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ABSTRACT

The broadband design of dual and circularly polarized antennas demands precise
wideband control of individual orthogonal radiated polarizations. The quality of
polarization is related to the inherent isolation between the two orthogonal modes.
This isolation is in turn dependent on the antenna Q and excitation geometry. Dual
linear polarization involves two orthogonal linearly polarized modes, while
circular polarization involves two or more orthogonal linearly polarized modes
with equal amplitude excitation and quadrature phasing. Lowering the antenna Q
allows for wider impedance bandwidth but at the expense of higher order modes
generation that causes poor isolation between the orthogonal modes. For linear
and circular polarization, this shows up as increased cross-polarization and axial
ratio levels, respectively; resulting in diminished polarization (or axial-ratio)
bandwidth. Therefore, the excitation geometry has to be properly designed for a
given antenna Q in order to enhance the polarization performance of the antenna

within a broad impedance bandwidth.

The two or four point sequential feed structure provides wider impedance and
polarization (or axial ratio) bandwidths compared to a single feed point structure,
since the amplitude and phase of the linearly polarized field components can be
controlled by a relatively broadband power divider circuit. The use of a balanced
feed network supplies impedance matching, balanced power splitting, and
appropriate phasing, to each feed point. However, the conventional balanced feed
networks used in prior arts only provide a very narrowband operation. This

severely restricts the allowable impedance, polarization and isolation bandwidths



of the dual linearly polarized antenna, and the allowable impedance and axial ratio
bandwidths of the circularly polarized antenna. The use of a novel 180° broadband
balun (~45%), and novel 90° broadband baluns (Type I) (~57.5%) and (Type II)
(~72.46%), with wide operating bandwidths, are compared with the conventional
180° narrowband balun (~10%) and conventional 90° hybrid coupler (~14%), for
various two and four point sequential feed structures. For circular polarization, the
symmetrical four point sequential feed structure, is also shown to afford further

improved impedance and axial ratio bandwidths.

A dual linearly polarized quadruple L-probe square patch antenna utilizing the
proposed 180° broadband balun pair is shown to deliver good impedance
matching (SWR < 2), low cross-polarization levels (< -15 dB), high input port
isolation (S;; < -33 dB), and high gain (> 6 dBi), across a wide measured
operating bandwidth of ~25%, from 1.7 to 2.2 GHz. A circularly polarized
quadruple L-probe circular patch antenna utilizing the proposed 90° broadband
balun pair (Type I) is shown to deliver good impedance matching (SWR < 2), low
axial ratio (AR < 2 dB), and sufficiently high gain (> 4 dBic), across a wide
measured operating bandwidth of 59.1%, from 1.24 to 2.28 GHz. A circularly
polarized dual L-probe 2x2 circular patch elements sequential array utilizing six
of the proposed 90° broadband balun (Type II) is shown to deliver good
impedance matching (SWR < 2), low axial ratio (AR < 2 dB), and sufficiently
high gain (> 4 dBic), across a wide measured operating bandwidth of 53.11%,
from 1.3 to 2.24 GHz. A quadruple stripline cylindrical dielectric resonator
antenna utilizing a 90° hybrid coupler pair is shown to deliver good impedance
matching (SWR < 2) and low axial ratio (AR < 3 dB), across a wide measured

operating bandwidth of 20.1%, from 1.75 to 2.14 GHz.
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CHAPTER 1

INTRODUCTION

1.1  Background

The antenna, a transducer for radiating or receiving electromagnetic waves, is a
critical component in wireless communication systems. The history of antennas
date back to 1886 when Professor Heinrich Rudolph Hertz demonstrated, in his
laboratory, that when sparks were produced at a gap of a half-wave dipole, sparks
also occurred at a gap of a resonant square loop [1]. Subsequently, from 1887 to
1891, Hertz went on to perform a series of radiation experiments which
completely validated Maxwell’s theory of electromagnetic waves, formulated in
1873. These findings remained a laboratory curiosity until Guglielmo Marconi,
who repeated Hertz’s experiments, developed a radio system that could signal
over large distances. Marconi performed, in 1901, the first transatlantic
transmission from Poldhu in Cornwall, England, to St. John’s, Newfoundland [2].
This marked the dawn of an antenna era and many wire related radiating elements
(such as long wires, dipoles, helices, rhombuses, and fans) proliferated. In the
1940’s, during and after World War II, new radiating elements (such as
waveguide apertures, horns, and reflectors) were developed. This coincided with
the invention of microwave sources (such as klystron and magnetron). In the
1960’s to 1980’s, advances in computer architecture led to numerical methods that
allowed complex antenna system configurations to be analyzed and designed
accurately. Asymptotic methods like the Method of Moments (MoM), the Finite

Difference Time Domain (FDTD) and the Finite Element Method (FEM), were



introduced. In the early 1970’s, the microstrip antenna, a radiating element with
very attractive mechanical and fabricational features, started to receive
widespread attention. In the early 1980°s, some research attention began to be
diverted towards the study of the dielectric resonator antenna as a viable

alternative to conventional metallic antennas.

Today, microstrip antennas form one of the most innovative areas of current
antenna work. Numerous variations in patch shape, feeding techniques, substrate
configurations, and array geometries have resulted from a large volume of
research and development around the world. The variety in design that is possible
with microstrip antennas probably exceeds that of any other antenna elements [3].
Microstrip antennas are low-profile, conformable to planar and non-planar
surfaces, simple and inexpensive to manufacture using modern printed circuit
technology, mechanically robust when mounted on rigid surfaces and compatible
with integrated circuit designs [4]. Microstrip antennas, however, suffer from
inherent limitations like narrow bandwidth, spurious feed radiation and poor
polarization purity. For this reason, much of the research work on microstrip
antennas has been targeted at improving these electrical characteristics.
Bandwidth enhancement has been a dominant topic in the microstrip antenna
literature. Unfortunately, there are at times confusing and misleading conclusions
presented due to lack of clear bandwidth definitions, and the failure to consider all
the relevant electrical characteristics [5]. The gain, for example, has been often
omitted in many published works claiming broad operating bandwidth. This thesis
presents the broadband design of dual and circularly polarized antennas, and the

bandwidth definitions are first established.



1.2 Bandwidth Definitions

The bandwidth of an antenna can be defined for impedance, radiation pattern and
polarization [5], [6]; and also isolation (in the case of dual polarization). The most
basic consideration for all antenna designs is a satisfactory impedance bandwidth
which allows for most of the energy to be transmitted to an antenna from a feed or
transmission system at a transmitter, and from an antenna to its load at a receiver,
in a wireless communication system. The impedance variation with frequency of
the antenna element limits the frequency range over which the element can be
matched to its feed line. In general, an input return loss of S;; < -10 dB (better
still, < -14 dB) or an input voltage standing wave ratio of SWR < 2 (better still, <

1.5), are considered acceptable levels for impedance matching.

X &

Fig. 1. Co-ordinate system for antenna analysis.

Pattern (or gain) bandwidth is a second important consideration for all antenna
designs. A designated radiation pattern ensures that the desired extend of energy is
radiated in a specific direction. The pattern symmetry, half-power beamwidth,
side-, back-, and grating-lobe levels, front-to-back ratio, and gain, which all can

vary with frequency, are some of the parameters commonly used to describe the



radiation performances of an antenna. If any of these quantities are specified as a
minimum or maximum, the operating frequency range can be determined. Fig. 1

shows the co-ordinate system for antenna analysis. Radiation pattern plots in the
x-z (¢ =0°) and y-z ($ =90°) planes have been provided, across a bandwidth of

interest, for all measured antenna radiation performances presented in this thesis.
The pattern symmetry, half-power beamwidth, side-, back-, and grating-lobe
levels, and front-to-back ratio can all be inferred from the normalized radiation
pattern versus elevation angle (0), in both principle planes. Gain plots, across a
bandwidth of interest, have also been given for all measured antenna radiation
performances presented in this thesis. Gain is a very important figure of merit
used to gauge the amount of power radiated from the antenna relative to the
incident power received. In general, a gain that is > 3 dB below the highest gain
within a bandwidth of interest is considered an acceptable gain level. This is
commonly referred to as the 3-dB gain bandwidth. To compare the measured gain
bandwidths between the circularly polarized patch antennas and arrays presented
in this thesis, a boresight gain of >4 dBic has been specified as the minimum gain
level. A typical circularly polarized L-probe fed circular patch element is capable
of providing an average gain of 7 dBic, so a 4 dBic gain (3 dB below 7 dBic) was

deemed a reasonable minimum gain level.

Polarization (or axial ratio) bandwidth is a third important consideration for all
antenna designs. Polarization is a property of single-frequency electromagnetic
radiation describing the shape and orientation of the locus of the extremity of the
field vectors (usually the E-field vector) as a function of time [7], [8]. Waves in

general are elliptically polarized and are defined by their axial ratio, tilt angle and



sense [9]. For an infinite or zero axial ratio (AR = + o dB), linear polarization
results and the tilt angle defines the orientation of the electric vector; sense is not
applicable. The quality of slightly off linearly polarized waves is specified by the
cross-polarization levels. Ludwig’s third definition of cross-polarization is

assumed [10], and the cross-polarization level (|E,, ,, [/|E, ,|) is defined as

the ratio of the maximum value of [E_,_, | to the maximum value of |[E,__ | ina
specified plane [11]. For unity axial ratio (AR = 0 dB), circular polarization
results; tilt angle is not applicable. The quality of slightly off circularly polarized
waves is specified by the axial ratio. The lower the axial ratio, the better the
quality level of circular polarization (ie. the radiated waves are more circularly
rotated rather than elliptically rotated). The polarization properties of a linearly or
circularly polarized antenna should be specified in order to avoid possible losses
due to polarization mismatch within its operating bandwidth. The polarization
bandwidth can be defined by specifying a maximum cross-polarization or axial
ratio level. In general, a cross-polarization level of <-15 dB (better still, <-20 dB)
is considered an acceptable quality level for linear polarization, while an axial

ratio level of AR < 3 dB (better still, <2 dB) is considered an acceptable quality

level for circular polarization.

Isolation bandwidth is an important consideration for dual polarized antenna
designs. For dual polarization systems, the isolation between the two input ports
represents that part of the signal to be transmitted on polarization 1 that is coupled
into port 2, assuming both polarizations are being transmitted simultaneously. In
general, an input port isolation of Sy; <-25 dB (better still, <-30 dB) is considered

an acceptable level of input port decoupling by industry standards.



1.3 Polarization Control

Many wireless communication systems require a high degree of polarization
control in order to optimize system performance. For antennas to be fully
exploited in such systems, high polarization purity and isolation between
orthogonal polarizations, be they linearly or circularly polarized, are needed [9].
The quality of polarization in either linear or circular systems is linked to how
well the two orthogonal modes in the antenna are excited and how well they can
be controlled. This to some extent is related to the inherent isolation between
them. This isolation, which determines the cross-polarization or axial ratio level,
is in turn dependent on the antenna Q (radiating element geometry, substrate
thickness or permittivity) and the excitation geometry (feed size, feed point
positioning). In general, a low antenna Q provides for wide impedance bandwidth
but at the expense higher order modes generation that causes poorer isolation
between the orthogonal modes. This translates to higher cross-polarization levels
for linearly polarized systems, or higher axial ratio levels for circularly polarized
systems. It is therefore difficult to improve both impedance bandwidth and
polarization purity by adjusting only the antenna Q. Instead, the excitation
geometry has to be properly designed for a given antenna Q in order to enhance

the polarization performance of the antenna within a broad impedance bandwidth.

The broadband design of dual and circularly polarized antennas demands precise
wideband control of individual orthogonal radiated polarizations. Dual linear
polarization is attained by the superposition of two orthogonal linearly polarized
modes, while circular polarization is attained by the superposition of two

orthogonal linearly polarized modes with equal amplitude excitation and



quadrature phasing. Even for single linear polarization, higher order orthogonal

modes may be generated, showing up as increased cross-polarization levels.

1.4 Research Motivation

Microstrip antennas, or patch antennas, are typically constrained by their narrow
impedance bandwidth, especially when the radiating elements are printed on thin
dielectric substrates. The use of a thick low permittivity dielectric substrate that
allows for loosely bound electromagnetic fields is an established method for
overcoming this limitation [12]. A probe feed, which couples well to a radiating
patch positioned above the antenna substrate, has been commonly used in this
bandwidth-widening approach. The probe feed, however, introduces the problems

of probe inductance, probe leakage radiation and probe coupling.

Probe inductance has direct implications on impedance matching and limits the
achievable impedance bandwidth of a patch antenna to less than 10% [13].
Several probe inductance compensation techniques have been demonstrated [14]-
[16]. The L-probe proximity-feed approach, first introduced in [16], extends the
achievable impedance bandwidth for probe-fed patch antennas on thick (~0.1 A,)
low-permittivity dielectric substrates. The proximity-feed feature allows for the
radiating patch element to exist on a relatively thicker antenna substrate without
having to correspondingly lengthen the vertical probe arm responsible for added
probe inductance. Moreover, the horizontal probe arm responsible for probe
capacitance can be lengthened to compensate the probe inductance. The L-probe
fed patch antenna is capable of providing a ~30% impedance bandwidth (SWR <

2) with an average gain of 7.0 dBi [16]-[18]. Hence, the L-probe feed technique is



adopted in the broadband design of dual and circularly polarized patch antennas

and arrays presented in this thesis.

Probe leakage radiation leads to increased cross-polarization levels due to higher
order modes. The probe feed primarily excites the dominant mode of the radiating
patch element. However, the asymmetrical positioning of the probe feed point and
the use of a thick low permittivity antenna substrate tends to encourage the
generation of higher order modes that give rise to more cross-polarized
components. The L-probe feed, though effective in widening impedance
bandwidth, has a vertical component emitting probe leakage radiation that
produces monopole-like H-plane cross-polarization patterns and asymmetrical E-
plane co-polarization patterns. This increase in cross-polarization levels due to

higher order modes leads to a diminished polarization (or axial ratio) bandwidth.

Probe coupling leads to increased cross-polarization levels due to mutual coupling
effects. This mutual coupling between probe feeds is prevalent in multi-point fed
patch elements with closely spaced probe feeds. The L-probe feed has a vertical
component capable of emitting probe leakage radiation that can couple strongly
with the leakage radiation emitted from an adjacent L-probe feed in close
proximity. This increase in cross-polarization levels due to mutual coupling
effects leads to a diminished polarization (or axial ratio) bandwidth, and in the
case of dual polarization, the resulting worsened isolation between the two co-

polarized components also leads to a reduced isolation bandwidth.



For a single linearly polarized square patch element, a second L-probe feed,
supplied an equal amplitude and 180° out-of-phase excitation, can be added at the
opposite side of the patch in order to cancel out probe leakage radiation [17], [19].
This balanced and symmetrical two point feeding structure can help suppress
cross-polarization due to higher order modes. Substantial research efforts have
been devoted towards combating the high cross-polarization levels prominent in
probe-fed patch antennas [20]-[26]. In prior arts [17], [19]-[21], balanced feed
networks have been used to excite the probe feed pair. However, the conventional
balanced feed networks used only provide a consistent 180° (+10°) phase shift
over a very narrow band (~10%), severely limiting the frequency range across
which proper cancellation of probe leakage radiation can take place. The use of a
novel 180° broadband balun is proposed in this thesis. The proposed 180°
broadband balun delivers good impedance matching, equal amplitude power
splitting and consistent 180° (£10°) phase shifting, across a wide band (~45%). A
single linearly polarized quadruple L-probe square patch antenna utilizing the
proposed 180° broadband balun is shown, in Chapter 2, to deliver good impedance
matching (SWR < 2), low cross-polarization levels (< -21 dB), and high gain (> 6

dBi), across a wide measured operating bandwidth of ~30%, from 1.7 to 2.3 GHz.

For a dual linearly polarized square patch element, a second pair of L-probe feeds,
with each pair supplied equal amplitude and 180° out-of-phase excitations, can be
added to cancel out probe leakage radiation and probe coupling [19]. Probe
leakage radiation cancellation in turn leads to probe coupling cancellation since
the probe feeds no longer emit leakage radiation that couples to that of adjacent

probe feeds. This balanced and symmetrical four point feeding structure allows



for the suppression of cross-polarization due to higher order modes and due to
mutual coupling effects, and also improved input port isolation. However, the
conventional balanced feed network used only provides a consistent 180° (+10°)
phase shift over a very narrow band (~10%), severely limiting the frequency range
across which proper cancellation of probe leakage radiation and probe coupling
can take place. A dual linearly polarized quadruple L-probe square patch antenna
utilizing the proposed 180° broadband balun pair is shown, in Chapter 2, to
deliver good impedance matching (SWR < 2), low cross-polarization levels (< -15
dB), high input port isolation (S,; < -33 dB), and high gain (> 6 dBi), across a

wide measured operating bandwidth of ~25%, from 1.7 to 2.2 GHz.

For a circularly polarized circular patch element, two or four L-probe feeds can be
sequentially rotated and supplied equal amplitude power with appropriate phasing.
The technique of sequential rotation enables errors in the radiated polarization of
each probe feed to be cancelled by the adjacent probe feed. Similarly, reflections
from the mismatched feed points off resonance can add destructively at the
corporate feed input terminal. This allows for better impedance matching and the
suppression of cross-polarization due to multiple reflections and due to feed phase
errors off resonance; resulting in improved impedance and axial ratio bandwidths.
The balanced and symmetrical four point feeding structure has the added
advantage of enforcing the cancellation of probe leakage radiation and probe
coupling. This allows for better impedance matching and the suppression of cross-
polarization due to higher order modes and due to mutual coupling effects;
resulting in further improved impedance and axial ratio bandwidths. However, the

conventional 90° hybrid coupler used in prior arts only provides a narrowband
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operation (~14%). Therefore, the use of a novel 90° broadband balun (Type I) is
proposed in this thesis. The proposed 90° broadband balun (Type I) delivers good
impedance matching, equal amplitude power splitting and consistent 90° (£5°)
phase shifting, across a wide band (~57.5%). A circularly polarized quadruple L-
probe circular patch antenna utilizing the proposed 90° broadband balun pair
(Type 1) is shown, in Chapter 3, to deliver good impedance matching (SWR < 2),
low axial ratio (AR < 2 dB), and sufficiently high gain (> 4 dBic), across a wide
measured operating bandwidth of 59.1%, from 1.24 to 2.28 GHz. The four point
sequential feed structure is conceptually extended to a four element sequential
array. The use of a novel 90° broadband balun (Type II) is also proposed in this
thesis. The proposed 90° broadband balun (Type II) delivers good impedance
matching, equal amplitude power splitting and consistent 90° (+5°) phase shifting,
across a wide band (~72.5%). A circularly polarized dual L-probe 2x2 circular
patch elements sequential array utilizing six of the proposed 90° broadband balun
(Type II) is shown, in Chapter 4, to deliver good impedance matching (SWR < 2),
low axial ratio (AR < 2 dB), and sufficiently high gain (> 4 dBic), across a wide
measured operating bandwidth of 53.11%, from 1.3 to 2.24 GHz. The four point
sequential feed structure is also investigated for the dielectric resonator antenna. A
quadruple stripline cylindrical dielectric resonator antenna utilizing a 90° hybrid
coupler pair is shown, in Chapter 5, to deliver good impedance matching (SWR <
2) and low axial ratio (AR < 3 dB), across a wide measured operating bandwidth

of 20.1%, from 1.75 to 2.14 GHz.
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1.5 Thesis Overview

This thesis is divided into six chapters. The bandwidth definitions are clarified in
Chapter 1 and the research motivation for wideband polarization control in the

broadband design of dual and circular polarized antennas is explained.

Chapter 2 presents the broadband design of dual linearly polarized patch antennas.
The use of a novel 180° broadband balun is introduced. Wideband cross-
polarization suppression is demonstrated for a linearly polarized two point L-
probe fed square patch element. This work has been published in the Oct. 2007
issue of Radio Science. Wideband cross-polarization suppression and input port
decoupling is demonstrated for a dual linearly polarized four point L-probe fed
square patch element. This work was presented in the Oct. 2006 IEEE
International Conference on Communication Systems (ICCS2006), held in
Singapore, and a full paper was published in the Jan. 2007 issue of IEEE

Transactions on Antennas and Propagation.

Chapter 3 presents the broadband design of circularly polarized patch antennas.
The use of a novel 90° broadband balun (Type I) is introduced. Wideband circular
polarization operation is demonstrated for a two point L-probe fed circular patch
element. Improved wideband circular polarization operation is demonstrated for a
four point L-probe fed circular patch element. This work was presented in the
Dec. 2006 Asia Pacific Microwave Conference (APMC2006), held in Yokohama,
Japan, and a full paper has been published in the Feb. 2008 issue of IEEE

Transactions on Antennas and Propagation.
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Chapter 4 presents the broadband design of circularly polarized patch antennas
and arrays using sequential rotation. The use of a novel 90° broadband balun
(Type 1II) 1s introduced. Wideband circular polarization operation is demonstrated
for a two point L-probe fed circular patch element. Improved wideband circular
polarization operation is demonstrated for a two point capacitive-fed circular
patch element. Further improved wideband circular polarization operation is
demonstrated for a sequential patch array composed of four sets of two point L-

probe fed circular patch elements.

