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Abstract

In traditional radio frequency (RF) front-end subsystems, the passive components, such
as antennas, filters, power dividers and duplexers, are separately designed and cascaded via
the 50 Q interfaces. This traditional approach results in a bulky and heavy RF front-end
subsystem, and suffers from compromised efficiency due to the losses in the interconnec-
tions and the mismatching problems between different components. The frequency
responses of the antennas such as the frequency selectivity and bandwidth are usually de-
graded, especially for microstrip antennas. To improve the frequency responses and reduce
the size of RF front ends, it is important to investigate novel highly integrated antennas
which exhibit multiple functions such as radiation, filtering, power dividing and combining
or duplexing, simultaneously.

In this thesis, several innovative designs of compact, multi-functional integrated anten-
nas/arrays are proposed for wireless communication applications. First, new methods of
designing integrated filtering antenna elements with broadband or dual-band performance
are investigated. These antennas also feature high frequency selectivity and wideband har-
monic suppression. Based on these studies, several integrated filtering array antennas with
improved gains and frequency responses are developed for the first time. Compared with
traditional array antennas, these proposed antennas exhibit improved bandwidths, out-of-
band rejection and wideband harmonic suppression. The application of the filtering antennas
in millimeter-wave (mm-Wave) frequency band is also investigated as it can potentially re-
duce the cost of the mm-Wave front-end subsystems significantly while providing the
improved impedance bandwidth. The integrated design techniques are further developed to
design novel dual-port highly integrated antennas with filtering and duplexing functions in-
tegrated. Such a new concept and the prototypes could find potential applications in wireless
communication systems and intelligent transportation system (ITS).

In this thesis, comprehensive design methodologies and synthesis methods are provided
to guide the design of the integrated filtering antennas. The performance is evaluated with
the help of full-wave electromagnetics (EM) simulations. All of the prototypes are fabricated
and tested for validating the design concepts. Good agreement between the simulation and
measurement results is achieved, demonstrating the integrated antennas have the advantages
of compact size, flat gain performance, low losses and excellent harmonic suppression per-

formance. These researches are important for modern wireless communication systems.
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1.1 Motivation

The rapid development of wireless communications increasingly demands RF front-end
subsystems of devices with the properties of compact size, light weight, low cost and mul-
tiple functions. Traditionally, passive components with different functions such as filtering,
power dividing/combining and radiation, are designed separately and then cascaded into a
system through 50 Q interfaces and the corresponding matching networks. Such a cascaded
scheme inevitably leads to a bulky and complex system at the front-end. Other problems
such as mismatching between the passive components and resultant insertion losses could
deteriorate of the frequency responses of the RF frontend subsystems [1]-[3]. All these prob-
lems should be taken into consideration in the modern RF front-end subsystem designs.

To solve the dilemmas in the modern wireless communication systems, a novel inte-
grated design scheme was proposed that passive components such as filters, power dividers
and antennas are integrated in a single device. In this way, not only the volume and weight
of the system can be reduced but also the frequency performance of the systems could be
significantly improved. It is very important to investigate the integration of these passive
components and use them in modern wireless communication systems. The integration of
passband filters and various types of antennas, the so called ‘filtering antenna’, has attracted
significant research interests in the past few years. Compared with traditional antennas, the
integrated filtering antenna has many advantages such as:

e Enhancement of antenna’s impedance bandwidth;

o Filter-like frequency selectivity;

e Wideband harmonic suppression;

e Improved out-of-band rejection and therefore reduced interference.

In view of these noticeable advantages, this thesis focuses on the research of the inte-
grated filtering antennas. Microstrip antenna, as one of the most widely used antenna types,
has a lot of merits such as low profile, light weight and low cost. This thesis mainly concen-
trates on the integrated microstrip filtering antennas. Several filtering antennas/arrays based
on microstrip patch antenna are proposed concerning impedance bandwidth improvement,
high-order frequency selectivity, dual-band operation, and dual-band dual-polarization ap-
plications. In addition, the filtering antennas/arrays in mm-Wave applications and the

filtering antenna/array with duplexing functions are investigated.
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1.2 Main Contributions

In this thesis, the novel methods of designing integrated filtering antennas are first in-

vestigated. Based on these novel techniques, several highly integrated filtering arrays with

improved frequency responses are proposed and demonstrated for different applications. A

new concept of dual-port high-integration filtering antenna/array with duplexing functions

is then investigated for the first time based on the proposed filtering antenna techniques. The

major novelty and contributions of this thesis are listed as follows:

1. Broadband filtering microstrip antenna/array with a low profile.

Integrating the resonator-based power dividing network in array antenna design,
realizing high-order filtering and broad bandwidth;

Using dual-mode stub-loaded resonator (SLR) as the feed to couple with patch
antenna to form a multi-resonance broadband patch antenna;

Employing SLR in dual-band dual-polarized filtering antenna array for simplify-
ing the feed networks;

Integrating slot resonator in the ground to achieve the strong coupling so as to

broaden the bandwidth of the antenna.

2. Frequency selectivity improved microstrip antenna/array

Using the SLR as the feed to generate radiation nulls to improve the filtering
performance;

Employing the cross-coupling at the feed networks to produce transmission zeros
to improve the out-of-band rejection;

Higher order filtering channels are adopted to increase the frequency selectivity

and isolation.

3. Filtering antennas with harmonic suppression

By purposely using different types of resonators to cancel out the higher order
harmonics of the antenna;

Employing resonant structures on the feed of the filtering antenna to eliminate
the harmonics at the designated frequencies;

Using the resonators with different harmonics to detune the high-order harmon-

ics of the antenna.

4. Investigation of dual-band filtering antenna and its applications in dual-polarization

antenna array
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e Employing dual-mode SLR to feed a U-slot inserted patch antenna to implement
dual-band filtering antenna;

e The SLR is further developed to feed two microstrip patches simultaneously to
achieve dual-band dual polarization array antenna with a low frequency ratio;

e The integrated dual-band dual-polarized filtering antenna is further employed as
the feed of reflector antennas to reduce the complexity.

Investigation of dual-port filtering antenna/array with duplexing functions

e Dual-port dual-band filtering antenna with duplexing functions are achieved with
the same polarization for the first time;

e Strong coupling between the hairpin resonator and patch antenna is employed to
produce two closely located frequency bands for uplink and downlink applica-
tions;

e High-order filtering channels are adopted to improve the impedance bandwidth
as well as the isolation between the two channels.
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1.4 Outline of the Thesis

This thesis is organized as follows.

Chapter 1 briefly introduces the motivation for leading the research and the technical
contributions of this thesis. In addition, the research achievements and the publication in the
past three years are summarized.

Chapter 2 firstly discusses the background and the significance of the filtering antenna
research. Then, the synthesis methodology and the basic theory of the integrated filtering
antenna are introduced. Finally, the state-of-the-art research progress on filtering antennas
are summarized. The filtering antennas can be classified into three categories, including cas-
caded filter-antennas, broadband antennas with embedded bandstop filters, and the
integrated filtering antennas. Specifically, the integrated filtering antennas based on differ-
ent types of antennas are studied and discussed in details.

Chapter 3 presents the design methods for achieving the integrated filtering antennas
with broad bandwidth, wideband harmonic suppression and dual-band operations based on
three proposed antenna prototypes, respectively. The designing methods, optimizations and
validation based on the prototype measurements are discussed in details.

Chapter 4 demonstrates four microstrip antenna arrays with integrated filtering perfor-
mances. The first one is a low profile broadband dual-polarized microstrip antenna, which
is achieved by integrating SLR in the feeds of the array. The second one presents a highly
integrated microstrip array antenna with the filtering and power dividing functions inte-
grated seamlessly. In the third work, the techniques of filtering antenna are developed to
overcome the difficulty in the design of a dual-band dual-polarized aperture-shared array
antenna with a low frequency ratio. In the last prototype, a broadband, high gain microstrip
antenna array for millimeter wave applications is investigated. The achieved broadband and
the filtering features are realized by adopting an embedded slot resonator in the ground and
stacked coupled structure in the design.

Chapter 5 explores a novel dual-port antenna with integrated filtering and duplexing
functions. The dual-band capability and the bandwidth enhancement as well as the isolation
between the two ports/channels are investigated. Such a compact device can be used as the
uplink and downlink channels of the wireless communication systems simultaneously.

Chapter 6 is the conclusion of the thesis with the research achievements highlighted.

Moreover, future work is discussed.
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Chapter 2. Overview of State-of-the-Art Filtering
Antenna Techniques

2.1 Background

Wireless communication systems have experienced unprecedented development in the
past decades. Modern wireless communication demands the RF front-end subsystems with
compact size, low cost, high integration and multiple functions. In traditional RF frontend
subsystems, the passive components such as antennas, filters, power dividers and duplex-
ers/diplexers are designed separately and then cascaded through 50 Q interfaces and
transmission lines. This results in the division of ‘antenna designers’, ‘filter designers’ and
other designers specialized in specific microwave components. This division is useful in
reducing the complexity of the work in each ‘component’ group, but the good performance
of each component cannot guarantee the performance of the whole RF frontend system. The
other important issue to be concerned with is that the mismatching between the components
often occurs when they are connected together. This problem will deteriorate the frequency
response and therefore the system performance, especially when the cascaded components
have different impedance bandwidths [1]-[3].

To overcome these problems, a co-design concept that the filter, antenna or other pas-
sive components are seamlessly integrated in a single inseparable device has been developed
in the past few years. Compared with traditional cascaded components, the integrated co-
design method has the following advantages:

e Reduced component count in the RF frontend subsystem;

e Improved frequency responses;

e Low weight, compact size;

e Low cost;

e Low loss and high efficiency;

e Structural and functional integration.
All these advantages make the integrated co-design scenario much more preferable in mod-
ern wireless communication systems. In the integrated scenario, several passive components
such as filters and antennas can be merged into a single module, resulting in a simplified RF
frontend systems. In addition, the frequency responses such as frequency selectivity, band-
width and out-of-band rejection could be improved significantly. This integrated design

scenario could also lead to the reduction of weight, size and cost of the RF frontend system,
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especially when the system works in millimeter-wave frequency bands. Owing to the re-
moval of the interfaces and matching networks between the components, the integrated
design has a higher efficiency and the insertion losses in the transmission/receiving paths
can be reduced. Furthermore, the integrated multiple functions make the device more versa-
tile in meeting different application requirements.

Since Pues et al. first proposed an impedance matching technique to increase the band-
width of microstrip antennas [1] in 1989, the merits of integrated design concept have been
gradually recognized and developed. Towards the end of the last century, the concept of
filter/antenna integration was proposed based on multilayer substrate techniques [2]-[3].
Since then, various techniques have been adopted to design the devices with integrated func-
tions of filtering and radiation. The integrated design of filters/antennas have been used to
enhance the impedance bandwidth, frequency selectivity, and suppress the harmonics out of
the band.

2.2 Filter-Antenna Integration Methodology

The integration of filter and antenna is usually achieved by replacing the last order res-
onator of a band-pass filter with a resonant radiating element. To realize such a filtering
antenna with the frequency responses as the corresponding band pass filter, it is essential to
conceive the radiating element with the consistent coupling coefficient M between the reso-
nator and the radiator as well as consistent external quality factor Qext. To exemplify it, a
generic synthesis approach is provided in this section to guide the designing procedure of
the filtering antennas in the following chapters.

Due to the filtering antenna is derived from a normal band-pass filter, the first and fore-
most step is to design a band-pass filter which is to serve as the reference to the filtering
antenna. As a common case, a band pass filter with Chebyshev responses is exemplified.
The steps for designing a filtering antenna can be summarized as following [4],

(1) The specifications, including the order of the resonators N, center frequency fo,
ripple level in the band La, and the fractional bandwidth Af of the band pass
filter (filtering antenna) are given first;

(2) According to the specifications, the required external quality factor Qext and
the coupling coefficients between the resonators mjj can be achieved by utiliz-

ing the bandpass filter synthesis technology.
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(3) Using a full-wave simulation, the required Qext and mjj can be realized and the
corresponding parameters such as thickness and spaces between the resonators
can be obtained.

(4) The desired filtering antenna with the frequency responses as the counterpart
bandpass filter is then achieved.

Assuming that we have the information of the order of the resonators N, center fre-
quency fo, ripple level La, and the bandwidth Af of the required filtering antenna, the external
quality factor Qext and the coupling coefficients mj; can be calculated using the bandpass

filter synthesis technology in [5],

9,9,

Q,, = —+ Eq. 2.1
v (Eg. 2.1)
Af

woo (Eq. 2.2)
9,9,

where g, g, ...9,,9,are the normalized Chebyshev low-pass filter prototype element val-

ues, which are functions of the ripple level La. By looking up the table in the literature [4],
the normalized Chebyshev low-pass filter prototype element values can be found and the
required Qext and mjj can be obtained by applying the equations above.

For a filtering antenna, the external quality factor Qex can be expressed by using the
loaded quality factor Qv, and the unloaded quality factor Qu [6],

1 1 1

=—-— Eq. 2.3
Q ext Q L Q U ( q )
Assuming the radiator of the antenna to be lossless, namely Qu = oo, the equation above can

be simplified as,

S (Eq. 2.4)
Qe Q.

Consequently, the Qex Of the antenna can be obtained by assuming the dielectric loss is zero
and extracting the value of the QL. Using the method presented in [6], QL can be extracted

from the reflection coefficients,

Q =(@+m) (Eq. 2.5)

f, - f

2 1

where m is the coupling coefficient between the excitation port and the last resonator of the

filtering antenna, f; and f2 are corresponding frequencies when S, = Sff , S ff is defined as
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min

1+1S,;
Y e (Eq. 2.6)
2

where Sffi" is the minimum reflection coefficient occurring at the resonant frequency fo. The
coupling coefficient m can be found using the equations,

min

1-

m = —— —, when the resonator is under coupled, (Eq. 2.7)
1+5,
1+ " ,

m = ———, when the resonator is over coupled, (Eq. 2.8)
1-5

1

Using full-wave simulation, the required loaded quality factor Q. and therefore the external

quality factor Qext can be obtained.

2.3 State-of-the-Art Filter/Antenna Integration Techniques

Various techniques have been investigated to integrate filters and antennas in a single
module in the past decades. Filtering Antennas can be divided into three categories, as shown
in Figure 2.1. The first category is the cascaded approach that a filter is cascaded with an
antenna at the feed of the antenna [7]-[10]. The second category is to integrate band-stop
filters in the wideband antennas for suppressing the signals/interferences in the given fre-

quency bands [11]-[18]. The last category is the integrated filtering antenna, which combines

Filtering
antennas
Cascaded Bandstop filter Integrated
filter-antenna inserted filter- antenna
Dielectric . . . .
Monopole 3D vertical Microstrip Antenna-Filter-
resonator ) .
antenna filter-antenna filter-antenna Antenna

antenna

Figure 2.1 Classification of the Filtering Antennas
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the functions of filtering and radiation in a single device [19]-[28]. This thesis mainly fo-
cuses on the third category of filtering antenna. For the first two categories, a brief

introduction is given below.

2.3.1 Cascaded Filter-Antenna

To achieve a cascaded filter-antenna, the filter part and antenna part are designed sepa-
rately and connected using the 50 Q interfaces. There are two cases for this kind filtering
antennas. The first case is that the filter and the antenna are designed to have the same band-
widths and connected through 50 Q ports [7]-[8]. The other case is that the antenna has a
wider bandwidth than the bandpass filter. When they are cascaded as a module, the operation
band of the module is determined by the narrow-band bandpass filter, and therefore the sig-
nals in specific frequency band are selected out. This design scheme has been reported and
discussed in [10].

\
o —L I, —f "
meta »
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SRR S

oA L]
-

| T+ T T metallic
F | | via
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Figure 2.2 Configuration of the cascaded filtering antenna in [10]: (a) front-view, (b) back-view.
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Figure 2.2 shows the front- and back-view of the cascaded filtering antenna configura-
tion in [10]. The antenna is composed of a planar coaxial co-linear radiation array on the top
and a 3'-order substrate integrated waveguide (SIW) band-pass filter at the bottom. The
coaxial co-linear radiating element has a wide impedance bandwidth, while the bandwidth
of the SIW filter is comparably narrower. Because the radiation part has a broad bandwidth,
the antenna is prone to unexpected channel interference outside of the operation band, which
deteriorates the performance of the system. The SIW bandpass filter is therefore used as a
window filter, which provides a good frequency selectivity at the given frequency and ex-
cellent rejection characteristics out of the band. When the SIW filter and the radiating
elements are cascaded, only the signals located in the bandwidth of the filter can pass
through and the signals out of the band are rejected, producing the antenna with the expected
filtering characteristics.

When the SIW filter works at its TEio1-mode, the size of the cavity can be determined

by the expression below [29],

c 1 1
o . (Eq. 2.9)
2V€r/,lr \/{Weﬁ J {Leﬁ ]

where erand pirare the relative permittivity and permeability of the substrate, c is the velocity

of the light in free space, West and Lest are the equivalent width and length of the resonant
SIW cavity, which can be evaluated by [30],

W, =W - (Eg. 2.10)

: Eq.2.11
i %D (Eq. 2.11)

where W is the width of the SIW, L is the length of the SIW cavities, d and D are the diameter
of the metallic via and the distance between two adjacent via, respectively.

For the cascaded filtering antenna, it should be noted that the bandwidth of the radiating
element ought to be wider than the bandwidth of the corresponding band-pass filter. If the
radiating element is a narrow-band antennas such as a microstrip antenna, it is usually chal-
lenging to design a bandpass filter with a narrower bandwidth. On the other hand, due to the
antenna part and the filter part being designed separately, this kind of filtering antenna can-
not be considered as an integrated design.

11
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2.3.2 Antenna with Embedded Band-stop Filter

The other category of filtering antenna is the antenna with mismatching frequency
bands, also called band-notched antenna which has been widely used in ultra-wideband
(UWB) applications. For the UWB antenna, which has a very wide bandwidth from 3.1 to
above 10 GHz, it is critical to avoid the interference between the UWB applications with
other narrow-band wireless applications located inside the band. For example, the wireless
local area network (WLAN) occupies the frequency bands of 3.6, 5.2 and 5.8 GHz. They
should be masked in the UWB antenna designs. Usually, the notched bands in the UWB are
achieved by inserting resonant structures in the radiating element or on the feed line, pro-
ducing the band-notched UWB antenna with band stop filtering features at the given

frequency bands [14].

4 .

o Metal

&=3 ﬁﬂ)

Nesqnsg

Figure 2.3 Configuration of the band-notched UWB antenna with filtering/resonant structures in the

radiating element [14].

To illustrate this kind of filtering antenna, the UWB antennas with multiple notched
bands in [14] are discussed here. Figure 2.3 shows the configuration of the band-notch UWB
antenna with filtering structures in the radiating element. The UWB antenna itself is a mon-

opole antenna, and the radiating element is a circular patch. On the patch, two split ring slots

12
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and two arc slots are etched for generating triple stop bands in the UWB. The resonant fre-
quencies of these slot resonators can be controlled by adjusting the physical dimensions of
the slots. A coplanar waveguide (CPW) on the same plane is used to excite the antenna. The
parameters of the ring slots can be approximately calculated by

Cc C
f, = ~ (Eq. 2.12)
A’g \[geff 2'Ifi“9

R ring (Eq 213)

&y R (Eq 214)

where ¢ _is the resonant frequencies of the split ring slots; ¢ and ¢, are the speed of light
in the free space and the approximated effective dielectric constant, respectively; R, and

|, are the radius and the length of the split ring slots. The resonant frequencies of the slots

can be controlled by changing the radius of the ring slots. Provided the dimensions of the
slots are properly optimized, these resonant structures will resonate at the given frequency
bands, resulting in the band-notch UWB antenna with the band-stop filtering characteristics

at the given bands.

2.3.3 Integrated Filtering Antennas

Although the cascaded and the band-stop inserted filtering antennas mentioned above
have been used in practical applications, they are not considered as integrated filtering an-
tennas. This is mainly because the filtering section and the radiating section of the antenna
are designed separately and a considerable large area is needed to arrange the filtering mod-
ule and radiation module. In this section, a high integration filtering antenna concept is
introduced. For the integrated filtering antenna, the radiating element of the antenna is also
served as one of the resonators of a band pass filter, resulting a device with the combined
radiation and filtering capacities. Such an integrated module is beneficial in reducing the
size of the RF frontend systems and the losses associated with the interfaces. Moreover, the
frequency responses, such as the bandwidth, frequency selectivity and high-order harmonic
suppression could be improved significantly. Due to the radiating element is regarded as the
last order resonator of the bandpass filter, this integrated design is more suitable for narrow-

band antennas, such as microstrip antennas.
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In this section, a variety of state-of-the-art integrated filtering antennas, including die-
lectric resonator antennas, monopole antennas and microstrip antennas, are discussed in
detail. The designing process and methodologies of these filtering antenna are also presented
as the guidance for the filtering antennas in the following chapters.

(1) Integrated Filtering Monopole Antenna

To design a filtering antenna, the first and foremost step is to choose a suitable type of
antenna, which should exhibits resonant characteristics with a relatively high quality factor.
One type of feasible antennas is the monopole antenna, which has a compact size and ex-
hibits the omni-directional radiation. In some circumstances when omni-directional
radiation is required, a monopole antenna is suitable for filtering antenna integration. The
filtering antennas based on monopole antennas have been investigated in the past and several
types of filtering integrated monopole antennas have been reported [4], [31]-[38]. To illus-
trate the typical configuration of this kind of filtering antenna, the prototype in [4] is shown

in Figure 2.4.
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Figure 2.4 Configuration of the monopole filtering antenna in [4].
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The antenna consists of an inverted-L antenna and N-1 parallel coupling half-wave-
length microstrip resonators. To increase the fabrication tolerance, a quarter wavelength
admittance inverter with characteristic impedance of 30 Q is introduced in the synthesis
process. The required parameters of the counterpart filter are: center frequency fo = 2.53
GHz, the fractional bandwidth FBW = 3.0%, and the order of the filter N = 3 in this work.

In order to serve as the last order of the filtering antenna, the inverted-L monopole an-
tenna is used as the radiator. The equivalent circuit of the inverted-L antenna is shown in
Figure 2.5. La and Ca represent the resonant inductance and resonant capacitance of the

antenna, respectively. Ra corresponds to the radiation resistance of the antenna.

}]in L’ LA C
O_

A
—\.,uu—l
—-_ Cg RA

Figure 2.5 The equivalent circuit of the antenna in [4].

As the antenna is connected to an N-1th coupled line, the filtering antenna can be syn-
thesized based on an N-th order Chebyshev bandpass filter and replacing the last resonator
with the inverted-L monopole antenna. Figure 2.6 shows the equivalent circuit of the pro-
posed filtering antenna. The N-1-th parallel coupled lines of the filtering antenna is modeled
by the shunt LC resonators. The couplings between the resonators are represented using the

admittance inverters Ji...Jn.
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Figure 2.6 The equivalent circuit of the filtering antenna.

According to the equivalent circuit, the quality factor of the antenna Qa and the inverter

constant J, Z, can be calculated by,
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Q, = (Eg. 2.15)

3z = InZe[2QRuZ0 ) (Eq. 2.16)
)

By calculating the antenna quality factor Qa and the choosing a suitable characteristic im-

pedance Za, the parameters of the antenna and the inverter constant J,Z, are obtained.

