing voltages from 0 to 17 volts. A 35%

continuously tuned bandwidth from 1.80 to 2.45 GHz was achieved.
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Figure 11: Frequency-Reconfigurable Quasi-Yagi Dipole Antenna a) Antenna Design Layout b) Antenna Without
Biasing Lines (After [41])

Another example developed by Song et al.[42] incorporates two metal elements which are
capacitively coupled to excite resonant modes within a handset chassis. The antenna elements
are located in close proximity to each other, and are connected via independent ports. The
frequency tuning is achieved via a matching circuit that incorporates a pair of varactors. The
antenna is able to continuously tune from 800 MHz to 2900 MHz corresponding to a tuning
range of 115%. However, the design has yet to be fabricated as only simulation results are
guoted. Varactors have also been implemented in monopole antennas [43], PIFAs [44-46], slot
dipoles [47], slot rings [48], and printed bowties [49]. More recently varactors have been
combined with PIN diodes in order to achieve very large continuous tuning ranges. A design by
Hui et al.[50] achieved a continuous tuning range of 112% by integrating a PIN diode and
varactor diode into a slot. By switching the PIN diode placed at the open end of the slot, the slot
antenna can resonate as a standard slot (when the switch is on) or a half slot (when the switch is

off), as shown in Figure 12. Continuous tuning over a wide frequency range in those two modes
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can be achieved by adjusting the reverse bias of the varactor diode loaded in the slot. Through
good design, the tuning bands of the two modes are stitched together to form a very wide
tuning range (0.42 GHz to 1.48 GHz) [50]. This technique was also used by Jong-Hyuk et al.[51] in
their design of a reconfigurable PIFA antenna for achieving specific bands of operation relevant
to the handset industry. It is clear that varactor diodes are a very adaptable component for
achieving frequency agility. Although the varactors incur larger RF losses than PIN diodes they
enjoy the benefit of being voltage controlled devices which do not require current to operate,

although they may require DC bias voltages of over 30 volts.
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W, =15mm, d =15 mm,dy = 21.1 mm, 11, = 3.8 mm.

Figure 12: Antenna Geometry of a Compact Reconfigurable Slot Antenna with a Very Wide Tuning Range a) Front,
b) Back (After [50])

2.3.3 Summary

It is clear from the previous sections that many novel techniques have been presented in
order to achieve frequency reconfigurability. The advantages and disadvantages of each
approach were outlined along with some notable examples that represent the fundamentals of
each method along with the highest performance levels to the author’s knowledge. A recent
publication by Petosa [10] surveyed many of the techniques mentioned in the previous sections

and highlighted the key attributes of each technique, as is done similarly in Table 1.
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Table 1: Summary of Frequency Reconfigurable Techniques

Frequency Examples Tuning Ability and Attributes
Agility Tuning Range
Technique
Electronic PIN Diodes Discrete Tuning Low loss
Switches MEMS e MEMS-141% Low bias levels
FETs e FETs—-84% Easily integrated
e PIN-92%
Structural/ Colloidal Continuous Tuning Low Loss
Mechanical Dispersions e Upto57% Slow response
Changes Mechanical and Time
Piezoelectric High actuation
Actuators voltages
Material Ferrites Continuous tuning High loss
Changes Ferroelectrics e Ferrites—133 % Temperature
Liquid Crystals sensitive
Large bias levels
Variable Varactors Continuous tuning Some losses
Reactive e Varactor-63% Low/medium bias
Loading e Varactor—115% levels
(Sim) Easily integrated
e Varactor & PIN
diode—112 %