Chapter 5 presents the broadband design of circularly polarized dielectric
resonator antennas. Wideband circular polarization operation is demonstrated for
a two point stripline feed cylindrical dielectric resonator antenna. Improved
wideband circular polarization operation is demonstrated for a four point stripline
fed cylindrical dielectric resonator antenna. This work was presented in the Nov.
2006 IEICE International Symposium on Antennas and Propagation (ISAP2006),
held in Singapore, and a full paper was published in the Jul. 2007 issue of IEEE

Transactions on Antennas and Propagation.

The important results presented in this thesis are summarized and some

suggestions for future work are given in Chapter 6.
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CHAPTER 2

BROADBAND DUAL LINEARLY POLARIZED

MICROSTRIP ANTENNAS

2.1 Research Direction

Dual linearly polarized microstrip antennas are widely adopted in wireless
communication systems, most notably in cellular-phone base stations, deploying
frequency reuse or polarization diversity schemes. Polarization diversity supports
increased channel capacity and allows for two orthogonal dominant modes
operating in the same frequency band to be collocated in a single antenna element.
This scheme has been preferred over space diversity because it occupies
significantly lesser real estate and incurs lower installation costs. The diversity
gain from polarization diversity is maximized when both the input ports of the
dual-polarized antenna receive radiation in an orthogonal manner, with equal field
strengths, over the desired coverage area. The input port coupling S,; represents
the part of the signal to be transmitted on a given polarization (polarization 1) that
is coupled to the input port (port 2) producing the other polarization, assuming
both polarizations are being transmitted simultaneously. Input port coupling refers
to the undesired interaction between the orthogonal dominant modes that perturbs
the impedance matching and polarization purity control at each input port. The
cross-polarization of the radiated waves represents the amount of signal that was
to be transmitted on a given polarization (polarization 1) but appears instead as the
other polarization (polarization 2). Cross-polarization refers to the spurious

polarization orthogonal to the reference co-polarization produced at a given input
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port that interferes with the orthogonal co-polarization produced at the other input
port; resulting in diminished gain and co-to-cross-polarization ratios attributed to
each input port. It is not easy to suppress both input port coupling and cross-

polarization levels, especially across a wide impedance bandwidth.

For dual polarized radiation, traditionally, a square patch is coupled to a pair of
microstrip lines through two offset orthogonal slots cut in the ground plane [27].
The input port isolation was of the order of 18 dB, which is unacceptable for most
wireless communication applications. Several other aperture-coupled dual
polarization solutions have since been presented for single-element patch
configurations [28]-[34]. Positioning the two orthogonal slots further apart may
help enhance the input port isolation but at the expense of reduced coupling with
the radiating element. The use of an aperture-feed at one port and an L-probe feed
[35] or capacitive-feed [36] at the second port, affords good input port isolation
between the closely spaced orthogonal feeds. However, the high back radiation
inherent in aperture-coupling can lead to increased levels of interference for
sectored mobile communication systems. Typical base stations provide sectoral
coverage area to increase system capacity, and the back radiation from each

antenna has to be kept low to ensure minimal interference from adjoining subcells.

Dual polarized dual and quadruple L-probe patch antennas in [19] were shown to
deliver improved front-to-back ratio and impedance bandwidths (~30%). The L-
probe proximity feed approach allows for the use of a thick low permittivity
antenna substrate that can help broaden the impedance bandwidth. Unfortunately,

a lower patch Q encourages higher order modes generation that give rise to more

15



cross-polarized components and stronger mode coupling. To cancel out the strong
probe leakage radiation and probe coupling, the L-probe feeds were supplied
equal amplitude out-of-phase excitations. This accounts for the particularly good
input port decoupling and cross-polarization suppression, especially at the center
operating frequency. However, the conventional 180° narrowband baluns used
only provide a consistent 180° (+10°) phase shift over a narrow band (~10%), and
proper cancellation of probe leakage radiation and probe coupling cannot take

place throughout the wide impedance passband (~30%) of the antenna.

In this chapter, the broadband design of dual linearly polarized L-probe fed patch
antennas is presented. The L-probe patch antenna affords low back radiation and
wide impedance bandwidth (~30%). For the pattern bandwidth (minimum
beamwidth) and polarization bandwidth (maximum cross-polarization level) to
match up to the wide impedance bandwidth afforded, the high probe leakage
radiation (due to the thick low permittivity antenna substrate) and strong probe
coupling (due to the closely spaced multipoint probe feeds) have to be cancelled
out across the 30% impedance passband. The use of a novel 180° broadband balun
[37] is proposed. The proposed 180° broadband balun delivers good impedance
matching, equal amplitude power splitting and consistent 180° (£10°) phase
shifting, across a wide band (~45%). In Section 2.2, wideband H-plane cross-
polarization suppression is demonstrated for a linearly polarized dual L-probe
patch antenna utilizing the proposed 180° broadband balun. In Section 2.3,
wideband H-plane cross-polarization suppression and input port decoupling is
demonstrated for a dual linearly polarized quadruple L-probe patch antenna

utilizing a pair of the proposed 180° broadband baluns.
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2.2 Broadband Linearly Polarized Dual L-Probe Patch Antenna

with a 180° Broadband Balun

2.2.1 Antenna Design and Geometry
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Fig. 2. Geometry of the dual L-probe square patch antenna.

The single L-probe rectangular patch antenna has been found to deliver a wide
impedance bandwidth (SWR < 2) of ~30% [16]-[18]. However, the use of a thick
(~0.1%,) low permittivity (g, = 1) air substrate encourages the generation of
unwanted higher order modes and causes the L-probe feed to emit probe leakage
radiation that gives rise to increased cross-polarization levels in the H-plane and
asymmetrical co-polarization patterns in the E-plane. The cross-polarization level

(IE¢o poi I/ | Ey_pot ), defined as the ratio of the maximum value of |E_, | to the
maximum value of |E,__ | in a specified plane, is dependent on the aspect ratio

of the rectangular patch element [11], and varies with feed position, substrate
thickness and substrate permittivity [38]. A rectangular patch with a high aspect
ratio can give a relatively pure linearly polarized wave and a slightly wider

impedance bandwidth, but a square or circular patch is required for a dual
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polarized patch configuration where the two orthogonal polarizations must have
equal field strengths for maximum diversity gain. The dual L-probe square patch
antenna, shown in Fig. 2, is designed for low cross-polarization across a wide
impedance passband (~30%) centered at 2.0 GHz. A second L-probe feed is
symmetrically positioned at the opposite radiating edge (Wx) of the patch element.
At this location and with an equal amplitude power and 180° phase shift, the
second L-probe feed couples into the same dominant mode of the patch element;
and the probe leakage radiation from the two L-probe feeds cancels out. The use
of a feed network with wideband 180° phase shifting capabilities is required in
order for the probe leakage radiation to cancel out across the wide impedance

passband (~30%) afforded by the L-probe patch antenna.

2.2.2 Feed Network Configurations

2@ Z ponz
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(Input) Quarter-Wave
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(Output)

Fig. 3. Schematics of the conventional 180° narrowband balun.

The conventional 180° narrowband balun, shown in Fig. 3, is commonly used as a
balanced phase shifting feed network in antenna designs. To provide a 180° phase
shift, the lengths of the microstrip branches, d; and d,, must be such that d; — d, =
Ag / 2, where A, refers to the guide wavelength at a center operating frequency of
2.0 GHz. The characteristic impedances of the microstrip branches are given by

Z,=50Q,7,=3536Q, and Z,=50 Q.
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Fig. 4. Schematics of the proposed 180° broadband balun.

The proposed 180° broadband balun [37], shown in Fig. 4, delivers balanced
power splitting and consistent 180° (+10°) phase shifting across a wide band. This
broadband balun comprises of a 3-dB Wilkinson power divider [39], for wideband
balanced power splitting, cascaded with a broadband 180° phase shifter [40], for
wideband 180° phase shifting. A, refers to the guide wavelength at a center
operating frequency of 2.0 GHz. The characteristic impedances of the microstrip

branches are given by Z; = 70.71 Q, Z, = 63.5 Q, Z3 = 80.5 Q, and Z4 = 50 Q.

o
=
2
-
o
(= i
2
é 35 L : : : S | iy
T S | .||~~~ narrowband balun (simulated)
s | | | — broadband balun {simulated)
45 L. | P TN | narrowband balun (measured)
" O broadband balun (measured)
-50 1 | B e s o S TR T N ST B TR T T T S S o S T

0 0.5 1 1.5 2 25 3 3.5 4
Frequency (GHz)

Fig. 5. Simulated and measured input port return loss comparison between the

180° narrowband and broadband baluns.
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All simulations presented in this chapter were performed using I[E3D, a
commercially available electromagnetic field solver based on the Method of
Moments (MoM). The feed networks were modeled on a Rogers R0O4003
laminate of thickness t = 0.8 mm, dielectric constant €,; = 3.38, and an assumed
loss tangent of tan 6 = 0.0027. For convenient analysis, the input and output ports

of the feed networks were all set to 50 Q.
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Fig. 6. Simulated and measured output ports amplitude response comparison

between the 180° narrowband and broadband baluns.
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Fig. 7. Simulated and measured output ports phase difference comparison

between the 180° narrowband and broadband baluns.

Fig. 5 shows the simulated and measured return loss comparison between the two
baluns. The 180° broadband balun exhibits wide simulated and measured
impedance bandwidths (S;; < -10 dB) of 67.57%, from 1.46 to 2.95 GHz, and
67.3%, from 1.39 to 2.8 GHz, respectively. The 180° narrowband balun exhibits
relatively wider simulated and measured impedance bandwidths (S;; <-10 dB) of
188.76%, from 0.1 to 3.46 GHz, and 150.15%, from 0.41 to 2.88 GHz,
respectively. Fig. 6 shows the simulated and measured output port amplitude
response comparison between the two baluns. The 180° broadband balun exhibits
wide simulated and measured balanced output ports power distribution
bandwidths (S;; = S3; = -3 dB (£1.0 dB)) of 60.79%, from 1.5 to 2.81 GHz, and
44.73%, from 1.51 to 2.38 GHz, respectively. The 180° narrowband balun
exhibits relatively wider simulated and measured balanced output ports power
distribution bandwidths (S;; = S3;=-3 dB (1.0 dB)) of 114.2%, from 0.68 to 2.49
GHz, and 55.29%, from 1.23 to 2.17 GHz, respectively. Fig. 7 shows the
simulated and measured output ports phase difference comparison between the

two baluns. The 180° broadband balun exhibits a wide simulated 180° (+5°) output
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ports phase difference bandwidth of 55.72%, from 1.45 to 2.57 GHz, and a wide
measured 180° (£10°) output ports phase difference bandwidth of 48.84%, from
1.47 to 2.42 GHz. The measured output port phase differences at 1.7, 2.0 and 2.3
GHz are 184, 175 and 189°, respectively. The 180° narrowband balun exhibits a
narrow simulated 180° (£5°) output ports phase difference bandwidth of 4.53%,
from 1.94 to 2.03 GHz, and a narrow measured 180° (+10%) output ports phase
difference bandwidth of 11.43%, from 1.65 to 1.85 GHz. The measured output
port phase differences at 1.7, 2.0 and 2.3 GHz are 184, 202.5 and 165°,
respectively. The simulated and measured results are in rather good agreement.
For the narrowband balun, however, the 180° phase shift predicted by the
simulator at 2.0 GHz is detected at 1.75 GHz in measurement. This is due to the

tolerance errors in fabricating the narrowband balun in house.

Combining the measured results in Fig. 5 to 7, it is observed that the proposed
180° broadband balun delivered low input port return loss (S;; < -10 dB),
balanced output ports power distribution (S;; = S3; = -3 dB (£1.0 dB)), and
consistent 180° (10°) output ports phase difference over a wide band of 44.73%,
from 1.51 to 2.38 GHz; hence it is termed a “broadband” balun. The conventional
180° narrowband balun delivered both low input port return loss and balanced
output ports power distribution over a relatively wider band. However, its overall
performance was inherently limited by its narrowband 180° (+10°) phase shifting

capability (~11.5%); hence it is termed a “narrowband” balun.
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2.2.3 Fabrication and Experimental Setup

Fig. 8. Prototype of the dual L-probe square patch antenna utilizing the 180°

narrowband balun.

Fig. 9. Prototype of the dual L-probe square patch antenna utilizing the 180°

broadband balun.

Fig. 8 and 9 show the prototype of the dual L-probe square patch antenna utilizing
the 180° narrowband and broadband baluns, respectively. The antenna and feed
network parameters were optimized for a wide impedance bandwidth centering
2.0 GHz. The square copper patch, of dimensions Wy = Wy = 53.5 mm (0.357 &),
was positioned at a height above the dielectric substrate to create an air substrate
of thickness H = 23.5 mm (0.157 A,). The feed network and square copper ground

plane of length G = 250 mm (1.67 A,), were respectively printed on the top and

23



bottom of the dielectric substrate. The two L-probe feeds, of diameter 2R = 1 mm,
with vertical length Ly = 12 mm (0.08 A,) and horizontal length L, = 26.5 mm
(0.177 A), were positioned S = 4 mm away from the edge of the patch, and
respectively soldered at the output ports of the feed network. The impedance
measurements were taken using the Agilent E8364B network analyzer, while the
far-field radiation measurements were taken using the Hewlett Packard 8510C
vector network analyzer and the Orbit-MiDAS far-field measurement system in an
anechoic chamber. With a reference linearly polarized standard horn antenna, the
comparison method (gain-transfer method) was used to determine the measured

gain (see Section 3.2.3).

2.2.4 Impedance and Radiation Performances
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Fig. 10. Simulated and measured SWR for the dual L-probe square patch antenna

utilizing the 180° narrowband or broadband balun.

Fig. 10 shows the simulated and measured SWR for the dual L-probe square patch
antenna utilizing either balun. The antenna with the broadband balun exhibits

wide simulated and measured impedance bandwidths (SWR < 2) of 37.84%, from
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1.65 to 2.42 GHz, and 37.15%, from 1.6 to 2.33 GHz, respectively. The same
antenna with the narrowband balun exhibits roughly similar simulated and
measured impedance bandwidths (SWR < 2) of 35.77%, from 1.63 to 2.34 GHz,
and 39.22%, from 1.64 to 2.44 GHz, respectively. The simulated and measured
SWR results are in reasonably good agreement. From 1.7 to 2.3 GHz (30%), good
simulated and measured impedance matching (SWR < 2) is observed for the
antenna utilizing either balun. This common impedance passband, sufficient to
cover the GSM1800 (1710-1880 MHz), GSM1900 (1850-1990 MHz) and
UMTS2000 (1920-2170 MHz) bands, will be the designated bandwidth of interest

in comparing the radiation performances of the antenna utilizing either balun.
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Fig. 11. Simulated and measured gain for the dual L-probe square patch antenna

utilizing the 180° narrowband or broadband balun.

Fig. 11 shows the simulated and measured boresight gain for the dual L-probe
square patch antenna utilizing either balun. Within the bandwidth of interest (1.7
to 2.3 GHz), the measured boresight gain of the antenna with the broadband balun
ranges from 6.16 to 8.5 dBi, while that of the same antenna with the narrowband

balun ranges from 6.49 to 8.46 dBi. It is observed that the use of the broadband
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balun in place of the narrowband balun does not greatly affect the boresight gain
profile of the antenna. This suggests that the proposed broadband balun, compared
to the narrowband balun, does not incur significantly higher insertion losses that
translate to lower antenna gain. The simulated and measured boresight gain results

are in reasonably good agreement.
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Fig. 12. Simulated radiation patterns for the single L-probe square patch antenna.

Fig. 12 shows the simulated radiation patterns for the single L-probe square patch
antenna, at the lower frequency edge (1.7 GHz), center operating frequency (2.0
GHz), and upper frequency edge (2.3 GHz), of the bandwidth of interest. The
second L-probe feed of the dual L-probe square patch antenna shown in Fig. 2 has
been removed, keeping all other antenna parameters the same. The single L-probe
feed was excited using a 50 Q microstrip feed line. The antenna geometry has
been optimized for a dual L-probe feed configuration. Hence, in adopting the
same antenna parameters, the single L-probe case does not provide the expected
30% impedance passband and the gain dips sharply off resonance. Nevertheless,
the simulated radiation patterns give insight to the effect of this asymmetrical
feeding structure on the co- and cross-polarization. Across this passband, the

antenna exhibits slightly asymmetrical E-plane co-polarization patterns (especially
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at 2.0 GHz) and symmetrical H-plane co-polarization patterns. The antenna also
exhibits consistently low E-plane cross-polarization levels (< -27 dB) but
consistently high H-plane cross-polarization levels (up to -4.5 dB). Consistently
low H-plane cross-polarization levels (< -27.5 dB) are observed at the boresight,

but can be seen to increase drastically off the boresight observation angles.
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Fig. 13. Simulated radiation patterns for the dual L-probe square patch antenna

utilizing the 180° narrowband balun.

8
4
0
4
= —_ = B
Q a2 a @ azf
T 8 f = T 8 f
8 »f {8 8 wf
24 | 21
sk ‘ 32k i _‘_':,: o =
36 - - e — 36 | == i
40 L I e 13 A | 4 o | | 1.3 | 40 1 | I i 1
9 60 30 0 30 60 90 9 60 30 0 30 60 80 % 60 30 0 30 60 90
Elevation Angle (deg) Elevation Angle (deg) Elevation Angle (deg)
1.7 GHz 2.0 GHz 23 GHz
—— H-Plane Co-Polarization H-Plane Cross-Polarization
------ E-Plane Co-Polarization ----- E-Plane Cross-Polarization

Fig. 14. Simulated radiation patterns for the dual L-probe square patch antenna

utilizing the 180° broadband balun.

Fig. 13 and 14 show the simulated radiation patterns for the dual L-probe square

patch antenna utilizing the 180° narrowband and broadband baluns, respectively,
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at the lower frequency edge (1.7 GHz), center operating frequency (2.0 GHz), and
upper frequency edge (2.3 GHz), of the bandwidth of interest. Across this
passband, the antenna utilizing either balun exhibits symmetrical E- and H-plane
co-polarization patterns and consistently low E-plane cross-polarization levels (< -
32 dB). The E-plane beamwidths are narrower at the upper frequency point.
Nonetheless, consistently wide E- and H-plane half-power beamwidths, no less
than 60° (= 30°), are maintained. Consistently low H-plane cross-polarization
levels (< -36 dB) are observed at the boresight, but seen to increase off the
boresight observation angles. The antenna utilizing the narrowband balun exhibits
high H-plane cross-polarization levels (up to -11 dB) at the upper frequency point.
The same antenna utilizing the broadband balun exhibits consistently low H-plane
cross-polarization (< -28 dB), across the passband. Compared to the simulated
results in Fig. 12, it is evident that the balanced and symmetrical dual L-probe
feeding structure delivers lower E- and H-plane cross-polarization levels. In
particular, significant H-plane cross-polarization suppression is observed at the
lower and center frequency points, with the narrowband balun, and across the

passband, with the broadband balun.

h"""‘—-—._l_;_n_a—o"/v
180

2.0 GHz 2.3 GHz
—— H-Plane Co-Polarization H-Plane Cross-Polarization
----- E-Plane Co-Polarization - --- E-Plane Cross-Polarization

Fig. 15. Measured normalized radiation patterns for the dual L-probe square

patch antenna utilizing the 180° narrowband balun.
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Fig. 16. Measured normalized radiation patterns for the dual L-probe square

patch antenna utilizing the 180° broadband balun.

Fig. 15 and 16 show the measured normalized radiation patterns for the dual L-
probe square patch antenna utilizing the 180° narrowband and broadband baluns,
respectively, at the lower frequency edge (1.7 GHz), center operating frequency
(2.0 GHz), and upper frequency edge (2.3 GHz), of the bandwidth of interest.
Across this passband, the antenna utilizing the narrowband balun exhibits
symmetrical E- and H-plane co-polarization patterns and consistently low E-plane
cross-polarization levels (< -22 dB). At the boresight, the H-plane cross-
polarization levels (< -30 dB) are low. Off the axis, the H-plane cross-polarization
levels are low (< -26 dB) at the lower frequency point, but appreciate considerably
(up to -12 dB) at the center and upper frequency points. Across this passband, the
antenna utilizing the broadband balun exhibits symmetrical E- and H-plane co-
polarization patterns and consistently low E- and H-plane cross-polarization levels
(< -21 dB). It is evident that the use of the broadband balun provides improved
cross-polarization suppression, especially in the H-plane, across the bandwidth of
interest. As shown in Fig. 7, the measured output port phase differences of the
narrowband balun at 1.7, 2.0 and 2.3 GHz are 184, 175 and 189°, respectively,

while that of the broadband balun are 184, 202.5 and 165°, respectively. These
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measured results indicate that when the output port phase difference delivered by
the balun is kept within 180° (£10°), the measured H-plane cross-polarization
levels of the antenna do not exceed -20 dB. It is also observed from the E- and H-
plane co-polarization patterns that the use of the L-probe feeding structure has
allowed for the back radiation levels to be kept in check. Across this passband, the
antenna utilizing either balun exhibits E- and H-plane front-to-back ratios no less
than 15 dB. Consistently wide E- and H-plane half-power beamwidths, better than

60° (+ 30°), can also be observed from the co-polarization patterns.