Then, all the dimensions of the coupled lines of the filtering antenna can be determined.

(2) Cavity-Backed Slot Filtering Antenna

Although the filtering antenna based on monopole antenna is easy for implementation,
it suffers from the problems of low gain due to the omnidirectional radiation. In many cases,
the antenna with a high gain and unidirectional radiation is required. To achieve a high gain
filtering antenna, especially in millimeter wave applications, the integration of cavity-
backed slot antenna and substrate integrated waveguide (SIW) is believed to a good candi-
date. The filtering antennas based on cavity-backed slot antennas have been reported in the
past few years [39]-[60]. Compared with other types of antennas, the cavity-backed slot
filtering antenna has the advantages of low loss, low cost, high power handling capacity and
ease of integration with other circuits. In addition, the integration of the slot antenna and
SIW could provide a high quality factor Q, which could reduce the out-of-band noise and
insertion loss.

The cavity-backed slot filtering antenna can be usually achieved by etching a slot in the
upper ground of the last cavity resonator of the SIW-based cavity passband filter. The slot
leads to the leakage of the electromagnetic wave, forming the radiating element of the an-
tenna. In this way, the radiating element and the resonators of the filter are seamlessly
integrated without adding any extra circuits and volume. Using the SIW technologies, the
resonant cavities are formed by adding a circle of shorted via between the two copper planes
of the substrate. The resonant frequency of the cavity is determined by the dimension of the
cavity while the antenna’s resonant frequency mainly depends on the size of the slot. It
should be noted that the resonant frequency of the last cavity/slot antenna is different from
the other cavities due to the loading effect of the radiation. To achieve the cavity-backed slot

filtering antenna, a counterpart passband filter is usually designed first as a reference with
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the required coupling coefficients and external quality factor obtained. Then the last resona-
tor is replaced by a slot antenna, which is designed to have a consistent external quality
factor. To illustrate the design method, the antenna in [44] is introduced in Figure 2.7.

As can be seen, the sidewalls of each cavity resonator are formed by closely placing
metallic vias. The two cavities are stacked vertically, forming a second order resonant device
within a compact size. The coupling between them are realized by etching a coupling slot in
the ground between the two cavities. On the top, a radiating slot is inserted to produce the
slot antenna. On the bottom layer, a coplanar-cavity transition is adopted for enabling the

connection with the SMA connector.

Slot Antenna

Frequency
Compensation Via

Dielectric materials
inside the resonators
are not shown here.

Figure 2.7 Configuration of the cavity-backed filtering antenna in [44].

In this work, the center frequency of the antenna is 10.18 GHz and the required frac-
tional bandwidth is 2.9%. According to Eq. 2.1 and 2.2, the internal coupling coefficient mi;
and the external quality factor Qext can be found to be 0.021 and 54.4, respectively. The
synthesis process can be referred to the methods presented in Chapter 2.2. Thanks to the
near-zero transmission loss between the filter and antenna, this type filtering antenna shows
the improved efficiency with the dielectric and metallic losses reduced.

Due to the coupling slot is placed close to the sidewall, magnetic coupling is predomi-
nant between the resonators. This can be verified by the simulated magnetic distribution of
the cavity, as shown in Figure 2.8(a). When a slot is inserted in the ground of the cavity, the

magnetic distribution is changed, as can be observed in Figure 2.8(b). The position of the
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slot antenna, denoted as Xa, is used to control the coupling between the upper resonator and
slot antenna. The coupling increases as the Xa decreases. By adjusting the location of the
slot, the external quality factor Qext, and therefore the bandwidth of the antenna can be con-
trolled accordingly. Similarly, the internal coupling coefficient mi> between the two
resonators can be changed by adjusting the location and the dimension of the coupling slot.
In this way, the filtering antenna could realize the required frequency responses as the ref-

erence passband filter.

Figure 2.8 Simulated magnetic distribution of the top cavity: (a) unperturbed cavity, (b) slot inserted
[44].
(3) Filtering Dielectric Resonator Antenna (DRA)

Dielectric resonator antenna (DRA) has been widely investigated and applied in micro-
wave or millimeter wave applications. The dielectric resonator, which mounted on a ground
plane, can be fed flexibly by microstrip, coupling slot or coplanar waveguide. The radio
waves introduced into the resonator material bounce back and forth between the resonator
walls, forming the standing waves and radiating into space [61]. One of important ad-
vantages of the DRA is the high radiation efficiency due to the removal of the conductor
loss [62]. The dimension of the DRA is associated with the dielectric constant of the resonant

material, ~ 10/\/:, where 4, is the wavelength in free space, - _is the dielectric constant of
the material. Thus, the size of the DRA can be reduced by selecting the high value of - .

The other virtue is the bandwidth of DRA can be achieved over a wide range by properly

choosing the dielectric constant of the resonator and shapes of the resonator material.
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Due to the advantages mentioned above, DRA can be used to design filtering antenna,
also called filtering DRA [62]-[67]. To achieve the filtering DRA, some filtering or band-
stop structures are embedded into the antenna radiator and feeding circuit of a DRA to stop
the pass at designated frequency bands. As a result, a passband like S-parameters as well as
gain responses can be produced, generating the filtering antenna. Using this fusion method,
the size and loss of the antenna can be reduced. Take the antenna presented in [63] as an
example, the design methodology and the process of a filtering DRA is investigated in this

section.

DRA

Layerl

hl
I

= Layer2

(a) Side-view

III feeding slot
G,

8 — X

N

Wy

G,
{b) Layerl
i
y
parasitic strip T T2

Gy
(c) Layer2

Figure 2.9 Configuration of the filtering DRA in [64]. (a) side view of the whole antenna, (b) ground

plane with two separated slots, (c) microstrip feed line on bottom layer [63].
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Figure 2.9 shows the configuration of the reported filtering DRA in [63]. The antenna
is composed of rectangular DRA and a feeding networks on the bottom layer. The DRA has
a length of | = 40 mm, width of w = 26 mm and height of h = 5.2 mm. The dielectric constant
of the DRA & = 10. The length and width of the two identical coupling slots are Is and ws,
respectively. On the bottom, an L-shaped microstrip line, which is accompanied by two par-
asitic strips, is utilized to feed the slots. The total length from the opened end to the coupling
point is Im = Im1 + Im2, Which is used to generate the two radiation nulls at the both edges of
the passband. The design process of such a filtering DRA can be summarized as follows:

a. ADRA:Is firstly designed. The two radiation nulls are designed at the both edges
of the designated band by adjusting the length of the open stub.

b. Then, two identical slots instead of one single slot, are etched in the ground
plane for suppressing the radiation in the lower band.

c. Finally, two parasitic strips are added and in parallel with the microstrip line,
which serve as a bandstop filter, to further eliminate the radiation in the higher
band.

Following the steps above, a filtering DRA with improved frequency selectivity and

out-of-band rejection can be achieved without resorting to extra filtering circuits.

(4) Filtering Microstrip Antenna/Array

Microstrip antenna is one of the most popular candidates in the design of directive an-
tennas. Compared with other types of antennas, a microstrip antenna has the advantages of
low profile, light weight, low cost and ease of fabrication. In addition, microstrip antenna is
more suitable to extend into a large array for enhancing the antenna gain. Therefore, it is
worthwhile to investigate the integration of the microstrip antenna/array with the passband
filters. The filtering microstrip antenna has attracted wide research interests in the past years
and many filtering microstrip antennas have been reported [68]-[104]. There are two main
methods that have been widely employed in achieving the filtering microstrip antennas. One
is to use a synthesis method and replace the last resonator of the passband filter with a radi-
ation patch. The other is to use a fusion method, which designs a filtering antenna by
introducing band-notched structures out of the passband, shaping a filter like frequency re-
sponse. In this section, both methods will be illustrated. It should be noted that to realize a
filtering array antenna, the filtering power dividing networks or the filtering baluns based
on coupled resonators could also be integrated so that the feeding networks have the func-

tions of power dividing and frequency selectivity.
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Figure 2.10 shows the configuration of the 2 x 2 filtering antenna array in literature
[83], which consists of four radiating elements, two vertical half wavelength resonators, one
inverted E-shaped resonator and one 50 Q feeding microstrip with the interdigital coupler.
In this work, the radiating elements function the last resonator of the passband filter. The
feeding network contributes the first and second stages of the filter. As a result, the entire

filtering antenna array can exhibit the third-order Chebyshev filtering responses.

X

1
— Wy >l d — !
i

|

<«— 50 Q) microstrip feed

Figure 2.10 Configuration of the filtering microstrip antenna array in [83].

As can be observed, the microstrip line is coupled with the E-shaped resonator via an
interdigital coupler at the one end, forming the first stage. The E-shaped resonator is essen-
tially a half-wavelength resonator at the designated frequency. At the both sides, the E-
shaped resonator is coupled with two identical vertical half-wavelength resonators, which
act as the second stage of the resonators. Since the symmetry of the geometry, the couplings
of these two resonators are equal. Therefore, the first and the second stages can be treated
as an equal power equal phase power divider. Observing the transition between the vertical

resonator and the patch, there exists a 90 degree phase difference between the second and
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the third resonators. Since both radiation patch and the second stage resonator are half wave-
length resonator and they have the same resonant frequency, the current on the patch has the
consistent magnitude and phase characteristics. Using the synthesis method presented in
Chapter 2.2, the coupling coefficients mjj and external quality factor Qex can be calculated.
In this design, Qext = 45.7 and m12 = m23 = 0.024 is obtained. According to these values, the

physical dimensions of the antenna can be achieved by using the full-wave simulations.

Stacked patch

Sup-substrate
Stacked patch | | (a) -

4| Py
Driven patch . === = 1hy  Sup-substrate
T R s 7
L 1 1 |
: via via B thy T Ground
| o | SMA
(b) I

Diriven parch

Figure 2.11 Configuration of the filtering microstrip antenna in [89]: (a) upper stacked patch, (b) side
view of the antenna, (c) driven patch with a U-slot and three shorting pins.

The other method of designing a filtering microstrip antenna is to integrate the resonant
structures in the feed or the radiating element of the antenna to shape the frequency response,
called fusion method. Figure 2.11 shows the configuration of the filtering microstrip antenna
in [89]. It consists of two layers of stacked patch and a ground plane. Compared with tradi-
tional patch antenna, three shorting pins and a U-shaped slot are embedded in the driven
patch. To integrate the filtering features into the antenna, a stacked patch is used to enhance
the impedance bandwidth and antenna gain and to introduce a radiation null near the upper
band edge. Then, the three shorting pins and the U-slot in the driven patch are optimized to
provide two radiation nulls in the lower stopband. The three shorting pins are organized to

produce the out-of-phase current distribution on the driven and parasitic patches. The U-
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slot, which operates as an additional resonator, introducing an extra radiation null in the

lower band for further improving the roll-off rate at the lower band edge.

(5) Integrated Antenna-Filter-Antenna for Frequency Selective Surface (FSS)

The last type of integrated filtering antenna is called “Antenna-Filter-Antenna (AFA)”,
which is composed of a receiving antenna, a non-radiative resonant structure and a transmit-
ting antenna [104]. The AFA is usually used in the uniform arrays to achieve the frequency
selective surfaces (FSS) and operated between the input and output radiation ports. The high-
order FSS can be achieved by combining several stacked FSS layers with a thick spacer (0.2-
0.3 1) between them. Although the single antenna element has a limited bandwidth, the AFA

can realize the filtering frequency responses as a module.

Receive Bandpass Transmit
Antenna  Structure Antenna

T

S g

e (a.:)“—' H3(6.0)

Figure 2.12 Configuration of an AFA array composed of receive antennas, bandpass structures, and
transmit antennas [104].

Figure 2.12 shows the configuration of an AFA array, which composed of stacked re-
ceive antennas, bandpass structures and transmit antennas. The middle non-radiative
structure is used to control the coupling between the receiving and transmitting antennas and
form a two-pole bandpass filter. The elementary cell consists of a single ground plane, two
substrate layers and two coupled patch antennas at both sides of the ground plane. The ele-
ment is designed at 42 GHz, with the size of 3.6 x 3.6 mm. The cell can be used in uniform

array for Q-band FSS applications.
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2.4 Summary and Objectives of the Thesis

In this chapter, the background and advantages of the integrated filtering antenna are
introduced at first. The advantages include simplified and compact RF frontend, reduced
insertion losses, and improved frequency responses. Then, the methodology of filtering an-
tenna synthesis is presented, providing the guidance for the filtering antennas design in the
later parts of this dissertation. Finally, the state-of-the-art filtering antennas are introduced,
including three main categories: cascaded filter-antenna, bandstop filter inserted antenna and
integrated filtering antenna. This thesis focuses on the integrated filtering antenna.

Based on the outcomes of researches in recent years, the integrated filtering antennas
achieved on different types of antennas are summarized. To date, there are five types of
integrated filtering antennas reported, they are:

¢ Filtering monopole antenna;

e Cavity-backed filtering slot antenna;

e Filtering dielectric resonator antenna;

e Filtering microstrip antenna/array;

e Antenna-Filter-Antenna for FSS applications.

In this thesis, the research mainly focuses on the microstrip filtering antenna and array.
The objective of the research is to investigate different methods for integrating various fil-
tering features into the patch antennas. In the following chapters, the filtering
antennas/arrays with the following filtering characteristics and the corresponding implemen-
tation methods will be discussed in detail. Based on the proposed methods, the filtering
antenna with integrated duplexing function is also presented. The objectives of this thesis
include the researches of:

1. Broadband filtering antenna/array;
Filtering antenna/array with high frequency selectivity;

Filtering antenna with wideband harmonic suppression;

Dual-band dual-polarized filtering array antenna;

2

3

4. Dual-band filtering antenna;

5

6. Filtering antenna/array for mm-Wave applications;
;

Duplexing filtering antenna/array.
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Chapter 3. Highly Integrated Filtering Antenna
Elements with Improved Performance

3.1 Introduction

In traditional wireless communication systems, the passive components such as filter
and antenna are designed separately due to the different theories and implementation meth-
ods. These components are then cascaded through 50 Q interfaces and matching networks.
However, owing to the difference in bandwidths between the filters and the antennas, they
are usually not well matched, especially at the edges of the operating band, leading to the
unwanted insertion losses [83]. This mismatch also degrades the frequency performance of
the system. For the traditional cascaded communication systems, the operation bandwidth
is determined by the narrowest band of the component. Thus, to design a broadband com-
munication system, the bandwidths of all subsystems should have the broad bandwidths,
which usually puts much burden on different component designers. Another critical issue to
be concerned in wireless communication systems is the interference caused by harmonics
[105]-[106]. These harmonics are usually suppressed or eliminated by the bandpass filters,
which inevitably increases the weight and complexity of the systems [105]. The integration
of passive components provides an easy and flexible way to solve these problems and chal-
lenges.

On the other hand, the development of wireless systems such as mobile communica-
tions, wireless local area networks and satellite communications always demand the RF
front-end systems to be compact, lightweight, low cost and multi-functional. These increas-
ingly stringent requirements stimulate the emergence of the high-integration device: filtering
antenna. Filtering antenna can not only overcome the aforementioned problems but also
maintain a compact size of the front-ends. The integration of filters and antennas has at-
tracted significant research interests during the past decades. By virtue of the antenna’s
resonant nature, some radiating elements can be served as the last resonators of the filters.
As a result, the antennas can contribute to the poles of the filter and therefore the bandwidth
and frequency selectivity, which is defined as a ratio of -10 dB bandwidth and -3 dB band-
width (BW.1048/BW.34B).

Microstrip antenna is one of the most widely used types of antennas in wireless systems
for its merits of low profile, light weight and low cost [107]-[108]. As we know, the tradi-

tional microstrip antennas have the drawback of narrow bandwidth due to their resonant
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characteristics and relatively high Q-values [109]-[111]. The highly integrated filtering an-
tennas provide a feasible solution to improve the bandwidth of the microtrip antenna without
incurring extra footprint. The integrated filtering could also improve the frequency selectiv-
ity and out-of-band rejection with the harmonics suppressed over a broad bandwidth.
Besides, the dual-band filtering antenna are also developed for the first time for the wireless

applications.

3.2 Bandwidth Improved Microstrip Filtering Antenna

In this section, a novel method is explored to improve the bandwidth and frequency
selectivity of the traditional microstrip patch antenna. In traditional aperture-coupled mi-
crostrip antenna designs, a microstrip line is used to feed the patch through a slot in the
ground. Here, the microtrip line is replaced with a dual-mode stub loaded resonator (SLR),
which is coupled and tuned with the patch so as to generate multiple resonant modes in the
operation band. As a result, the bandwidth can be enhanced greatly.

3.2.1 Configuration

Lp

le—[.6—»

i

H2—>H 1’4—1«

Figure 3.1 Configuration of proposed SLR-fed filtering patch antenna

Table 3.1 Parameters of the Proposed Antenna: (mm)

Lg Lp L3 L4 L5 L6
30 14.2 5.6 8.6 7 6.8
W Gap D H1 H2

0.35 0.25 0.6 0.8 16
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Figure 3.1 shows the configuration of the proposed SLR-fed filtering antenna. The an-
tenna is composed two stacked substrates. The SLR and the feeding network are printed on
the bottom layer of the lower substrate, whereas, the square patch is printed on the top layer
of the upper substrate. The SLR and the patch share the common ground plane in the middle,
which is printed on the top layer of the bottom substrate. In the ground plane, a slot line is
etched to enable the electromagnetic energy transmits from the SLR to the patch for radiating
out. The dimension of the patch is approximate a half wave-length and the resonant modes
of the SLR can be analyzed using odd- and even-mode. The stacked configuration employed
here could not only make the design compact, but also reduce the interference between the
feeding networks and radiation patch. Rogers 4003 substrates with a dielectric constant of
3.55 and loss tangent of 0.009 are used in the design. The thicknesses of the lower and upper
substrates are 0.8 mm and 1.6 mm, respectively. The design and optimization were per-
formed using High Frequency Simulation Software (HFSS 15) and the optimized parameters

are shown in Table 3.1.

Z,, L4
) Z,, L3+L5/2 = Z,, L3+L5/2
in, odd in, even
(@) (b)

Figure 3.2 The equivalent circuits of the SLR: (a) odd-mode, (b) even-mode.

3.2.2 Methodology

The design principles of the proposed antenna can be explained using the filter designs
methods. Figure 3.2 shows the equivalent circuits of the SLR in Figure 3.1. Due to the sym-
metry of the SLR, it can be analyzed using odd- and even-mode [112]-[113]. When the odd-
mode is excited, the voltage at the middle of the SLR is close to 0. Thus, the middle plane
of the SLR can be treated as ground plane, as shown in Figure 3.2(a). However, when the
even-mode is excited, the symmetrical plane is regarded as the magnetic wall, which can be
equivalent as open end, as depicted in Figure 3.2(b). The input impedance for the odd-mode

and even-mode can be derived as
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Z, .= 1Z tan B(L3+L5/2) (Eq.3.1)

z

Zin even - Eq.3.2
| jtan B(L3+L5/2+L4) (Eq:3.2)

where Z1 is the characteristic impedance of the microstrip and £ is the transmission constant.
When the Zi, is infinite, the SLR resonates and the odd-mode and even-mode resonant fre-

quencies can be derived,

L3+ L5/2:i(2n71) (Eq.3.3)
4

L3+ LasL5/2="2 (Eq.3.4)
2

where n =1, 2, 3.... In this work, the n = 1 is chosen. According to Eq. 3.3 and Eq. 3.4, the
odd-mode and even-mode resonant frequencies can be controlled by tuning the L3 and L4.
Figure 3.3 shows odd- and even-mode of the SLR with different L3. It is observed that the
odd-mode and even-mode move towards lower band simultaneously as L3 increases, but the
odd-mode is much more significant than the even-mode. The even-mode can be controlled
independently from equation Eq.3.4, as shown in Figure 3.4. The even-mode frequency

shifts to lower band when L4 increases, however, the odd-mode maintains unchanged.
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Figure 3.3 The odd- and even-mode of the SLR with different L3.
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Figure 3.4 The odd- and even-mode of the SLR with different L4.

As the microstrip patch antenna can be regarded as a single-mode half wavelength res-
onator, the bandwidth of the patch itself is limited. To enhance the bandwidth of the
microstrip patch antenna, the resonant frequencies of the SLR and patch are combined to-
gether, forming a broad impedance bandwidth. To shape the band, the resonant modes of
the SLR are adjusted and located on the both sides of the patch’s resonant mode, as shown
in Figure 3.5. Figure 3.6 compares the bandwidth of the proposed SLR-fed patch antenna
with a traditional microstrip-fed patch antenna. As can be seen, the traditional patch antenna
has only one reflection zero in the band, showing a narrow bandwidth about 140 MHz. In
contrast, the proposed antenna exhibits a broad bandwidth around 400 MHz with three re-
flection zeros in the band identified. Moreover, owing to the resonant characteristics of the
SLR, the SLR-fed patch antenna exhibits the filter-like frequency selectivity with a sharp
skirt at the both edges of the operation band.
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Figure 3.5 The resonant modes of SLR and patch.
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Figure 3.6 The bandwidth comparison between SLR-fed and microstrip-fed patch antennas.

3.2.3 Results and Discussion

(@) (b)

Figure 3.7 Prototype of the proposed SLR-feed microstrip antenna: (a) front view, (b) back view.

The SLR-fed microstrip filtering antenna was fabricated and the prototype is shown in
Figure 3.7. Figure 3.8 shows the simulated and measured S11 and antenna gain. For compar-
ison, the simulated Si11 of a patch antenna with the same parameters but fed by a microstrip
line was added. As can be observed, the measured S11 of the SLR-feed antenna agrees well
with the simulation with the three reflection zeros at 4.8, 5 and 5.2 GHz, respectively. The
measured fractional bandwidth (FBW) is over 8 %. Compared with the microstrip-fed patch
antenna, the bandwidth is significantly improved. In addition, the proposed antenna exhibits
the excellent filtering features with a good frequency selectivity (BW.1048/BW-3¢8 = 0.78)
and good out-of-band rejection (close to 0 dB). Seeing the antenna gain curve, we can see
the proposed antenna has a flat gain response around 6 dBi from 4.8 to 5.2 GHz. Out of
band, the gain rapidly decreases to below -15 dBi, demonstrating an excellent filtering per-

formance in terms of frequency selectivity and out-of-band rejection.
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Figure 3.8 Simulated and measured S1: and gain of the proposed antenna.
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Figure 3.9 Simulated and measured normalized radiation patterns of the proposed microstrip antenna
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at 5 GHz: (a) E-plane, (b) H-plane.

Figure 3.9 shows the simulated and measured E- and H-plane normalized radiation pat-
terns of the proposed SLR-feed microstrip antenna at 5 GHz. The antenna exhibits the
broadside radiation with the cross polarization discrimination is better than 20 dB. The meas-
ured results agree well with the simulations. The main mismatching in the backward

radiation is caused by the blockage of the measure instruments for mounting the antenna.