2.4 Overview of Rectangular Dielectric Resonator Antennas

A dielectric resonator antenna (DRA) is a antenna, fabricated from low-loss dielectric
material. Its resonant frequency is a function of shape, dimension and permittivity of the
dielectric material. Although several shapes of DRAs exist (e.g. hemispherical, cylindrical,
rectangular, conical) the rectangular DRA is the most widely used since it offers multiple degrees
of freedom and is easily fabricated. The dimensions of DRAs are proportional to A,/Ve,, where A,
is the free space wavelength at the resonant frequency and ¢, is the dielectric constant of the
material [53]. This further adds to the appeal of DRAs as they can be designed to be quite

compact. Additionally, DRAs have become an attractive option in recent years due to their very
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low losses leading to high radiation efficiencies (better than 95%) and their ability to operate
over very large frequencies by simply varying the dimensions and dielectric constant. DRAs are
also quite versatile as several different feeding mechanisms can be employed, such as probes,
apertures, microstrip lines and dielectric image guides, among others. DRAs are also well suited
for mobile communication handsets since they can be placed on a ground plane and are by
nature low gain antennas whose radiation patterns typically resemble those of short electric or

magnetic dipoles.

2.4.1 Rectangular DRA

As previously mentioned, the rectangular DRA is the most versatile since it is characterized
by its height h, width w, depth d and dielectric constant &,, as shown in Figure 13. Therefore, a
rectangular DRA can be designed to have various w/h and w/d ratios with different dielectric

constants in order to meet a specified frequency of operation.
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Figure 13: Geometry of the Rectangular DRA (After [53])

In order to analyze the fields of a rectangular DRA, the approximate dielectric waveguide
model (DWM) can be employed [54]. According to the DWM method of analysis, the rectangular
DRA is assumed to be a truncated section of an infinite dielectric waveguide of width w and
height b=2h (due to the image effect of the ground plane). Although the modes in a dielectric
waveguide are either TE or TM, because the DRA is placed over a ground plane the TE modes

are most typically excited [52]. The rectangular DRA can thus support TE*, TE' and TE* modes,
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which are dependent on the dimensions of the DRA and the relationship between w, d and h. If
w > d > b, then f, < f, < f, where f, is the resonant frequency of the TE*mode. Therefore, a
rectangular DRA similar to the one shown in Figure 13 will have a resonant frequency f,,, of the

TE"smn mode, which can be solved for by using the following transcendental equation:

k tan(k,d/2) = \/ ((& — DkZy, — k2) (2.4.1)
where,
ko =222 ky=mI ky=nT kE+kE+kE = ekdn (2.4.2)

and m and n are positive integers corresponding to the field variation within the y and z
direction respectively. The E and H fields within the DRA for the various modes can be

approximated by

E,=0 (2.4.3)
E, = k,cos(kyx) {Zf:g:ig} {i;’;izg} (2.4.4)
E, = —kycos(kyx) {EZEZS} {Z?ZE:Z;;} (2.4.5)
e = e cos (o) {2 () (245)
= o sinGea) {2 (G0 (2.4.7)
and
= sl ) oty 2as

where the upper functions are chosen when the values of m or n are odd and the lower
functions when m or n are even. The fields within a rectangular dielectric resonator are shown in
Figure 14 for the lowest order mode, TE's;;. As is evident in Figure 14 the field distribution

resembles that of a horizontal short magnetic dipole oriented in the direction of the x-axis.
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Figure 14: Electric and Magnetic Fields within a Rectangular DRA Operating in the TE"5;; Mode

With the magnetic dipole in mind one could envision the TEs;3 mode to be similar to that of
Figure 14 except that there would be three short magnetic dipoles on top of one another
separated by some distance in the z direction as is shown in Figure 15 (only two are shown due
to the image effect of the ground plane). Since the rectangular DRA is analogous to a short
magnetic dipole for the TE modes it follows that the radiation pattern obtained is very similar to

that of the magnetic dipole as shown in Figure 16.
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Figure 15: Electric and Magnetic Fields within a Rectangular DRA Operating in the TE 5;; Mode
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Figure 16: Ideal Radiation Pattern of Rectangular DRA Operating in the TE's;; Mode (After [53])

2.4.2 Coupling to Rectangular DRAs

Since a comprehensible depiction of the internal electric and magnetic fields of the
rectangular DRA have been established a method to excite the DRA can be figured out. In most
cases the TE"s;; mode is desired, so in order to excite the DRA a mechanism whose fields
correlate well with that of the desired mode will provide sufficient coupling. One effective
method to excite a DRA