Table 1 Simulated and Measured H-plane Cross-Polarization Levels for the Dual

L-Probe Square Patch Antenna with the 180° Narrowband or Broadband Balun

Freq with 180° Narrowband Balun with 180° Broadband Balun
(GHz) Simulated Measured Simulated Measured
X-Pol (dB) X-Pol (dB) X-Pol (dB) X-Pol (dB)
1.7 -27.2 -26.7 -28.6 -24.1
1.8 -27.0 -24.9 -28.3 -27.2
1.9 -27.9 -22.9 -28.6 -22.8
2.0 -27.2 -15.6 -31.9 -26.3
2.1 -20.6 -12.9 -31.0 -24.4
2.2 -6.4 -8.3 -27.5 -22.1
23 -10.1 -12.1 -32.1 2211

Table 1 provides a summary of the simulated and measured H-plane cross-
polarization levels for the dual L-probe square patch antenna utilizing either
balun, across the bandwidth of interest. The antenna with the narrowband balun
exhibits low H-plane cross-polarization levels (< -21 dB) from 1.7 to 2.1 GHz, in
simulation, and from 1.7 to 1.9 GHz, in measurement. In contrast, the antenna
with the broadband balun exhibits consistently low H-plane cross-polarization
levels (< -21 dB) from 1.7 to 2.3 GHz, in both simulation and measurement. The
higher measured cross-polarization levels can be attributed to the fabrication

tolerance, and L-probe and patch alignment errors not accounted for in simulation.
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Fig. 17. Simulated normalized current distribution for the radiating element of the
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single L-probe square patch antenna.
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Fig. 18. Simulated normalized current distribution for the radiating element of the

dual L-probe square patch antenna utilizing the 180° narrowband balun.
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Fig. 19. Simulated normalized current distribution for the radiating element of the

dual L-probe square patch antenna utilizing the 180° broadband balun.

Fig. 17 to 19 show the simulated normalized current distribution for the radiating
element of the single L-probe square patch antenna, and the dual L-probe square

patch antenna utilizing the 180° narrowband and broadband baluns, respectively,

31



at the lower frequency edge (1.7 GHz), center operating frequency (2.0 GHz), and
upper frequency edge (2.3 GHz), of the bandwidth of interest. The current
distribution has been normalized to the respective electric current maxima at each
frequency point. The L-probe feed has been positioned such that it primarily
excites the TMy;o mode of the patch element, as seen in Fig. 17 to 19, with the co-
polarized electric current components along the y-axis and the cross-polarized

electric current components along the x-axis.

The single L-probe antenna, as seen in Fig. 17, has an asymmetrical feeding

structure and an unbalanced current distribution. The co-polarized electric

currents are symmetrical with respect to the E-plane (¢=90°) but slightly

asymmetrical with respect to the H-plane (¢ = 0°). This explains the symmetrical

H-plane co-polarization patterns and the slightly asymmetrical E-plane co-
polarization patterns, seen in Fig. 12, across the passband. The cross polarized
electric currents are stronger near the feed point and asymmetrical with respect to
the H-plane. At the upper frequency point, more cross-polarized electric current
components are detected as the effect of the competing higher order modes set in.
This accounts for high H-plane cross-polarization levels, seen in Fig. 12, across
the passband; and higher H-plane cross-polarization levels (up to -4.5 dB)
observed at 2.3 GHz. The dual L-probe antenna, as seen in Fig. 18 and 19, has a
symmetrical feeding structure and a balanced current distribution. The co- and
cross-polarized electric currents are symmetrical with respect to the E- and H-
planes. This explains the symmetrical E- and H-plane co-polarization patterns,
seen in Fig. 13 and 14, across the passband. It is noteworthy that the dual L-probe

feeding structure, compared to the single L-probe feeding structure, allows for
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relatively more symmetrical E-plane co-polarization patterns, across the passband.
Due to symmetry about the E- and H-plane, the cross-polarized electric currents
can cancel out when provided the necessary anti-phase excitations. At the upper
frequency point, more cross-polarized electric current components are detected for
the dual L-probe antenna with the narrowband balun, as seen in Fig. 18, as the
effect of the competing higher order modes set in. In contrast, consistently less
cross-polarized electric current components are detected for the dual L-probe
antenna with the broadband balun, as seen in Fig. 19, across the passband; with
the effect of the higher order modes kept in check even at the upper frequency
point. This accounts for the consistently better H-plane cross-polarization
suppression for the dual L-probe antenna with the broadband balun, seen in Fig.
13 and 14, across the passband. The H-plane cross-polarized levels are
significantly reduced, as detailed in Table 1, from 2.2 to 2.3 GHz. These
simulated results highlight the importance of deploying a feed network with
wideband 180° phase shifting capabilities. The E-plane cross-polarization levels
are consistently low for all three cases, as seen in Fig. 12 to 14, due to the mutual

cancellation of the cross-polarized electric current components on axis (¢ =90"),

as seen in Fig. 17 to 19.

2.2.5 Discussions

In this section, the broadband design of a low cross-polarization dual L-probe
square patch antenna utilizing a novel 180° broadband balun has been presented.
The broadband balun provides good impedance matching, equal amplitude power
splitting and consistent 180° phase shifting, over a wide band (~45%). The

proposed antenna delivers good impedance matching (SWR < 2), high gain (> 6
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dBi), symmetrical E- and H-plane co-polarization patterns, and consistently low
E- and H-plane cross-polarizations levels (< -21 dB), across the across the
bandwidth of interest from 1.7 to 2.3 GHz (~30%). The antenna in study lends
itself to emerging broadband mobile base station applications covering three
bands, i.e. PCS1800 (1710-1880 MHz), GSM1900 (1850-1990 MHz) and

UMTS2000 (1920-2170 MHz).

2.3 Broadband Dual Linearly Polarized Quadruple L-Probe

Patch Antenna with 180° Broadband Baluns

2.3.1 Antenna Design and Geometry
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Fig. 20. Geometry of the dual polarized quadruple L-probe square patch antenna

The dual polarized quadruple L-probe square patch antenna, shown in Fig. 20, is
designed for low cross-polarization and high input port isolation across a wide
impedance passband (~30%) centered at 2.0 GHz. Building upon the dual L-probe

square antenna design shown in Fig. 2, a second pair of L-probe feeds are
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positioned at the orthogonal radiating edges of the square patch element. L-probe
A and C are supplied balanced and anti-phase excitations at port 1, allowing for
their probe leakage radiation to mutually cancel out. Similarly, L-probe B and D
are supplied balanced and anti-phase excitations at port 2, allowing for their probe
leakage radiation to mutually cancel out. Vertical probe feeds are not commonly
adopted in dual polarized antenna designs because the strong coupling between
the probe feeds leads to poor input port isolation. For the L-probe feed, the
vertical arm is capable of emitting undesired monopole-like leakage radiation that
strongly couples with the leakage radiation produced by the vertical arm of an
adjacent L-probe feed in close proximity. The cancellation of the probe leakage
radiation produced by each of the four L-probe feeds confers significant reduction
in the probe coupling between adjacent L-probe feeds. In the absence of probe
leakage radiation emitted from each of the four L-probe feeds, say, L-probe A will
then couple less strongly with L-probe B and with L-probe D. The use of a feed
network with wideband 180° phase shifting capabilities is required in order for the
probe leakage radiation and probe coupling to cancel out across the wide

impedance passband (~30%) afforded by the L-probe patch antenna.

2.3.2 Feed Network Configurations

A....____Square B
. Patch

Fig. 21. Feed network layout of the 180° narrowband balun pair.
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Fig. 22. Feed network layout of the 180° broadband balun pair.

Fig. 21 and 22 show the feed network layout of 180° narrowband and broadband
balun pairs, respectively. The narrowband balun, as shown in Fig. 3, and
broadband balun, as shown in Fig. 4, are used in this dual-feed mechanism. For
both feed networks, the port 1 balun is designed to have a slightly different layout
compared to that of the port 2 balun. This is because the microstrip branches will
intersect if the layouts for both baluns are to be the same. The feed line may be
allowed to cross by using an air bridge [28], similar to the concept of wire
bonding, but this complicates the manufacturing process and give rise to spurious
radiation that lead to higher insertion losses. Instead, the feed lines are meandered
so as to ensure no overlap and to provide a more compact overall feed layout.
Special attention was also paid to make sure the folded feed lines were sufficiently
spaced out (at least 0.1 A, apart) so that they do not interact and act as coupled
transmission lines. Since the port 1 balun and port 2 balun have a different layout
arrangement, each balun had to be individually optimized to provide the dual
linearly polarized antenna with the widest possible common impedance bandwidth

centering 2.0 GHz, at input port 1 and 2.
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2.3.3 Fabrication and Experimental Setup

Fig. 23. Prototype of the dual polarized quadruple L-probe square patch antenna

utilizing the 180° narrowband balun pair.

Fig. 24. Prototype of the dual polarized quadruple L-probe square patch antenna

utilizing the 180° broadband balun pair.

Fig. 23 and 24 show the prototype of the dual polarized quadruple L-probe square
patch antenna utilizing the 180° narrowband and broadband balun pairs,
respectively. The antenna and feed network parameters were optimized for a wide
impedance bandwidth centering 2.0 GHz. The square copper patch, of length Wy

= 53.5 mm (0.357 A,), was positioned at a height above the dielectric substrate to
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create an air substrate of thickness H = 22.4 mm (0.15 A,). The feed network and
square copper ground plane of length G = 300 mm (1.5 A,), were respectively
printed on the top and bottom of the dielectric substrate. The four L-probe feeds,
of diameter 2R = 1 mm, with vertical length L, = 12.4 mm (0.827 A,) and
horizontal length L, = 26.5 mm (0.177 A,), were positioned S = 4 mm away from
the edge of the patch, and soldered at the respective output ports of the feed
network. The impedance measurements were taken using the Agilent E8364B
network analyzer, while the far-field radiation measurements were taken using the
Hewlett Packard 8510C vector network analyzer and the Orbit-MiDAS far-field
measurement system in an anechoic chamber. With a reference linearly polarized
standard horn antenna, the comparison method (gain-transfer method) was used to
determine the measured gain (see Section 3.2.3). A 50 Q load was connected to

port 2 when measuring the port 1 radiation performances, and vice versa.

2.3.4 Impedance and Radiation Performances
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Fig. 25. Simulated return loss for the dual polarized quadruple L-probe square

patch antenna utilizing the 180° narrowband or broadband balun pair.
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Fig. 26. Simulated input port isolation for the dual polarized quadruple L-probe

square patch antenna utilizing the 180° narrowband or broadband balun pair.

Fig. 25 shows the simulated return loss for the dual polarized quadruple L-probe
square patch antenna utilizing either balun pair. The antenna with the broadband
balun pair exhibits simulated impedance bandwidths of 34.8% (S;; < -10 dB),
from 1.66 to 2.36 GHz, and 32% (S,, <-10 dB), from 1.68 to 2.32 GHz, while the
same antenna with the narrowband balun pair exhibits simulated impedance
bandwidths of 33% (S;; <-10 dB), from 1.67 to 2.33 GHz, and 36.9% (S;; <-10
dB), from 1.59 to 2.31 GHz. The simulated results indicate that the use of the
broadband balun in place of the narrowband balun do not significantly affect the

impedance bandwidth of the dual polarized antenna, at either port.

Fig. 26 shows the simulated input port isolation for the dual polarized quadruple
square patch antenna utilizing either balun pair. The antenna with the broadband
balun pair exhibits good simulated input port isolation (S;; < -30 dB), from 1 to
2.8 GHz (~95%). The same antenna with the narrowband balun pair exhibits good

simulated input port isolation (S,; <-30 dB), from 1.71 to 2.12 GHz (21.4%)).
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Fig. 27. Measured SWR for the dual polarized quadruple L-probe square patch

antenna utilizing the 180° narrowband or broadband balun pair.
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Fig. 28. Measured input port isolation for the dual polarized quadruple L-probe

square patch antenna utilizing the 180° narrowband or broadband balun pair.

Fig. 27 shows the measured SWR for the dual polarized quadruple L-probe square
patch antenna utilizing either balun pair. The antenna with the broadband balun
pair exhibits, for SWR < 2, a measured port 1 impedance bandwidth of 34%, from
1.64 to 2.31 GHz, and a measured port 2 impedance bandwidth of 29%, from 1.66
to 2.22 GHz. The common impedance passband (SWR < 2) ranges from 1.66 to

2.22 GHz (29%). Hence, the designated bandwidth of interest ranges from 1.7 to
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2.2 GHz (25.64%). The same antenna with the narrowband balun pair exhibits, for
SWR < 2, a measured port 1 impedance bandwidth of 30.6%, from 1.58 to 2.15
GHz, and a measured port 2 impedance bandwidth of 27.8%, from 1.58 to 2.09
GHz. The common impedance passband (SWR < 2) ranges from 1.58 to 2.09 GHz
(27.8%). The measured results indicate that the use of the broadband balun in
place of the narrowband balun do not significantly affect the impedance

bandwidth of the dual polarized antenna, at either port.

Fig. 28 shows the measured input port isolation for the dual polarized quadruple
L-probe square patch antenna utilizing either balun pair. The antenna with the
broadband balun pair exhibits good measured input port isolation (Sy; < -30 dB),
from below 1 GHz to 2.8 GHz (> 95%). Within the bandwidth of interest (1.7 to
2.2 GHz), the input port isolation ranges from 33 to above 50 dB. It is observed
that the use of the broadband balun pair, in place of the narrowband balun pair,
provides the dual polarized antenna with consistently better input port isolation,

across a very wide frequency range, from 1.0 GHz to beyond 3.0 GHz (> 100%).

Gain (dBi)
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Fig. 29. Measured gain for the dual polarized quadruple L-probe square patch

antenna utilizing the 180° broadband balun pair.
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Fig. 29 shows the measured boresight gain for the dual-polarized quadruple L-
probe square patch antenna utilizing the broadband balun pair. Within the
bandwidth of interest (1.7 to 2.2 GHz), the measured boresight gain of the antenna
with the broadband balun pair ranges from 6.6 to 7.6 dBi, for port 1, and from 6 to

7.4 dBi, for port 2. The measured gain profiles for both ports are similar.

270
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1.7 GHz 1.95 GHz 2.2 GHz
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------ E-Plane Co-Polarization ----- E-Plane Cross-Polarization

Fig. 30. Measured normalized radiation patterns (port 1) for the dual polarized

quadruple L-probe square patch antenna utilizing the 180° broadband balun pair.
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Fig. 31. Measured normalized radiation patterns (port 2) for the dual polarized

quadruple L-probe square patch antenna utilizing the 180° broadband balun pair.

Fig. 30 and 31 show the measured radiation patterns at port 1 and port 2,
respectively, for the dual polarized quadruple L-probe square patch antenna

utilizing the broadband balun pair, at the lower frequency edge (1.7 GHz), center
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operating frequency (1.95 GHz), and upper frequency edge (2.2 GHz), of the
bandwidth of interest. Across this passband, the antenna with the broadband balun
pair exhibits at both ports symmetrical E- and H-plane co-polarization patterns
and consistently low E- and H-plane cross-polarization levels (< -15 dB). It is
evident that the use of the broadband balun pair provides wideband cross-
polarization suppression, particularly needed in the H-plane. For both principle
cuts, the front-to-back ratios are consistently better than 16 dB and the half-power

beamwidths are consistently better than 60° (+ 30°).

2.3.5 Discussions

In this section, the broadband design of a dual linearly polarized quadruple L-
probe square patch antenna utilizing the proposed 180° broadband balun pair has
been presented. Each broadband balun provides good impedance matching, equal
amplitude power splitting and consistent 180° phase shifting, over a wide band
(~45%). The use of the proposed broadband balun pair, in place of the
conventional narrowband balun pair, has been shown to provide significantly
improved input port isolation across the wide impedance bandwidth (~30%)
intended for the quadruple L-probe antenna. The proposed dual polarized antenna
delivers good impedance matching (SWR < 2), improved input port isolation (>
33 dB), high gain (> 6 dBi), symmetrical E- and H-plane co-polarization patterns,
and consistently low E- and H-plane cross-polarizations levels (< -15 dB), across
the bandwidth of interest from 1.7 to 2.2 GHz (~25%). The antenna in study lends
itself to emerging broadband mobile base station applications demanding input

port isolation in excess of 25 dB and broadband coverage encompassing three
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bands, i.e. PCS1800 (1710-1880 MHz), GSM1900 (1850-1990 MHz) and

UMTS2000 (1920-2170 MHz).

2.4  Concluding Remarks

The wideband impedance matching, balanced power splitting, and 180° phasing
afforded by the 180° broadband balun leads to enhanced impedance bandwidth
and the wideband suppression of cross-polarization due to multiple reflections and
due to feed phase errors. Moreover, the balanced and symmetrical two or four
point feeding structure, with the feed points supplied wideband equal amplitude
anti-phase excitations, allows for enhanced impedance bandwidth and the
wideband cancellation of the probe leakage radiation and probe coupling, which
will in turn lead to the suppression of cross-polarization due to higher order
modes and due to mutual coupling effects. The cross-polarization suppression
shows up as improved polarization (maximum cross-polarization level) and
pattern (minimum beamwidth) bandwidths. The cancellation of probe coupling

also results in improved isolation bandwidth in the case of dual polarization.

For the broadband low cross-polarization patch antenna presented in Section 2.2, a
full paper has been published in the Oct. 2007 issue of Radio Science [41]. For the
broadband dual linearly polarized patch antenna presented in Section 2.3, an oral
presentation was given in the Oct. 2006 IEEE International Conference on
Communication Systems (ICCS2006) [42], held in Singapore, and a full paper has
been published in the Jan. 2007 issue of IEEE Transactions on Antennas and

Propagation [43].

44



CHAPTER 3

BROADBAND CIRCULARLY POLARIZED

MICROSTRIP ANTENNAS

3.1 Research Direction

Circularly polarized microstrip antennas are widely employed in radar, navigation,
satellite and mobile communication systems. Circular polarization, compared to
linear polarization, allows for greater flexibility in orientation angle between
transmitter and receiver, better mobility and weather penetration, and reduction in
multipath reflections and other kinds of interference. Microstrip antennas are low
profile and light weight, easy to fabricate, conformable to mounting structures,
and compatible with integrated circuit technology. However, inherent limitations

include the achievable impedance and axial-ratio bandwidths.

Circularly polarized waves are produced when two or more orthogonal linearly
polarized modes, with equal amplitude and quadrature phasing, are independently
excited to generate a rotating field. The sign of the relative phase determines the
polarization sense (left- or right-hand). Circularly polarized patch antenna designs,
differing primarily in how the linearly polarized modes are excited, can be broadly
categorized into two main types: those using a single feed point, and those using
two feed points in phase quadrature. For microstrip antennas of the single-fed type
[44]-[48] circular polarization can be generated without the need of an external
polarizer. The patch asymmetry excites the orthogonal mode. However, while the

impedance bandwidth remains acceptable, the axial ratio degrades rapidly with
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frequency off resonance. The allowable 3-dB axial ratio bandwidth is typically
less than 10%. Notable exceptions involve the additional use of an L-shaped
ground plane [47], or a parasitic patch element [48]. For microstrip antennas of
the dual-fed type [49]-[55], circular polarization can be generated with the use of
an external polarizer. Compared to the single-fed type, much wider impedance
and axial-ratio bandwidths can be achieved since the amplitude and phase of the
orthogonal linearly polarized field components can be controlled by a relatively
broadband power divider circuit. Such designs are also more robust in terms of
degradation due to manufacturing and material tolerances, but have the drawback
of requiring a separate feed network, which adds complexity, takes up space and
increases loss. Feed network configurations comprising Wilkinson power dividers
[49]-[52], a log periodic balun [53], a two-stub 90° hybrid coupler [54], and a
three-stub 90° hybrid coupler [55], have been explored. The two-stub 90° hybrid
coupler, in particular, has been the most commonly used external polarizer in

circularly polarized patch antenna designs.