3.3 Wideband Harmonic Suppression Filtering Antenna

The other important function of the integrated filtering antenna is the wideband harmonic

suppression performance. It is well-known that higher-order modes are widely existing in
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distributed microwave components, such as antenna and filters. These harmonics will lead
to the unwanted interferences and deterioration of the system. Therefore, it is worthwhile to
eliminate these harmonics. To date, various methods have been used to suppress the har-
monics. In [114]-[117], slots or shorted pins are inserted in the radiating element to produce
mismatching at the given bands. In [118]-[123], periodic structures such as defected ground
structures (DGS) are used to reduce the effects of the harmonics. Harmonics can also be
reduced by placing a notch resonator close to the feed [124]. However, most of the tech-
niques presented are dealing with the 2"%-order harmonics, the higher-order harmonics are
rarely looked at. The other limitation of these works is the narrow bandwidth in-band. It is
usually a challenge to achieve a multi-octave harmonic suppression because of the space
limitation.

In this section, a highly integrated filtering antenna is proposed, which not only suppresses
the harmonics but also improves the bandwidth of the patch antenna. Here, we use a modi-
fied planar inverted-F antenna (PIFA) as the feed of a rectangular patch, 2"%-order frequency
responses with improved bandwidth and selectivity are achieved. Moreover, the 2", 3 and
4"-order harmonics over a two-octave band are significantly suppressed without incurring

any additional circuits.

3.3.1 Configuration
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Figure 3.10 Configuration of the proposed PIFA-fed patch antenna.
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Table 3.2 Parameters of the Proposed Antenna: (mm)

Lg Lp Wp H1 H2 H3 R L1 L2
80 43.6 10 0.813 1.525 4 0.35 15.7 4
L3 L4 L5 L6 w1 W2 D1 D2
4 1 25 1.8 6 05 5.2 3.4

Figure 3.10 shows the configuration of the proposed PIFA-fed patch antenna. The patch
is rectangular printed on the upper layer of the top substrate and the PIFA is printed on the
upper layer of the bottom substrate while the ground plane is printed on the lower layer of
the bottom substrate. Between the two substrates, an air gap is inserted for improving the
impedance matching. The PIFA is shorted to the ground through two pins at the one end.
The PIFA and the patch have the same resonant frequency of 2.4 GHz and they are coupled
to generate a 2"%-order filtering antenna through electromagnetic coupling. This results in
the improved bandwidth and frequency selectivity when compared with the traditional patch
antenna. Moreover, two complementary split-ring resonators are embedded in the PIFA so
as to suppress its 3"9-order harmonics. RO4003C substrate with a relative permittivity of
3.55 and loss tangent of 0.0027 @ 10GHz is used in the design. The thicknesses of the top
and the bottom substrates are 0.813 mm and 1.525 mm. All the simulations are performed
using High Frequency Structure Simulator (HFSS 15) and the optimized parameters are
listed in Table 3.2.

3.3.2 Equivalent circuit and methodology
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Figure 3.11 Schematic equivalent circuit of the coupled PIFA-patch structure.

Because the PIFA works at odd modes (fo, 3fo, 5fo...), it can be regarded as a quarter
wavelength resonator. The patch antenna, however, works at its integral multiples of funda-
mental frequency (fo, 2fo, 3fo...) and can be equivalent to a half wavelength resonator. Thus,

the proposed antenna can be modulated to a 2"-order resonant circuit, as shown in Figure
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3.11. The PIFA is represented by a lumped shunt LC resonator. The open-end with the length
less than a quarter wavelength is equivalent as a capacitance C and the short-end is equiva-
lent as an inductance L. The patch antenna above the PIFA can be equivalent as an RLC
resonator, where the R. indicates the radiation resistance. When the PIFA and the patch are
stacked and overlapped, electromagnetic coupling between them occurs, which is indicated
using M in the figure.

The resonant frequencies of the PIFA and the dipole are determined by adjusting the
physical dimension of the PIFA and patch, respectively. The coupling strength is decided by
tuning the air gap thickness and the overlap area between the PIFA and the dipole, related
to D1 in Figure 3.10. In this design, the antenna is designed to operate at 2.4 GHz and Lp =
44 mm, L1 =15.5 mm and D1 =5 mm are chosen as the original values.

5 4

D1=6 mm
| —— D1=5 mm
_25 | — D1=4 mm

-30 T T T T T T T
2.0 2.2 2.4 2.6 2.8 3.0
Frequency (GHz)

Figure 3.12 The reflection coefficient of the antenna with different D1.

According to the equivalent circuit presented in Figure 3.11, 2"9-order frequency re-
sponses can be achieved for the proposed PIFA-fed patch antenna. The bandwidth of the
antenna can be adjusted by changing the coupling strength between the PIFA and the patch.
Figure 3.12 shows the simulated S11 with different overlapping size as related to D1. As can
be seen, a 2"%-order frequency response with two reflection zeros can be observed in the
band, which is beneficial to improve bandwidth. The two reflection zeros move close to each

other as D1 decreases, resulting in a narrower band.

3.3.3 Harmonic Suppression

One important function of this integrated antenna is the wideband harmonic suppres-

sion by using their intrinsically different harmonic properties. It is known that dipole is a
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half wavelength resonator with its harmonics at 2fo, 3fo, 4fo. .., fo is the fundamental resonant
frequency. However, the PIFA can be regarded as a quarter wavelength resonator and its
harmonics locate at 3fo, 5fo.... Thus, when the PIFA and the patch are synchronically tuned
at their fundamental frequency, the even-order harmonics of the dipole at 2fo, 4fo...can be
innately eliminated. To verify this, three types of patch antennas with different feeds are
investigated, as the configurations shown in Figure 3.13. Figure 3.13(a) is a traditional patch
fed by microstrip, denoted as Antenna-1. In Figure 3.13(b), two shorted pins are drilled close
to the feed point to form a PIFA, denoted as Antenna-I1I. Figure 3.13(c) is the proposed
antenna, which is conceived by etching two split-ring slots in the PIFA of Antenna-Il. The
two slots produce resonant notches at 7.5 GHz to suppress the 3™-order harmonics. The

lengths of the slots are approximately half of a wavelength at the resonant frequencies.

overlapped area

, %
probe

(@)

shorted pins

(b)

embedded slot
resonators

(©

Figure 3.13 Configurations of three patch antennas: (a) traditional microstrip-fed, Antenna-1; (b)
PIFA-fed, Antenna-I1; (c) PIFA-fed with embedded split-ring notch resonators, Antenna-I11.
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Figure 3.14 Comparison of the Si: of the three antennas.

Figure 3.14 compares the simulated reflection coefficients of the Antenna-1, Antenna-11
and proposed antenna over a broad frequency range. The three antennas have the same work-
ing frequency at 2.5 GHz. However, they show very different higher-order harmonic
responses. For Antenna-I, the 2", 3" and 4™-order harmonics at 5, 7.4 and 10.5 GHz can be
clearly identified. For the Antenna-II, the 2"%- and the 4"—order harmonics at 5 GHz and
10.5 GHz are significantly suppressed due to the PIFA is used as the feed. However, the 3"-
order harmonic still exists. For the proposed antenna, the 3"-order harmonic at 7.4 GHz is
eliminated because of the split-ring notch resonators integrated into the PIFA. As can be
seen, the proposed antenna exhibits a two-octave harmonic-free band up to 11 GHz. Another
advantage of the proposed PIFA-fed patch antenna is that the operation bandwidth is signif-
icantly improved, as the inset shown in Figure 3.14. It is observed that the two PIFA-fed
antennas have two reflection zeros in the bands, contributing to improved bandwidths (220
MHz vs 70 MHz) and frequency selectivity.

The simulated current distribution of the antenna at 2.5, 5, 7.4 and 10.5 GHz is shown in
Figure 3.15. As can be observed from Fig. 3.15(a), the current on the antenna exhibits a
sinusoidal distribution, indicating a radiation on the patch at 2.5 GHz. However, very weak
current on the patch can be observed at other frequencies. At 7.4 GHz, the current mainly

concentrates around the slot resonators in the PIFA, causing a strong reflection at the input.
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Figure 3.15 Current distribution of the proposed FIFA-fed antenna at different frequencies: (a) 2.5
GHz, (b) 5 GHz, (¢) 7.4 GHz, (d) 10. 5 GHz.

Table 3.3 Results Comparison of the Three Antennas

Fractional band- Harmonic suppression (|S11|)
Antenna type .
width 2"-order 3d-order 4"-order
Antenna-| 2.8% -3.6 dB -8.5dB -8.5dB
Antenna-I| 8.8% -0.4dB -3.5dB -0.8dB
Antenna-111 9.0% -0.3dB -0.2dB -1.2dB

Table 3.3 summaries and compares the three antennas in terms of the bandwidth and har-
monics suppression performance. As can be seen, the proposed antenna has an excellent out-
of-band rejection with the 2"9-, 3'- and 4™-order harmonics significantly suppressed.

The resonant frequencies of the PIFA and the dipole are determined by adjusting the
physical dimension of the PIFA and patch, respectively. The coupling strength is decided by
tuning the air gap thickness and the overlap area between the PIFA and the dipole, related
to D1 in Figure 3.10. In this design, the antenna is designed to operate at 2.4 GHz and Lp =

44 mm, L1 =15.5mm and D1 =5 mm are chosen as the original values.
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3.3.4 Results and Discussion

Figure 3.16 shows the simulated and measured S-parameters from 2 to 11 GHz. The
measured result agrees well with the simulated one, showing an impedance matching band-
width from 2.32 to 2.57 GHz. Out-of-band, the 2", 3@ and 4™ harmonics of the patch at
around 5, 7.4 and 10.5 GHz are significantly suppressed, contributing to an excellent har-

monic suppression performance over a two-octave bandwidth (from 2.7 to 11 GHz).
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Figure 3.16 Simulated and measured S11 of the proposed PIFA-dipole element.
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Figure 3.17 Normalized simulated and measured radiation patterns of the antenna at 2.5 GHz: (a) E
plane, (b) H plane.
Figure 3.17 shows the simulated and measured normalized radiation patterns of the
antenna in E- and H-plane. The measured patterns agree well with the simulations, exhibit-
ing directional radiation pattern in broadside. The cross polarization discrimination (XPD)

are better than 30 dB in both the E and H planes. The discrepancy of the backward patterns
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between the simulation and the measurement is caused by the absorber material mounted on
the back of the antenna under the measurement.

Figure 3.18 shows the simulated and measured gains of the proposed PIFA-fed antenna
as a function of frequency. The measured result exhibits a flat gain response of 6.7 dBi at
around 2.5 GHz, which is slightly lower than the simulated 7.2 dBi. Out of the band, the
measured gain is lower than -7 dBi from 2.8 to 10.5 GHz, demonstrating that the PIFA-fed
patch antenna exhibits an excellent harmonic suppression performance over a wideband with

the 2", 39 and 4™ harmonics of the patch are significantly suppressed.
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Figure 3.18 Simulated and measured gain of the PIFA-fed patch antenna.

Table 3.4 compares the proposed antenna in this paper with several other reported works
with harmonic suppression capabilities in [119]-[122]. The comparison mainly focuses on
the orders of in-band responses, the order of harmonics suppressed and suppression perfor-
mance. From the comparison, we can see the proposed PIFA-fed patch antenna has a higher-
order in-band frequency response and a better harmonic suppression performance with 2",
3 and 4™ harmonics significantly suppressed.

Table 3.4 Comparison with Other Harmonic Suppression Antennas

Operation fre- Poles in the harmonics sup- o
Types of antennas Rejection performance
quency band pressed
Ref. [122] 0.9 GHz 1 2nd, 3rd -1.3dB
Ref. [119] 3.1GHz 1 2nd, 3rd -2.5dB
Ref. [120] 2.45 GHz 1 2nd, 3rd -3dB
Ref. [121] 2.2 GHz 1 2nd, 3rd -4 dB
This work 2.5 GHz 2 2nd; 3rd 4th -1dB
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3.4 Dual-Band Filtering Antenna

Unidirectional antenna with dual-band or multi-band operations is becoming more and
more important due to the increasing wireless applications. Significant effort has gone into
the research of dual-band or multi-band antennas [125]-[128]. Dual-band operations are usu-
ally achieved by utilizing the fundamental mode and higher order modes of the patch [129]-
[130]. One of the disadvantages of this method is the limited frequency ratio of the two
operation bands. It is very challenging to obtain a dual-band microstrip antenna with a low
frequency ratio. The other problems include limited bandwidths of both operations, low gain
and out-of-band interference.

The integration of filter and antenna provides a feasible method to realize the band-band
operation with improved frequency responses. In [131]-[132], dual-band filtering patch an-
tennas were proposed. However, the antenna in [131] works in the two orthogonal modes of
a rectangular patch and very complicated matching structures were adopted. Besides, the
antenna has a low gain of only -1.8 dBi and 1.1 dBi at the two bands and many unwanted
harmonics emerge between the two bands. In [132], the TM1o and TM3zo modes of the patch
were employed to achieve the dual-band operation. But, the gain of the antenna is consider-
able low (-4 dBi) and the feeding network is complicated. In this section, a novel method is
presented to achieve a dual-band filtering antenna with improved the bandwidth and wide-
band harmonic suppression. The two bands are designed at 3.6 and 5.2 GHz for WiMAX
and WLAN applications. We use a dual-mode stub loaded resonator (SLR) to feed a dual-
mode U-slot patch antenna through electromagnetic coupling, producing a 2"%-order dual-
band filtering antenna. Compared with traditional patch, the bandwidth, frequency selectiv-
ity and gain are significantly improved. The antenna also exhibits very good harmonics

suppression performance over a broadband.

3.4.1 Antenna Configuration

Figure 3.19 shows the configuration of the proposed dual-band microstrip filtering an-
tenna. The antenna is composed of two substrates separated by a thin foam (1 mm). The
square patch is printed on the upper layer of the top substrate with a U-shaped slot is etched
in it for dual-band operation. The feeding line and the dual-mode E-shaped SLR are printed
on the bottom layer of the lower substrate. The patch and the feeding network share a same
ground plane in the middle layer with an aperture etched in it. Figure 3.19(b) illustrates the
stacked structure of the proposed design. Rogers 4003 substrate with a dielectric constant of
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3.55 and a loss tangent of 0.0027 was used. All simulations were performed using High

Frequency Structural Simulator (HFSS 15) and the optimized parameters are listed in Table
3.5.
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Figure 3.19 Configuration of the proposed dual-band filtering antenna: (a) exploded perspective view,

(b) the stacked structure.

Table 3.5 Parameter of the Proposed Dual-Band Filtering Antenna: (mm)

Lp Lu L2 W, Lg Lsiot Wisiot Ln
27.2 7.5 8 0.45 60 9.4 0.7 8.2

Lr2 Lrs Lrs Lrs S Wi Hsup1 Hsubz

8 6.15 4.2 2.8 0.3 1.8 0.813 1

41



Chapter 3. Highly Integrated Filtering Antenna Elements with Improved Performance

To achieve the dual-band patch antenna with filtering performance, a dual-mode SLR is
employed to couple and synchronically tune with the U-slot patch. In contract with the tra-
ditional method of cascading a filter with an antenna [133], the filtering and radiating
components are seamlessly integrated in this work. The U-slot patch here serves as the last-
order dual-mode resonator of the dual-band passband filter (SLR) as well as the radiating
element. This contributes to a higher order filtering performance (2"%-order) while maintain-
ing a compact footprint.

Owing to the high freedom in controlling the resonant frequencies, the E-shaped SLR
is widely used as a dual-mode resonator in filter design. The SLR can be analyzed using the
odd- and even-mode method. When the odd-mode is excited, the center part of the SLR is

equivalent to a shorted end and the resonant frequency can be approximately derived as,

f

(Eq.3.5)

C
o fe (2L, + L)
When the even-mode is excited, the symmetrical plane can be viewed as an opened end and
the resonant frequency can be expressed as,
Cc

f =
oo e (L, AL, 12+ L)

where the foda and feven are the odd- and even-mode resonant frequencies of the SLR. c is the

(Eq.3.6)

light velocity in free space and & is the effective permittivity. Thus, the odd-mode and even-

mode resonant frequencies can be easily tuned by adjusting the dimensions of the SLR.

3.4.2 Improved Bandwidth

Normally, the bandwidth of the dual-band U-slot patch antenna is limited, especially
for the low profile antennas. In this design, a new method for enhancing both bandwidths of
the patch antenna by using a dual-mode resonator to feed the U-slot patch is investigated.
The U-slot patch and the dual-mode resonator are coupled by electromagnetic, leading to a
higher order frequency responses at the two bands without increasing the profile of the an-
tenna. Figure 3.20 compares the simulated S11 of standalone U-slot patch, SLR filter and the
proposed filtering antenna. It is observed that the traditional U-slot patch only shows one
pole in each band and the fractional bandwidths at both bands are only about 1.8%. In con-
trast, the proposed antenna exhibits the improved bandwidths at both bands with 2"-order
filtering features. At each band, two reflection zeros can be identified, contributing to sharp
roll-offs at both bands.
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Figure 3.20 S11 comparison among standalone U-slot patch, SLR filter and proposed filtering antenna.

The other advantage of the proposed dual-band method is that the bandwidth can be

tuned by adjusting the coupling strength between the resonators. Figure 3.21(a)-(b) shows

the bandwidths of the two operation bands with different lengths and widths of the aperture.

It is observed that when the length of aperture Lsiot is shorter than 8 mm, the two reflection

zeros merge together, leading to a narrow bandwidth of less than 50 MHz (FBW = 1.4%).

As Lsiot increases, indicating that the coupling strength between the SLR and the U-slot patch

increases, the two reflection zeros are divided and a wider bandwidth of over 150 MHz

(4.2%) is achieved for the low-band. When Lsiot further increases, the impedance matching

performance will deteriorate. The length of the aperture has a similar but less significant
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Figure 3.21 Variation of the bandwidths with different (a) Lsiot, and (b) Wisiot.

effect on the high-band operation. The effects of the width of the aperture on the bandwidth
are shown in Figure 3.21(b). When the width of the aperture decreases from 0.8 to 0.2 mm,
the bandwidths of the low-band and high-band decrease from 4.2% to 1.9% and from 3.8%
to 1.2%, respectively. Different from the traditional patch antenna, where the bandwidth is
usually tuned by adjusting the profile of the antenna, this work provides a new method to
tune the bandwidth of the antenna without changing the thickness of the antenna.

3.4.3 Harmonic Suppression

Harmonics is a serious problem to be concerned in wireless communication systems.
Traditionally, harmonics are often eliminated by cascading a filter at the backend [127].
However this increases the complexity and the volume of the RF front-end. In the integrated
filtering antenna, harmonics can be significantly suppressed without resorting extra circuits.
Figure 3.22 compares the frequency responses of a traditional U-slot patch, a SLR-fed patch
without hairpin and the proposed filtering antenna. As can be observed, the traditional patch
antenna has two obvious harmonics at 8.75 and 11.7 GHz, respectively. When the U-slot
patch is fed by a SLR, the two harmonics are eliminated. This is attributed to the fact that
the dual-mode SLR and the dual-band U-slot patch have the same fundamental resonant
frequencies but different higher order harmonics. As a result, these two components are de-

tuned at the high band and the higher order harmonics are suppressed.
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Figure 3.22 Frequency responses of a microstrip-fed U-slot patch, SLR-fed patch without hairpin and

proposed filtering antenna over a wideband.

It should also be noted that the SLR itself also introduces an unwanted harmonic at 9.5
GHz. To eliminate this interference, a small hairpin resonator resonates at 9.5 GHz is
shunted at the feed line, as presented in the proposed antenna. This hairpin resonator intro-
duces a notch-band at 9.5 GHz to eliminate the interference. For the proposed antenna,
excellent out-of-band rejection up to 12 GHz can be achieved. Compared with the traditional
method in [133], the harmonics are suppressed without increasing the footprint of the an-
tenna. Moreover, the frequency responses, including the bandwidth and the frequency

selectivity, are improved.

3.4.4 Results and Discussion

The simulated and measured Si1: of the proposed filtering antenna are presented in Fig-
ure 3.23. A broad frequency range from 3 to 12 GHz was tested to show the harmonic
suppression performance. The measured result agrees very well with the simulation with
dual operation bands from 3.5 to 3.65 GHz and 5.1 to 5.3 GHz achieved. The minor discrep-
ancy between the simulation and the measurement is attributed to the fabrication errors. At
the both bands, 2"-order filtering features with two reflection zeros are identifiable. This
results in improved bandwidth and frequency selectivity performance. Out of the bands, the
antenna exhibits wideband harmonic suppression up to 12 GHz.
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Figure 3.23 Simulated and measured S11 of the proposed dual-band filtering patch antenna.

Figure 3.24(a)-(b) shows the normalized simulated and measured co- and cross-polari-

zation radiation patterns at 3.6 GHz in the E plane (XZ) and H plane (YZ), respectively. The

antenna exhibits the radiation in broadside direction with a cross polarization discrimination
(XPD) of -25 dB in both planes. The E and H plane radiation patterns at 5.2 GHz are pre-

sented in Figure 3.25. It is observed that the measured results agree well with simulations.

Compared with the microstrip-fed U-slot microstrip antenna, the XPD of this antenna is

improved, especially in the directions offset the broadside. The discrepancy between the

simulated and measured patterns, especially the nulls in the backward radiation, is mainly

attributed to the influence of the printed SLR which also contributes to the backward radia-

tion.
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Figure 3.24 Simulated and measured normalized radiation patterns at 3.6 GHz: (a) E plane, (b) H
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Figure 3.25 Simulated and measured normalized radiation patterns at 5.2 GHz: (a) E plane, (b) H

Figure 3.26 shows the simulated and measured realized gains of the proposed dual-band
filtering antenna in a broadband from 3 to 12 GHz. To demonstrate the advantages of the
proposed antenna, the simulated gain of the standalone U-slot patch antenna is also included.
The proposed antenna has the gains of 6.5 and 7 dBi at the low- and high-band, respectively.
At the harmonics (8.5 and 11.7 GHz), the standalone U-slot patch antenna has a high gain
of 7.5 dBi. In contrast, the gain drops significantly to below -7.5 dBi for the proposed filter-

ing antenna. These results demonstrate that the proposed antenna has excellent frequency

plane.

selectivity and out-of-band harmonic suppression over a wideband.
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Figure 3.26 Simulated and measured gain of the proposed dual-band filtering antenna.

47



Chapter 3. Highly Integrated Filtering Antenna Elements with Improved Performance

Table 3.6 compares the proposed dual-band filtering antenna with the other two reported
dual-band filtering antennas in [133] and [134]. The comparison focuses on the harmonic
suppression, polarization, gain and XPD at the two bands. The comparison shows that the
proposed antenna has the improved gain and XPD at the two operation bands. The works in
[133] and [134] did not investigate the harmonic and the gains are relatively lower. In addi-

tion, the work in [133] has the different polarizations at the two operation bands.
Table 3.6 Comparison with Other Dual-Band Patch Antennas

Types of anten- Harmonics suppres- Polarization at two Gain (dBi) XPD (dB)
nas sion bands (fu/fh) (fu/fh)
Ref. [133] No different -1.8/1.1 -10/-22
Ref. [134] No consistent -4.0/3.8 NA
This work Yes consistent 7.5/8.0 -40/-30

3.5 Summary

In this chapter, several filtering antennas with different functions are proposed. In the
first design, a broadband filtering antenna is realized by using a multi-mode resonator to
feed a patch. Then, the harmonic suppression function is investigated by detuning the reso-
nators and the patches at the high-band. Finally, a novel dual-band filtering antenna with
improved bandwidth and broadband harmonic suppression is presented. By these studies,
we can observe the frequency responses of the filtering antennas are significantly improved
as compared with traditional antennas. These improvements are beneficial to wireless com-

munication systems.
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Chapter 4. Integrated Microstrip Filtering Array
Antennas

4.1 Introduction

In many wireless communication applications, such as satellite communications and
mobile communication at base-stations, an antenna with high gain is always required. Mi-
crostrip array antenna, due to its merits of low profile, light weight and low cost, has been
widely used in wireless systems. To achieve a large array antenna, power dividing networks
are usually required to maintain a given magnitude and phase for each element. Besides, the
quarter wavelength transmission lines and matching stubs are needed to realize the imped-
ance matching. On the other hand, owing to the resonant characteristics and relatively high
Q-values of microstrip antennas, they have the major drawback of narrow bandwidth. To
enhance the bandwidth, techniques such as adding air gaps, increasing the thickness of the
substrates are usually used at the expense of increased thickness and complexity [135]-[136].

For some applications, the array antenna with dual-band or multi-band capacities is
highly demanded. Dual-band operations could effectively increase the versatility of the sys-
tems. In multifunction radar/spaceborne satellite applications, different frequency
operations are also required to share the same aperture to reduce the cost and weight of the
RF frontend. In general, high frequency operation provides images with higher resolution,
whereas low frequency can penetrate bulky obstacles, giving some information relating to
properties of targets. However, when antenna array works at different frequency bands, large
and complicated feeding networks will be incurred. In traditional, dual-band operations of
an antenna can be implemented by using two single-band elements or using one dual-band
element. Employment of two single-band elements is always regarded more flexible for de-
signing the dual-band antennas with high frequency ratios. In [137]-[141], perforated
patches are used to design the dual-band arrays while sharing the same aperture. In [142]-
[146], the radiating elements with different resonant frequencies are interlaced for dual-band
operations. One of the challenges in these array designs is the congestion of the feeding
networks since each band and each polarization is usually excited separately. This would be
more challenging as the frequency ratio decreases (much smaller than 2). To date, very few
works have been reported dealing with the dual-band dual-polarized (DBDP) array with low

frequency ratio.
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Polarization diversity is also very desirable in wireless communication or radar appli-
cations as it could enhance the information content as well as combat the multi-path fading
[147]. To maintain a good performance, the isolation between the two polarizations should
be high enough. Normally, the dual-polarization character is realized by exciting the two
orthogonal modes of the antenna. This, however, brings about some serious problems in the
designing. One of the challenges is that the number of the feeding networks are doubled
when the antenna works at dual polarizations. Therefore, it is very challenging to accommo-
dating the feeding networks of a dual-polarized antenna array, especially for the dual-band
or multi-band array antenna.

To overcome these problems while maintaining a compact front-end, the methods of
designing the filtering antennas in Chapter 3 are employed in this chapter to design the in-
tegrated filtering array antennas. The integration of filters, power dividers, antennas and
other passive components provides a promising solution to solve these challenges. By the
virtue of the resonant nature, the radiating elements can serve as the last resonators of the
power dividing/filtering networks. Thus, the antennas can contribute to the poles of the filter
and therefore the bandwidth and frequency selectivity. In [83], a microstrip filtering antenna
array was proposed by using coupled resonators to design the feeding network. In this chap-
ter, three array antennas with integrated filtering performance are explored. These works
respectively exhibits the advantages of the filtering antenna arrays over the traditional array

antennas.

4.2 Microstrip Filtering Antenna Array with Improved Selectivity
and Harmonics Suppression

Usually, in traditional wireless communication systems, filters are cascaded with anten-
nas for eliminating the unwanted interferences, which however leads to a complicated and
bulky system. In this section, we will explore a method to integrate the passive components
such as filters, power dividers and radiating elements. Here, a novel 2 x 2 antenna array
using an all-resonator network is proposed. The filters and power dividing networks in tra-
ditional RF frontends are replaced by a group of coupled resonators. The array of patches
serve not only as the radiating elements but also the last resonator of the filter. A resonator-
based four-way out-of-phase power divider is designed to couple with a patch array. In this
way, the bandwidth, frequency selectivity and harmonics suppression are significantly im-
proved. The harmonics of the integrated design are suppressed by the use of three types of

resonators with different harmonics characteristics, which will be detailed later.
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4.2.1 Topology and Synthesis

Figure 4.1 The topology of coupled resonators for the fourth-order filtering array proposed in this pa-
per.

The multiple functions - filtering, power division and radiation - are integrated into a
single network of coupled resonators. It is essentially a four-way all-resonator based topol-
ogy as proposed and shown in Figure 4.1. The circles represent resonators or resonant
antenna elements, whereas the lines between them represent the coupling. It should be noted
that the resonators 5, 7, 9 and 11 work as resonators and radiators simultaneously. The res-
onators 1, 2 and 3 act as the power distribution elements, which are traditionally realized by
transmission-line T-junctions. Such a network has the fourth-order filtering characteristics.
A single coupling matrix M can be used to represent the topology in Figure 4.1. Due to its
high symmetry, such a matrix can be directly synthesized. Basically, the coupling coeffi-
cients mij of the multi-port network can be related to those of a fourth-order two-port

Chebyshev filter, as denoted by m'ij, using the following equations,

my, =m12/“2’m24 =m24/“2*m45 =M, My =m,,

My =My = Mg =My My =M =Mgg =My

(Eq.4.1)

The specifications in this design are given as follows: Centre frequency fo = 2.39 GHz,
bandwidth BW = 130 MHz, return loss RL = 10 dB, and order N = 4. The coupling coeffi-
cients and external quality factors can be derived as Qex = 29.9, mi2 = m13 = 0.0275, mas =
M26 = Mag = M3,10 = 0.0230, M4s = M7 = Mgy = M10,11 = 0.0389. m;;j is the coupling coefficient
between the resonator i and j. All resonators are synchronously tuned, i.e. mi;i = 0. It should
be noted that no source-load coupling is considered in the synthesis. Figure 4.2 shows the

theoretical frequency response corresponding to the coupling matrix.

51



Chapter 4. Integrated Microstrip Filtering Array Antennas

0-
-10-

-20 4

s,, (dB)

-30 -
-40 -

-50

2.25 2.30 2.35 2.40 2.45 2.50
Frequency (GHz)

Figure 4.2 Theoretical S-parameters of the proposed topology corresponding to the synthesized cou-

pling matrix.

4.2.2 Implementation Approaches

= i B
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Figure 4.3 Configurations of three types of resonators with weak coupling to the input and output

ports: (a) ring strip resonator, (b) hairpin resonator and (c) square patch resonator. R1 = 23.6 mm,
R21=12mm, R22=175mm, R3 =315 mm.

To implement the topology in Figure 4.1, microstrip resonators are employed here. In
order to serve as the power dividing devices, the resonator 1, 2 and 3 are required to be
symmetrical in geometry. In this work, the ring strip resonators are chosen due to their com-
pactness and high Q-value, as shown in Figure 4.3(a). The total length of the resonator is
about a wavelength at the resonant frequency. As for resonator 4, 6, 8 and 10, hairpin reso-
nators, as shown in Figure 4.3(b), are adopted to couple power from the ring strip resonator

and to feed the antenna again. The hairpin is a half-wavelength resonator. Resonators 5, 7,
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9 and 11 are square patches, as shown in Figure 4.3(c). They not only act as the radiating
elements but also the last resonators of the filtering network. Therefore, they contribute to
one pole in the frequency response. The length of the square patch is approximate a half of
a guided wavelength. It is worth mentioning that the patch antenna is treated as a two-port
component as a first-order approximation to illustrate its resonance and harmonic perfor-
mance. The different structures and therefore different resonant characteristics of the three
types of resonators have the added benefit of having distinct harmonic frequencies. As
shown in Figure 4.4, when the fundamental modes of the resonators are tuned to the same
frequency at 2.4 GHz, their second-order harmonics vary widely with each other. This prop-

erty has been used to suppress the harmonics in the higher band.
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Figure 4.4 Simulated |Sz1| of the three resonators in Figure 4.3.

The couplings between the resonators are evaluated through simulations. The coupling
strength between the two ring resonators and between the ring resonator and hairpin resona-
tor can be adjusted by changing the spaces (S1, S2) between them. The coupling between the
hairpin and the patch can be realized through a slot in the ground and the coupling strength
is controlled by tuning the length and width of the slot. All the coupling coefficients are
extracted using (1) [147],

oot (Eq.4.2)
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where fi and fj are the resonant frequencies from the two coupled resonators. Using full-wave

simulation, fi and fj can be obtained and coupling coefficients can be calculated.
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Figure 4.5 Coupling coefficients between resonators: (a) two ring strip resonators with Sz (b) ring strip
resonator and hairpin resonator with Sz, (c) hairpin resonator and the patch resonator with length of

slot Ls and (d) hairpin resonator and the patch resonator with width of slot Ws.

Figure 4.5 shows the coupling coefficients between the resonators as a function of geom-
etry parameters. During these simulations, the couplings to the input and output ports are
kept weak so as to ensure the revealed coupling characteristics are from the two interacting
resonators. Figure 4.5(a) shows the coupling between two ring strip resonators and Figure
4.5(b) shows the coupling between the ring strip and the hairpin resonator. As for the cou-
pling between hairpin resonator and patch resonator, which are located on different circuit
layers, the coupling is realized by slitting a slot in the ground plane. By increasing the length
or the width of the slot, the coupling coefficient increases, as presented in Figure 4.5(c) and
(d). To realize the required coupling coefficients, the initial values of the parameters have

been found to be S; =1.5 mm, S, =1.6 mm, Ls =11 mm and Ws = 0.8 mm.
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4.2.3 Resonator-Based Out-of-Phase Power Divider
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Figure 4.6 Configuration of the proposed four-way third-order power divider
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Figure 4.7 Simulated S-parameters of the proposed resonator-based four-way power divider.

By utilizing the resonators in the Figure 4.3 and their resonant characteristics, a resona-
tor-based power divider with integrated filtering function is conceived, as shown in Figure
4.6. The power divider has the 3"-order filtering responses. The power fed from the center
ring strip resonator is divided and coupled to the other two ring resonators at both sides. This
is then coupled to the hairpin resonator. The S-parameter in Figure 4.7(a) shows the S-pa-
rameters of the power divider. As can be seen, a filtering performance with three poles in

the band is produced. These poles are introduced by the coupled resonators. At the harmonic
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frequencies (4.5 to 5 GHz), due to the different second-order harmonics among the three
types of resonators, the filtering divider is detuned. As a result, the harmonics at the high-
band are suppressed.
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Figure 4.8 Simulated phase response of the resonator-based four-way power divider.
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Figure 4.9 Simulated current distribution at 2.4 GHz.

Figure 4.8 shows the phase responses of the power divider. Due to the symmetrical
configuration, the port 2 and 3 have consistent phase responses, so do the port 4 and 5.
However, when we compare the port 2 and 4, or port 3 and 5, a 180° phase difference can
be observed. This can be visualized in the current density distribution at 2.4 GHz as pre-

sented in Figure 4.9. The current reverses at the two coupling locations with the hairpin
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resonators. The electrical length between the two locations is about half of a wavelength,
which causes the 180° phase difference. The out-of-phase output not only makes the design

more compact, but also improves the cross polarization discrimination [149].
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Figure 4.10 Simulated |S41| (|]S51|) with different Dis.

It is worth noting that the |[S41]| (|S51]) response in Figure 4.7 is quite different from that
of the |S21] (]S31|) response out of the band. As for [S41| (|]S51|), three transmission zeros at
2.1, 2.25 and 2.45 GHz are visible, with the first two located at the lower band and the third
one located at the higher band. These transmission zeros can be attributed to the source-load
coupling between the port 1 and Port 4 (5) which are on the same side of the circuit and in
proximity, as well as the cross coupling between the non-adjacent ring and the hairpin. These
couplings were not considered in the synthesis of the coupling matrix. However, the result-
ant transmission zeros significantly improve the frequency selectivity of the filtering divider.
Parameter studies have been performed to investigate the relationship between the couplings
and the transmission zeros. As shown in Figure 4.10, the coupling between the source (Port-
1) and load (Port-4 and 5) is varied by tuning the distance Dis between the hairpin and the
feedline at Port-1. This should also affect the cross coupling between the non-adjacent ring
and the hairpin. When Dis is over 10 mm, only one transmission zero is observable at the
lower band and the other at the higher band. When Dis decreases, two transmission zeros
appear at the lower band, whereas the third one shifts closer to the pass-band. This mecha-
nism of creating and controlling the transmission zero can be used to design filter-antennas

with further improved frequency selectivity without increasing the order of the filters.
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4.2.4 Filtering Antenna Array Implementation
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Figure 4.11 Configuration of the proposed 2 x 2 filtering antenna array. La =120 mm, Lp = 31.5 mm,
Lo =60 mm, Ls=11.6 mm, Ws =0.9 mm, Lr = 24.6 mm, L = 16.7 mm, Wn =12 mm, So = 0.25 mm, S1 =
1.7 mm, Sz = 1.6 mm, H1 = 1.525 mm, H2 = 0.787 mm.

Based on the topology in Figure 4.1 and studies of the filtering power dividing network,
an antenna array with integrated filtering characteristics is achieved by replacing the outputs
of the third-order filtering power divider with the radiating patches. Figure 4.11 shows the
configuration of the proposed 2 x 2 filtering antenna array. The radiating patches are printed
on the top layer of the upper substrate (Rogers 4003 with a dielectric constant of 3.55). The
filtering power dividing network is printed on the bottom layer of the lower substrate (Rog-
ers 5880 with a dielectric constant of 2.2). The power dividing network and the patches share
a common ground plane in the middle layer. The patches on the top layer act as the last
resonators and coupled to the hairpin resonators through the slots in the ground plane. The
space between the patches Lpis 60 mm, i.e. 0.48 A at the center frequency of 2.4 GHz. It
should be noted that in this all-resonator based design the traditionally separated filter and
the interfaces between the filter and antenna are eliminated, which results in a compact and
highly integrated structure. The design and simulation were performed using High Fre-
quency Simulation Software (HFSS 15), and the optimized parameters are given in the

caption of Figure 4.11.
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Figure 4.12 Comparison of the simulated |S11| between the proposed filtering antenna array and an an-
tenna array with the traditional feed.

Figure 4.12 compares the simulated S-parameters of the proposed filtering antenna ar-
ray with a microstrip array with a traditional feed. For the traditional array, the patches are
fed by a microstrip-line power divider through the slots. The other parameters of the two
patch array are kept identical. It can be seen from Figure 4.12 that the integrated antenna
array has four clearly visible reflection zeros at 2.33, 2.36, 2.41 and 2.45 GHz, demonstrat-
ing the expected fourth-order filtering characteristics. A -10 dB impedance bandwidth of
5.6% is obtained. In contrast, only one resonant mode can be observed for the traditional
patch array and the fractional bandwidth is only 1.6%. Thus, the integrated design approach
in this work could significantly improve the bandwidth of the microstrip array antenna. The
other apparent improvement of this work is that the frequency selectivity of the proposed
antenna is largely enhanced due to the high-order resonant features of the feeding networks.
To better quantify the frequency selectivity, the ratio of the -10 dB bandwidth (BW.1048) and
the -3 dB bandwidth (BW.zgg) is evaluated to be 30% and 87% respectively for the tradi-

tional antenna array and the integrated antenna array.
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Figure 4.13 Simulated |S11| and antenna gains of the filtering antenna array in comparison with a tra-
ditional patch array over a broadband.

The other important issue is the high-order harmonics, which could deteriorate the qual-
ity of the wireless communication system. Higher order harmonics are commonly
distributed in microstrip antenna, which are usually suppressed by cascading a filter. In this
work, due to the integration of the three types of resonators with different harmonics, the
harmonics could be suppressed effectively without integrating the extra bandpass filters.
Figure 4.13 shows the simulated Si: and realized gains of the proposed filtering antenna
array and a traditional patch antenna array over a broadband. For the traditional antenna, due
to influence of the second order harmonics, a spurious band occurs at around 4.5 GHz with
a S11 of -6.2 dB. This spurious band leads to a high antenna gain of 10 dBi at around 4.5
GHz. The proposed antenna array, however, the harmonic is almost eliminated with the re-
turn loss of below 0.7 dB. The gain of the proposed filtering array is reduced to below 15
dBi at the harmonic band. In the operation band, the traditional array has a peak gain of 9.9
dBi and which slowly decreases when the frequency offsets the center frequency 2.4 GHz.
In contrast, the integrated array antenna has a flat gain of 9.7 dBi in the working frequency
band. It then drops rapidly to below -20 dBi when the frequency moves to below 2.24 GHz
or above 2.53 GHz.

Table 4.1 summaries the parameter comparison with the traditional antenna in terms of
the resonant poles, bandwidth, frequency selectivity, harmonic level and gain in band as well

as gain at the harmonic.
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Table 4.1 Parameter Comparison with a Traditional Array Antenna

Antenna Type Traditional Array Proposed Array
Number of Resonant Poles 1 4
Fractional Bandwidth 1.60% 5.60%
Frequency Selectivity 30% 87%
(BW.-1048/BW -308)
Harmonic Level (|S11]) -6 dB -0.7dB
Gain (In band) 9.9 dBi 9.7 dBi
Gain (Harmonic) 10.1 dBi -15 dBi

4.25 Results and Discussion

(@ (b)

Figure 4.14 Photograph of the 2x2 filtering antenna array: (a) front view, (b) back view.

Figure 4.14 shows the front and back views of the proposed 2 x 2 filtering antenna array
prototype. The antenna is measured using a ZVL vector network analyzer and the results are
shown in Figure 4.15. For comparison, the simulated, measured and the theoretical S-pa-
rameters are presented. As can be seen, the measured result agrees very well with the
simulated and theoretical results with an impedance bandwidth from 2.31 GHz to 2.46 GHz
achieved. There is an unexpected dip between 2.2 and 2.3 GHz, which may be caused by
the cables and connectors used in the measurement.

Figure 4.16 shows the normalized simulated and measured co- and cross-polarization
radiation patterns of the filtering antenna array in E and H plane, respectively. The patterns
exhibit the expected radiation performance with maximum antenna gain in the broadside
direction. The cross polarization discrimination (XPD) in the E and H plane are better than
-36 dB and -28 dB, respectively, which is attributed to the slot coupling and the out-of-phase

power divider.
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Figure 4.15 Theoretical, simulated and measured |S11| of the filtering antenna array.
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Figure 4.16 Normalized measured co- and cross-polarization radiation patterns at 2.4 GHz: (a) E

plane, (b) H plane.

Figure 4.17 presents the measured and simulated realized antenna gains of the proposed

filtering antenna array over a wide frequency range from 2 to 5.4 GHz. The simulated gain

of the traditional antenna array is also included for comparison. It is observed that the sim-

ulated and measured results agree well with each other. The filtering antenna array has a flat

gain response of 9 dBi from 2.30 to 2.45 GHz. For the measured gain, there are two nulls at

the both sides of the operation band, resulting in a rapid drop of the gain out of the band.

The gain reduces to -25 dBi below 2.24 GHz and above 2.53 GHz. These nulls are attributed

to the source-load coupling and the cross coupling as discussed in Section I11-C, which could

significantly improve the frequency selectivity of the array antenna.
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Figure 4.17 Measured gain of the filtering antenna array as a function of frequency.

One of the other obvious features is that the antenna gains at the high-band are signifi-
cantly reduced by 22 dB as compared with the traditional patch antenna. This verifies the
capability of harmonic suppression of the integrated design. There are some small discrep-
ancies between the simulated and the measured gain curves especially outside the operation
band. This is due to the reduced measurement sensitivity at these rejection bands where the
power level is very low. For the traditional antenna array, the gain decreases slowly when
the frequency deviates from the center frequency. The comparison of the gains between the
two antenna arrays demonstrates that the integrated filtering antenna array has a much im-

proved performance of frequency selectivity and harmonic suppression.

Table 4.2 Comparison with other Filteirng Antennas

Antennas [83] [45] This work
Order of filtering 3rd 2nd 4th
Antenna Size 1.06 Ax1.06 A 0.86 Ax1.16 A 0.96 Ax0.96 A
In-band Gain 9.6 dBi 6.1 dBi 9.7 dBi
Gain at Harmonic - -5 dBi -15 dBi

Table 4.2 compares the filtering antenna in this paper with the other reported filtering
array in the literature [83] and [45]. The comparison mainly focuses on order of the filtering,
antenna size, in-band gain and gain at the harmonic. This comparison shows that this work
exhibits a better filtering performance with the 4" filtering features than that in [83] and an
improved harmonic suppression than that in [45]. These enhancements are attributed to the
mixed use of different types of resonators and the out-of-phase divider.
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4.3 Dual-Polarized Filtering Array Antenna with Improved
Bandwidth and Selectivity

In many wireless applications, such as radars and satellite communications, the mi-
crostrip antennas with dual-polarization and high-gain characteristics are usually desired.
The other issues to be concerned are impedance bandwidth of the antenna and the capability
of combating interferences. Broadband features can be realized by adopting stacked parasitic
patches with a large air gap between them [150]-[153]. In this section, the method of design-
ing broadband filtering antenna in Chapter 3.2 is developed to achieve a dual-polarized
microstrip antenna array with a low profile and improved bandwidth. Due to the seamless
integration of filter and antenna is employed, the antenna array also exhibits a good filtering

performance.

4.3.1 Dual-Polarized Antenna Element

Hl— =
H2—»|

Figure 4.18 Configuration of proposed dual-polarized microstrip antenna element. L1 =30 mm, L2 =
14 mm,L3=59mm, L4=84mm,L5=74mm,L6=6.8 mm, W1=0.3mm,W2=02mm,D=14
mm, H1 =0.813 mm, H2 = 1.525 mm.

Figure 4.18 shows the configuration of the proposed integrated dual-polarized mi-
crostrip antenna element. The antenna has two substrates, which are stacked together. The
square patch is printed on the top layer of the upper substrate, which is fed by two group of
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stub loaded resonator (SLR) in the bottom layer through the slot lines in the ground.
RO4003C substrate is used in the designing. The thicknesses of the lower and upper boards
are 0.813 mm and 1.525 mm, respectively. The two slots in the ground plane are placed
perpendicular to each other to reduce the coupling between the two polarizations. Different
from the traditional aperture coupled microstrip antenna, the patch in this work is coupled
and fed by a resonator. The SLR is perpendicular relative to the slot so as to achieve a strong
magnetic coupling between them. To realize a broad impedance bandwidth, the odd- and
even-mode of the SLR are placed at both sides of the resonant frequency of the patch. The
study and methods of controlling the dimension of the SLR were presented in Chapter 3.2.
The simulations are performed using HFSS v15 and the optimized parameters are presented

in the caption of Figure 4.18.

4.3.2 Implementation approaches

Wi Patch
/
\_"7 /
| la2 N

Port 1

SLR Port 2

- Bottom layer |:| Top layer

Figure 4.19 Configuration of a two-port component with a SLR and a patch at different layers.