Circularly polarized dual and quadruple L-probe patch antennas utilizing two-stub
90° hybrid couplers were shown in [56] to deliver wide impedance bandwidths
(SWR < 2) of 42% and 45%, respectively, and wide 3-dB axial ratio bandwidths
of 27.23% and 45%, respectively. The four-point balanced L-probe feeding
structure in [56] presents one of the best combinations of impedance (45%) and
axial-ratio (45%) bandwidths yet reported in open literature. The L-probe
proximity feed approach allows for the use of a thick low permittivity antenna
substrate that can help broaden the impedance bandwidth. Unfortunately, a lower

patch Q encourages higher order modes generation that give rise to more cross-
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polarized components and stronger mode coupling; hence diminishing the level of
circular polarization purity that can be obtained. A symmetrical four point feeding
structure allows for the cross-circularly polarized components to mutually cancel
out as long as the four feed points are supplied equal amplitude power with
relative excitation phases of 0°, 90°, 180° and 270°. This explains the lower axial
ratio and wider axial ratio bandwidths afforded by the four point feeding structure
over the two point feeding structure. However, the pair of conventional 90° hybrid
couplers used in [56] each have inherently narrow impedance matching (~30%),
quadrature phase shifting (~32%), and equal power splitting (~14%) bandwidths;
thereby constricting the achievable impedance and axial ratio bandwidths of the
L-probe patch antenna. Recently developed in this laboratory, a circularly
polarized quadruple L-probe patch antenna utilizing a 90° broadband balun pair
[57] was found to deliver a wide impedance bandwidth (SWR < 2) of 79.4% and
3- and 2- dB axial ratio bandwidths of 82% and 57%, respectively. This 90°

broadband balun (Type II) will be featured in the following chapter.

In this chapter, the broadband design of circularly polarized L-probe fed patch
antennas is presented. The L-probe patch antenna allows for wider impedance
bandwidth. However, to maintain good circular polarization purity, the high probe
leakage radiation, due to the thick low permittivity antenna substrate, and strong
probe coupling, due to the closely spaced multipoint probe feeds, have to be
cancelled out across the wide allowable impedance passband. The use of a novel
90° broadband balun (Type 1) is proposed. The proposed 90° broadband balun
delivers good impedance matching, equal amplitude power splitting and

consistent 90° (+5°) phase shifting, across a wide band (~57.5%). In Section 3.2,
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wideband circular polarization operation is demonstrated for a circularly polarized
dual L-probe patch antenna utilizing the proposed 90° broadband balun (Type I).
In Section 3.3, wideband circular polarization operation is demonstrated for a
circularly polarized quadruple L-probe patch antenna utilizing a pair of the

proposed 90° broadband baluns (Type I).

3.2 Broadband Circularly Polarized Dual L-Probe Patch

Antenna with a 90° Broadband Balun (Type I)

3.2.1 Antenna Design and Geometry
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Fig. 32. Geometry of the circularly polarized dual L-probe circular patch antenna

utilizing the 90° broadband balun (Type I).

The L-probe proximity feed technique extends the allowable impedance
bandwidth of patch antennas. However, the use of a thick (~0.1A,) low
permittivity (g = 1) air substrate encourages the generation of higher order modes
along with the wanted one. The unwanted modes cause the L-probe feed to emit

leakage radiation that perturb the radiation pattern and, in the case of multiple L-
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probe feeds, lead to probe coupling between the feeds. The inherent asymmetry in
a two point feeding structure implies that the cross-circularly polarized
components due to higher order modes do not cancel out, thereby diminishing the
overall circularly polarization purity. The dual L-probe circular patch antenna,
shown in Fig. 32, is designed for wideband circular polarization operation. The
circular symmetry of the circular patch element gives no azimuthal variation and
is well-suited for radiating circular polarized waves. The two L-probe feeds are
orthogonally positioned and supplied equal amplitude power with relative
excitation phases of 0° and 90°. The use of a 90° broadband balun (Type I) with
wideband impedance matching, equal power splitting and 90° phase shifting
capabilities is studied in order to properly control the amplitude and phase of the
linearly polarized field components, so as to reduce the cross-polarization due to
multiple reflections and feed phase errors; thus providing the patch antenna with

wider impedance and axial ratio bandwidths.

3.2.2  Feed Network Configurations

Port1 _Z, 7"—10;\!5 &/ Z,  Port2
(Input) — (Output)
Z, (.4 Z, (%)

Portd _Z, — Z, Port3
(Isolation) R z, N2 g4 (Output)

Fig. 33. Schematics of the conventional 90° hybrid coupler.

The conventional 90° hybrid coupler [58], shown in Fig. 33, is commonly used as
an external polarizer for dual-fed type circularly polarized antennas. This

symmetrical 3-dB directional coupler provides balanced power splitting and 90°
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phase shifting between its output ports. The two output ports are isolated when the
power reflected from a mismatched antenna on these ports is transferred to an
impedance-matched absorbing load at the isolation port. A, refers to the guide
wavelength at a center operating frequency. The isolation port was terminated to a

50 Q resistor. The characteristic impedances of the microstrip branches are given

by Zo =50 Q and Z, /~/2 =35.36 Q.

Z,049| || |2, 049 |

] 'Z,  Port2
| _C-Section Coupled Lines | (Output)
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i (Input)
Z; Bhg9) Z, Port3

f- W

=y Port 2

B o it (Output)
Fig. 35. Layout of the C-section coupled lines.

The proposed 90° broadband balun (Type I), shown in Fig. 34, delivers good
impedance matching, balanced power splitting and regular 90° phase shifting,
across a wide band. This broadband balun comprises of a 3-dB Wilkinson power
divider [39], for wideband impedance matching and balanced power splitting,

cascaded with a novel broadband 90° Schiffman phase shifter [58], for wideband
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90° phase shifting. A, refers to the guide wavelength at a center operating
frequency. The characteristic impedances of the microstrip branches are given by

Z,=50Q,7,=70.71 Q,Z, =50 Q, and Z3 = 50 Q.

Fig. 35 shows the layout of the C-section coupled lines used in the 90° broadband
balun (Type I). The coupled lines are separated by a small distance of S = 0.3 mm.
The gray-shaded rectangular slot, of dimensions L; = 24.4 mm, L, =4.0 mm, and
W = 0.5 mm, was cut out on the ground plane, beneath the C-section coupled
lines, to allow for the odd-mode capacitance to decrease and the even-mode
capacitance to decrease even faster. The 23.4 mm by 3.05 mm rectangle patch,
encapsulated by the rectangular slot, functions as a capacitor which compensates
the odd-mode capacitance. This patterned ground plane approach provides for
wideband regular 90° phase shifting with minimal insertion losses. The feed line
layer and patterned ground plane layer are respectively printed on each side of a

double-sided single-laminate PCB. No vias are required.
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Fig. 36. Simulated input port return loss comparison between the 90° hybrid

coupler and 90° broadband balun (Type I).
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Fig. 37. Simulated output ports amplitude response comparison between the 90°

hybrid coupler and 90° broadband balun (Type I).
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Fig. 38. Simulated output ports phase difference comparison between the 90°

hybrid coupler and 90° broadband balun (Type I).

All simulations presented in this chapter were performed using IE3D. The feed
networks were modeled on a Rogers RO4003 laminate of thickness t = 0.8 mm,
dielectric constant &; = 3.38, and an assumed loss tangent of tan 6 = 0.0027. The
feed line widths of the 50 and 70.71 Q branches were 1.85 and 1.02 mm,
respectively. For convenient analysis, the input and output ports of the feed

networks were all set to 50 Q.
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Fig. 36 shows the simulated return loss comparison between the two feeders. The
90° broadband balun (Type I) exhibits a wide impedance bandwidth (S;; < -10
dB) of 187.6%, from 0.09 to 2.81 GHz, while the 90° hybrid coupler exhibits a
much narrower impedance bandwidth (S;; < -10 dB) of 30.9%, from 1.53 to 2.09
GHz. Fig. 37 shows the simulated output ports amplitude response comparison
between the two feeders. The 90° broadband balun (Type I) exhibits balanced
output ports power distribution (Sy; = S3; = -3 dB (0.5 dB)) over a wide band of
91.9%, from 0.87 to 2.35 GHz, while the 90° hybrid coupler exhibits balanced
output ports power distribution (Sp; = S3; = -3 dB (£0.5 dB)) over a much
narrower band of 14%, from 1.66 to 1.91 GHz. Fig. 38 shows the simulated
output ports phase difference comparison between the two feeders. The 90°
broadband balun (Type I) exhibits consistent 90° (+5°) output ports phase
difference over a considerably wide band of 66.7%, from 1.3 to 2.6 GHz, while
the 90° hybrid coupler exhibits consistent 90° (+5°) output ports phase difference

over a much narrower band of 32%, from 1.47 to 2.03 GHz.

Combining the simulated results in Fig. 36 to 38, it is observed that the proposed
90° broadband balun (Type I) delivered low input port return loss (S;; < -10 dB),
balanced output ports power distribution (S;; = S3; = -3 dB (£0.5 dB)), and
consistent 90° (+5°) output ports phase difference, over a significantly wide band
of 57.5%, from 1.3 to 2.35 GHz; hence it is termed a “broadband” balun. The
conventional 90° hybrid coupler delivered low input port return loss (S11 < -10
dB), balanced output ports power distribution (S;; = S3; = -3 dB (£0.5 dB)), and

consistent 90° (+5°) output ports phase difference over a much narrower band of
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14%, from 1.66 to 1.91 GHz; inherently limited by its balanced output port power

distribution bandwidth.

3.2.3 Fabrication and Experimental Setup

Fig. 39. Prototype of the circularly polarized dual L-probe circular patch antenna

utilizing the 90° narrowband balun (Type I).

Fig. 39 shows the prototype of the circularly polarized dual L-probe circular patch
antenna utilizing the 90° broadband balun (Type I). The antenna and feed network
parameters were optimized for a wide impedance bandwidth. The circular copper
patch, of diameter D = 76.5 mm, was positioned at an air substrate height of H =
20 mm above the feed substrate. The two L-probe feeds, each of diameter 2R = 1
mm, vertical length L, = 11 mm, and horizontal length L, = 35 mm, were
orthogonally oriented and positioned a distance S = 8.5 mm away from the
circumference of the patch, and soldered to the respective output ports of the feed
network. The square ground plane is of length G = 300 mm. The impedance
measurements were taken using the Agilent E8364B network analyzer, while the

far-field radiation measurements were taken using the Hewlett Packard 8510C
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vector network analyzer and the Orbit-MiDAS far-field measurement system in an
anechoic chamber. With a reference linearly polarized standard horn antenna, the
comparison method (gain-transfer method) was used to determine the measured
gain and the polarization-pattern method was used to estimate the measured axial
ratio [8], [60]. The standard horn antenna is commonly used as a reference
antenna because it has a predictable gain and pure polarization. In the comparison
method, the powers received with the AUT and with the reference horn antenna
are compared by mounting each antenna, one at a time, at the exact same location.
The power gain of the reference horn antenna is determined by some other means

like the absolute method based on Friis transmission formula [60].

In the comparison method, the gain of the AUT (in dBi) is given by

PAUT
G 1
P ref ( )

ref

GAUT =
(GAUT )dBi = (PAUT )dB - (Pref )dB + (Gref )dBi
where
Paur = power received with the AUT
P =power received with the reference antenna (standard horn)

G, = power gain of the reference antenna (standard horn)

The gain of a linearly polarized AUT (in dBi) is given by

(G aur)api = 1010g;, /(P )'+ (P, )" =(P)ap +(Grop s ()
where
Py, = power received with the AUT at the E, polarization

PE¢ = power received with the AUT at the E, polarization
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The gain of a circularly polarized AUT (in dBic) is given by
(G aur)asic =1010g,[Gy; + Gy ] (3)

where
Gy = partial power gain of the AUT at the horizontal polarization

Gy = partial power gain of the AUT at the vertical polarization

The total power of the wave radiated by an antenna can be separated into two
orthogonal linearly polarized components. Hence, the gain of the circularly
polarized AUT was determined by measuring the partial gains for two orthogonal
linear polarizations. The linearly polarized reference horn antenna was rotated 90°
to achieve the two orthogonal linear polarizations. The powers received with the
AUT at the horizontal and vertical polarizations were measured. The partial gains
for the two orthorgonal polarization, Gy and Gy, were computed using Eqn (1).

The gain of the circularly polarized AUT was then determined using Eqn (3).

In the polarization-pattern method, the angle of polarization of the linearly
polarized reference horn (source) antenna is rotated to produce a polarization
pattern that showcase the measured field amplitude versus the tilt angle of the
source antenna in polar form. The axial ratio can be determined by taking the ratio
between the major and minor axes of the polarization ellipse. Tapping on the gain-
transfer measured data, only the powers received with the AUT at the horizontal
and vertical polarizations of the reference horn antenna were considered. The
axial ratio can be estimated by taking the ratio between the horizontal and vertical
axes of the polarization ellipse. This approach is reasonably accurate for small tilt

angles. A more precise method is described in Section 4.2.3.
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3.24 Impedance and Radiation Performances
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Fig. 40. Simulated and measured SWR for the circularly polarized dual L-probe

circular patch antenna utilizing the 90° broadband balun (Type I).
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Fig. 41. Simulated and measured axial ratio for the circularly polarized dual L-

probe circular patch antenna utilizing the 90° broadband balun (Type I).

Fig. 40 shows the simulated and measured SWR for circularly polarized dual L-
probe circular patch antenna utilizing the 90° broadband balun (Type I). The dual
L-probe antenna exhibits considerably wide simulated and measured impedance

bandwidths (SWR < 2) of 61.5%, from 1.16 to 2.19 GHz, and 61%, from 1.15 to
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2.16 GHz, respectively. This is wider than the 42% impedance bandwidth (SWR

< 2) attained for the dual L-probe antenna utilizing the 90° hybrid coupler [56].

Fig. 41 shows the simulated and measured axial ratio for the circularly polarized
dual L-probe circular patch antenna utilizing the 90° broadband balun (Type I).
The dual L-probe antenna exhibits rather wide simulated and measured 3-dB
axial-ratio bandwidths of 39%, from 1.26 to 1.87 GHz, and 37.7%, from 1.25 to
1.83 GHz, respectively. This is wider than the 27.23% 3-dB axial ratio bandwidth

attained for the dual L-probe antenna utilizing the 90° hybrid coupler [56].
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Fig. 42. Simulated and measured gain for the circularly polarized dual L-probe

circular patch antenna utilizing the 90° broadband balun (Type ).

Fig. 42 shows the simulated and measured boresight gain for the circularly
polarized dual L-probe circular patch antenna utilizing the 90° broadband balun
(Type I). The dual L-probe antenna exhibits a simulated 3-dB gain bandwidth
(gain > 5.6 dBic) of 34.2%, from 1.43 to 2.02 GHz, with its highest gain of 8.6
dBic at 1.8 GHz, and a measured 3-dB gain bandwidth (gain > 5.53 dBic) of

38.6%, from 1.38 to 2.04 GHz, with its highest gain of 8.53 dBic at 1.8 GHz. The
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measured gain is better than 4 dBic across a 43.68% bandwidth, from 1.36 to 2.12
GHz. Combining the measured results in Fig. 40 to 42, the antenna exhibits, in
terms of SWR < 2, axial ratio < 3 dB, and gain > 4 dBic, a measured CP
bandwidth of 29.47%, from 1.36 to 1.83 GHz. The designated bandwidth of
interest will be from 1.3 to 1.8 GHz (32.26%). It is observed that the measured

results agree reasonably well with the simulated results.

1.3 GHz 1.6 GHz 1.8 GHz
— H-polarization - === V-polarization

Fig. 43. Measured normalized x-z plane (¢ = 0° ) radiation patterns for the

circularly polarized dual L-probe circular patch antenna utilizing the 90°

broadband balun (Type I).
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Fig. 44. Measured normalized y-z plane (¢ =90°) radiation patterns for the

circularly polarized dual L-probe circular patch antenna utilizing the 90°

broadband balun (Type I).
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Fig. 43 and 44 show the measured normalized radiation patterns for the circularly
polarized dual L-probe circular patch antenna utilizing the 90° broadband balun

(Type 1) at the lower frequency edge (1.3 GHz), center frequency (1.6 GHz), and

upper frequency edge (1.8 GHz), of the bandwidth of interest, on the x-z (¢ =0°)

and y-z (¢ =90°) planes, respectively. The measured axial ratio was estimated by

taking the ratio between the measured field amplitudes of the H- and V-
polarizations. The good agreement between the simulated and measured results
for the boresight axial validates the reliability of this approximation. Across this
passband, it is observed that on both principle planes, the antenna exhibits
generally low axial-ratio at observation angles around its boresight (6 =0°). The
slight asymmetry observed in the H- and V-polarization patterns can be attributed

to the asymmetrical feed orientation of the dual L-probe antenna structure.

3.2.5 Discussions

In this section, the broadband design of a circularly polarized dual L-probe
circular patch antenna utilizing the proposed 90° broadband balun (Type I) has
been presented. The broadband balun provides good impedance matching, equal
amplitude power splitting and consistent 90° phase shifting, over a wide band
(~57.5%). The use of the proposed broadband balun, in place of the conventional
90° hybrid coupler, has been shown to provide enhanced impedance and axial
ratio bandwidths. The proposed circularly polarized dual L-probe antenna delivers
wide measured impedance (SWR < 2), axial ratio (AR < 3 dB), and gain (gain > 4
dBic) bandwidths of 61% (1.15 to 2.16 GHz), 37.7% (1.25 to 1.83 GHz), and
43.68% (1.36 to 2.12 GHz), respectively, for a measured CP operating bandwidth

of 29.47%, from 1.36 to 1.83 GHz.
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3.3 Broadband Circularly Polarized Quadruple L-Probe Patch

Antenna with 90° Broadband Baluns (Type I)

3.3.1 Antenna Design and Geometry
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Fig. 45. Geometry of the circularly polarized quadruple L-probe circular patch

antenna utilizing the 90° broadband balun (Type I) pair.

The quadruple L-probe circular patch antenna, shown in Fig. 45, is designed for
wideband circular polarization operation centered at 1.8 GHz. The four L-probe
feeds are orthogonally positioned and supplied equal amplitude power with
relative excitation phases of 0°, 90°, 180°, and 270°. This antenna arrangement can
be thought of as four sequentially rotated linearly polarized elements collocated in
a single patch element. The inherent symmetry in the four point feeding structure
allows for the co-polarization in both principle planes to add up, and the cross-
circularly polarized components due to higher order modes generation to mutually
cancel out. The use of a feed network with wideband impedance matching, equal

power splitting and proper phase shifting is required in order to properly control
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the amplitude and phase of the linearly polarized field components so as to also
reduce the cross-polarization due to multiple reflections and feed phase errors;

thus providing the patch antenna with wide impedance and axial ratio bandwidths.

3.3.2 Feed Network Configuration
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Fig. 46. Schematics of the proposed 90° broadband balun (Type I) pair.

The proposed 90° broadband balun (Type I) pair, shown in Fig. 46, delivers good
impedance matching, equal amplitude power splitting and relative excitation
phasing of 0°, 90°, 180°, and 270°, over a wide band. The feed network comprises
a conventional 180° narrowband balun (Fig. 3) cascaded to a pair of the proposed
90° broadband baluns (Type I) (Fig. 34). To provide the required 180° phase shift
between the two 90° broadband baluns (Type I), the lengths of the microstrip
branches, d; and d,, must be such that d; —d, = A, / 2, where A, refers to the guide
wavelength at a center operating frequency of 1.8 GHz. The characteristic
impedances of the microstrip branches are given by Z, =50 Q, Z, =70.71 Q, Z, =
50 Q, and Z3; =50 Q, Z, = 35.36 Q, and Zs = 50 Q. The use of the 180° broadband
balun (Fig. 4) in place of the 180° narrowband balun (Fig. 3) can help maintain the
relative excitation phasing of 0°, 90°, 180°, and 270°, over a comparatively wider

band. However, simulation shows that this results in worsened impedance
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bandwidth, while providing only similar axial ratio and gain bandwidths for the
quadruple L-probe antenna in study. This may be attributed to the increased

multiple reflections inherent in the more complicated feed network configuration.

3.3.3 Fabrication and Experimental Setup

Fig. 47. Prototype of the circularly polarized quadruple L-probe circular patch

antenna utilizing the 90° narrowband balun (Type I) pair.