In order to illustrate the mechanism, a two-port component with a SLR and a patch at
different layers is investigated to study the resonant characteristics of each polarization of
the antenna, as shown in Figure 4.19. The SLR is printed on the bottom layer of the lower
substrate and the patch is printed on the top layer of the upper substrate. A slot is etched in
the ground plane to enable the coupling between them. It should be noted that, weak cou-
pling is conceived between them so as to examine the resonant characteristics of the
component. By adjusting the dimensions and the coupling between the SLR and patch, a

pass-band with three resonances can be obtained, forming a broad impedance bandwidth, as
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shown in Figure 4.20. The odd- and even-mode resonant frequencies f; and > of the SLR
are situated at both sides of the patch’s resonant frequency fo at the center. As can be seen,

the fo increases to higher band when Lpatch decreases from 15.6 mm to 15.2 mm.
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Figure 4.20 Simulated S21 of the two-port component with different lpatcn.
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Figure 4.21 Simulated S21 of the two-port component with different laz.

Figure 4.21 shows the simulated S21 of the two-port component with different la:. As
can be seen, the length of la; has an influence on the first and the third modes of the compo-
nent, and the first one is much significant than the third one. Figure 4.22 shows the resonant
modes vary with the lp. In contrast, the third resonant frequency moves to lower band when

I, increases, whereas the other two resonant frequencies keep unchanged. Therefore, the
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operation frequency band of the antenna can be controlled intentionally by adjusting the
dimensions of the patch and SLR.
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Figure 4.22 Simulated S21 of the two-port component with different Iy,

4.3.3 Dual-Polarized Filtering Array Antenna

(@) (b)

Figure 4.23 Prototype of the 2 x 2 dual-polarized SLR-fed array: (a) top layer, (b) bottom layer.

The antenna element in Figure 4.18 can be extended to form a dual-polarized filtering
array, as shown in Figure 4.23. The spacing between the elements is set as 30 mm (0.53 Ao).
For one polarization, a four-way in-phase T-shaped power divider is used to feed the four
SLR. For the other polarization, an out-of-phase T-shaped power divider is utilized. The

180° phase difference is achieved by extending one branch of transmission lines by half of
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a guided wavelength (i.e. 17.8 mm). The out-of-phase power divider here is used to improve
the cross polarization discrimination (XPD).

To illustrate the merits of the proposed filtering array antenna over the traditional patch
antenna arrays and the cascaded filter and patch antenna, the S-parameters of these antennas
are compared and discussed. Figure 4.24 shows the configuration of a traditional cascaded
filter-antenna, which includes a bandpass filter and a traditional patch array. The bandpass
filter and the patch array are designed independently and then cascaded with the 50 Q inter-
face. The bandpass filter is composed of the dual-mode SLR. The four-element patch array

is directly fed by a T-shape four-way power divider via coupling slots.

4 element patch array

SLR filter I
/
|
’ |
Input| port ‘ |
50 Q interface A

Figure 4.24 Configuration of the conventional cascaded filter and antenna.
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Figure 4.25 Comparison of the S-parameters among the antennas.
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Figure 4.25 compares the impedance bandwidths of the SLR filter, the standalone patch
array, the cascaded filter-antenna and the proposed integrated filter-antenna. As can be seen,
the traditional patch array has a narrow -10 dB bandwidth of about 150 MHz, due to the
narrowband nature of the patch. The standalone SLR filter can achieve a bandwidth of 350
MHz with the 2"-order characteristics. For the traditional cascaded filter-antenna, the band-
width is mainly limited by the narrowband component which is the patch array in the design.
The Figure 4.25 shows that a bandwidth of only 170 MHz could be achieved for the cascaded
filter-antenna, which is much narrower than the proposed integrated filter-antenna. Using
the proposed design methods, the bandwidth of the patch antenna is enhanced to 470 MHz
without changing the thickness of the antenna. On the other hand, as can be observe in the
figure, the non-uniform bandwidths between the patch array and the filter leads to an unex-
pected performance degradation at around 4.95 GHz due to the multiple reflections. Thanks
to the integrated design methods used in this work, not only the size of filter-antenna sub-
system is reduced but also the bandwidth and frequency selectivity are significantly
improved. The integrated filter-antenna also shows the rapid transition at both edges of the
operation band and excellent out-of-band rejection.

4.3.4 Results and Discussion
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Figure 4.26 Simulated and measured S-parameters of the proposed filtering microstrip array.

The simulated and measured S-parameters of the 2 x 2 filtering array are presented in
Figure 4.26. The measured results agree well with the simulations, showing a broadband
performance from 4.96 GHz to 5.48 GHz (FBW = 10%).Three reflection zeros located at 5,
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5.25 and 5.45 GHz can be identified in S11 and S22. The antenna also exhibits the excellent

frequency selectivity and out-of-band rejection performance from Figure 4.26. The small

difference between the simulation and measurement is attributed to the fabrication sensitiv-

ity. Figure 4.27 shows the simulated and measured isolation between the two ports. A very

good isolation of over 32 dB is achieved between the two ports/polarizations.
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Figure 4.27 Simulated and measured isolation between the two ports.
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Figure 4.28 Normalized simulated and measured co- and cross-polarization radiation patterns at 5.2
GHz when port 1 is excited: (a) ¢ =0°, (b) ¢ =90°.

Figure 4.28 shows the normalized simulated and measured co- and cross-polarization

radiation patterns of the array at 5.2 GHz. During the measurement, port 1 is excited and the

port 2 is terminated with a 50 Q load. It is observed that the simulated and measured results
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agree well with each other, exhibiting the maximum radiation in the broadside direction.

The cross polarization discrimination is over 20 dB in XOZ plane (¢ =0°) and YOZ plane
(o =90°).
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Figure 4.29 Normalized simulated and measured co- and cross-polarization radiation patterns at 5.2
GHz when port 2 is excited: (a) ¢ = 0°, (b) ¢ = 90°.

Figure 4.29 shows the simulated and measured normalized radiation patterns of the ar-
ray at 5.2 GHz when port 2 is excited and the port 1 is terminated with a 50 Q load. In both
¢ = 0°and ¢ = 90° planes, the antenna exhibits a similarly radiation patterns as port 1. The
cross polarization discrimination is over 22 dB in both orthogonal planes. It is worth men-
tioning that the discrepancy of the backward radiation patterns is caused by the blockage of

the test instruments.

15 T T T T T T T T T T T 12
10 2 R E N L 1.0
] P 7 a—A—a 'S o I
R @ - t "S- tos
~ 0 s '
@ e L06 &
=) P - o =
s ] O-g/H-u = 04 5
o 1 7.\./ /Q; B\Q Y. =}
(] -10 - O/. /i/ | g
c % 7 =
< 1 AN / - 02 Q.
Q u A0 @
€ -154 / I S
< ] a_ N
—O— gaift,port 1(measure L 0.0
-20 ~ —Mm— gain,port 2(measured) |
1 — + = gain,traditional patch 0.2
-25 1 —a— radiation efficiency T
-30 -0.4

-7+ 1T - r1r -1t -1+~ r1r-Tr° 1T 11T 1.7
38 40 42 44 46 48 50 52 54 56 58 6.0 6.2
Frequency (GHz)

Figure 4.30 Measured antenna gains and radiation efficiency of the proposed antenna array.
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The antenna gains of the array antenna are measured when two ports are excited inde-
pendently. Figure 4.30 shows the measured gains with comparison with the gain
characteristics of a traditional patch array. It is observed that the gain of the traditional patch
array slowly reduces as the frequency deviates from the center frequency. In contrast, the
proposed antenna array has a flat antenna gain of about 10.5 dBi from 4.9 to 5.3 GHz, but
which dramatically drop to below -7 dBi at 4.6 and 5.7 GHz, exhibiting the much improved
frequency selectivity and out-of-band rejection performances. The radiation efficiency is
around 80% in the operating band. Out of the band, the efficiency drops sharply to 10% or

below.

4.4 Dual-Band Dual-Polarized Filtering Array Antenna with Shared
Aperture

The dual-band dual-polarized (DBDP) antenna has been intensively adopted in multi-
functional radars and satellite communications. It is known that polarization diversity is de-
sirable for enhancing the information content and combating the multi-path fading, whereas
the dual-band operations could increase the versatility of the systems. Moreover, to reduce
the cost and weight of the RF frontend, the antennas working at different bands are usually
required to share a same aperture. Traditionally, DBDP antennas with shared apertures are
implemented by employing the perforated layouts or the interlaced layouts. Both configura-
tions are suitable for designing the DBDP array antennas with a high frequency ratio.
However, as the frequency ratio decreases (much less than 2), it is very challenging to ac-
commodate the multiple feeding networks of the array antenna at different bands and
polarizations. To the best of the authors’ knowledge, very few works have been reported
focusing on the DBDP array with low frequency ratio.

To overcome the problems in designing an array antenna with a low frequency ratio, a
novel highly integrated approach is proposed in this section by employing the highly inte-
grated filtering antenna design methods. In [100], a method of using a multi-mode resonator
as a feed of a patch antenna is further developed to achieve the DBDP antenna with a low
frequency ratio. Using this method, not only the RF frontend is simplified but also the fre-
quency responses of the antenna can be improved. In this work, two nested patches are
coupled and tuned with a dual-mode stub-loaded resonator (SLR), generating two operation
bands with 2"%-order filtering characteristics simultaneously. The bandwidths as well as the

out-of-band rejection performance can be improved. As a proof-of-concept, a 2 x 2 array is
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conceived, prototyped and measured. Such an array antenna can be extended to a massive
array or used as the feed of a reflector antenna.

4.4.1 Configuration and Topology
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Figure 4.31 Configuration of the proposed DBDP element: (a) exploded view, (b) bottom view, (c) side
view.

Figure 4.31 shows the configuration of the proposed DBDP antenna element, which is
composed of two stacked substrates and a foam layer between them. The low and high band
radiating elements are printed on the top- and bottom-layer of the upper substrate, respec-
tively. As shown in Figure 4.31(a), the low-band antenna is a perforated patch with the
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perforation large enough for allowing the radiation of the high band square patch. The length
of the square patch is approximately a half-wavelength of the high frequency band operation,
whereas the perimeter of the perforated patch is about one wavelength at the low-band center
frequency. The two patches are nested and each polarization of the two patches are simulta-
neously fed by a folded SLR through a slot. To improve the isolations while reducing the
cross polarization level, the two coupling slots for the two orthogonal polarizations are
placed perpendicularly with each other.

Figure 4.31(b) shows the configuration of the feeding networks printed on the bottom
layer of the lower substrate. Because of its flexibility in controlling the antenna resonant
frequencies, the dual-mode SLR is used here so that it can be tuned with the two patches.
The two resonant modes of the SLR can be derived using the odd- and even-mode method.
Because the two bands of each polarization are fed using a single SLR, the number of the
feeding networks as well as the input ports can be reduced by a half. The stacked configu-
ration of the antenna is shown in Figure 4.31(c). Rohacell 51HF foam with a thickness of 2
mm is inserted between the two substrates as a spacer to improve the antenna impedance
matching and bandwidths. RT/Duriod 4003C substrate with a relatively dielectric constant
of 3.55 and loss tangent of 0.0027 is used in the design. High Frequency Simulation Software
(HFSS 15) is employed to perform the simulations and the optimized parameters are listed
in Table 4.3.

Table 4.3 Parameters of the Proposed Antenna (mm)

Lpl Lp2 Lp3 Lp4 Lsl Ls2 Ws Lfl Lf2
14.5 9 7.8 3 7.2 10 0.5 11.8 8.4
Wi Lrl Lr2 Lr3 Lr4 S Hs Hf
1.8 55 6 2 55 0.3 0.813 2

Ant 1

Figure 4.32 Equivalent resonator-based topology of the proposed dual-band filtering antenna at each

polarization.
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The proposed dual-band element for each polarization can be represented and synthe-
sized using a coupled resonator-based topology, as shown in Figure 4.32. The two patches
can be regarded as two single-mode resonators or a dual-mode resonator with corresponding
resonant frequencies of f1 and fz, respectively. The odd- and even-mode of the SLR are also
tuned to resonate at f1 and f.. Then the SLR and the two patches are electromagnetically
coupled, two separate passbands with 2"-order filtering response are produced. The two
passbands of each polarization are excited simultaneously. The lines between the resonators
in the topology represent the coupling between the resonators. As an example to implement
a DBDP antenna with low frequency ratio (less than 2), the specifications of the dual-band
antenna are given as follows,

Low band: f1 =5.2 GHz, BW = 200 MHz
High band: f> = 10 GHz, BW =500 MHz
The coupling coefficients and the external quality factors can be derived,
Low band: my2 = 0.031, Qext = 45.1
High band: my2 = 0.051, Qext = 27.2
where m;j is the coupling coefficient between the resonator i and j.

4.4.2 Design Methodology

In this integrated design, the two patches can be fed by the SLR through electromagnetic
coupling only if the two patches are tuned with the dual modes of the SLR, respectively.
Figure 4.33 shows the simulated tangential magnetic-field distribution of an unfolded SLR
corresponding to the odd- and even-mode resonance. As can be observed in Figure 4.33(a),
the SLR has the strongest magnetic-field distribution at its central part (denoted as point A)
when the odd-mode is excited (low-band operation). It is noted that the dashed rectangle
indicates the location of the coupling slot where the power is transferred to the patches
through a coupling. When the even-mode is excited (high-band operation), there are two
magnetic-field maxima, as the point B and C indicated in Figure 4.33(b). On the contrary,
point A becomes the minima. By positioning the slot between A and C, the electromagnetic
energy can be coupled to the two patches simultaneously.

The coupling strengths at the two operation bands can be tuned by adjusting the relative
coupling positions (d) and the dimension of the coupling slot. According to experimental

studies, the approximate equations for evaluating coupling strengths can be derived,
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Figure 4.33 Tangential magnetic-field distribution on the surface of an unfolded SLR: (a) the odd-

mode resonance at 5.2 GHz and (b) the even-mode resonance at 10 GHz.

Moo Db We (Eq.4.3)
d
M,,~A, L W -d, A<d<C, (Eq.4.4)

where, M and My, are the mutual couplings between the SLR and the patch at f1 and f2; Ls
is the length of the coupling slot; Ws is the width of the coupling slot; d is coupling position,
which is situated between the point A and C. A; and A2 are the corresponding coefficients.
As can be observed, the mutual couplings are proportional to the length and width of the
coupling slot. At the low-band (f1), M is inversely proportional to the d. At the high-band
(f2), M2 is proportional to the d.

By using full-wave simulations, the corresponding coupling coefficients between the
SLR and the patches can be evaluated. Figure 4.34 presents the coupling coefficients be-
tween the SLR and the two patches corresponding to different lengths of the slot (denoted
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as Ls) and the locations of the slot (denoted as d in Figure 4.33). As can be seen, the dimen-
sion of the slot has a similar influence on the coupling strength at both bands. But the
variation of the coupling coefficients between the SLR and the square patch (high band op-
eration) is more significant than that of the low-band. In contrast, changing the locations of
the coupling slot has a reverse effect on the two bands, as shown in Figure 4.34(b). This
disparate relationship provides another degree of freedom to obtain the coupling coefficients

required for the two bands.
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Figure 4.34 Coupling coefficients between the SLR and the two patches with different: (a) length of
slot Ls, (b) location of the slot d.

4.4.3 Improved Frequency responses

O -
-10 A
& O
o -20 A
)
on
-30 4
microstrip feed
-40 - B —— SLR feed proposed

/ L
T T T T T T T T T T7A T T T T T T T T T 1

48 50 52 54 56 85 90 95 10.0 105 110

Frequency (GHz)

Figure 4.35 S-parameters comparison between the SLR-feed dual-band antenna and a microstrip feed

dual-band antenna.
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As the dual-mode SLR is coupled and tuned with two single-mode patches, 2"%-order
filtering features at the both bands are achieved. The advantages of this coupling structure
can be appreciated by the comparison with the case that is fed by a microstrip line. Figure
4.35 compares the simulated S-parameters of the proposed SLR-coupled antenna with a
counterpart fed by microstrip. It is observed that the proposed antenna exhibits a 2"-order
filtering characteristic with improved bandwidth and out-of-band rejection as compared with
the counterpart. For the microstrip-fed antenna, only one resonant frequency is produced in
the low-band and fractional bandwidth (FBW) is only 1.9%. In contrast, when the patches
are fed by the resonator, two resonant frequencies are generated at both bands, resulting in
wider bandwidth (FBW = 4.6%).

The other function of the proposed SLR-fed antenna is harmonic suppression. As shown
in Figure 4.35, a 2"%-order harmonic emerges at around 9 GHz for the microstrip-fed an-
tenna, causing channel interference. When the patches are fed by the resonator, the harmonic
can be significantly suppressed with the return loss suppressed from 15 to 2 dB. This har-
monic suppression is attributed to the filter-antenna integration that only the signal at the
given frequencies could be transmitted/received. Such a filtering function is useful for re-

ducing the interferences from unwanted channels.
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Figure 4.36 Current distribution of the antenna at two bands: (a) 5.2 GHz, (b) 10 GHz.
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The current distribution at the two operation bands is shown in Figure 4.36. A strong
current flows along the perforated patch at the low band operation, as shown in Figure
4.36(a). In contrast, the current on the inner square patch is very weak. At high band (10
GHz), however, the square patch is excited with intensive current distribution. The current
distribution demonstrates that the perforated patch operates at low band whereas the inner
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square patch works at the high band. Besides, the mutual coupling between the two patches
is considerable weak.

Another interesting feature of the proposed SLR-fed antenna is that the bandwidths of
the low- and high-band operations can be easily adjusted by tuning the coupling coefficients
between the SLR and patches. Using the results presented in Figure 4.34, the coupling co-
efficients and therefore the bandwidths can be adjusted by changing the dimensions of the
coupling slot. Figure 4.37 shows the S-parameters at both bands with different lengths of
the coupling slot. As can be observed, when the Ls1 is less than 7 mm, the two reflection
zeros in each band are merged together. When the length increases from 7 to 8 mm, the two
reflection zeros emerge and the bandwidths are increased from 150 to 250 MHz (500 to 800
MHZz) for the low band (high band) operations.
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Figure 4.37 Simulated bandwidths with different lengths of the slot Ls1: (a) low band, (b) high band.

79



Chapter 4. Integrated Microstrip Filtering Array Antennas

4.4.4 SLR-Fed DBDP Filtering Array Antenna

The proposed DBDP filtering antenna element can be extended to large antenna arrays.
To verify this, a 2 x 2 array is designed, as the configuration shown in Figure 4.38. The two
operation bands of each polarization are combined using an SLR and fed by a power divider,
resulting in the reduction of the coupling slots, feed networks and input ports. Thus, only
two feed networks are employed to feed the DBDP array. This reduction is very useful for
simplifying the complexity of the designs of the dual-band antenna arrays with dual polari-

zations, especially for the shared-aperture DBDP array with a low frequency ratio.

A
\4

Port 2

-

S-parameters (dB)

4 5 6

7 8 9
Frequency (GHz)

Figure 4.39 Simulated S-parameters of the stepped two-way power divider: (unit: mm).
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One of the problems to be solved in this DBDP array is that a wideband dividing net-
work is required to evenly feed the radiating elements. To broaden the bandwidth, a 2-way
stepped quarter-wavelength impedance transformer is adopted. Figure 4.39 shows the con-
figuration of the power divider and the corresponding S-parameters. As can be observed, the
power divider has a very wide bandwidth, covering the C- and X-band simultaneously. The
insertion loss is about 3.4 dB at the both two operation bands, including the 3 dB power

division loss.

4.45 Results and Discussion

(@) (b)

Figure 4.40 Prototype of the proposed DBDP filtering antenna: (a) front-view, (b) back-view.

Both the element and array of the proposed DBDP filtering antenna were prototyped
and measured. Figure 4.40 shows the front- and back-view of the prototype. Figure 4.41
presents the simulated and measured S-parameters of the element. It is observed that the
measured results agree well with the simulations over a broadband. For each polariza-
tion/port, two operation bands are achieved. The impedance bandwidth at low band is from
5.1to 5.3 GHz for the two polarizations. At the high band, the operation bandwidth is meas-
ured from 9.6 to 10.2 GHz. The antenna element exhibits the 2"9-order filtering features with
two reflection zeros are produced at both bands. These reflection zeros are beneficial to
increasing the bandwidths and shaping the sharp roll-off at both edges of the two bands. Out
of the bands, the antenna exhibits good harmonic suppression. The antenna also shows a
good isolation between the two polarizations/ports with the measured |Sz1| is lower than -20
dB and -24 dB at the low- and high-band, respectively. The discrepancy between the simu-
lated and measured results is caused by misalignment between the substrates when the

prototype was assembled.
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Figure 4.41 Measured and simulated S-parameters of the DBDP element.

Figure 4.42 shows the simulated and measured S-parameters of the 2 x 2 DBDP array.
The measured results agree reasonably well with the simulations. Both the two polarizations
of the array show two operation bands from 5.05 to 5.3 GHz and from 9.6 to 10.3 GHz,
respectively. At low- and high-band, the measured isolations between the two polarizations
are over 25 dB and 23 dB, respectively. Compared with the results in Figure 4.42, the array
shows the wider bandwidths than the element at both bands, which may be caused by the
influence of the power dividing networks.

0 4
-10 4
o ]
S 204
% ‘
) 1.
© -30 4~
e 1
s |
g_ -40 ~ |
0 1 | | | | | | | |
-50 1 ~——Sl1l-measured; - - -Sll-simulated
60 ] S22-measured; S22-simulated
) _ —— S12-measured; -+ * - S12-simulated

I e L T — T
48 50 52 54 56 85 9.0 9.5 10.010.511.0
Frequency (GHZz)

Figure 4.42 Measured and simulated S-parameters of the DBDP filtering antenna array.
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Figure 4.43 Simulated and measured normalized radiation patterns of the 2 x 2 DBDP array antenna:
(a) 5.2 GHz, (b) 10 GHz.
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The radiation patterns of the 2 x 2 DBDP array were measured. Figure 4.43 shows the

simulated and measured normalized co-polarization and cross-polarization radiation pat-

terns. As can be observed, measured results agree well with the simulated ones, showing the

main beam in the broadside direction. The measured cross polarizations are lower than -24
and -26 dB at 5.2 GHz and 10 GHz, respectively.
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Figure 4.44 Simulated and measured realized gains and the simulated radiation efficiency of the pro-

posed 2 x 2 C/X-band filtering array.

Figure 4.44 shows the simulated and measured realized gains and the simulated radia-

tion efficiency of the 2 x 2 antenna array. It is observed that the measured and simulated

gains agree very well with each other. The antenna exhibits a flat gain of 10 dBi and 12 dBi

at the low- and high-band, respectively. Out of the bands, the gains rapidly decrease to below
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0 dBi as the frequency is below 4.7 GHz (8.8 GHz) and above 5.6 GHz (10.9 GHz) for the
low band (high band) operation. This rapid decrease of the gain demonstrates that the an-
tenna has the good filtering characteristics. In the two operation bands, the simulated
radiation efficiencies are above 90%.

2 Paraboloid
«— reflector

Hr

Feed array

F

Figure 4.45 Geometry of the offset paraboloid reflector antenna system. Hr = 300 mm, Df = 300 mm.