Fig. 47 shows the prototype of the circularly polarized quadruple L-probe circular
patch antenna utilizing the 90° broadband balun (Type I) pair. The circular copper
patch, of diameter D = 76.5 mm (0.459 A,), was positioned at an air substrate
height of H = 20 mm (0.12 2A,) above the feed substrate. The four L-probe feeds,
each of diameter 2R = 1 mm, vertical length Ly, = 11 mm (0.066 1,), and
horizontal length L, = 35 mm (0.21 A,), were orthogonally oriented and positioned
a distance S = 8.5 mm away from the circumference of the patch, and soldered to
the respective output ports of the feed network. The square ground plane is of
length G = 300 mm (1.8 A,). For comparison, the same antenna and feed network
parameters were used for the dual L-probe antenna presented in Section 3.2. The

antenna and feed network parameters have actually been optimized for the
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quadruple L-probe antenna for a wide impedance bandwidth centering 1.8 GHz.
This accounts for the different operating frequency range (downwards shift),
observed in Fig. 40 to 42, for the dual L-probe antenna utilizing a single 90°
broadband balun (Type I). The impedance measurements were taken using the
Agilent E8364B network analyzer, while the far-field radiation measurements
were taken using the Hewlett Packard 8510C vector network analyzer and the
Orbit-MiDAS far-field measurement system in an anechoic chamber. With a
reference linearly polarized standard horn antenna, the comparison method (gain-
transfer method) was used to determine the measured gain and the polarization-

pattern method was used to estimate the measured axial ratio (See Section 3.2.3).

3.3.4 Impedance and Radiation Performances
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Fig. 48. Simulated and measured SWR for the circularly polarized quadruple L-

probe circular patch antenna utilizing the 90° broadband balun (Type I) pair.

Fig. 48 shows the simulated and measured SWR for the circularly polarized
quadruple L-probe circular patch antenna utilizing the 90° broadband balun (Type

I) pair. The quadruple L-probe antenna exhibits considerably wide simulated and
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measured impedance bandwidths (SWR < 2) of 73.8%, from 1.06 to 2.3 GHz and
71.7%, from 1.2 to 2.54 GHz, respectively. This is much wider than the 45%
impedance bandwidth attained for the quadruple L-probe antenna utilizing the 90°
hybrid coupler pair [56], and comparable to the 79.4% impedance bandwidth
attained for the quadruple L-probe antenna utilizing the 90° broadband balun pair
(Type II) [57]. The dual L-probe antenna utilizing the 90° broadband balun (Type
I), presented in Section 3.2, exhibits a relatively narrower measured impedance

bandwidth (SWR < 2) of 61%, from 1.15 to 2.16 GHz.
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Fig. 49. Simulated and measured axial ratio for the circularly polarized quadruple

L-probe circular patch antenna utilizing the 90° broadband balun (Type I) pair.

Fig. 49 shows the simulated and measured axial ratio for the circularly polarized
quadruple L-probe circular patch antenna utilizing the 90° broadband balun (Type
I) pair. The quadruple L-probe antenna exhibits wide simulated 3-dB and 2-dB
axial-ratio bandwidths of 62%, from 1.27 to 2.41 GHz, and 48.8%, from 1.33 to
2.18 GHz, respectively. The measured 3-dB and 2-dB axial ratio bandwidths are
81.6%, from 1.03 to 2.45 GHz, and 77.7%, from 1.07 to 2.43 GHz, respectively.

The measured 81.6% 3-dB axial ratio bandwidth is much wider than the 45% 3-
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dB axial ratio bandwidth attained for the quadruple L-probe antenna utilizing a
90° hybrid coupler pair [56]. The measured 77.7% 2-dB axial-ratio bandwidth is
much wider than the 57% 2-dB axial ratio bandwidth attained for the quadruple L-
probe antenna utilizing the 90° broadband balun pair (Type II) [57]. But they have
similar 3-dB axial ratio bandwidths of ~81%. The dual L-probe antenna utilizing
the 90° broadband balun (Type I), presented in Section 3.2, exhibits a much

narrower measured 3-dB axial ratio bandwidth of 37.7%, from 1.25 to 1.83 GHz.
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Fig. 50. Simulated and measured gain for the circularly polarized quadruple L-

probe circular patch antenna utilizing the 90° broadband balun (Type I) pair.

Fig. 50 shows the simulated and measured boresight gain of the circularly
polarized quadruple L-probe antenna utilizing the 90° broadband balun (Type I)
pair. The quadruple L-probe antenna exhibits a simulated 3-dB gain bandwidth
(gain > 5.6 dBic) of 46.9%, from 1.34 to 2.16 GHz, with its highest gain of 8.6
dBic at 2 GHz, and a measured 3-dB gain bandwidth (gain > 5.1 dBic) of 52.2%,
from 1.29 to 2.2 GHz, with its highest gain of 8.1 dBic at 1.8 GHz. The measured
gain is better than 4 dBic across a 59.1% bandwidth, from 1.24 to 2.28 GHz. The

dual L-probe antenna utilizing the 90° broadband balun (Type I), presented in
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Section 3.2, exhibits a relatively narrower measured gain bandwidth (gain > 4
dBic) of 43.68%, from 1.36 to 2.12 GHz. Combining the measured results in Fig.
48 to 50, the antenna exhibits, in terms of SWR < 2, axial ratio < 2 dB, and gain >
4 dBic, a measured CP bandwidth of 59.1%, from 1.24 to 2.28 GHz. The
designated bandwidth of interest will be from 1.2 to 2.2 GHz (58.82%). It is

observed that the measured results agree rather well with the simulated results.
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Fig. 51. Measured normalized x-z plane (¢ = 0° ) radiation patterns for the

circularly polarized quadruple L-probe circular patch antenna utilizing the 90°

broadband balun (Type I) pair.
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Fig. 52. Measured normalized y-z plane (¢ = 90°) radiation patterns for the

circularly polarized quadruple L-probe circular patch antenna utilizing the 90°

broadband balun (Type I) pair.
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Fig. 51 and 52 show the measured normalized radiation patterns for the circularly
polarized quadruple L-probe circular patch antenna utilizing the 90° broadband
balun (Type 1) pair at the lower frequency edge (1.2 GHz), center frequency (1.8

GHz), and upper frequency edge (2.2 GHz), of the bandwidth of interest, on the x-
z (¢=0°) and y-z (¢ =90°) planes, respectively. The measured axial ratio was

estimated by taking the ratio between the measured field amplitudes of the H- and
V-polarizations. Across this passband, it is observed that on both principle planes,

the antenna exhibits generally low angular axial-ratio around its boresight

(6=0°) and rather symmetrical H- and V-polarization patterns.

3.3.5 Discussions

In this section, the broadband design of a circularly polarized quadruple L-probe
circular patch antenna utilizing the proposed 90° broadband balun (Type I) pair
has been presented. The broadband balun provides good impedance matching,
equal amplitude power splitting and consistent 90° phase shifting, over a wide
band (~57.5%). The use of the proposed broadband balun pair, in place of the
conventional 90° hybrid coupler pair, has been shown to provide enhanced
impedance and axial ratio bandwidths. The symmetrical four point feeding
structure, compared to the two point feeding structure, has also been proven to
provide improved impedance, axial ratio and gain bandwidths. The proposed
circularly polarized quadruple L-probe antenna delivers wide measured
impedance (SWR < 2), axial ratio (AR < 2 dB), and gain (gain > 4 dBic)
bandwidths of 71.7% (1.2 to 2.54 GHz), 77.7% (1.07 to 2.43 GHz), and 59.1%
(1.24 to 2.28 GHz), respectively, for a measured CP operating bandwidth of

59.1%, from 1.24 to 2.28 GHz. The antenna in study presents a single patch
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element solution for multi-frequency, multi-modes wireless communication
systems requiring broadband circular polarized coverage encompassing four
bands, i.e. GPS1575 (1559-1610 MHz), PCS1800 (1710-1880 MHz), GSM1900

(1850-1990 MHz), and UMTS2000 (1920-2170 MHz).

3.4 Concluding Remarks

The wideband impedance matching, balanced power splitting, and 90° phase
shifting afforded by the 90° broadband balun (Type I) leads to enhanced
impedance bandwidth and the wideband suppression of cross-polarization due to
multiple reflections and due to feed phase errors. This cross-polarization
suppression shows up in the form of an improved axial ratio bandwidth.
Moreover, the balanced and symmetrical four point sequential feed structure, with
each feed point supplied wideband equal amplitude power and appropriate
phasing, allows for further enhanced impedance bandwidth and the cancellation of
the probe leakage radiation and probe coupling, which will in turn lead to
suppression of cross-polarization due to higher order modes and due to mutual
coupling effects. This cross-polarization suppression shows up in the form of a

further improved axial ratio bandwidth.

For the broadband circularly polarized patch antennas presented in Section 3.2
and 3.3, an oral presentation was given in the Dec. 2006 Asia Pacific Microwave
Conference (APMC2006) [61], held in Yokohama, Japan, and a full paper has
been published in the Feb. 2008 issue of IEEE Transactions on Antennas and

Propagation [62].
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CHAPTER 4

BROADBAND CIRCULARLY POLARIZED

MICROSTRIP ANTENNAS AND ARRAYS

4.1 Research Direction

Circularly polarized microstrip antenna arrays are in great demand for various
applications in mobile communications, global positioning systems, and satellite
broadcasting. Sequential rotation in circularly polarized microstrip antennas and
arrays coupled with an appropriate offset of the feeding phase leads to significant
improvements to both the bandwidth and polarization purity. Each element
(linearly or circularly polarized) in the subarray is physically rotated with respect
to a neighboring element and the phase change generated by the rotation of the
given element is offset by an appropriate phase change in the excitation, which is

usually created by a line length change in the corporate feed.

The technique of sequential rotation [63], [64], enables errors in the radiated
polarization of each element to be cancelled by the adjacent element. The cross-
circularly polarized components of the elliptically polarized elements are rejected,
as the feeding phase changes are correct for the desired sense of polarization only.
This leads to lower axial ratio across a wider bandwidth than that of the individual
element. Similarly, reflections from the mismatched elements off resonance add
destructively at the corporate feed input terminal. This leads to lower input VSWR
across a wider bandwidth than of the individual element. The use of sequentially

rotated linearly polarized elements [65], [66], is possible but gives rise to large
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diagonal plane grating lobes that severely degrades the gain [66]. To generate
circular polarization over the maximum bandwidth, circularly polarized elements
with wideband low axial ratio, fed by an isolating power splitter are desired [67].
Analysis of various configurations [68], [69] indicate that the domineering factor
determining the performance of most sequentially rotated patch arrays is multiple
reflections between the patches and the non-isolating power splitters. For a
sequentially rotated 2x2 elements patch array configuration, the cross-polarization
improvement factor due to feed phase deviation, multiple reflections, and higher
order modes, were all found to be good [69]. The sequential array confers
enhanced impedance and axial ratio bandwidths, but the gain bandwidth is still

similar to that of a conventional array using the same number of elements [69].

In this chapter, the broadband design of circularly polarized patch antennas and
arrays using sequential rotation is presented. The L-probe patch antenna allows
for wide impedance bandwidth, and the two-point feed configuration fed by a 90°
broadband balun (Type I) has been shown in the previous chapter to deliver
improved impedance and axial ratio bandwidths. To achieve even wider
impedance and axial ratio bandwidths, each broadband circularly polarized dual
L-probe antenna element is sequentially rotated to form a 2x2 patch array
configuration, for wideband small impedance mismatch and low axial ratio at
each individual element, and fed by a broadband balanced phase shifting feed
network, for wideband minimal phase errors. The capacitive-feed technique [70],
[71] is also explored as an alternative method for exciting the patch element in bid
to extend the axial ratio and gain bandwidths afforded by the asymmetrical dual

L-probe feeding structure. The use of a novel 90° broadband balun (Type II) [57]
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is proposed. The proposed 90° broadband balun delivers good impedance
matching, equal amplitude power splitting and consistent 90° (+5°) phase shifting,
across a wide band (~72.5%). In Section 4.2, wideband circular polarization
operation is demonstrated for a circularly polarized dual L-probe patch antenna
utilizing the proposed 90° broadband balun (Type II). In Section 4.3, wideband
circular polarization operation is demonstrated for a circularly polarized dual
capacitive-feed L-probe patch antenna utilizing the proposed 90° broadband balun
(Type II). In Section 4.4, wideband circular polarization operation is demonstrated
for a circularly polarized dual L-probe 2x2 patch array utilizing six of the

proposed 90° broadband baluns (Type II).

4.2 Broadband Circularly Polarized Dual L-Probe Patch

Antenna with a 90° Broadband Balun (Type I1)

4.2.1 Antenna Design and Geometry
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Fig. 53. Geometry of the circularly polarized dual L-probe circular patch antenna

utilizing the 90° broadband balun (Type II).
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For a single patch element, sequential rotation can be applied to multiple feed
points each supplied with equal amplitude power and an appropriate phase offset.
The efficacy of the sequential feeding technique in enhancing the axial ratio of the
circularly polarized single patch element depends on the number of feed points,
and the angular position and phase shift of each feed point. Similar relationships
have been shown to hold for patch arrays, whereby sequential rotation is applied
to multiple patch elements instead of multiple feed points. The sequential rotation
of two and four L-probe feeds for a single circular patch element have been
presented in Section 3.2 and 3.3, respectively. Analysis of various sequential feed
arrangements for a single circular patch element [68] indicate that the
asymmetrical two point feeding structure suffer from mutual coupling effects
between the probe feeds, serious axial ratio perturbation due to multiple
reflections and higher order modes, and moderate axial ratio perturbation due to
feed phase errors. The axial ratio perturbation due to multiple reflections and feed
phase errors may be combated with the use of a broadband isolating power divider
capable of consistent 90° phase shifting, as demonstrated in Section 3.2. However,
the mutual coupling effects and axial ratio perturbation due to higher order modes
are better suppressed in a symmetrical four point feeding structure that allows for
probe leakage radiation to cancel, leading to reduced probe coupling, and allows
for the cross-circularly polarized components to cancel, leading to reduced axial
ratio and radiation pattern perturbation. This accounts for the significantly
improved impedance and axial ratio bandwidths seen in Section 3.3. The dual L-
probe circular patch antenna, shown in Fig. 53, is designed for wideband circular
polarization operation. The circular symmetry of the circular patch element gives

no azimuthal variation and is well-suited for radiating circular polarized waves.
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The two L-probe feeds are orthogonally positioned and supplied equal amplitude
power with relative excitation phases of 0° and 90°. The use of a 90° broadband
balun (Type II) with wideband impedance matching, equal power splitting and 90°
phase shifting capabilities is studied in order to properly control the amplitude and
phase of the linearly polarized field components, so as to reduce the cross-
polarization due to multiple reflections and feed phase errors; thus providing the
patch antenna with wider impedance and axial ratio bandwidths. This two point
feeding structure will be used as one of four wideband circularly polarized
elements in the 2x2 sequential-rotated dual L-probe circular patch array presented
in Section 4.4. The idea is to design for very wide impedance and axial ratio
bandwidths for each circularly polarized elements, so that the sequential array can
achieve the widest possible impedance and axial ratio bandwidths. The four point
feeding structure was not used, despite its superior circular polarization properties,
because the more complicated feeder will prove too complex when cascaded in an
array configuration, leading to significant insertion loss that translates to lower

radiation efficiency and hence higher gain loss.

4.2.2 Feed Network Configurations

Z, (1,/8) Z, (3,/8)

Z 09 Z, Port2 |
i (Output) |
: ! /8 !
E Portl Z R%E Z, /% Zﬁ(g,) i
! (Input) b= = !
i Z, (A J4) —-—1 Z,(3/4) Z, Port3 |
E | (Output)

E Wilkinson Power Divider : Wideband 90° Phase Shifter

Fig. 54. Schematics of the proposed 90° broadband balun (Type II).
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The proposed 90° broadband balun (Type II), shown in Fig. 54, delivers good
impedance matching, balanced power splitting and regular 90° phase shifting,
across a wide band. This broadband balun comprises of a 3-dB Wilkinson power
divider [39], for wideband impedance matching and balanced power splitting,
cascaded with a broadband 180° phase shifter [40], for wideband 90° phase
shifting. A, refers to the guide wavelength at a center operating frequency. The
characteristic impedances of the microstrip branches are given by Z, = 50 Q, Z; =

70.71 Q, Z,=125.5Q, Z3 =62 Q, and Z, = 50 Q.
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Fig. 55. Simulated input port return loss comparison between the 90° hybrid

coupler and 90° broadband balun (Type II).

All simulations presented in this chapter were performed using IE3D. The feed
networks were modeled on a Rogers RO4003 laminate of thickness t = 0.8 mm,
dielectric constant &; = 3.38, and an assumed loss tangent of tan 6 = 0.0027. The
feed line widths of the 50, 62, 70.71, and 125.5 Q branches were 1.85, 1.3, 1.02,

and 0.25 mm, respectively. For convenient analysis, the input and output ports of

the feed networks were all set to 50 Q.
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Fig. 56. Simulated output ports amplitude response comparison between the 90°

hybrid coupler and 90° broadband balun (Type II).
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Fig. 57. Simulated output ports phase difference comparison between the 90°

hybrid coupler and 90° broadband balun (Type II).

Fig. 55 shows the simulated return loss comparison between the two feeders. The
90° broadband balun (Type II) exhibits a wide impedance bandwidth (S;; < -10
dB) of 131.13%, from 0.52 to 2.5 GHz, while the 90° hybrid coupler exhibits a
much narrower impedance bandwidth (S;; < -10 dB) of 30.9%, from 1.53 to 2.09

GHz. Fig. 56 shows the simulated output ports amplitude response comparison
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between the two feeders. The 90° broadband balun (Type II) exhibits balanced
output ports power distribution (Sy; = S3; = -3 dB (£0.5 dB)) over a wide band of
72.46%, from 1.1 to 2.35 GHz, while the 90° hybrid coupler exhibits balanced
output ports power distribution (S;; = S3; = -3 dB (£0.5 dB)) over a much
narrower band of 14%, from 1.66 to 1.91 GHz. Fig. 57 shows the simulated
output ports phase difference comparison between the two feeders. The 90°
broadband balun (Type II) exhibits consistent 90° (+£5°) output ports phase
difference over a considerably wide band of 86.5%, from 1.03 to 2.6 GHz, while
the 90° hybrid coupler exhibits consistent 90° (+5°) output ports phase difference

over a much narrower band of 32%, from 1.47 to 2.03 GHz.

Combining the simulated results in Fig. 55 to 57, it is observed that the proposed
90° broadband balun (Type II) delivered low input port return loss (S;; < -10 dB),
balanced output ports power distribution (S;; = S3; = -3 dB (£0.5 dB)), and
consistent 90° (+5°) output ports phase difference, over a significantly wide band
of 72.46%, from 1.1 to 2.35 GHz; hence it is termed a “broadband” balun. The
conventional 90° hybrid coupler delivered low input port return loss (S11 < -10
dB), balanced output ports power distribution (S;; = S3; = -3 dB (£0.5 dB)), and
consistent 90° (+5°) output ports phase difference over a much narrower band of
14%, from 1.66 to 1.91 GHz; inherently limited by its balanced output port power
distribution bandwidth. The 90° broadband balun (Type I), presented in Section
3.2.2, has been shown to deliver a combined bandwidth of 57.5%, from 1.3 to
2.35 GHz. However, its balanced output port distribution (Sy; = S3; = -3 dB (£0.5

dB)) bandwidth of 91.9%, from 0.87 to 2.35 GHz, is relatively wider.
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4.2.3 Fabrication and Experimental Setup

Fig. 58. Prototype of the circularly polarized dual L-probe circular patch antenna

utilizing the 90° broadband balun (Type II).

Fig. 58 shows the prototype of the circularly polarized dual L-probe circular patch
antenna utilizing the 90° broadband balun (Type II). The antenna and feed
network parameters were optimized for a wide impedance bandwidth. The circular
copper patch, of diameter D = 76.5 mm, was positioned at an air substrate height
of H = 20 mm above the feed substrate. The two L-probe feeds, each of diameter
2R = 1 mm, vertical length L, = 11 mm, and horizontal length L, = 30.5 mm,
were orthogonally oriented and positioned a distance S = 8.5 mm away from the
circumference of the patch, and soldered to the respective output ports of the feed
network. The square ground plane is of length G = 300 mm. Note that all these
antennas parameters are the same as those used for the dual L-probe circular patch
antenna utilizing the 90° broadband balun (Type I) described in Section 3.2.3,
save for the horizontal length of the L-probe feed being L, = 30.5 mm instead of
35 mm. The impedance measurements were taken using the Agilent E8364B

network analyzer, while the far-field radiation measurements were taken using the
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Hewlett Packard 8510C vector network analyzer and the Orbit-MiDAS far-field
measurement system in an anechoic chamber. With a reference linearly polarized
standard horn antenna, the comparison method (gain-transfer method) was used to
determine the measured gain (See Section 3.2.3) and the rotating-source method

was used to determine the measured axial ratio [8], [60].