The proposed integrated filtering array antenna is also suitable for serving as a dual-
band dual-polarized feed of a reflector antenna due to its high integration. Figure 4.45 shows
the geometry of a paraboloid reflector. The paraboloid reflector is illuminated using the pro-
posed 2 x 2 DBDP array, which is placed at the focal point with its aperture facing the center
section of the reflector. The reflector has a diameter (Hr) of 300 mm and the focal length
(Df) of 300 mm which is about 5 and 10 wavelengths at 5.2 and 10 GHz, respectively. The

reflector antenna system under measurement is shown in Figure 4.46.

Figure 4.46 Proposed feed array with a paraboloid reflector antenna under measurement.

Figure 4.47 shows the measured normalized co- and cross- polarization patterns of the
reflector antenna at 5.2 GHz. The antenna shows a good radiation performance with the
main beam in the broadside. When port 1 is excited (X-polarization), the antenna has a half-
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power beam width (HPBW) of 10.4 degrees and the directivity of the antenna can be calcu-

lated as 24.7 dBi. The side lobe is below -15 dB and the cross polarization discrimination
(XPD) is over 29 dB in broadside. For the Y-polarization, an HPBW of 10.6 degrees is
achieved and the calculated directivity is 24.6 dBi. The side lobe is lower than -14 dB and

the XPD is over 23 dB. Compared with the X-polarization, the radiation performance is

slightly deteriorated, which is caused by the misalignment between the reflector and feed.
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Figure 4.47 Measured normalized co- and cross-polarization radiation patterns of the paraboloid re-

flector antenna at 5.2 GHz: (a) Port-1 excitation, (b) Port-2 excitation.

Figure 4.48 shows the measured normalized co- and cross-polarization radiation pat-

terns of the reflector antenna at 10 GHz. Due to the increase of the electrical size at the

higher hand, the antenna exhibits a narrower HPBW and higher directivity. When port 1 is
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excited (X-polarization), the HPBW of the antenna is 6.7 degrees and the directivity is cal-
culated as 28.6 dBi. The side-lobe is below to -24 dB and the XPD is over 25 dB. For Y-
polarization, the HPBW is about 6.2 degrees and the calculated directivity is 29.2 dBi. The
side lobe is below -20 dB and the XPD is over 33 dB.
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Figure 4.48 Measured normalized co- and cross-polarization radiation patterns of the paraboloid re-

flector antenna at 10 GHz: (a) Port-1 excitation, (b) Port-2 excitation.
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4.5 Broadband High-Gain Filtering Antenna Array for Millimeter-
Wave Applications

45.1 Introduction

One of the most important potential applications of the high-integration filtering an-
tenna is millimeter wave (mm-Wave) communications. Thanks to the huge advantages in
mm-Wave such as high data rate and significant reduction of digital traffic, the fifth-gener-
ation (5G) mobile communication has attracted intensive research interests in academia and
industry [154]-[155]. In the 5G era, lots of things such as electronic devices, vehicles and
the equipment in the offices and homes will be wirelessly connected through the Internet.
Users will be able to access ultra-high-definition (UHD) multimedia streaming and services
such as Virtual Reality (VR) and Augmented Reality (AR). All these potential services will
inevitably demand a broadband to support the extremely high data rate in 5G wireless com-

munications.

=ubarra

p o
«

&

Figure 4.49 Architecture of the massive MIMO base-station antenna array.

®

The mm-Wave frequency band is widely believed to be a good candidate to realize a
wideband operation. The other problems to be concerned are the higher transmission loss
and link stability, which require an enhancement of the gain and adaptive directional beam
[155]. Massive multiple-input multiple-output (MIMO) base station is a promising tech-
nique for improving the capacity and service quality by accurately concentrating the
transmitted energy to the mobile users [156]-[158], as the architecture shown in Figure 4.49.
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The massive MIMO antenna has multiple antenna subarrays in two dimensions and each can
adaptively direct the beams to the users in azimuth and elevation directions. Thanks to each
subarray is composed of n x n radiating elements, high antenna gain and steerable beam can
be achieved. Due to the short wavelength at mm-waves and limited coverage of each 5G
cellular, the mm-wave base-station antennas with low cost, low profile and light weight will
be in huge demand in urban areas. The integration of filter and antenna could significantly
reduce the potential cost of the wireless communication systems due to the removal of the
traditional expensive mm-Wave filters and interfaces.

To date, several mm-wave antennas have been reported for 5G communications. How-
ever, the research on mm-Wave antenna arrays with filtering functions is insufficient. In
[159], a stacked patch is proposed to achieve a broadband antenna at 28 GHz. But this an-
tenna suffers from poor radiation pattern that some radiation nulls emerged in the main-lobe.
In [160], a tilted antenna was designed by combining a patch and a waveguide aperture, but
this is not suitable for integration. Dual-band (28/38 GHz) antenna element with circular
polarization is reported in [161]. However, the bandwidths are considered too narrow (less
than 3%). Usually, bandwidth can be enhanced by adding parasitic patches, but it will lead
to the high profile and cost [162]-[163]. In [164]-[165], mm-Wave antenna arrays using
substrate integrated waveguide (SIW) and low temperature co-fired ceramic (LTCC) tech-
nologies were achieved. In [166]-[167], massive MIMO arrays for 5G wireless
communications were reported. However, these works cannot fulfill the requirements of
broad bandwidth, high gain, low profile and low cost, simultaneously.

In this section, a broadband, high gain microstrip array antenna with low profile is pro-
posed for the first time. The antenna is achieved by employing a novel vertically coupled
resonant structure, which could not only effectively broaden the bandwidth of a microstrip
antenna without increasing the thickness of the antenna but also produce the required filter-
ing function. These features could lead to the removal of the mm-wave band-pass filters and
50 Q interfaces, and therefore the complexity and the potential cost could be significantly
reduced. To demonstrate the operation schemes, a 4 x 4 antenna array with broadside radi-

ation and a 4 x 4 beam scanning array are respectively implemented in this chapter.

4.5.2 Antenna Implementation

Figure 4.50(a) shows the configuration of the proposed antenna element working at
mm-Wave. The patch is printed on the top layer of the upper substrate whereas the microstrip

line and hairpin resonator are printed on the bottom layer of the lower substrate. The patch
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Figure 4.50 (a) Configurations of the proposed antenna element, (b) equivalent circuit. Lp = 3.05 mm,
h1=0.2mm, h2=0.787 mm, Lrl =1.3 mm, Lr2 =1.15 mm, Lul =1.2 mm, Lu2 = 1.4 mm, Ws =
0.2mm.
and the feeding network share the same ground plane, which is placed on the top layer of
the lower substrate. In the ground plane, a U-shaped slot is etched to form a slot resonator.
The patch, U-slot resonator and the hairpin resonator are stacked and vertically coupled,
leading to a strong coupling between them [168]. Therefore, a high-order filtering antenna
is achieved. RO 4003C substrate with a permittivity of 3.55 and loss tangent of 0.0027 is
used for the lower substrate. To reduce the antenna loss, RO 5880 substrate with a permit-
tivity of 2.2 and loss tangent of 0.0009 is used for the upper substrate. The thicknesses of
the RO 4003C and the RO 5880 are 0.2 mm and 0.787 mm, and thus the total thickness of
the antenna is less than 1 mm. The optimization was performed using high frequency struc-

tural simulator (HFSS 15) and the optimized parameters are presented in the caption.
To illustrate the design approaches, the antenna element is decomposed by each layer

and shown in Figure 4.50(b). The hairpin resonator on the bottom layer is connected by a 50
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Q microstrip line, which serves as the 1%-order resonator. The U-shaped slot in the ground
plane is served as the 2"%-order resonator. The U-slot is a half-wavelength resonator and its
resonance can be controlled by adjusting the length and the width of the slot. The square
patch on the top layer, not only works the radiating element but also the last order resonator
of the antenna. The patch, U-slot resonator, and hairpin resonator are stacked and coupled
in vertical, forming a 3"-order filtering antenna. All of them have the same resonant fre-
quency at around 27 GHz. The dimensions of the U-slot and hairpin resonators can be
approximately evaluated using the expressions below,

lul+2-lu2~—°"" (Eq.5.1)

lri+2-Lr2~——o (Eq.5.2)

where, fo is the resonant frequency. .1 and eetr 2 are the effective dielectric constants of the
slot-line in the ground and the microstrip, respectively. c is the speed of light in free space.
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Figure 4.51 Comparison of the simulated Si1 between the proposed antenna element and a traditional
microstrip fed patch antenna.

To illustrate the advantages of the proposed antenna, the simulated S1; of the proposed
antenna and a traditional counterpart patch antenna with the same thickness are compared
in Figure 4.51. As can be seen, the proposed vertically coupled antenna has a significantly
wider the impedance bandwidth than the traditional patch antenna. The traditional patch has
only one resonant frequency at 27.2 GHz, shaping a bandwidth from 26 to 28.5 GHz (FBW

= 9.3%). In contrast, the proposed antenna has three matching points at around 24, 27 and
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30 GHz, respectively, generating a broad bandwidth from 23.5 to 30.5 GHz (FBW = 26%).

In addition, the proposed antenna exhibits a 3"-order filtering characteristic.

Ld

Wt

W

Figure 4.52 Configurations of the 1 x 2 subarray, subarray-1. Wf = 0.4 mm, Wt = 0.24 mm, Ld = 6 mm.

To meet the requirements of high gain in mm-Wave applications while providing the
beam scanning ability, the antenna elements are combined to form antenna subarrays. Figure
4.52 shows the configurations of the proposed 1 x 2 subarray (denoted as subarray-I). The
distance between the elements is set to be 6 mm, 0.54 wavelength at 27 GHz. In this work,
due to the symmetry of the design, the elements can be excited from both sides while main-

taining a consistent phase, as shown in the figure. Such a layout is beneficial to reduce the

size and complexity of the feeds.

2-way power divider

Figure 4.53 Configurations of the proposed 1 x 4 subarray, subarray-1I.

Figure 4.53 shows the configuration of the 1 x 4 subarray (denoted as subarray-I1),
which is combined by two 1 x 2 subarrays. The subarray is fed by a two-way power divider.
Different from traditional power dividers, the adopted divider integrates two resonant struc-

tures at its two outputs, which could be used to further enhance the impedance bandwidth of
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the antenna. Figure 4.54 shows the simulated S-parameters of the power divider. The results
show that it has a good power divider performance over a very wide bandwidth with two

reflection nulls emerged at around 22 and 32 GHz, respectively.
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Figure 4.54 Configuration and simulated S-parameters of the two-way power divider. Ls= 1.5 mm, L3
=1.1mm, L4=12mm.

Subarray-I

---- Element .’

-15

S,, (dB)

=204

-25 4

20 21 22 23 24 25 26 27 28 29 30 31 32 33 34
Frequency (GHz)
(@)

92



Chapter 4. Integrated Microstrip Filtering Array Antennas

101
5
0
-5
T 10
c
E '15‘_ )
© 204 [ :
INEIRR -\
254 - N .
] 5 ——element,co-pol; — - —element cross-pol 1
-30 ——subarray-1,co-pol; = - =subarray-I,cross-pol "|
35 I subarray I, co- poI - -subarray II cross poI \
-180 150 120 90 60 30 0 30 60 90 120 150 180
Theta (degree)
(b)

Figure 4.55 comparisons of the radiation patterns at 27 GHz between the element and the subarrays:
(a) S-parameters, (b) radiation patterns.

Figure 4.55 compares the simulated S-parameters and radiation patterns at 27GHz of
the proposed element and the two subarrays. As can be seen from Figure 4.55(a), there are
totally three resonant frequencies for the element but five resonant frequencies for the subar-
ray-11. These two additional resonant frequencies result from the power divider presented
in Figure 4.53, which results in a wider impedance bandwidth from 22 to 32 GHz (FBW =
37%). The radiation patterns of the antenna element, subarray-1 and Il in Figure 4.55(b)
show that the three antennas have the maximum radiation in the broadside direction. The

gains of the three antennas are 7.5 dBi, 10 dBi and 12.5 dBi, respectively.

4.5.3 Filtering Array Antennas and Results
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(b)
Figure 4.56 Prototype of the two arrays: (a) front view, (b) bottom view.

Based on the 1 x 4 subarray, two 4 x 4 array antennas were conceived to demonstrate
the operation schemes in Figure 5.1, as the prototypes shown in Figure 4.56. The first one is
an array with the maximum radiation in the broadside direction, denoted as Array-l. The
Array-1 has the identical input phase and amplitude for each subarray. The second one is a
beam scanning array, which has the gradient input phases for the four subarrays, denoted
Array-11. Both arrays were fabricated on the same board. To facilitate the measurement, a 4-
way power divider was used to feed the subarrays.
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Figure 4.57 Simulated and measured reflection coefficients of the subarrays.

Figure 4.57 shows the simulated and measured reflection coefficients of the subarray.
The measured results agree reasonably well with the simulations, showing a very wide im-
pedance bandwidth from 22 to 33.5 GHz (FBW = 41.8%). Such a broad bandwidth is
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attributed to the proposed vertically coupled structure and the broadband power divider. The

discrepancy between the simulations and measurements, especially the additional matching

point at 33 GHz, may be caused by the unknown harmonics and fabrication tolerance.
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Figure 4.58 Simulated and measured normalized E-plane and H-plane radiation patterns of the Array-
I: (a) 23.5 GHz, (b) 27 GHz and (c) 30.5 GHz.
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Figure 4.58 shows the simulated and measured normalized E- and H-plane radiation
patterns of the Array-I at 23.5, 27 and 30.5 GHz, respectively. As can be seen, good agree-
ment between the measurements and simulations is achieved. The Array-I exhibits an almost
consistent broadside radiation over a broad bandwidth. The measured XPD in broadside
direction is over 25 dB. The minor discrepancy between the simulated and measured results

is attributed to the measurement tolerance.
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Figure 4.59 Simulated and measured normalized radiation patterns of the Array-I11: (a) 22.5 GHz, (b)
25.5 GHz, (c) 28.5 GHz and (d) 31.5 GHz.

Figure 4.59 shows the simulated and measured E-plane normalized radiation patterns
of the Array-11 at 22.5, 25.5, 28.5 and 31.5 GHz, respectively. The measured results of the
Array-I1 agree reasonably well with the simulations, showing a scanned beam of over 25
degrees over a broadband. The measured side-lobes are below to -10 dB and the XPD in the

main beam are over 20 dB.

96



Chapter 4. Integrated Microstrip Filtering Array Antennas

20 A
$10-
c
£ |
o - - -~ Array-l,simulated
© Array-Il,simulated '
SR rray-Il,simulate
© —=— Array-l,measured
S:) —o— Array-ll,Imeasured
-10 4

19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35
Frequency (GHz)

Figure 4.60 Simulated and measured antenna gains of the Array-1 and 1.

Figure 4.60 shows the simulated and measured realized gains of the Array-I and Array-
I1, respectively. As can be observed, both arrays exhibit a flat gain response of around 19
dBi from 23 to 32 GHz. The measured results agree reasonably well with the simulations,
except for some fluctuation of the measurements. Beyond the operation band, the gain dra-
matically drops to below 0 dBi, exhibiting a good out-of-band rejection performance.

4.6 Summary

In this chapter, the methods of designing integrated filtering antennas in Chapter 3 are
further developed and four planar array antennas with integrated filtering features are pro-
posed. At first, a highly integrated filtering power dividing network is proposed and coupled
with the radiating elements, resulting in a filtering array antenna with improved bandwidth,
frequency selectivity and out-of-band rejection. Then, the resonator-fed broadband tech-
nique is adopted in dual-polarized array application to achieve the broadband low-profile
array antenna with filtering functions. The dual-mode SLR in filtering antennas is further
developed to achieve a low frequency ratio dual-band dual-polarized array antenna. Thanks
to the filtering antenna integration techniques, the feeding networks, coupling structures and
inputs are largely reduced, contributing to the simplified configuration but improved fre-
quency responses. Finally, the filtering antenna techniques are employed in mm-Wave array
antenna designs. According to the requirements of the 5G mobile communications, a highly
integrated, low profile microstrip array antenna with the broadband filtering characteristics
is proposed. The techniques presented can effectively increase the bandwidth of a low-pro-

file microstrip antenna in mm-Wave. In addition, the integrated multiple functions could
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remove the separate filters and the interfaces and therefore could significantly reduce the
cost of the wireless communication systems. Measurement results have verified the validity

of the presented integrated filtering antenna arrays.
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Chapter 5. High-Integration Duplexing Filtering
Antennas

5.1 Introduction

The rapid development of wireless communications in the past decades requires the
components of the systems with compact size, high integration and low cost. Traditionally,
the frequency division duplex (FDD) communication uses the uplink and downlink channels
of a communication system occupy two separate frequency bands for high isolation. As a
result, a separate duplexer/diplexer is usually required between the transmitting/receiving
channels and a shared broadband antenna. One of the disadvantages of this configuration is
its bulk as separate antennas, duplexers, filters and interfaces are required to be designed
individually and cascaded in series. This inevitably leads to a high weight, low efficiency
and high cost system. The integrated filtering antennas presented in Chapter 3, 4 and 5 pro-
vide a feasible and efficient way to reduce the volume, weight and cost of the wireless

communication systems.

Broadband antnena/
multiple antennas

Tx port
| Ports and
duplexer matching circuits
Rx port
(a)
Duplex-Antenna
\I/\\\
Oo—] |
Tx port |
Filtering/matching Dual-band
circuits | Antenna
Rx port |
. . O .
Figure 5.1 The block diagrams of (a) traditional cascaded subsystem; (b) integrated duplex-antenna
subsystem.

In this chapter, a highly integrated multi-functional device based on integrated filtering
antennas is investigated. The device has the functions of duplexing, filtering and radiation
simultaneously. Figure 5.1 presents the block diagrams of a traditional cascaded wireless
subsystem and the proposed integrated duplexing antenna subsystem. For the traditional
cascaded subsystem, a duplexer with high isolation between the Tx and Rx ports is required
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for reducing the channel interference and protecting the receiver module [170]-[171]. To
date, many duplexers with high isolation over 30 dB have been reported, but they have a
complicated configuration or 3-D structure, which make them are not very suitable for inte-
gration with other components. As for the radiation section, multiple antennas can be used
to cover the uplink and downlink bands independently. However, to save the space, a broad-
band antenna with a duplexer is always preferable.

The concept of integration of the passive components provides a feasible method to
achieve a dual- or triple-port antenna with integrated filtering and duplexing/triplexing func-
tions. In [172], a triplex-antenna has been reported by exciting multiple modes of the
antenna. However, the three bands of the triplex-antenna are widely separated in frequency,
and the polarizations are different at the different bands, which is undesirable in practical
applications. It is worthwhile to investigate the integration of the duplexer and antenna with
the closely located frequency bands and uniform polarization. In this chapter, a novel highly
integrated duplexing antenna system is proposed. Based on filtering antenna design methods
presented, the antenna, duplexer and filters can be integrated seamlessly by electromagnetic
coupling directly without the use of 50 Q inter-connections and matching networks, as
shown in Figure 6.1(b). Different with the conventional cascaded duplexer-antenna, the pro-
posed duplexing antenna not only makes the RF frontend more compact and integrated, but
also improves the frequency responses of system due to removal of the matching circuits
and interfaces.

Another important applications of the integrated duplexing antenna is in intelligent
transportation systems (ITS), which will significantly influence our future daily life as it
could provide lots of applications associated with traffic safety and traffic efficiency. As the
key area in vehicular communication systems, highly integrated duplexing antennas play an
important role in realizing the direct information exchange between vehicles. Since the RF
frontends will support the transmission and reception of the signals between vehicles and
the requirements of the vehicular-based communications are usually different from the tra-
ditional wireless communications, it is worthwhile to pay more attention to the research on
the vehicular-based RF frontends [173].

In this chapter, the duplexing filtering antenna elements and arrays are proposed based
on different applications. Due to the high integration design methods, the antennas shows
the improved frequency responses in terms of frequency selectivity, bandwidth, and radia-
tion characteristics. Such a multifunctional component could significantly reduce the

volume and potential cost of the RF front end systems.
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5.2 Planar Duplexing Antenna for Wireless Communications

Highly integrated RF modules with a compact size and multiple functions are increas-
ingly demanded in modern wireless communication applications for the purpose of reducing
the size, mass and cost of the RF systems. The integration of passive components such as
filters, power dividers, duplexers and antennas in the RF front-end has attracted intensive
research interests in the past several years and lots of filtering antennas with compact size,
enhanced bandwidth and excellent frequency selectivity have been reported. In this section,
an integrated design by using the 2"%-order resonant characteristics of a junction resonator
and the coupled hairpin-patch antenna is investigated. Such a design results in a higher order
(4"-order) filtering performances for each channel with only two single-mode resonators in
each filtering path. This integrated design provides a feasible way to achieve an improved

duplex-antenna with a compact size.

5.2.1 Topology and Integration Approaches

| Radiating
| section

[ Duplexing section

Resonator 1 Resonator 2

Tx port

Isolation/

Resonator 5

Rx port

L Resonator3_._ . _ . Resonator4_ _ downlink ;

Figure 5.2 Topology of the all-resonator based integrated duplex-antenna.

Based on the architecture in Figure 5.1(b), a two-port all-resonator based highly inte-
grated duplexing antenna is proposed. Such a device combine multiple functions such as
filtering, duplexing and radiation. Figure 5.2 shows the topology of the duplexing antenna.
The duplexing function is realized by two sets of single-mode resonators as the channel
filters, which are combined using a dual-mode resonator at the junction between the channel
filters and the dual-band antenna. The junction resonator as well as the antenna exhibit dual-
mode resonant characteristics at f, and f.. So the duplex-antenna is essentially formed of 4™-
order filters for each channel and merged at Resonator 5 and radiating section. The trans-

mitting path contains the Resonator 1 and 2, the f; mode of the dual-mode Resonator 5 and
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the f1 band of the antenna. The receiving path contains the rest of the resonators, the second
mode f> mode of the junction resonator and antenna. A unique feature of this design is that
the duplex-antenna is formed exclusively of coupled resonators without the use of separated
duplexers, antennas and inter-connections matching networks between them. This effec-
tively forms a multi-port filtering network with all of the resonators and radiating elements
contributing to the bandwidth and frequency selectivity.

The isolation between the transmitting and receiving ports is realized by the path of
resonators as shown in Figure 5.2. The isolation can be further improved as the orders of the
two filtering channels are increased, namely more resonators are used in the uplink and
downlink paths. It is also noted that the isolation will be deteriorated as the two channels
much closely located. This problem can be overcome by introducing transmission zeros be-
tween the two bands.

In this design, the uplink and downlink frequencies of 2.58 and 2.88 GHz are chosen as
a demonstrator for potential wireless communication applications. It should be noted that
the operating frequencies can be changed according to the requirements of applications. To
assist with the synthesis and design, such a filtering network can be represented by two
coupling matrices. For the 4™"-order transmitting channel with the central frequency f; = 2.58
GHz, bandwidth BW = 120 MHz and return loss RL = 10 dB, the coupling matrix for a
Chebyshev response is obtained as M1z = Mss = 0.0332, and M3 = 0.0278. The external
quality factor is Qext = 34.9. As for the receiving channel with the central frequency f, = 2.88
GHz, bandwidth BW = 110 MHz and return loss RL = 10 dB, the coupling matrix is M2 =
M3zs = 0.0273, M23 = 0.0228 and Qex2 = 42.6.