In the rotating-source method, the linearly polarized reference horn (source)
antenna is rotated rapidly and at the same time the direction of observation of the
AUT is changed slowly. The rotating source antenna causes the tilt angle of the
incident field to rotate at the same rate. Care must be taken to ensure that the time
response of the recording system can adequately follow the excursions in the tilt
angle. To measure the spinning linear radiation pattern in the x-z and y-z planes,
the rate of rotation of the linearly polarized horn (source) antenna is set to 40° per
second, while the rate of rotation of the AUT in the elevation plane is set to 1.36°
per second. The maxima and minima of the spinning linear radiation pattern (see
Fig. 62) correspond to alignment of the source with the major and minor axes of
the polarization ellipse, respectively. The axial ratio is determined from the width

of the envelope of the spinning linear radiation pattern.

It should be noted that for the polarization-pattern and rotating-source methods,
the sense of rotation (LHCP or RHCP) cannot be obtained. The sense of rotation
can be separately determined by comparing the outputs of two circularly polarized
source antennas which have opposite senses. The use of LHCP and RHCP source
antennas, not available in this laboratory, also allows for the determination of the

cross-circular polarization levels across the observation angles on and off axis.
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4.2.4 Impedance and Radiation Performances
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Fig. 59. Simulated and measured SWR for the circularly polarized dual L-probe

circular patch antenna utilizing the 90° broadband balun (Type II).
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Fig. 60. Simulated and measured axial ratio for the circularly polarized dual L-

probe circular patch antenna utilizing the 90° broadband balun (Type II).

Fig. 59 shows the simulated and measured SWR for circularly polarized dual L-
probe circular patch antenna utilizing the 90° broadband balun (Type II). The dual
L-probe antenna exhibits considerably wide simulated and measured impedance
bandwidths (SWR < 2) of 59%, from 1.2 to 2.21 GHz, and 62%, from 1.14 to 2.17

GHz, respectively. This is wider than the 42% impedance bandwidth (SWR < 2)
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attained for the dual L-probe antenna utilizing the 90° hybrid coupler [56]. The
dual L-probe antenna utilizing the 90° broadband balun (Type I), presented in
Section 3.2, exhibits a similar measured impedance bandwidth (SWR < 2) of

61%, from 1.15 to 2.16 GHz.

Fig. 60 shows the simulated and measured axial ratio for the circularly polarized
dual L-probe circular patch antenna utilizing the 90° broadband balun (Type II).
The dual L-probe antenna exhibits rather wide simulated and measured 3-dB
axial-ratio bandwidths of 41.6%, from 1.18 to 1.8 GHz, and 44.37%, from 1.14 to
1.79 GHz, respectively. This is much wider than the 27.23% 3-dB axial ratio
bandwidth attained for the dual L-probe antenna utilizing the 90° hybrid coupler
[56]. The dual L-probe antenna utilizing the 90° broadband balun (Type I),
presented in Section 3.2, exhibits a comparatively narrower measured 3-dB axial
ratio bandwidth of 37.7%, from 1.25 to 1.83 GHz. This may be attributed to the
relatively narrower operating range of the 90° broadband balun (Type I) balun

(~57.5%), compared to that of the 90° broadband balun (Type II) balun (~72.5%).
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Fig. 61. Simulated and measured gain for the circularly polarized dual L-probe

circular patch antenna utilizing the 90° broadband balun (Type II).
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Fig. 62. Measured normalized spinning linear radiation patterns for the circularly

polarized dual L-probe circular patch antenna utilizing the 90° broadband balun

(Type II).

Fig. 61 shows the simulated and measured boresight gain for the circularly
polarized dual L-probe circular patch antenna utilizing the 90° broadband balun
(Type II). The dual L-probe antenna exhibits a simulated 3-dB gain bandwidth
(gain > 5 dBic) of 38.02%, from 1.47 to 2.16 GHz, with its highest gain of 8 dBic
at 1.8 GHz, and a measured 3-dB gain bandwidth (gain > 5.2 dBic) of 38.89%,

from 1.45 to 2.15 GHz, with its highest gain of 8.2 dBic at 1.7 GHz. The
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measured gain is better than 4 dBic across a 45.38% bandwidth, from 1.38 to 2.19
GHz. The dual L-probe antenna utilizing the 90° broadband balun (Type I),
presented in Section 3.2, exhibits a similar measured gain bandwidth (gain > 4
dBic) of 43.68%, from 1.36 to 2.12 GHz. Combining the measured results in Fig.
59 to 61, the antenna exhibits, in terms of SWR < 2, axial ratio < 3 dB, and gain >
4 dBic, a measured CP bandwidth of 25.87%, from 1.38 to 1.79 GHz. The
designated bandwidth of interest will be from 1.2 to 1.7 GHz (34.48%). It is

observed that the measured results agree rather well with the simulated results.

Fig. 62 shows the measured normalized spinning linear radiation patterns for the
circularly polarized dual L-probe circular patch antenna utilizing the 90°
broadband balun (Type II) at the lower frequency edge (1.2 GHz), center

frequency (1.5 GHz), and upper frequency edge (1.7 GHz), of the bandwidth of
interest, on the x-z (¢ =0°) and y-z (¢ =90°) planes, respectively. The measured

axial ratio was determined from the width of the envelope of the spinning linear
radiation pattern. Across this passband, it is observed that on both principle
planes, the antenna exhibits acceptable axial-ratio (AR < 3 dB) across a narrow
beamwidth. The slight asymmetry observed in the radiation patterns should be due

to the asymmetrical feed orientation of the dual L-probe antenna structure.

4.25 Discussions

In this section, the broadband design of a circularly polarized dual L-probe
circular patch antenna utilizing the proposed 90° broadband balun (Type II) has
been presented. The broadband balun provides good impedance matching, equal
amplitude power splitting and consistent 90° phase shifting, over a wide band

(~72.5%). The use of the proposed broadband balun (Type II), in place of the
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conventional 90° hybrid coupler, has been shown to provide enhanced impedance
and axial ratio bandwidths. The use of the Type II broadband balun, in place of
the Type I broadband balun, has been shown to provide enhanced axial ratio
bandwidth but similar impedance and gain bandwidths. The proposed circularly
polarized dual L-probe antenna delivers wide measured impedance (SWR < 2),
axial ratio (AR < 3 dB), and gain (gain > 4 dBic) bandwidths of 62% (1.14 to 2.17
GHz), 44.37% (1.14 to 1.79 GHz) and 45.38% (1.38 to 2.19 GHz), respectively,

for a measured CP operating bandwidth of 25.87%, from 1.38 to 1.79 GHz.

4.3 Broadband Circularly Polarized Dual Capacitive-Feed

Patch Antenna with a 90° Broadband Balun (Type I1)

4.3.1 Antenna Design and Geometry
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Fig. 63 Geometry of the circularly polarized dual capacitive-feed circular patch

antenna utilizing the 90° broadband balun (Type II).

Since the gain profile of a sequential array is similar to that of a conventional

array using the same number of elements, the gain bandwidth for a sequential-
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rotated 2x2 patch array may not be able to match up to the improved impedance
and axial ratio bandwidths. Therefore, the capacitive-feed technique [70], [71] is
explored as an alternative method for exciting the patch element in bid to extend
the gain bandwidth of the dual L-probe patch antennas presented in Section 3.2
and 4.2. The dual capacitive-feed circular patch antenna, shown in Fig. 63, is
designed for wideband circular polarization operation centered at 4.0 GHz. For
practical use of its own, the dual capacitive-feed antenna is targeted for a 50% CP
bandwidth sufficient to cover the lower UWB band (3.1 to 5.0 GHz). The two
capacitive-feeds are orthogonally positioned and supplied equal amplitude power
with relative excitation phases of 0° and 90°. The use of the 90° broadband balun
(Type II), presented in Section 4.2.2, with wideband impedance matching, equal
power splitting and 90° phase shifting capabilities, is used to control the amplitude
and phase of the linearly polarized field components, so as to reduce the cross-
polarization due to multiple reflections and feed phase errors; thus providing the

patch antenna with wider impedance and axial ratio bandwidths.

4.3.2 Feed Network Configuration

The 90° broadband balun (Type II), presented in Section 4.2.2, provides more
tunable feed line parameters and a wider operating bandwidth of ~72.5%
compared to the 90° broadband balun (Type I). However, one important
disadvantage is that the Z, = 125.5 Q microstrip branch requires a minimum feed
line width of only 0.25 mm on a 0.8 mm thick Rogers RO4003 dielectric
substrate. This line width may be too thin and exceed the manufacturing tolerance
in some cases. For an optimized set of antenna parameters, the lengths of the

various microstrip branches can be further optimized to adjust the impedance and
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axial ratio bandwidths to match the gain bandwidth of the antenna in study. The
impedance matching is affected mainly by branches Z,, Z, and Z3, the balanced
power splitting is controlled by branches Z, and Z3, while the 90° phase shifting
can be adjusted by tweaking branch Z4. Here, A, refers to the guide wavelength at

a center operating frequency of 4.0 GHz.

4.3.3 Fabrication and Experimental Setup

(a) feed network layer (b) capacitive discs layer

(c) patch element layer

Fig. 64. Prototype of the circularly polarized dual capacitive-feed circular patch

antenna utilizing the 90° broadband balun (Type II).

Fig. 64 shows the prototype of the circularly polarized dual capacitive-feed
circular patch antenna utilizing the 90° broadband balun (Type II). The antenna
and feed network parameters were optimized for a wide impedance bandwidth
centering 4.0 GHz. The circular copper patch, of diameter D; = 34 mm (0.453 A,),

was positioned at an air substrate height of h; = 1.5 mm above the capacitive discs
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layers. The two capacitive-feeds, each with a probe of diameter 2R = 1 mm and of
vertical length h, = 4.7 mm, and with a circular disc of diameter D, = 5.5 mm,
were orthogonally oriented and positioned a distance S = 2.2 mm away from the
circumference of the patch, and soldered to the respective output ports of the feed
network. The capacitive discs and feed network were respectively printed on
separate Rogers RO4003 laminates, each of thickness t = 0.8 mm and dielectric
constant & = 3.38. The square ground plane is of length G = 75 mm (1 A,). The
impedance measurements were taken using the Agilent N5230A network
analyzer, while the far-field radiation measurements were taken using the Hewlett
Packard 8510C vector network analyzer and the Orbit-MiDAS far-field
measurement system in an anechoic chamber. With a reference linearly polarized
standard horn antenna, the comparison method (gain-transfer method) was used to
determine the measured gain (See Section 3.2.3) and the rotating-source method

was used to determine the measured axial ratio (See Section 4.2.3).

4.3.4 Impedance and Radiation Performances
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Fig. 65. Simulated and measured SWR for the circularly polarized dual

capacitive-feed circular patch antenna utilizing the 90° broadband balun (Type II).
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Fig. 65 shows the simulated and measured SWR for circularly polarized dual
capacitive-feed circular patch antenna utilizing the 90° broadband balun (Type II).
The dual capacitive-feed antenna exhibits wide simulated and measured
impedance bandwidths (SWR < 2) of 61.96%, from 2.74 to 5.2 GHz, and 42.77%,
from 2.61 to 4.03 GHz, respectively. It is observed that the measured input
VSWR has risen sharply between 4.05 to 4.6 GHz, leading to a discrepancy
between the simulated and measured SWR results. The dual L-probe antenna
utilizing the 90° broadband balun (Type II), presented in Section 4.2, exhibits a
much wider measured impedance bandwidth (SWR < 2) of 62%, from 1.14 to
2.17 GHz. The surge in input VSWR should be caused by the increased mutual
coupling effects (ie. coupling between the vertical components of the capacitive-
feeds) within this frequency range. Probe coupling is not properly cancelled with
an asymmetrical two-point feeding structure. The vertical components of the two
capacitive-feeds have to be spaced closer together, in terms of open wavelength,
compared to that of the vertical components of the two L-probe feeds.
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Fig. 66. Simulated and measured axial ratio for the circularly polarized dual

capacitive-feed circular patch antenna utilizing the 90° broadband balun (Type II).
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Fig. 66 shows the simulated and measured axial ratio for the circularly polarized
dual capacitive-feed circular patch antenna utilizing the 90° broadband balun
(Type II). The dual capacitive-feed antenna exhibits considerably wide simulated
and measured 3-dB axial-ratio bandwidths of > 62.12%, from 2.63 to above 5
GHz, and 52.16%, from 2.65 to 4.52 GHz, respectively. The dual L-probe antenna
utilizing the 90° broadband balun (Type II), presented in Section 4.2, exhibits a
comparatively narrower measured 3-dB axial ratio bandwidth of 44.37%, from
1.14 to 1.79 GHz. The measured results suggest that, for a given feed network, the
capacitive-feed technique is capable of further extending the axial ratio bandwidth
afforded by the L-probe proximity feed approach. It should also be noted,
however, that for the dual capacitive-feed antenna in study, the impedance
matching, balanced power splitting, and 90° phase shifting properties of the 90°
broadband balun (Type II) have been carefully optimized in simulation in bid to

further increase the 3-dB axial ratio bandwidth to ~50%.
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Fig. 67. Simulated and measured gain for the circularly polarized dual capacitive-

feed circular patch antenna utilizing the 90° broadband balun (Type II).
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Normalized Gain (dB)

Fig. 68. Measured normalized spinning linear radiation patterns for the circularly

polarized dual capacitive-feed circular patch antenna utilizing the 90° broadband

Fig. 67 shows the simulated and measured boresight gain for the circularly
polarized dual capacitive-feed circular patch antenna utilizing the 90° broadband
balun (Type II). The dual capacitive-feed antenna exhibits a simulated 3-dB gain
bandwidth (gain > 5.15 dBic) of > 46.61%, from 3.11 to above 5 GHz, with its
highest gain of 8.15 dBic at 3.5 GHz, and a measured 3-dB gain bandwidth (gain

> 4 dBic) of > 53.81%, from 2.88 to above 5 GHz, with its highest gain of 7 dBic

Normalized Gain (dB)

MNormalized Gain [dB)

rya Ii |..I..,-. 'y --II“
a0 .:::.l.'!JI 1 Wl ‘ g ¥ a|i:|J It
| rllll:l ||. I I|],|] | = o |"':]'r-§.'l||lll=.}-l'
M il LAY | @ (T
16 1 ;| |i| '-.I, { l],r[, il | 3 -8 | I....i'l.l ,I'[l
I M Ll g % N {1y
20 e 1t || E "|_" | 1R
' El |
25 '|= —1 1 " a5 [l [ . I.
LA | DO U DUOE DOV D | L | ORI, LU N SO | || RN 5P
:"!130 160 120 &0 60 30 0 30 60 80 120 150 1e0 <180 150 -120 80 60 30 0 30 60 80 120 150 180
Elevation Angle (deg) Elevation Angle (deg)
x-z plane y-z plane
(a) 2.7 GHz
0 , 0
nerm T TP
|\_|\|\' "r';'.'l-'-_ |I'Jil: IIII.!'”'u
5 i 5| ik g
g l )
10 | - H = 0 Il "il. -
i 1 N I 'J"'I'I Wl |
1 | . i B 45— L A T
1 | !.'-‘I |: ] t: I.1 | g * i‘:. .I | |'II_ ||||
o 17..!!5..... 't.:'.]l | 111 I I I |_ 1 it "||I'."--.-':=
N | ey vy s .--I-'| i
s ll L L ['} i B 26 “‘ i :-,"[-. '..‘I:l. |1l lEI:I!.,'._
"] Nl 1"
| l | W |..|...|....|..-.|....!!...|...| || !l { I ||

<180 -180 120 S0 $0 30 0 30 60 %0 120 150 180

Elevation Angle (deg) Elevation Angle (deg)
x-z plane y-z plane
(b) 3.75 GHz
] I [ T
| '.','“I' I."l= i ’Il.-'lﬁ";;
st N o 't :I!ill‘||||
10 il |JIEI I 2 o1 LN 8 + :I\:.. Jlu ! .
" ll!ljl iI i!‘ ]' I.III I|I | E " [ | ||| :I'“H. .‘ill |..J {
1 U A UL AL TR R T it ¢ i, ul
| Ilri'tll. i LT Wl || i |||:.”l'.| Il !
20 HiHE l','i { ‘ | Hi I 184 E w1 LR | | ‘[ !
) ' l”' L il LA [ 1] |
2 i ! | | — a8 i | 'l’lllil_ Illl 1| - : i
A | AL

Elevation Angle (deg)

x-z plane

| | |
~180 -150 <120 20 H0 30 0 30 60 20 120 150 180

Elevation Angle (deg)
y-z plane
(c) 4.5 GHz

balun (Type II).

90

a0 L I L L | | L A L
<180 160 120 80 60 30 ©0 30 60 80 120 160 18O



at 3.25 GHz. The dual L-probe antenna utilizing the 90° broadband balun (Type
IT), presented in Section 4.2, exhibits a comparatively narrower measured gain
bandwidth (gain > 4 dBic) of 45.38%, from 1.38 to 2.19 GHz. The measured
results suggest that, for a given feed network, the capacitive-feed technique is
capable of further extending the gain bandwidth afforded by the L-probe
proximity feed approach. Combining the measured results in Fig. 65 to 67, the
antenna exhibits, in terms of SWR < 2, axial ratio < 3 dB, and gain > 4 dBic, a
measured CP bandwidth of 33.29%, from 2.88 to 4.03 GHz. The designated
bandwidth of interest will be from 2.7 to 4.5 GHz (50%). The measured boresight
gain profile in the x-z and y-planes are shown to be identical, which suggests that
the AUT has been perfectly mounted during the experimental setup to allow for

accurate radiation measurements.

Fig. 68 shows the measured normalized spinning linear radiation patterns for the
circularly polarized dual capacitive-feed circular patch antenna utilizing the 90°
broadband balun (Type II) at the lower frequency edge (2.7 GHz), center
frequency (3.75 GHz), and upper frequency edge (4.5 GHz), of the bandwidth of

interest, on the x-z (¢ =0°) and y-z (¢ =90°) planes, respectively. The measured

axial ratio was determined from the width of the envelope of the spinning linear
radiation pattern. Across this passband, it is observed that on both principle
planes, the axial-ratio increases sharply off the boresight. This suggests that good
circular polarization operation can only take place point-to-point. The slight
asymmetry observed in the radiation patterns can be attributed to the asymmetrical

feed orientation of the dual L-probe antenna structure.
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4.3.5 Discussions

In this section, the broadband design of a circularly polarized dual capacitive-feed
circular patch antenna utilizing the proposed 90° broadband balun (Type II) has
been presented. The broadband balun provides good impedance matching, equal
amplitude power splitting and consistent 90° phase shifting, over a wide band
(~72.5%). The proposed dual capacitive-feed antenna utilizing the proposed
broadband balun (Type II), compared to the dual L-probe antenna utilizing the
same broadband balun, has been shown to provide enhanced axial ratio and gain
bandwidths (> 50%). However, soldering a coaxial wire perpendicularly onto a
capacitive disc is difficult as opposed to simply bending a coaxial wire to form an
L-probe feed. Since comparative advantage in terms of measured impedance
bandwidth has not been ascertained, the dual L-probe antenna was selected for the
sequential array study presented in the following section. The proposed circularly
polarized dual capacitive-feed antenna delivers wide measured impedance (SWR
< 2), axial ratio (AR < 3 dB), and gain (gain > 4 dBic) bandwidths of 42.77%
(2.61 to 4.03 GHz), 52.16% (2.65 to 4.52 GHz), and > 53.81% (2.88 to above 5
GHz), respectively, for a measured CP operating bandwidth of 33.29%, from 2.88
to 4.03 GHz. The gain bandwidth (gain > 4 dBic), dependent on antenna structure
and excitation geometry, has been successfully optimized to cover the entire lower
UWRB band, from 3.1 to 5.0 GHz. The 90° broadband balun (Type II) can still be
further optimized to reduce the input impedance mismatch and feed phase errors
across the frequency range of interest, so as to shift the impedance and axial ratio
bandwidths to match the design gain bandwidth. This will present a breakthrough
compact two point feed patch antenna capable of providing a ~50% CP operation

suitable for emerging UWB applications.
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4.4  Broadband Circularly Polarized Dual L-Probe Patch Array

with 90° Broadband Baluns (Type II)

441 Antenna Array Configuration
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Fig. 69. Geometry of the circularly polarized 2x2 sequential-rotated L-probe

circular patch array utilizing six 90° broadband baluns (Type II).