5.2.2 Planar Duplexer

Figure 5.3 shows the configuration of the proposed duplexer, which is composed of two
sets of split ring resonators and a SLR. The method of using a dual-band split ring resonator
as the junction section of the duplexer has been proposed in [174]. Such design can reduce
the size of the duplexer. In this design, the SLR is used as the junction section which is fed
by a common port (Port 3). The port 1 is assumed for transmitting and the port 2 for receiv-
ing. The split ring resonator is a half wavelength resonator and the SLR can be analyzed
using odd- and even-mode method [175]. The T-shape folded stub is adopted for compact-
ness. Such a SLR offers more degrees of freedom in tuning its two resonant frequencies to
match with the two groups of split ring resonators. The duplexer is printed on the Rogers
4003 substrate with a dielectric constant of 3.55 and dielectric loss tangent of 0.0027. All
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the simulations were performed using HFSS 15 and the geometry parameters of the duplexer
are listed in Table 5.1.
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Figure 5.3 The layout of the all-resonator based duplexer with a dual-band SLR resonant junction.

Table 5.1 Parameters of The Proposed Antenna: (MM)

L1 L2 L3 L4 L5 L6 L7 L8 L9

10 3.5 114 9.4 10 3 10 8.4 6.5
S_L Wi Wr W1 W2 W3 W4 W5 Ws
135 1.8 1 4 6 2 2.5 0.5 1

S1 S2 S3 S4 S5 S6 Patch_L H1 H2
0.25 1.6 1.15 13 1.45 0.9 26.6 0.813 2.34

As the duplexer is an intermediate design towards the duplex-antenna, it was not fully
optimized. Figure 5.4 shows the simulated S-parameters of the duplexer. It is observed that
the duplexer has a passband of 2.48-2.63 GHz between port 1 and port 3 and a passband of
2.8-2.9 GHz between port 2 and port 3. The isolations between the port 1 and 2 in the two
bands are over 32 dB and 35 dB, respectively.
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Figure 5.4 The simulated S-parameters of the proposed duplexer.

5.2.3 Dual-Band Patch Antenna

To facilitate the radiation at two closely located frequency bands, traditional broadband
or multi-band antennas are usually used to cover the two frequency bands of the duplexer
simultaneously. Multiple-band antennas have been achieved by adopting multiple patches
or splitting slots in the patches. However, these antennas are less favorable for the purpose
of integrating the antenna with the duplexer. In addition, it is difficult to maintain a uniform
radiation direction and polarization at the two bands. The isolation between the two opera-
tion bands is another challenging task.

To achieve the dual-band unidirectional antenna with consistent polarization at the two
frequency bands using a single patch, a novel antenna is proposed based on a coupled reso-
nator and patch. Figure 5.5(a) shows the configuration of the proposed hairpin-fed patch
antenna, which has a stacked configuration. The patch is printed on the top layer of the upper
substrate, while the hairpin resonator is printed on the bottom layer of the lower substrate.
The patch and the resonator share the same ground plane in the middle layer, where a slot is
cut to enable coupling between them. Due to the high-Q value and resonant characteristics,
the patch can be treated as the last-order half-wavelength resonator. As a result, this coupled

hairpin-patch can be equivalent as a 2"9-order resonant circuit, as shown in Figure 5.5(b).
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Figure 5.5 The dual-band hairpin-patch antenna: (a) configuration, (b) equivalent circuit diagram.

The operation mechanism of the dual-band hairpin-patch antenna can be explained
based on the 2"%-order resonant circuit. The hairpin resonator is a half wavelength resonator,
which is equivalent to a shunt LC resonant circuit. The patch antenna, however, is modelled
using a shunt RLC resonant circuit, where R represents the radiation resistance. The resonant
frequencies of the LC circuit and the RLC circuit can be controlled by tuning the dimensions
of the hairpin and the patch. The slot in the ground plane provides the coupling M between
the hairpin and the patch. When the patch and the hairpin resonator are synchronously tuned
at the same frequency, the 2"-order resonant characteristics with two poles at different fre-
guencies can be achieved. By properly adjusting the coupling strength between the hairpin
and the patch, these two resonant frequencies can be controlled. Different from the tradi-
tional patch antenna with the single-mode characteristics, the proposed hairpin-fed patch

antenna has the dual-band operations.
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Figure 5.6 Simulated input impedance of the hairpin-patch antenna in comparison with a traditional
patch.

Figure 5.6 shows the simulated imaginary and real part of the input impedance of the
dual-band hairpin-patch antenna in comparison with a traditional patch antenna. It is ob-
served that the traditional patch has only one resonant frequency fo at 2.7 GHz. However
when the patch is fed using a hairpin resonator, two resonant frequencies f; and f, can be
achieved at 2.6 and 2.88 GHz. The 2"-order resonant characteristics of the coupled hairpin-
patch enable a single patch to radiate at two distinct frequency bands while maintaining the
uniform radiation characteristics. This dual-resonant feature make it possible to couple the

hairpin-patch with the two channels of the duplexer.
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Figure 5.7 Coupling coefficients as a function of the dimension of the slot: (a) length, (b) width.
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The coupling slot in the ground is placed perpendicularly near the center of the hairpin
resonator, where the current peaks and magnetic coupling is dominant [148]. The dimen-
sions of the slot play an important role in controlling the coupling strength between the patch
and the hairpin resonator. The coupling coefficient m;jj can be derived from [148]. Using full-
wave simulations, the coupling coefficient mjj can be obtained. Figure 5.7 shows the cou-
pling coefficients as a function of the length and width of the coupling slot. As can be

observed, the coupling coefficient increases as the length or the width of the slot increase.
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Figure 5.8 The variation of simulated Si1 of the hairpin-patch with different lengths of the slot.
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Figure 5.9 The simulated current distribution: (a) 2.6 GHz, (b) 2.88 GHz.

It is observed from Figure 5.8 that the spacing between the two resonant frequencies
increases when the length of the slot increases from 14 mm to 16 mm. It is also noted but

not shown here that the width of the slot has a similarly effect. Figure 5.9 shows the current
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distributions of the dual-band patch antenna at 2.6 and 2.88 GHz, respectively. It is observed
that the patch operates in the fundamental mode (TMoz) at both resonant frequencies. The
current at the two frequencies distributes along the same direction with the maximum at the
central part of the patch. The current distribution on the patch determines a uniform polari-

zation when the antenna operates in uplink and downlink modes.

5.2.4 Integrated Duplexing Antenna

Patch

Port 1/Tx

[ [ala

Feeding networks
&resonators

[

Figure 5.10 Configuration of the proposed integrated duplexing filtering antenna.

1

Port 2/Rx

Figure 5.10 shows the configuration of the proposed duplexing filtering antenna. The
antenna is achieved by removing the ports and the transmission lines between the duplexer
and the hairpin-fed dual-band patch antenna and coupling them together through electro-
magnetic. This results in a high integration that the duplexing and the radiating components
are seamlessly combined together. To obtain the impedance matching performance at both
bands, the center frequencies of the two channels of the duplexer and the dual-band antenna
must be matched well. Then, by tuning the coupling strength between the SLR and the hair-

pin at its optimal, good impedance matching performance can be achieved.
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Figure 5.11 Comparison of simulated S-parameter between the two duplexing antenna Case 1 and
Case 2.

It should be noted that the isolation between the two ports will be deteriorated as the
two bands closely located as the isolation is achieved by using the different resonant fre-
guencies of the two filtering channels. To illustrate these issues, two examples with different
bandgaps were investigated: Case 1, the center frequencies of the low-band and high-band
are 2.58 GHz and 2.88 GHz respectively with the bandgap of 180 MHz; Case 2, the center
frequencies are 2.68 and 2.88 GHz and the bandgap is only 90 MHz. By tuning the resonant
frequencies of the resonators and the coupling strengths between them, the duplex-antenna
with different channels (the two cases) were achieved, as shown in Figure 5.11. It can be
seen that the duplexing filtering antenna with a narrower bandgap (Case 2) exhibits a worse
isolation performance (-17 dB vs -27 dB).

5.2.5 Results and Discussion

The proposed duplexing filtering antenna was prototyped to verify the design concept.
Figure 5.12 shows the top and bottom layers of the duplexing antenna prototype. The an-
tenna has a network as the feed on the bottom, which is composed of six coupled resonators.
On the front side, a normal square patch is printed on the top. These resonators and patch

form an eight-pole filtering network. In each channel, multiple poles can be realized, which
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is confirmed by the simulation and measurement results in Figure 5.13. In this integrated

design, the stub-loaded resonator not only combines the transmitting and receiving channels,

but also couples to the hairpin-patch antenna.

T N TS L T

Figure 5.12 The prototype of the proposed highly integrated duplexing filtering antenna: (a) top layer,
(b) bottom layer.
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Figure 5.13 The simulated and measured S-parameter of the duplexing antenna.

The simulated and the measured reflection coefficients are shown in Figure 5.13. As
can be observed, the measured results agree well with the simulated ones, showing an uplink
operating band from 2.52 to 2.65 GHz (FBW = 5%) and a downlink band from 2.82 to 2.93
GHz (FBW = 4.2%). It is also observed that four poles can be identifiable in both bands.

Compared with the two bands of the standalone antenna in Figure 6.8, the bandwidths are
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significantly increased from 1.2% to 4.2%. The duplexing antenna also exhibits a good fil-
tering performance with a sharp skirt from out-of-band to in-band and a guard band between
the two channels. These improved features are attributed to the integrated design that all
resonators and the patch contribute to the bandwidth enhancement and the filtering improve-
ment. Besides, this co-design is also beneficial to reduce the footprint of the system. The
small difference between the simulated and measured results is attributed to the fabrication

and test errors.
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Figure 5.14 Simulated and measured isolation of the duplex-antenna.

The simulated and measured inter-channel isolation Sz; of the duplexing antenna are
presented in Figure 5.14. The measured results agree well with the simulated one, showing
a good isolation of over 32 dB in the uplink channel (2.52 to 2.65 GHz) and over 42 dB in
the downlink frequency band (2.82 to 2.93 GHz).

Figure 5.15 shows the simulated and measured 2.6 GHz normalized radiation patterns
in two orthogonal planes when the port 1 was excited and the port 2 was terminated with a
50 Q load. The measured results agree well with the simulated ones. The duplexing antenna
exhibits a maximum radiation in the broadside direction with the polarization in X-axis. The
measurements show that the cross polarization discrimination (XPD) is over 20 and 25 dB
in @ = 0° and ¢ = 90° planes, respectively. Figure 5.16 shows the normalized simulated and
measured radiation patterns at 2.88 GHz when the port 2 was excited and the port 1 was
terminated with a 50 Q load. The radiation patterns also exhibit a maximum radiation in
broadside direction. The measured XPD is over 30 dB and 28 dB in in ¢ = 0° and ¢ = 90°
planes, respectively. The small discrepancy between the simulated and measured patterns
may be attributed to the setting tolerance of the rotator and the influences of the cables.
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Figure 5.15 The normalized radiation patterns at 2.6 GHz when port 1 is excited: (a) ¢=0°, (b) ¢=90°.

- = - = co-polarization (simulated)
0 - - - - cross-polarization (simulated)

0- 7 — co-polarization (measured)
330 ; 30 cross-polarization (measured)

240

0. 210 | 150
180

112



Chapter 5. High-Integration Duplexing Filtering Antennas

- - - - co-polarization (simulated)
0 - - - - cross-polarization (simulated)

0- 330 . 30 co-polanzayon_(measured)
, | cross-polarization (measured)

| 300 \ \ 60

4 . R 1 'l
40 270 . . 90
= Z ”V; """""" ;* """ T PR
4 4 Ga (N ‘ ’

Gain (dBi)

| 240 120

0. 210 150
180

(b)
Figure 5.16 Normalized radiation patterns at 2.88 GHz when port 2 is excited: (a) ¢=0°, (b) =90°.

Figure 5.17 shows the simulated and measured antenna gains when the two ports of the
antenna are respectively excited. As can be observed, the proposed duplexing antenna has a
flat gain response of about 5 dBi from 2.52 to 2.64 GHz (uplink) when port 1 is excited. The
gain sharply drops to below -20 dBi as the frequency shifts to below 2.5 GHz or above 2.7
GHz. This gain is suppressed to below -22 dBi in the band of downlink. When port 2 is
excited (downlink), the antenna has a stable gain about 4.5 dBi from 2.82 to 2.93 GHz. The
gain is suppressed to below -19 dBi in the uplink operation band. These results reveal a good

isolation is achieved between the uplink and downlink channels.
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Figure 5.17 Simulated and measured antenna gains of the proposed duplexing antenna.
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5.3 High-Integration Full-Duplex Tx/Rx Array Antennas

The integration of the passive RF components can be utilized to effectively reduce the
complexity of the RF frontends while providing an improved frequency response. However,
these reported works did not fully consider the requirements of full-duplex operation and
compactness in the future vehicular communication. The proposed duplexing antenna ele-
ment in Chapter 5.2 has a considerable large footprint, and it is not suitable for array antenna
applications in ITS. In this section, the work in Chapter 5.2 is further developed and a novel
compact high-integrated full-duplex Tx/Rx antenna with improved frequency selectivity,
channel isolation and out-of-band rejection is proposed. To improve the gain, two antenna

arrays are also conceived and investigated.

5.3.1 RF Frontend Architectures and Specifications
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Figure 5.18 Block diagrams of (a) traditional separated Rx/Tx systems, (b) proposed integrated Rx/Tx

system.
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To support the full-duplex Rx/Tx operations in vehicular communications while reduc-
ing the interferences between the Rx/Tx channels, two different frequency bands are usually
used in receiving and transmitting modules. Figure 5.18 compares the block diagrams of a
conventional separated Rx/Tx systems with the proposed integrated Rx/Tx system. For the
conventional system, as shown in Figure 5.18(a), the Rx and Tx system have two independ-
ent processing blocks at different frequencies. The input signal is modulated, amplified,
filtered and then transmitted out; at the receiving module, the received signal is first filtered,
amplified, demodulated and then output for processing. One of the disadvantages is that two
groups of antennas and bandpass filters are required to facilitate the full-duplex operation,
which leads to a bulky and complicated RF frontend at both vehicle and infrastructure sides.

Looking at the proposed block diagram in Figure 5.18(b), the Tx antenna and the Rx
antenna are replaced by one novel dual-port full-duplex antenna, which can operate at f; and
f> simultaneously while providing a high channel isolation between them. Furthermore, the
separate bandpass filters and corresponding interfaces are removed due to the integrated
filtering functions in the full-duplex antenna, as compared with the Figure 5.18(a). As a
result, the weight, complexity and therefore the cost of the system can be significantly re-
duced. Such a full-duplex antenna is suitable for the applications in vehicular

communications.

Table 5.2 Specifications of the full-duplex Antenna

Uplink: f1=4.7 GHz;

Frequency bands .
Downlink: f2=6 GHz

Fractional bandwidths Low-band: 5.0%; high-band: 5.0%
Polarization characteristics Vertical polarization
Isolation between bands 30dB
Cross-polarization level -30 dB
Gain fluctuation in-bands +0.5dB
Inter-channel gain suppression 20 dB
Antenna element size 0.5% x 0.5%

The given specifications for the full duplex filtering antenna are listed in Table 5.2. The
antenna works at C-band and the central frequencies for the uplink and downlink operations
are 4.7 and 6.0 GHz, respectively. The fractional bandwidths (FBW) for both bands are
required to be above 5%. The two operation bands are expected to have the consistent ver-
tical polarization characteristics. An inter-channel isolation of 30 dB between the uplink and
downlink is demanded. The antenna is also required to have a very polarization purity with
the cross-polarization level lower than -30 dB at both operations. Additionally, flat gain
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response (x 0.5 dB) in the passbands and high inter-channel gain suppression (20 dB) are
required in this work. Moreover, in order to further conceive an array antenna, the duplex
antenna element, including the two feeding/filtering channels should be confined in an area
of 0.5 4 x 0.5 A. These stringent specifications lead to a big challenge in the design.

5.3.2 Implementation of Dual-Port Full-Duplex Antenna Element
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Figure 5.19 Configurations of the proposed dual-port full-duplex antenna element: (a) front view, (b)
side view and (c) back view.
Figure 5.19 shows the configurations of the proposed dual-port full-duplex filtering an-
tenna element. It has a stacked structure, which composes of two substrates and a thin

Rohacell foam between them. Viewing from the front, the radiating element is a normal

116



Chapter 5. High-Integration Duplexing Filtering Antennas

square patch printed on the top layer of the upper substrate, as shown in Figure 5.19(a). The
feeding networks and the resonators of the two channels are placed on the bottom layer of
the lower substrate, as shown in Figure 5.19(c). There are two sets of open-loop resonators
with different resonant frequencies (f1 and fz) adopted as the channel filters for the uplink
and downlink operations. They are joined together by a hairpin resonator in the middle,
which is coupled with the patch through a straight coupling slot in the ground. It should be
noted that the hairpin and the patch are synchronically tuned to fo = 5.4 GHz, which is dif-
ferent from the f; and f. of the two filtering channels. The patch and the feeding
structures/resonators share the same ground plane, which is printed on the top layer of the
bottom substrate. Such configuration not only makes the design more integrated but also
reduce the adverse interference between the radiation unit and the feeding structures/reso-
nators.

In this work, half wavelength resonators (open-loop and hairpin) are used for realizing
the filtering channels. The relationship between the lengths of the resonators and the reso-

nant frequencies can be approximately calculated using the following equations,

C
— Eq.6.1
2t e (Eq.6.1)

C
— Eq.6.2
2t s (Eq.6.2)

Q

2-(L11 + L13)+ L,

2~(L21 + L23)+ L,

Q

2-L, +

c
L, = ———F—=1L Eq.6.3
02 2.1, /—gr p (Eq.6.3)

where c is the speed of the light in free space, & is the effective permittivity. f1 = 4.7 GHz
and f2 = 6 GHz are the central frequencies of the two operations, respectively. fo = 5.4 GHz
is the resonant frequency of the hairpin and the patch. Simulations and optimizations were
performed using High Frequency Structural Simulator (HFSS) and the optimized dimen-

sions are presented in Table 5.3.
Table 5.3 Parameters of the Proposed Antenna: (MM)

Lp Lg Ls Ws H: H: Hs Wi Loz
17.6 50 12 0.9 0.813 1 0.813 1.8 6.35
Loz Lis L1 Lis L2t L2z L2s S1 Sz
35 6.35 5 2.3 6.35 3.3 1.15 0.4 04
D1 D, Ds D4
0.75 0.65 1.15 0.6
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5.3.3 Topology and Coupling Matrix

Resonator-1

Resonator-3 Resonator-5

< N
Mag _ 7 Resonator-2  ~\ o Mss
7 N
Resonator-4 Qlj Gz) Resonator-6
O O
P1 P2

Figure 5.20 Topology of the proposed dual-port full-duplex antenna.

The full-duplex antenna in Figure 5.19 can be represented using a coupled-resonator
network, as shown in Figure 5.20. The circles represent single-mode resonators whereas the
lines represent the coupling between them. It should be noted that the radiating patch (Res-
onator-1) also serves as the last order single-mode resonator of the network. The proposed
duplexing antenna is essentially an all-resonator based duplexer with its common port is a
radiator. The hairpin, as the junction resonator, joins the two sets of resonators as the channel
filters. The patch and the hairpin both resonate at around fo. The coupled hairpin-patch can
generate two separate resonant frequencies (f, and f2) and both of them are coupled to the
two filtering channels simultaneously. As a result, the duplexing antenna is formed and each
channel presents 3'-order filtering characteristics. It should be noted that cross-couplings
are introduced between the resonator-2 and the resonator-4 (resonator-6), as indicated by the
dash line in Figure 5.20. The cross-couplings are elaborately introduced to produce trans-
mission zeros for improving the isolation between the two channels and out-of-band
rejection, which will be discussed later. In this topology, three types of resonators with dif-
ferent resonant frequencies (fo, f1 and f) are highly integrated together, leading to a very
compact device.

To guide the initial design, the coupling matrix is synthesized based on the topology in
Figure 5.20. For simplicity, the weak cross couplings are ignored here. The optimization
based synthesis method is used. For the 5% low-band centered at f; = 4.7 GHz, 5% high-
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band centered at 6 GHz and the return loss of 10 dB, the following coupling matrix M is
found [176]-[177],

[ o 0.2546 0 0 0 0 ]
I 0.2546 0 0.0586 0 0.0603 0 I
M= I 0 0.0586 —0.2377  0.0405 0 0 I (Eq.6.3)
| 0 0.0405  — 0.2466 0 0 |
o 0.0603 0 0 0.2356  0.0411 |
|L 0 0 0 0 0.0411  0.2476 J

where mjj represents the coupling coefficient between the resonator i and resonator j.
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Figure 5.21 The frequency ratio (f2/ f1) of the dual-band antenna as a function of the lengths of the
slot, Ls.

As can be observed in the coupling matrix, strong coupling exists between the patch
and the hairpin resonator (my2 = 0.2546). This strong coupling helps to achieve dual-band
impedance matching at the two designated operation bands while maintaining a consistent
radiation polarization. Using full-wave simulation, the ratio of the two bands (f2/ f1) as the
function of the length of the slot (Ls) is obtained and presented in Figure 5.21. By adjusting
Ls and therefore the coupling strength between the patch and the resonator, the frequency
ratio (f2/ f1) of the dual-band patch antenna can be tuned accordingly. When Ls is 6 mm, the
two resonant frequencies are very close to each other (f2/ f1 = 1.07). The frequency ratio
increases to more than 1.35 as Ls increases to 14 mm. It should be noted that the width of
the slot has a similar effect on the two resonant frequencies, which is not presented here for
brevity. To achieve the two frequency bands of 4.7 and 6 GHz in this design (frequency ratio

is 1.28), Ls is determined to be 12 mm.
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5.3.4 Cross-Coupling Study

Port 2

Port 2

JLI0EC

Port 1 Port 1
(a) (b)
Figure 5.22 The configurations of two 3"-order band-pass filters with different layouts: (a) cascaded,
Type-1, (b) proposed, Type-I1I.

Traditionally, the isolation between the two input ports can be enhanced by using the
higher order filtering channels, but this will inevitably increase the volume and insertion loss
of the component. To keep a compact size, the 2"-order filtering channels are adopted in
this work, as shown in Figure 5.19. To further improve the isolation and out-of-band rejec-
tion of the duplexing filtering antenna while maintaining a compact size, cross couplings are
resorted in this work to generate additional transmission zeros. To illustrate this concept,
two configurations of 3-order bandpass filters with different layouts are investigated. As
shown in Figure 5.22(a), the first one is a cascaded layout, denoted Type-I. Figure 5.22(b)
shows the adopted resonator layout in this work (denoted as Type-11), where the cross cou-
pling is introduced between resonator-1 and resonator-3.

Figure 5.23 compares the simulated S»1 between the two bandpass filters prototypes in
Figure 5.22. As can be observed, the Type-I1 filter has two transmission zeros at 4.18 and
5.22 GHz, which contributes to the improved frequency selectivity and out-of-band rejec-
tion. Compared with the Type-I filter, the attenuation at 4.2 GHz (5.2 GHz) is increased
from 35 dB (26 dB) to 50 dB (42 dB). When the cross coupling configuration is used in the
duplexing antenna design, the isolation between the two channels can be improved without
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increasing its footprint. Figure 5.24 shows the simulated Sz1 of the proposed duplexing an-
tenna as a function of the locations of the hairpin resonator, donated as Ld in the inset of
Figure 5.24. The locations of the hairpin can be used to tune the cross coupling. It can be

seen that the transmission zeros move to lower frequency as Ld increases.
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Figure 5.23 Comparison of transmission responses between the two bandpass filters prototypes.
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Figure 5.24 Simulated Sz1 of the proposed duplexing antenna (inset) as a function of the locations of

the hairpin, Ld.
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5.3.5 Operation Mode and Current Distribution
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Figure 5.25 The simulated current distribution: (a) Port 1 excitation, 4.7 GHz, (b) Port 2 excitation, 6
GHz.

One of the features of this work is that the two operation bands of the duplexing antenna
have the consistent radiation characteristics. Here, the antenna works at its fundamental
mode (TM10-mode) when it works at downlink or uplink. This, contributes to uniform po-
larization characteristics at the far-field. Due to the far-field electric distribution is resulted
from the current distribution on the antenna, it is essential to investigate the current distri-

bution on the radiating element. Figure 5.25 shows the simulated current distribution on the
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patch of the dual-port full-duplex antenna. When Port 1 is excited at 4.7 GHz, as shown in
Figure 5.25(a), the current on the patch is symmetric but its path is slightly bent around the
slot line. The extended current path leads to an operation frequency lower than the patch’s
intrinsic resonance. When the Port 2 is excited at 6 GHz, as shown in Figure 5.25(b), similar
current distribution but with a shorter path can be seen. It is evident that the antenna works
at its fundamental mode (TM10) for both frequency bands (channels). As a result, the full-
duplex antenna has the consistent radiation and polarization characteristics at the two oper-
ation bands.

5.3.6 Full-Duplex Array Antennas

re2
f2

Figure 5.26 Configurations of the 2 x 2 full-duplex antenna array (Array-1), with a 37-order filtering
response and a traditional quarter-wavelength transformer feeding network. Ds = 36 mm, TL1 = 8.6
mm, TL2 = 6.8 mm, Twl =1 mm, Tw2 = 1mm.

To increase the channel capacities of the Tx/Rx devices and reduce the losses in the
transmission paths, especially for the RSUs, array antennas with a high gain are usually
adopted in the applications. Thanks to the compact size of the proposed full-duplex element
in Figure 5.20 (less than 0.5 A), it is very suitable to extend to an array antenna. In this
section, two full-duplex 2 x 2 arrays with different feeds and orders will be presented and

discussed. Figure 5.26 shows the configurations and feeding networks of the first dual-port
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full-duplex antenna array, donated as Array-I. It is conceived based on the full-duplex an-
tenna element presented in Figure 5.19. Because the two channels share the same aperture
(patch), the spacing between the radiating elements is a trade-off between the efficiency and
side-lobe level at the two operation bands. The spacing is finally chosen to be Ds = 36 mm.

Again due to the shared aperture, the feeding networks for the two operation bands are
designed separately. Port 1 is assigned to feed the low-band operation, whereas Port 2 is
used for the high-band. Here, the conventional 4-way power dividers with quarter wave-
length transformers are used in the design. The width of the 50 Q feed lines is 1.8 mm. For
the low-band operation, the length and width of the transformer are TL1 = 8.6 mm and Twl
= 1 mm, respectively. For the high-band operation, the length and width are TL2 = 6.8 mm

and Tw2 =1 mm.
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Figure 5.27 Configurations of the other 2 x 2 full-duplex antenna arrays (Array-I1), with a 4"-order
filtering response and a novel filtering power dividing network.

To further increase the order of the channels and therefore the frequency selectivity of
the full-duplex array, another new design of array is proposed based on a filtering power-
dividing network, as the configuration shown in Figure 5.27. Different from the Array-I, the
quarter wavelength transformers are replaced with a resonator-based power dividing net-
work, as zoomed in and replotted in Figure 5.28. The input power is coupled directly from
the feed line to two open loop resonators. The resonant frequencies of the resonators for the

low-band and the high-band operation are f1 and f2 respectively. Each of these resonators is
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then coupled to a channel of the duplexing antenna element without any extra circuits. Such
an integrated design increases the orders of the filtering channels from 3 to 4 without in-
creasing the size of the circuit. As a result, the frequency responses such as frequency
selectivity, bandwidths, isolations and out-of-band rejection can be improved.

Output-1 Output-2
D D

Figure 5.28 The configuration of the 2-way filtering power dividing network in Array-I1. Ld = 6.8 mm,
Wd =0.45 mm, S =0.35 mm.
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Figure 5.29 The comparison of simulated S-parameters between the two array antennas.

Figure 5.29 compares the simulated S-parameters of the two proposed full-duplex fil-
tering array antennas. As can be observed, both array antennas have a good impedance
matching and isolation performance at the two frequency bands. For Array-I, there are three
reflection zeros at each band, contributing to a 3™-order filtering function. The bandwidths
of the low-band and the high-band are 250 MHz and 300 MHz, respectively. The isolations
for the low-band and high-band operations are 30 dB and 28 dB. As for Array-Il, there are
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four reflection zeros can be identified at each operation channel. The additional reflection
zero results from the integrated filtering power dividing networks. Therefore, a 4M-order
filtering response is achieved for each frequency band. Compared with that of Array-1, the
bandwidths, frequency selectivity and the isolations of the Array-1l are all improved. The
bandwidths of the low- and high-band operations are increased to 280 MHz and 350 MHz.
The isolations at the low- and high-band are improved by 6 dB and 4 dB, respectively. It
should also be noted that the Array-11 exhibits a sharper roll-off at both edges of the two
bands, which is beneficial to improve frequency selectivity and remove the separate band-

pass filters.
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Figure 5.30 Comparison of the simulated gains between Array-1 and Array-I1.

Figure 5.30 compares the simulated gain responses of the two array antennas at both
operation bands. It is observed that the two antennas show a similar and flat gain curve
within the passbands, but different out-of-band responses. The Array-11 with the higher order
filtering performance shows a sharper roll-off at the band edges and higher out-of-band re-
jection than that of the Array-l1. For Array-Il, there are two clear nulls just outside the
passbands, resulting in a rapid reduction of the gain, especially for the low-band operation.
At 4.4 and 5.0 GHz, 6% beyond the central frequency, the gain of Array-I1 is reduced by
more than 15 dBi. Furthermore, the inter-channel rejections of the Array-11 have been im-
proved by 10 dB (low-band) and 4 dB (high-band) as compared with Array-I.

Another noticeable feature of the proposed full-duplex antenna arrays is the broadband
harmonics suppression. Figure 5.31 shows the simulated gains curves of the Array-1l over a

broadband when the two ports are excited, respectively. As can be observed, the antenna has
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an excellent out-of-band rejection performance with the higher order harmonics signifi-
cantly suppressed over a wideband up to 13 GHz. For the low-band operation (port 1
excitation), the gains at the harmonics are suppressed by more than 22 dB. When the port 2
Is excited, the gains at the harmonics are reduced by over 25 dB.
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Figure 5.31 The simulated antenna gains of Array-I1 over a broadband.

5.3.7 Prototypes and Measurement results

Figure 5.32 Prototype of the proposed dual-port full-duplex element: (a) front-view, (b) back-view.

The proposed full-duplex antenna element and the two array antennas (Array-1 and 1)
were prototyped and measured to verify the design concepts. Figure 5.32 shows the front
and back view of the dual-port full-duplex antenna element prototype. The reflection coef-

ficients at the two ports and the isolation between them are measured and presented in Figure
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5.33. The measured results match very well with the simulations, showing two operation
bands from 4.58 to 4.82 GHz (FBW = 5.1%) and 5.87 to 6.2 GHz (FBW = 5.8%) for uplink
and downlink communications. At both bands, the antenna exhibits a 3"-order filtering char-
acteristics with a good frequency selectivity. Out of the bands, the antenna exhibits a
favorable rejection performance with the return loss close to 0. The antenna element has an

excellent isolation of over 30 dB at both bands as indicated by Si2.
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Figure 5.33 Simulated and measured S-parameters of the proposed dual-port full-duplex element.
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Figure 5.34 Simulated and measured gain of the full-duplex antenna element.
Figure 5.34 shows the simulated and measured realized gains of the dual-port full-du-
plex antenna element when the two ports are excited, respectively. As can be observed, the
measured gains agree well with the simulations. When port 1 is excited (low-band opera-

tion), the antenna has a flat gain of about 6.7 dBi from 4.6 to 4.8 GHz. The antenna also
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exhibits excellent frequency selectivity with the gains rapidly reduced to below -20 dB as
the frequency decreases to 4.38 GHz or increases to 5.08 GHz. The gain is suppressed by
more than 30 dB at the high-band (6 GHz). When the port 2 is excited (high-band operation),
the antenna has a flat gain of about 8 dBi from 5.88 to 6.18 GHz. The gain is significantly
suppressed to below -25 dBi at around 6 GHz, which is 33 dB lower than that in-band. The
minor discrepancies between the simulations and measurements are attributed to the meas-

urement sensitivity.
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Figure 5.35 Simulated and measured normalized radiation patterns of the full-duplex antenna element
at 4.7 GHz (port 1 is excited): (a) ¢=0°, (b) ¢=90°.

The simulated and measured normalized radiation patterns of the full-duplex antenna
element at 4.7 GHz are presented in Figure 5.35. The measurements and simulations agree

very well with each other, showing the maximum radiation in the broadside direction. The
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antenna also exhibits a very pure polarization performance with the measured cross polari-
zation discrimination (XPD) over 30 dB in ¢ = 0° (E-plane) and ¢ = 90° (H-plane) planes,
respectively. Figure 5.36 shows the normalized simulated and measured radiation patterns
of the full-duplex element at 6 GHz when the port 2 is excited and the port 1 is terminated
with 50 Q load. As can be seen, the antenna has similar radiation patterns as those in the
low-band operation. The measured XPD are over 30 dB in ¢ = 0° and ¢ = 90° planes. It
should be noted that the discrepancies in the backward radiation are caused by the absorber

used to mount the antenna in the chamber.
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Figure 5.36 Simulated and measured normalized radiation patterns of the full-duplex antenna element
at 6 GHz (port 2 is excited): (a) ¢=0°, (b) ¢=90°.
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(b)
Figure 5.37 The front- and back-view of the full-duplex antenna arrays: (a) Array-I, (b) Array-I1.

The two dual-port full-duplex antenna arrays (Array-I and I1) were also prototyped and
displayed in Figure 5.37. The two arrays have the same top layer but different layouts on the
bottom layer. Figure 5.38 shows the simulated and measured S-parameters of the Array-I.
As can be seen, the simulated and measured S-parameters agree well with each other with
three identifiable poles in both operation bands. For the low-band operation, the antenna has
a bandwidth from 4.57 to 4.82 GHz. When port 2 is excited, the antenna works at high-band
with a bandwidth from 5.86 to 6.2 GHz. Between the two operation bands (ports), the an-
tenna achieves a high isolation with the measured S21 lower than -30 and -28.5 dB at the
low- and high-band, respectively.

Figure 5.39 shows the simulated and measured S-parameters of the Array-Il. As ex-
pected and different from Array-I, Array-11 exhibits 4™-order filtering characteristics for
both operations with four reflection zeros in each band. The increased order results in wider
bandwidths, higher isolation and sharper roll-off at the edges of the bands. For the low-band
operation, a bandwidth from 4.58 to 4.86 GHz is achieved. The isolation in the low-band is
over 33 dB for the measurement. When the antenna works at the high-band, a frequency
bandwidth from 5.85 to 6.22 GHz is obtained. The isolation of the measurement in this band
is higher than 32 dB.
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Figure 5.39 Simulated and measured S-parameters of the proposed Array-I1.

Figure 5.40 shows the simulated and measured realized gains of the proposed duplexing
Array-Il. (For brevity,

this paper.) The measured results agree reasonably well with the simulations. For the low-

band operation, the antenna exhibits a flat gain about 10.2 dBi from 4.6 to 4.82 GHz. At

around 6 GHz (high-b
than 25 dB lower than

and operation), the gain is reduced to below -15 dBi, which is more

that in-band. For the high-band operation, the antenna has a flat gain
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of 12.5 dBi from 5.88 to 6.2 GHz. The gain is suppressed to below -22 dB at around 4.7

GHz. It should also be noted that there are two nulls at both sides of each passbands, which

lead to sharp roll-off at the edges of the two bands and therefore the improved frequency

selectivity.
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Figure 5.40 The simulated and measured antenna gain of Array-II.

The simulated and measured normalized radiation patterns of the other full-duplex an-

tenna array (Array-I1) at the low-band are presented in Figure 5.41. The measurements and

simulations agree well with each other. The antenna shows a good radiation characteristics

in ¢ =0%and ¢ = 90° planes. The measured cross polarization discrimination (XPD) is over

28 and 27dB in E-plane (¢ = 0°) and H-plane (¢ = 90°), respectively.
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Figure 5.41 Simulated and measured normalized radiation patterns of the proposed Array-I1 at 4.7

GHz (port 1 is excited): (a) ¢=0°, (b) ¢=90°.
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Figure 5.42 presents the normalized radiation patterns of the Array-Il at 6 GHz (high-

band operation) when port 2 is excited and port 1 is terminated with a 50 Q load. As can be

observed, the antenna shows the expected radiation patterns with the maximum radiation

also in the broadside. However, the main beam is narrower than that of the low-band oper-

ation due to the larger electrical size of the aperture at the higher frequency. The measured

XPD of the array are over 29 dB and 32 dB in ¢ = 0° and ¢ = 90° planes, respectively.
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Figure 5.42 Simulated and measured normalized radiation patterns of the proposed Array-I1 at 6.0

GHz (port 2 is excited): (a) ¢=0°, (b) =90°.

The results of the three dual-port full-duplex antennas are summarized in Table 5.4 for

comparison. The comparison is mainly focused on the filtering orders of the channel, band-

widths, isolation and inter-channel gain suppression. As can be seen, the element and Array-

I have the similar bandwidths whereas the bandwidths of the Array-I11 is slightly increased

due to the higher order filtering channels (4"-order versus 3-order). The isolation of the

Array-11 at the low- and high-band are 35 and 33 dB, which is an increase of 5 dB compared

with the Array-1. The results achieved have met the specifications in Table 5.4.

Table 5.4 Comparison of the Proposed Full-Duplex Antennas

Antennas pro- Order of Bandwidth (low- Isolation (low- Inter-channel gain suppres-
posed channel /high-band) /high-band) sion (low-/high-band)
Element 3"-oder 5.1% /5.4% 32dB /30dB 30dB /36dB
Array-I 3r-oder 5.3% /5.7% 30dB /28dB - 1-
Array-l1 4"-order 6.0% /6.1% 35dB /33dB 26dB /38dB
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5.4 Summary

In this chapter, a novel high-integration duplexing antenna is proposed for the first time
based on filtering antenna design methods. This multi-functional device integrates multiple
functions such as radiation, duplexing and filtering within a compact size. Such a highly-
integrated component could find potential applications in wireless communications and in-
telligent transport systems. Compared with the traditional cascaded system with multiple
single-function components connected, this novel device can significantly reduce the size,
insertion loss, weight and cost of the systems. All results have demonstrated that the pro-
posed duplexing antennas have the excellent frequency selectivity performance and isolation

between the ports/operations.
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Chapter 6. Conclusion and Future Work

6.1 Conclusion

The rapid development of the wireless communication technologies nowadays has been
stimulating research on highly integrated, miniaturized and low-cost RF/microwave passive
components. To reduce the volume and complexity of the systems, one promising method
Is to conceive one single device which possesses multiple functions but without increasing
the size of the system. The integration of the filter and antenna, also called ‘filtering an-
tenna’, is believed one of the feasible techniques to reduce the size and complexity of the
future wireless communications systems. In the past several years, the research on filtering
antenna has attracted significant interest in academia and industries all over the world. The
integrated filtering antenna could also considerably reduce the cost of the RF front-ends,
especially for the mm-Wave applications, such as the fifth-generation (5G) communications.

The integrated design of filter, antenna and other passive components has many ad-
vantages as compared with traditional cascaded systems which consist of multiple single-
functional components successively. One of the obvious advantages is that the number of
components in the system is reduced and the interfaces between the components are re-
moved. This results in the reduction of the system’s volume/size, insertion losses, and the
cost. The other important merit is that the frequency responses of the system, such as fre-
guency bandwidth, out-of-band rejection and the frequency selectivity, could be improved
significantly. The integrated filtering antenna could also bring about all-new devices, such
as the multi-port full-duplex antennas, which has been demonstrated in this thesis.

The purpose of this thesis is to investigate the methods to realize the required filtering
antennas and apply them in wireless applications and solve the existing the problems. We
have fully studied the filtering antenna based on the fact that the radiating element itself has
the resonant characteristics. By serving the radiator of antenna as the last resonator of a
filtering/feeding networks and properly controlling the coupling between the antenna ele-
ment and the inserted resonator, the antenna with integrated filtering features can be
achieved without assorting the separate filters.

To achieve the filtering antennas according to the requirements, other aspects such as
antenna complexity, substrate layers, fabrication cost have been taken into consideration.
According to the potential application scenarios, different filtering antennas with different
functions have been proposed in this thesis. We have also exploited the filtering antennas in

array antenna applications for improving the antenna gains. To meet the requirements of 5G
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applications and reduce the potential cost, a broadband high-gain highly integrated filtering
antenna/array with tilted beam have studied. Furthermore, the filtering antenna has been
further developed and a dual-port duplexing antenna has been proposed for wireless appli-
cations with uplink/downlink operations required.

In this thesis, the design methods are first studied and then based on its potential appli-
cations in wireless communications, several kinds filtering antennas/arrays are discussed. In
Chapter 3, the techniques of achieving filtering antennas with different functions are intro-
duced first. We proposed a broadband filtering antenna by employing dual-mode stub-
loaded resonator (SLR) to feed the radiating element. Then, the methods for suppressing the
high-order harmonics are introduced by utilizing the different resonant characteristics of the
patch and feed, which is designed based on the planar inverted-F antenna (PIFA). In addi-
tion, we proposed a dual-band filtering antenna with broadband harmonic suppression for
wireless communication systems for the first time. Through these original studies, the ad-
vantages of the integrated filtering antenna over the traditional antennas are fully exhibited
and highlighted. Based on these methods, several filtering antenna arrays are proposed and
demonstrated in Chapter 4. We first exploited a highly integrated filtering antenna array,
which integrates the functions of filtering, power dividing and radiation in the design. Due
to the introduced cross coupling, the antenna has excellent frequency selectivity. Further-
more, the different high-order harmonics of the resonators are purposely used to eliminate
the harmonics of the antenna. Then, the broadband filtering antenna methods are employed
in the design of dual-polarization array antennas. This method is then further developed to
conceive a dual-band dual-polarized filtering antenna array. Owing to the adoption of the
SLR as the feed, the feeding networks and ports are significantly reduced. This filtering
antenna technique can be used to solve the congestion challenges in dual-band dual-polar-
ized array designs. The filtering antenna technique is further developed to design the mm-
wave filtering antenna by integrating a U-shaped slot resonator in the ground plane. This
configuration results in a strong coupling between them and therefore a very wide imped-
ance bandwidth is achieved. Thanks to the resonant characteristics of these resonator/patch,
a very good wideband filtering feature is achieved. Such a highly integrated antenna is ben-
efit to reduce the cost of the RF frontend subsystems significantly.

Apart from the design of filtering antennas/arrays, we further investigated a novel dual-
port component with the functions of duplexing, filtering and radiation integrated in Chapter
5. This dual-port device could effectively reduce the complexity of the RF frontend system

and thus the potential cost. This dual-port device also exhibits an excellent isolation between
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the two operation bands, and thus it could be served as the uplink/downlink Tx/Rx of the
wireless communication systems. This technique is further developed and improved to
achieve a much integrated and compact full-duplex antenna/array for intelligent transport
systems. Figure 6.1 summaries the features of technical contribution of the proposed filter-

ing antennas in this thesis.

Table 6.1 Summary of the proposed filtering antennas in this thesis

Antenna Locatlons_ in the Features and technical contribution
types thesis
Chanter 3.2 Dual-mode resonator is used to feed a patch to improve the
Filteri P ' bandwidth and frequency selectivity in parallel
Hltering an- PIFA antenna is adopted to feed a dipole for wideband har-
tenna Chapter 3.3 . i
element monic suppression
Chanter 3.4 Dual-mode SLR is adopted to couple to a U-slot patch to pro-
P ' duce the dual-band filtering performance
A filtering power splitting network is proposed to couple
Chapter 4.2 with a patch array; wide bandwidth with 4th-order filtering
features and wideband harmonic suppression achieved.
Filtering Chanter 4.3 Broadband filtering antenna technique is first used in dual-
Antenna ar- P ' polarized antenna array design
ray For the first time, dual-band dual-polarized filtering antenna
Chapter 4.4 array is achieved; largely reduce the complexity of the feed-
ing network.
Chanter 4.5 Filtering antenna technique is firstly used in mm-wave to
P ' achieve a broadband high-gain filtering antenna array
For the first time dual-port dual-band duplexing filtering an-
Duplexing Chapter 5.2 tenna with consistent polarization is achieved by using the
filtering an- filtering antenna technique.
tenna A highly integrated, compact dual-port dual-band duplexing
Chapter 5.3 - : .
antenna is proposed and used in array antenna design.

6.2 Future Work

Although much work has been done in researching filtering antenna/array and duplex-

ing antennas, filtering antennas have other important applications in wireless
communications. One potential applications is to use the filtering antenna techniques to de-
sign circularly polarization antennas/arrays. The other useful application of filtering antenna
is to design the reconfigurable antennas, including the polarization reconfigurable antennas
and frequency reconfigurable antennas. Besides, it is important to design the duplexing fil-
tering antenna with a closer uplink/downlink frequency bands to meet the applications of

wireless communications.
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To design a novel circularly-polarized antenna based on filtering antenna design meth-
ods, one important requirement is how to excite the two orthogonal modes of the patch with
a 90 degree phase difference. Other challenges such as broad 3-dB axial ratio (AR) band-
width and radiation efficiency to be overcome. Then, other work of how to apply the
circularly-polarized filtering antenna in satellite/radar applications could be investigated.

To achieve the frequency reconfigurable filtering antenna, one main problem is how to
easily adjust the resonant frequencies of the resonators and antennas. Besides, the coupling
between the resonator and antenna will change as the frequency moves. Thus, much work
need to be done in the future to achieve a frequency-reconfigurable antenna with the filtering
features.

Itis a challenge to design the duplexing filtering antenna with two operation bands close
to each other as it is usually very difficult to guarantee a very good isolation between two
such bands. Higher order filtering of the channels can improve the isolation, but this will
also lead to a higher insertion loss and larger volume. Other types of design method need to
be investigated. In addition, the back-lobe needs to be considered more carefully in future

work.
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