The efficacy of the sequential feeding technique in enhancing the axial ratio of the
circularly polarized sequential array depends on the number of elements, and the
angular position and phase shift of each element. Analysis of various sequential
array configurations [69] indicate that the symmetrical 2x2 elements sequential
array is effective in suppressing the cross-circular polarization due to feed phase
errors, multiple reflections and, in particular, higher order modes. This holds true
for the main beam peak but in some cases, the cross-polarization sidelobes of the
sequential array may even be higher than in a conventional array. The 2x2
sequential-rotated dual L-probe circular patch array, shown in Fig. 69, is designed

for wideband circular polarization operation centered at 1.8 GHz. The circularly
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polarized elements are sequentially rotated and supplied equal amplitude power
with relative excitation phases of 0°, 90°, 180°, and 270°. Each of the four
circularly polarized dual L-probe patch elements is fed by a dedicated 90°
broadband balun (Type II). Each dedicated 90° broadband balun (Type II)
provides the two L-probe feeds in each circularly polarized element with
impedance matching, equal power splitting and consistent 90° phase shifting, over
a wide band. The four dedicated 90° broadband baluns (Type II) are in turn
connected to the respective output ports of the 90° broadband balun (Type II) pair
described in the next section. The element spacing, E, determines the amount of
gain loss. In general, a smaller E can help reduce gain loss but this will be at the
expense of higher mutual coupling between the patch elements which implicates

both the overall impedance matching and axial ratio.

4.4.2 Feed Network Configuration

: i : 90° Broadbpnd Bal
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Fig. 70. Schematics of the proposed 90° broadband balun (Type II) pair.

The proposed 90° broadband balun (Type II) pair, shown in Fig. 70, delivers good
impedance matching, equal amplitude power splitting and relative excitation
phasing of 0°, 90°, 180°, and 270°, over a wide band. The feed network comprises
a conventional 180° narrowband balun (Fig. 3) cascaded to a pair of the proposed

90° broadband baluns (Type II) (Fig. 54). To provide the required 180° phase shift
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between the two 90° broadband baluns (Type II), the lengths of the microstrip
branches, d; and d», must be such that d; — d> =4, / 2, where A, refers to the guide
wavelength at a center operating frequency of 1.8 GHz. The characteristic
impedances of the microstrip branches are given by Z, =50 Q, Z, =70.71 Q, Z, =

125.5Q,7Z;=62 Q,and Z4 =50 Q, Zs =35.36 Q, and Zs = 50 Q.

4.4.3 Fabrication and Experimental Setup

Fig. 71. Prototype of the circularly polarized 2x2 sequential-rotated L-probe

circular patch array utilizing six 90° broadband baluns (Type II).

Fig. 71 shows the prototype of the circularly polarized 2x2 sequential-rotated L-
probe circular patch array utilizing six 90° broadband baluns (Type II). The
antenna and feed network parameters were optimized for a wide impedance
bandwidth centering 1.8 GHz. The dual L-probe circular patch antenna utilizing
the 90° broadband balun (Type II) described in Section 4.2.3, were used for each
of the four circularly polarized elements; maintaining the same antenna
parameters. The circular copper patch, of diameter D = 76.5 mm (0.459 A,), was
positioned at an air substrate height of H = 20 mm (0.12 A,) above the feed

substrate. The patch element separation was set to E = 100 mm (0.6 A,). The two
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L-probe feeds, each of diameter 2R = 1 mm, vertical length L, = 11 mm (0.066
Ao), and horizontal length L, = 30.5 mm (0.183 2A,), were orthogonally oriented
and positioned a distance S = 8.5 mm away from the circumference of the patch,
and soldered to the respective output ports of the feed network. The square ground
plane is of length G = 320 mm (1.92 A,). A larger ground plane was used to
accommodate the more elaborate feeder footprint. The impedance measurements
were taken using the Agilent E8364B network analyzer, while the far-field
radiation measurements were taken using the Hewlett Packard 8510C vector
network analyzer and the Orbit-MiDAS far-field measurement system in an
anechoic chamber. With a reference linearly polarized standard horn antenna, the
comparison method (gain-transfer method) was used to determine the measured
gain (See Section 3.2.3) and the rotating-source method was used to determine the

measured axial ratio (See Section 4.2.3).

444 Impedance and Radiation Performances
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Fig. 72. Simulated and measured SWR for the circularly polarized 2x2

sequential-rotated L-probe circular patch array utilizing six 90° broadband baluns

(Type 1I).
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Fig. 73. Simulated and measured axial ratio for the circularly polarized 2x2

sequential-rotated L-probe circular patch array utilizing six 90° broadband baluns
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Fig. 74. Simulated and measured gain for the circularly polarized 2x2 sequential-

rotated L-probe circular patch array utilizing six 90° broadband baluns (Type II).

Fig. 72 shows the simulated and measured SWR for 2x2 sequential-rotated L-
probe circular patch array utilizing six 90° broadband baluns (Type II). The
sequential array exhibits considerably wide simulated and measured impedance
bandwidths (SWR < 2) of 118.52%, from 0.66 to 2.58 GHz, and 81.36%, from

1.05 to 2.49 GHz, respectively. The dual L-probe antenna utilizing the 90°
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broadband balun (Type II), presented in Section 4.2, exhibits a much narrower
measured impedance bandwidth (SWR < 2) of 62%, from 1.14 to 2.17 GHz. The
measured results suggest that in the sequential array configuration, the reflections

from the mismatched elements effectively cancel out in the feeder.
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Fig. 75. Measured normalized spinning linear radiation patterns for the circularly
polarized 2x2 sequential-rotated L-probe circular patch array utilizing six 90°

broadband baluns (Type II).

Fig. 73 shows the simulated and measured axial ratio for the circularly polarized

2x2 sequential-rotated L-probe circular patch array utilizing six 90° broadband
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baluns (Type II). The sequential array exhibits rather wide simulated 3-dB and 2-
dB axial-ratio bandwidths of 82.35%, from 1.1 to 2.64 GHz, and 72.53%, from
1.16 to 2.48 GHz, respectively. The measured 3-dB and 2-dB axial ratio
bandwidths are 78.4%, from 1.14 to 2.61 GHz, and 72.53%, from 1.16 to 2.48
GHz, respectively. The dual L-probe antenna utilizing the 90° broadband balun
(Type II), presented in Section 3.2, exhibits a much narrower measured 3-dB axial
ratio bandwidth of 44.37%, from 1.14 to 1.79 GHz. The measured results suggest
that the sequential array configuration has been effective in suppressing the cross-
circular polarization components due to feed phase deviation, multiple reflections

and higher order modes, hence reducing the related axial ratio perturbation.

Fig. 74 shows the simulated and measured boresight gain for the circularly
polarized 2x2 sequential-rotated L-probe circular patch array utilizing six 90°
broadband baluns (Type II). The sequential array exhibits a simulated 3-dB gain
bandwidth (gain > 8.54 dBic) of 30.89% from 1.56 to 2.13 GHz, with its highest
gain of 11.54 dBic at 1.9 GHz, and a measured 3-dB gain bandwidth (gain > 8.35
dBic) of 30.14% from 1.55 to 2.1 GHz, with its highest gain of 11.35 dBic at 1.8
GHz. The measured gain is better than 4 dBic across a 53.11% bandwidth, from
1.3 to 2.24 GHz. The dual L-probe antenna utilizing the 90° broadband balun
(Type II), presented in Section 4.2, exhibits a comparatively narrower measured
gain bandwidth (gain > 4 dBic) of 45.38%, from 1.38 to 2.19 GHz. Its highest
measured gain of 8.2 dBic was observed at 1.7 GHz. The sequential array is
deemed to have conferred additional ~3.15 dB gain over its single element
counterpart. For a 2x2 array in the absence of any loss (radiation, surface wave,

dielectric, ohmic, or connector losses), an additional 6 dB gain is expected. The
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discrepancy implies an estimated gain loss of 3 dB accrued mainly to the insertion
losses in the feed network. Combining the measured results in Fig. 72 to 74, the
antenna exhibits, in terms of SWR < 2, axial ratio < 2 dB, and gain > 4 dBic, a
measured CP bandwidth of 53.11%, from 1.3 to 2.24 GHz. The designated
bandwidth of interest will be from 1.2 to 2.2 GHz (58.82%). Although increased
impedance and axial ratio bandwidths are obtained, the bandwidth over which a
specified array gain is maintained is similar to that for a conventional array. The
gain bandwidth product is related to array volume which is not changed by
sequential rotation. Hence, gain loss remains a significant bandwidth constraint

for the sequential array.

It is observed that the measured results agree very well with the simulated results.
This is not easy to achieve considering the high degree of accuracy required in
soldering and aligning the eight L-probe feeds, and aligning the four patch
elements, during the fabrication process. This also ascertains the proper mounting
of the AUT during the experimental setup, and confirms the reliability of the

rotating-source method in determining the measured axial ratio.

Fig. 75 shows the measured normalized spinning linear radiation patterns for the
circularly polarized 2x2 sequential-rotated L-probe circular patch array utilizing
six 90° broadband baluns (Type II) at the lower frequency edge (1.2 GHz), center
frequency (1.8 GHz), and upper frequency edge (2.2 GHz), of the bandwidth of
interest, on the x-z (¢ =0°) and y-z (¢ =90°) planes, respectively. The measured
axial ratio was determined from the width of the envelope of the spinning linear

radiation pattern. Across this passband, it is observed that on both principle
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planes, the sequential array exhibits acceptable axial-ratio (AR < 3 dB) across a
narrow beamwidth. In particular, good pattern symmetry and low angular axial
ratio around the boresight are observed at the design center frequency of 1.8 GHz,
on both principle planes. The circularly polarized dual L-probe antenna utilizing
the 90° broadband balun (Type II), presented in Section 4.2, exhibits in Fig. 62,
slightly wider beamwidths across its corresponding bandwidth of interest. This is
expected because the 2x2 array configuration will yield higher gain at the expense

of narrower beamwidths.

445 Discussions

In this section, the broadband design of a circularly polarized 2x2 sequential-
rotated dual L-probe circular patch array utilizing six proposed 90° broadband
baluns (Type II) has been presented. The broadband balun provides good
impedance matching, equal amplitude power splitting and consistent 90° phase
shifting, over a wide band (~72.5%). Each circularly polarized dual L-probe patch
element, fed by a dedicated broadband balun, delivers wide measured impedance,
axial ratio, and gain bandwidths. The sequential array, composed of four of the
circularly polarized dual L-probe patch elements sequentially fed by the proposed
broadband balun pair, has been shown to provide enhanced impedance, axial ratio
and gain bandwidths over that of each individual element. The proposed circularly
polarized sequential array delivers wide measured impedance (SWR < 2), axial
ratio (AR < 2 dB), and gain (gain > 4 dBic) bandwidths of 81.36% (1.05 to 2.49
GHz), 72.53% (1.16 to 2.48 GHz), and 53.11% (1.3 to 2.24 GHz), respectively,
for a measured CP operating bandwidth of 53.11%, from 1.3 to 2.24 GHz.

Although increased impedance and axial ratio bandwidths are obtained, the
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bandwidth over which a specified array gain is maintained is similar to that for a
conventional array. Hence, gain loss remains a significant bandwidth constraint
for the sequential array. The sequential array in study presents a patch array
solution for multi-frequency, multi-modes, point-to-point wireless communication
systems requiring broadband circular polarized coverage encompassing four
bands, i.e. GPS1575 (1559-1610 MHz), PCS1800 (1710-1880 MHz), GSM1900

(1850-1990 MHz), and UMTS2000 (1920-2170 MHz).

4.5 Concluding Remarks

The wideband impedance matching, balanced power splitting, and 90° phasing
afforded by the 90° broadband balun (Type II) leads to enhanced impedance
bandwidth and the wideband suppression of cross-polarization due to multiple
reflections and feed phase errors. This cross-polarization suppression shows up in
the form of an improved axial ratio bandwidth. However, the inherent asymmetry
of the two point feeding structure implies that the cross-polarization due to higher
order modes and mutual coupling effects cannot be properly suppressed. To
overcome this, four sets of two point feed patch elements were sequentially
rotated to form a balanced and symmetrical 2x2 sequential array, with each
element supplied wideband equal amplitude power and appropriate phasing. This

allowed for further improved impedance and axial ratio bandwidths.
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CHAPTER 5

BROADBAND CIRCULARY POLARIZED

DIELECTRIC RESONATOR ANTENNAS

5.1 Research Direction

Dielectric resonator antennas have been widely investigated over the past two
decades [72]-[77]. The DRA is essentially a resonant antenna fabricated from a
low-loss dielectric material, the resonant frequency of which is predominantly a
function of size, shape, and material permittivity. Like the microstrip patch
antenna, the DRA shares many attractive features such as low cost, compact size,
light weight, and ease of coupling to most transmission lines. More significantly,
the DRA avoid the inherent disadvantages of conventional metallic antennas
including high conduction loss at millimeter-wave frequencies and low efficiency
due to surface wave excitation. Prior studies of the DRA were primarily

concentrated on those producing linear polarization [72]-[77].

Circular polarization, compared to linear polarization, allows for greater flexibility
in the orientation angle between transmitter and receiver, better mobility and
weather penetration, and greater reduction in multipath reflections and other kinds
of interference. Consequently, circularly polarized DRA have received more
attention in recent years [78]-[87]. Circular polarization is produced when two or
more orthogonal linearly polarized modes, of equal amplitude and 90° phase
difference, are independently excited. For circular polarization, the DRA may be

excited by dual coaxial probe [78], dual conformal strip [79] or with parasitic
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strips [80], [81], rotated sequential feed [82], [83], or aperture feed [84]-[86]
excited in phase quadrature (90°). Moreover, a comb-shaped slot loaded
cylindrical DRA can also generate circular polarization operation [87]. The dual

conformal strip dual-fed approach in [79] has comparatively wider 10-dB return

loss and 3-dB axial bandwidths of 13.7% and 20%, respectively.

In this chapter, the broadband design of circularly polarized stripline fed dielectric
resonator antennas is presented. To improve the coupling between the microstrip
feed line and the DRA, the vertical conformal stripline feed in [88] was adopted.
This feed technique has the merits of low back radiation and allows for the DRA
to attain a reasonably wide impedance bandwidth. To improve the quality of
circular polarization, four vertical conformal striplines were sequentially
positioned around the circumference of a cylindrical DRA and supplied balanced
power with relative excitation phases of 0°, 90°, 180°, and 270° as in [56]. The
application of a symmetrical four point feeding structure to a cylindrical DRA is
new and has not been reported in open literature. The use of a conventional 90°
hybrid coupler pair is proposed. The conventional 90° hybrid coupler used
delivers good impedance matching, equal amplitude power splitting and
consistent 90° (+5°) phase shifting, across a bandwidth of only ~14%. However,
this feed network is shown to suffice in extending the impedance and axial ratio
bandwidths of the cylindrical DRA. In Section 5.2, wideband circular polarization
operation is demonstrated for a circularly polarized dual stripline dielectric
resonator antenna utilizing the 90° hybrid coupler. In Section 5.3, wideband
circular polarization operation is demonstrated for a circularly polarized quadruple

stripline dielectric resonator antenna utilizing a pair of the 90° hybrid couplers.
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5.2 Broadband Circularly Polarized Dual Stripline Dielectric

Resonator Antenna with a 90° Hybrid Coupler

5.2.1 Antenna Design and Geometry

Cylindrical DRA
Irlput {E—ﬂ
= =
toSOQIoad \
Ground
Plane

Dielectric substrate (5) t]

X

Fig. 76. Geometry of the circularly polarized dual stripline cylindrical dielectric

resonator antenna utilizing the 90° hybrid coupler.

For a single patch element, sequential rotation can be applied to multiple feed
points each supplied with equal amplitude power and an appropriate phase offset.
It have been demonstrated in Section 3.2 and 4.2 that the axial ratio perturbation
due to multiple reflections and feed phase errors may be reduced with the use of a
broadband isolating power divider capable of consistent 90° phase shifting. This
two point feeding structure can be conceptually extended to the cylindrical DRA
in bid to enhance its impedance and axial bandwidths. The circularly polarized
dual stripline cylindrical DRA utilizing the 90° hybrid coupler, shown in Fig. 76,
is designed for wideband circular polarization operation centered at 2.0 GHz. The
conformal striplines, which provides improved coupling between the microstrip
feed line and the DRA [88], are excited in phase quadrature and displaced
orthogonally in space to produce two degenerate TM;;p mode in phase

quadruature. No drilling through the DRA is required. For a given cylindrical

105



ceramic material of radius r = 20 mm (0.133 A,), height h =20 mm (0.133 A,) and
relative permittivity &, = 9.5, the stripline geometry and positioning, and 90°
hybrid coupler feed line parameters are optimized accordingly. This dual stripline
cylindrical DRA is used as a comparative benchmark for the quadruple stripline

cylindrical DRA presented in the following section.

5.2.2 Feed Network Configuration

The conventional 90° hybrid coupler (Fig. 33), presented in Section 3.2.2, was
used in this study. The feed substrate used was a Rogers RO4003 laminate of
thickness t = 0.8 mm, dielectric constant g = 3.38, and an assumed loss tangent of
tan & = 0.0027. The feed line widths of the 35.36 and 50 Q branches were 3.1 and
1.85 mm, respectively. For convenient analysis, the input and output ports of the

feed networks were all set to 50 Q.

5.2.3 Impedance and Radiation Performances
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Fig. 77. Simulated SWR comparison between the single stripline cylindrical
DRA and the circularly polarized dual stripline cylindrical DRA utilizing the 90°

hybrid coupler.

106



Axial Ratio (dB)
(o1gp) wieo yesd

essnennae single stripline f| 1
----- dual stripline
PRI E——

0 E - \i" s . | L et tesiesmed : ;
1.6 1.7 1.8 1.9 2 21 2.2
Frequency (GHz)

Fig. 78. Simulated axial ratio and gain comparison between the single stripline
cylindrical DRA and the circularly polarized dual stripline cylindrical DRA

utilizing the 90° hybrid coupler.

All simulations presented in this chapter were performed using Ansoft HFSS, a
commercially available 3-D electromagnetic field solver based on the Finite
Element Method (FEM). The FEM used in HFSS, compared to the MoM used in
IE3D, is a computationally more efficient numerical method for solving finite

dielectric structures, as is the case of the DRA studied here.

Fig. 77 shows the simulated SWR comparison between the single stripline
cylindrical DRA and the circularly polarized dual stripline cylindrical DRA
utilizing the 90° hybrid coupler. The second stripline feed of the dual stripline
cylindrical DRA shown in Fig. 76 has been removed, keeping all other antenna
parameters. The single stripline feed was excited using a 50 Q microstrip feed
line. The single stripline DRA exhibits a simulated impedance bandwidth (SWR <
2) of 11.28%, from 1.84 to 2.06 GHz. The dual stripline DRA exhibits a relatively
wider simulated impedance bandwidth (SWR < 2) of 22.89%, from 1.78 to 2.24

GHz. This simulated input VSWR bandwidth is wider than the measured 13.7%
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10-dB return loss bandwidth reported for a similar DRA configuration in [79]. A

VSWR of 2 corresponds to a return loss of -9.6 dB.

Fig. 78 shows the simulated axial ratio of the circularly polarized dual stripline
cylindrical DRA utilizing the 90° hybrid coupler and its simulated peak gain
comparison with the single stripline DRA. The dual stripline DRA exhibits a
simulated 3-dB axial ratio of 26.04%, from 1.67 to 2.17 GHz. This simulated 3-
dB axial ratio bandwidth is wider than the measured 20% 3-dB axial ratio
bandwidth reported for a similar DRA configuration in [79]. It is observed that the
simulator tends to predict wider simulated impedance and axial ratio bandwidths
than that measured in [79]. Combining the results in Fig. 77 and 78, the quadruple
stripline DRA is found to deliver, in terms of SWR < 2 and axial ratio < 3 dB, a
simulated CP bandwidth of 19.75%, from 1.78 to 2.17 GHz. Across this
bandwidth, the dual stripline DRA exhibits a peak gain that ranges from 4.7 to 6.2
dBic. The peak gain of the dual stripline DRA is found to be consistently lower
than that of the single stripline DRA. Gain loss is accrued to the insertion loss of

the 90° hybrid coupler that diminishes the overall radiation efficiency of the DRA.

5.2.4 Discussions

In this section, the broadband design of a circularly polarized dual stripline
cylindrical DRA utilizing the 90° hybrid coupler has been presented. The 90°
hybrid coupler provides good impedance matching, equal amplitude power
splitting and consistent 90° phase shifting, across a bandwidth of ~14%. The
circularly polarized dual stripline DRA delivers simulated impedance (SWR < 2)

and axial ratio (AR < 3 dB) bandwidths of 22.89% (1.78 to 2.24 GHz) and
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26.04% (1.67 to 2.17 GHz), respectively, for a simulated CP operating bandwidth

0f 19.75%, from 1.78 to 2.17 GHz.

5.3 Broadband Circularly Polarized Quadruple Stripline

Dielectric Resonator Antenna with 90° Hybrid Couplers

5.3.1 Antenna Design and Geometry

Cylindrical DRA
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|
if o= nean e
X 2 W U =l Jm
to50Qload 2 = z,
z,d) 260 %)
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Fig. 79. Geometry of the circularly polarized quadruple stripline cylindrical

dielectric resonator antenna utilizing the 90° hybrid coupler pair.

For a two point feed single patch element, the axial ratio perturbation due to
multiple reflections and feed phase errors may be combated with the use of a
broadband isolating power divider capable of consistent 90° phase shifting.
Improved impedance and axial ratio bandwidths have been demonstrated in
Section 3.2 and 4.2 for dual L-probe patch elements utilizing broadband feeders.
However, for the mutual coupling effects and axial ratio perturbation due to
higher order modes to also cancel, a symmetrical four point feeding structure with
appropriate feed phasing is necessary. Further improved impedance and axial ratio
bandwidths have been demonstrated in Section 3.3 for quadruple L-probe patch

elements utilizing broadband feeders. The circularly polarized quadruple stripline
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cylindrical DRA utilizing the proposed 90° hybrid coupler pair, shown in Fig. 79,
is designed for wideband circular polarization operation centered at 2.0 GHz. The
sequentially rotated four point feeding structure for a single patch element is
conceptually extended to the cylindrical DRA in bid to further enhance its
impedance and axial bandwidths. To achieve dual-fed type circular-polarization,
the four orthogonally-orientated vertical strips were supplied equal-amplitude

power with relative excitation phases of 0°, 90°, 180°, and 270°.

5.3.2 Feed Network Configuration
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Fig. 80. Schematics of the proposed 90° hybrid coupler pair.

The proposed 90° hybrid coupler pair, shown in Fig. 80, delivers good impedance
matching, equal amplitude power splitting and relative excitation phasing of 0°,
90°, 180°, and 270°, over a sufficiently wide band. The feed network comprises a
conventional 180° narrowband balun (Fig. 3) cascaded to a pair of 90° hybrid
couplers (Fig. 33). To provide the required 180° phase shift between the two 90°
hybrid couplers, the lengths of the microstrip branches, d; and d,, must be such
that d; — d, = A, / 2, where A, refers to the guide wavelength at a center operating

frequency of 2.0 GHz. The characteristic impedances of the microstrip branches
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are given by Z, = 50 Q, Z;, = 35.36 Q, and Z, = 50 Q. The isolated ports were

each terminated to a 50 Q load in the form of a 50 Q surface mount resistor.

5.3.3 Fabrication and Experimental Setup

Fig. 81. Prototype of the circularly polarized quadruple stripline cylindrical

dielectric resonator antenna utilizing the 90° hybrid coupler pair.

Fig. 81 shows the prototype of the circularly polarized quadruple stripline
cylindrical dielectric resonator antenna utilizing the 90° hybrid coupler pair. The
antenna and feed network parameters were optimized for a wide impedance
bandwidth centering 2.0 GHz. The cylindrical DRA, of radius r = 20 mm (0.133
Ao), height h = 20 mm (0.133 A,) and relative permittivity &, = 9.5, was positioned
at the center of a Rogers RO4003 dielectric substrate of thickness t = 0.8 mm and
relative permittivity & = 3.38. The feed network and ground plane were
respectively printed on the top and bottom layer of the dielectric substrate. The
square ground plane is of length L = 200 mm (1.33 A,). The isolated port connects
to a 50 Q surface-mount resistor grounded by a metallic pad with via holes to
ground. The four copper tape stripline feeds, of length s = 16 mm (0.107 A,) and

width w = 1.85 mm, were placed 90° apart from one another, along the
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circumference of the cylindrical DRA. To ensure proper connection, the copper
tape stripline ends were soldered onto the respective output ports of the feed
network. The impedance measurements were taken using the Agilent E8364B
network analyzer, while the far-field radiation measurements were taken using the
Hewlett Packard 8510C vector network analyzer and the Orbit-MiDAS far-field
measurement system in an anechoic chamber. With a reference linearly polarized
standard horn antenna, the comparison method (gain-transfer method) was used to
determine the measured gain (See Section 3.2.3) and the rotating-source method

was used to determine the measured axial ratio (See Section 4.2.3).

5.3.4 Impedance and Radiation Performances

| simulated
||=— measured
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Fig. 82. Simulated and measured SWR for the circularly polarized quadruple

stripline cylindrical DRA utilizing the 90° hybrid coupler pair.

Fig. 82 shows the simulated and measured SWR for the circularly polarized
quadruple stripline cylindrical DRA utilizing the 90° hybrid coupler pair. The
quadruple stripline DRA exhibits simulated and measured impedance bandwidths

(SWR < 2) of 43.73%, from 1.59 to 2.48 GHz, and 34.91%, from 1.75 to 2.49
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GHz, respectively. In comparison, the single and dual stripline DRA presented in
the previous section exhibit much narrower simulated impedance bandwidths
(SWR < 2) of 11.28%, from 1.84 to 2.06 GHz, and 22.89%, from 1.78 to 2.24
GHz, respectively. The measured resonant frequency, corresponding to the
minimum measured input VSWR, is at 1.92 GHz. In the HFSS simulation, the
predicted resonant frequency is 1.88 GHz. The discrepancy between the
prediction and measurement may be due to the very thin air gap between the

bottom of the dielectric resonator and the ground plane, also described in [89].
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Fig. 83. Simulated and measured axial ratio for the circularly polarized quadruple

stripline cylindrical DRA utilizing the 90° hybrid coupler pair.

Fig. 83 shows the simulated and measured axial ratio for the circularly polarized
quadruple stripline cylindrical DRA utilizing the 90° hybrid coupler pair. The
quadruple stripline DRA exhibits simulated and measured 3-dB axial-ratio
bandwidths of 28.9%, from 1.63 to 2.18 GHz, and 25.9%, from 1.65 to 2.14 GHz,
respectively. In comparison, the dual stripline DRA presented in the previous
section exhibits a slightly narrower simulated 3-dB axial ratio of 26.04%, from

1.67 to 2.17 GHz. At 1.8 GHz, a minimum measured boresight axial ratio of 0.3
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dB is seen. It is observed that the simulator tends to predict wider simulated
impedance and axial ratio bandwidths than that measured. Combining the results
in Fig. 82 and 83, the quadruple stripline DRA is found to deliver, in terms of
SWR < 2 and axial ratio < 3 dB, simulated and measured CP bandwidths of
28.9%, from 1.63 to 2.18 GHz, and 20.1%, from 1.75 to 2.14 GHz, respectively.

The designated bandwidth of interest will be from 1.75 to 2.1 GHz (18.18%).

55 [ I CEEE simulated
sk ? | - measured

Peak Gain (dBic)

Frequen{cy (GH2)

Fig. 84. Simulated and measured peak gain for the circularly polarized quadruple

stripline cylindrical DRA utilizing the 90° hybrid coupler pair.
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Fig. 85. Simulated radiation efficiency for the circularly polarized quadruple

stripline cylindrical DRA utilizing the 90° hybrid coupler pair.
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Fig. 86. Measured normalized spinning linear radiation patterns for the circularly
polarized quadruple stripline cylindrical dielectric resonator antenna utilizing the

90° hybrid coupler pair.

Fig. 84 shows the simulated and measured peak gain for the circularly polarized
quadruple stripline cylindrical DRA utilizing the 90° hybrid coupler pair. The
quadruple stripline DRA exhibits a measured 3-dB gain bandwidth (gain > 1.95
dBic) of 24%, from 1.65 to 2.1 GHz, with its highest gain of 4.95 dBic at 1.9
GHz. The peak gain of the quadruple stripline DRA is found to be consistently

lower than that of the dual stripline DRA, across the bandwidth of interest. Gain
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loss is accrued to the insertion loss of the 90° hybrid coupler pair that diminishes

the overall radiation efficiency of the DRA.

Fig. 85 shows the simulated radiation efficiency for the circularly polarized
quadruple stripline cylindrical DRA utilizing the 90° hybrid coupler pair. It is seen
that the radiation efficiency ranges from 50% to 80%, within the measured CP
operating bandwidth, from 1.75 to 2.14 GHz. The verification of the simulated
radiation efficiency from HFSS has been carried out in [90]. It should be noted
that the reliability of the radiation efficiency data extracted from the HFSS-based

simulation results is very much dependent on the settings of the radiation air-box.

Fig. 86 shows the measured normalized spinning linear radiation patterns for the
circularly polarized quadruple stripline cylindrical DRA utilizing the 90° hybrid
coupler pair at the lower frequency edge (1.75 GHz), center frequency (1.9 GHz),
and upper frequency edge (2.1 GHz), of the bandwidth of interest, on the x-z
(6=0°) and y-z ($=90°) planes, respectively. On both principle planes,
symmetry is observed and the axial-ratio is found to be less than 3 dB across a 60°
beamwidth. The ripples in the envelope of the measured radiation patterns can be
attributed to the diffracted fields from the edges of the finite ground plane [91].
The slight dip of the radiation patterns at the boresight can be explained by the

dependence on the ground plane size [92].

5.3.5 Discussions

In this section, the broadband design of a circularly polarized quadruple stripline

cylindrical DRA utilizing the proposed 90° hybrid coupler pair has been presented.
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The 90° hybrid coupler provides good impedance matching, equal amplitude
power splitting and consistent 90° phase shifting, across a bandwidth of ~14%.
The proposed circularly polarized quadruple stripline DRA delivers measured
impedance (SWR < 2) and axial ratio (AR < 3 dB) bandwidths of 34.91% (1.75 to
2.49 GHz) and 25.9% (1.65 to 2.14 GHz), respectively, for a measured CP
operating bandwidth of 20.1%, from 1.75 to 2.14 GHz. The simulated CP
operating bandwidth of 28.9%, from 1.63 to 2.18 GHz, is much wider than that of
the dual stripline DRA presented in the previous section. The DRA in study lends
itself to mobile base station applications requiring broadband circular polarized
coverage encompassing three bands, i.e. PCS1800 (1710-1880 MHz), GSM1900

(1850-1990 MHz), and UMTS2000 (1920-2170 MHz).

54 Concluding Remarks

The balanced and symmetrical four point sequential feed structure demonstrated
in the previous chapters have been successfully extended to the cylindrical DRA.
The impedance and axial ratio bandwidths are improved over the two point
sequential feed structure. This, however, was achieved at the expense of higher
insertion loss due to the more complex feed network; resulting in the diminished

gain and radiation efficiency of a DRA intended for low losses.

For the broadband circularly polarized cylindrical dielectric resonator antenna
presented in Section 5.3, an oral presentation was given in the Nov. 2006 IEICE
International Symposium on Antennas and Propagation (ISAP2006) [93], held in
Singapore, and a full paper was published in the Jul. 2007 issue of IEEE

Transactions on Antennas and Propagation [94].
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6.1

CHAPTER 6

CONCLUSION

Summary of Important Results

Table 2 Simulated Return Loss, Output Ports Power Distribution and Output

Ports Phase Difference for Various Feed Networks

ISa| = S| = £ Sy— £ Sy—

Source Feed Sii < |S31| = |831| = LSz = £ Sz = Common

Network -10 dB -3dB -3dB 90° 180° BW

(x0.5dB) | (¥1dB) (£5°) (£5°)

Sect2.2 | 180 ILaarlrlflf"ba“d 188.8% - 114.2% - 4.53% 4.53%
Sect22 | 180 E;‘l)jgband 67.57% - 60.79% - 55.72% | 52.58%
Sect 3.2 9(;03;};?“1 30.9% 14% - 32% 14%
Sect 3.2 iglul;f‘(’%‘;zznl‘; 187.6% | 91.9% - 66.7% 57.5%
Sect 4.2 gflugr(o{:‘;l;’:‘;% 131.1% | 72.46% - 86.5% 72.46%

Table 3 Measured SWR, Cross-Polarization Levels, Input Port Isolation and Gain

for Single and Dual Linearly Polarized Square Patch Antennas Utilizing Various

Feed Configurations within Bandwidth of Interest (1.7 to 2.2 GHz)

Feed Feed .
Source Structure Network SWR X-Pol St Gain
Sect22 | Dual 1807 narrowband | _ 5| _ g3 4p ; > 6.49 dBi
L-probe balun
Sect 2.2 Dual 180° broadband balun | <1.5 | <-22.1dB - >6.16 dBi
L-probe
Sect2.3 | Quadruple | 2x 1807 broadband | ¢ | _ 154p | <334 | >6dBi
L-probe balun
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Table 4 Measured SWR, Axial Ratio and Gain Bandwidths for Circularly

Polarized Circular Patch Antennas Utilizing Various Feed Configurations

Feed Feed AR < Gain > Common
Source Structure Network SWR <2 3dB 4 dBic BW
[56] Dual 90° hybrid 429 2723% i )
L-probe coupler
[56] Quadruple 2 x 90° hybrid 45% 45% i )
L-probe coupler
Sect 3.2 Lg‘r‘;l)e 20 br‘g‘i‘;‘}‘; balun | 10, 37.7% | 43.68% | 29.47%
Sect 3.3 Qﬁ‘_‘;i?g’;e 2 Eﬁgnlzgoya;:i‘;d 71.7% 81.6% | 59.1% | 59.1%
Sect 4.2 Lg ‘rlsi)e 2 br("l?;l)’:‘;f)balun 62% 4437% | 4538% | 25.87%
[57] ini?tfele zg‘ai?n E’;‘;"I‘)‘ébﬁr)ld 79.4% 82% 54.44% | 54.44%
Sect 4.3 Ca];f’;ée q 20 br("l‘:‘;llt)’:‘;%balun 42.77% | 52.16% | >53.81% | 33.29%
Dual 6 x 90° broadband
Sect4.4 | L-probe Pt (T" - 81.36% | 784% | 53.11% | 53.11%
2x2 array yP
6.2  Suggestions for Future Works

The study on broadband polarization control for dual linearly polarized patch
antennas can be extended to dual circularly polarized patch antennas. This is no
easy task as preliminary simulations show that the isolation for dual circular
polarization, both for the same sense and for the opposite sense, is worse than the
isolation for dual linear polarization by ~10 dB. Dual circularly polarized patch
antenna are useful for RFID readers requiring switchable transmit and receive

circular polarization operation to read the passive linearly polarized tags.

Three types of broadband baluns have been proposed in this thesis. For various
sequential feed configurations, the broadband baluns have been shown to confer
the antenna improved impedance and polarization (or axial ratio) bandwidths.
This, however, was at the expense of a more complicated feed circuitry and a

larger footprint. A more simplified and compact design for the feed network is
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desired so that it can provide more even lower installation cost, and be practically
simple enough to repeat in array configurations. The various feed networks can

also be studied for different antenna ground plane size.

Further work can be dedicated to improving the performance of the sequential
array presented in Section 4.4. The array can be studied for various element
spacing, to find the optimum configuration for minimal gain loss. Also, a more
optimal broadband feed network, comprising a different cascade of broadband
baluns, can be developed to further improve the array impedance and radiation
performances and minimize insertion losses. For better overall gain bandwidth,

antennas with higher gain and flatter gain profile can be used for each element.

6.3  Concluding Remarks

The broadband design of dual and circularly polarized microstrip antennas
demands precise wideband control of individual orthogonal radiated polarizations.
In this thesis, it has been ascertained that the polarization performance of a dual or
circularly polarized antenna can be enhanced within a broad impedance
bandwidth with the proper design of its excitation geometry. The two and four
point sequential feed structure, compared to a single feed point structure, have
been shown to yield wider impedance and polarization (or axial ratio) bandwidths.
The proposed broadband balanced feed networks each supplies impedance
matching, balanced power splitting, and appropriate phasing, to each feed point,
throughout a wide bandwidth. The use of a relatively broadband balun has been

shown to significantly extend the allowable impedance, polarization and isolation
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bandwidths of the dual linearly polarized antenna, and the allowable impedance

and axial ratio bandwidths of the circularly polarized antenna.

In Chapter 2, the use of a 180° broadband balun is proposed and has been shown,
in simulation, to deliver low input port return loss (S;; < -10 dB), balanced output
ports power distribution (S;; = S31 = -3 dB (+£1.0 dB)), and consistent 180° (+5°)
output ports phase difference over a wide bandwidth of 52.58%, The conventional
180° broadband balun has been shown, in simulation, to afford only a 4.53%
bandwidth, inherently limited by its narrowband 180° (+£5°) phase shifting
capability. Wideband cross-polarization suppression has been demonstrated for a
linearly polarized two point L-probe fed square patch element utilizing the
proposed 180° broadband balun. This antenna has been found, in measurement, to
deliver good impedance matching (SWR < 2), high gain (> 6 dBi), symmetrical E-
and H-plane co-polarization patterns, and consistently low E- and H-plane cross-
polarizations levels (< -21 dB), across the across a wide bandwidth of ~30%.
Wideband cross-polarization suppression and input port decoupling has
demonstrated for a dual linearly polarized four point L-probe fed square patch
element utilizing a pair of the proposed 180° broadband balun. This antenna has
been found, in measurement, to deliver good impedance matching (SWR < 2),
improved input port isolation (> 33 dB), high gain (> 6 dBi), symmetrical E- and
H-plane co-polarization patterns, and consistently low E- and H-plane cross-

polarizations levels (< -15 dB), over a wide bandwidth of ~25%.

In Chapter 3, the use of a 90° broadband balun (Type I) is proposed and has been

shown, in simulation, to deliver low input port return loss (S;; <-10 dB), balanced
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output ports power distribution (S,; = S3; = -3 dB (+0.5 dB)), and consistent 90°
(£5°) output ports phase difference, over a wide bandwidth of 57.5%. The
conventional 90° hybrid coupler has been shown, in simulation, to afford only a
14% bandwidth, inherently limited by its narrowband balanced output ports power
distribution (S;; = S3; = -3 dB (£0.5 dB)). Wideband circular polarization
operation has been demonstrated for a two point L-probe fed circular patch
element utilizing the proposed 90° broadband balun (Type I). This antenna has
been found, in measurement, to deliver good impedance matching (SWR < 2),
sufficiently low axial ratio (AR < 3 dB), and sufficiently high gain (gain > 4
dBic), over a wide bandwidth of 29.47%. Improved wideband -circular
polarization operation has been demonstrated for a four point L-probe fed circular
patch element utilizing a pair of the proposed 90° broadband balun (Type I). This
antenna, has been found, in measurement, to deliver good impedance matching
(SWR < 2), sufficiently low axial ratio (AR < 2 dB), and sufficiently high gain

(gain > 4 dBic), over a wide bandwidth of 59.1%.

In Chapter 4, the use of a 90° broadband balun (Type II) is proposed and has been
shown, in simulation, to deliver low input port return loss (S;; <-10 dB), balanced
output ports power distribution (S,; = S3; = -3 dB (+0.5 dB)), and consistent 90°
(£5°) output ports phase difference, over a wide bandwidth of 72.46%. Wideband
circular polarization operation has been demonstrated for a two point L-probe fed
circular patch element utilizing the proposed 90° broadband balun (Type II). This
antenna has been found, in measurement, to deliver good impedance matching
(SWR < 2), sufficiently low axial ratio (AR < 3 dB), and sufficiently low gain

(gain > 4 dBic), over a wide bandwidth of 25.87%. Improved wideband circular
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polarization operation has demonstrated for a two point capacitive-fed circular
patch element utilizing a pair of the proposed 90° broadband balun (Type II). This
antenna has been found, in measurement, to deliver good impedance matching
(SWR < 2), sufficiently low axial ratio (AR < 3 dB), and sufficiently high gain
(gain > 4 dBic), over a wide bandwidth of 33.29%. Further improved wideband
circular polarization operation has been demonstrated for a sequential patch array
composed of four sets of two point L-probe fed circular patch elements utilizing
six of the proposed 90° broadband balun (Type II). This 2x2 element antenna
array has been shown, in measurement, to deliver good impedance matching
(SWR < 2), lower axial ratio (AR < 2 dB), and sufficiently high gain (gain > 4

dBic), over a wide bandwidth of 53.11%.

In Chapter 5, the use of a conventional 90° hybrid coupler is proposed for a
cylindrical dielectric resonator antenna. Wideband circular polarization operation
has been demonstrated for a two point stripline feed cylindrical dielectric
resonator antenna utilizing the conventional 90° hybrid coupler. Improved
wideband circular polarization operation has been demonstrated for a four point
stripline fed cylindrical dielectric resonator antenna utilizing a pair of the
conventional 90° hybrid coupler. This antenna has been found, in measurement, to
deliver good impedance matching (SWR < 2) and sufficiently low axial ratio (AR

<3 dB), over a wide bandwidth of 20.1%.

The excitation geometry has direct implications on the wideband control of

individual orthogonal radiated polarizations necessary for the broadband design of

dual and circularly polarized antennas. It has been ascertained that a two point
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feeding structure affords wider impedance and polarization bandwidths compared
to a single point feeding structure. It has also been confirmed that a four point
feeding structure affords significantly wider impedance and polarization
bandwidths compared to a two point feeding structure. Performance comparisons
of the various antenna structures adopting the proposed and conventional feed
networks have been given. The proposed use of the broadband baluns presented in
this thesis can be conceptually extended to other antenna structures, and the

results reported should be of relevance and interest to the microwave community.
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