
Ultrawideband and Multi-state

Reconfigurable Antennas with Sum and

Difference Radiation Patterns

by

Seyedali Malakooti

B. S. (Electrical and Electronic Engineering),
Razi University, Kermanshah, Iran, 2010

M. S. (Electrical and Electronic Engineering),
Razi University, Kermanshah, Iran, 2013

Thesis submitted for the degree of

Doctor of Philosophy

in

School of Electrical & Electronic Engineering

Faculty of Engineering, Computer & Mathematical Sciences

The University of Adelaide

2019



Supervisors:

Prof. Christophe Fumeaux, School of Electrical & Electronic Engineering

Assoc. Prof. Damith Chinthana Ranasinghe, School of Computer Science




© 2019

Seyedali Malakooti

All Rights Reserved



To my better half, Sophie

and to my parents with all my love.



Page iv



Contents

Contents v

Abstract ix

Originality Declaration xi

Acknowledgments xiii

Thesis Conventions xv

Awards and Scholarships xvii

Publications xix

List of Figures xxi

List of Tables xxvii

Chapter 1. Introduction 1

1.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

1.2 Objectives of the thesis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

1.3 Original contributions summary . . . . . . . . . . . . . . . . . . . . . . . 5

1.3.1 Pattern-diversity and ultrawideband Vivaldi antennas . . . . . . 6

1.3.2 Planar multi-state reconfigurable antennas with filtering function 8

1.4 Thesis structure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

Chapter 2. Background 15

2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

2.2 Ultrawideband antenna structures . . . . . . . . . . . . . . . . . . . . . . 17

2.2.1 Vivaldi antennas . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

2.2.2 Planar quasi-Yagi-Uda antenna . . . . . . . . . . . . . . . . . . . . 21

Page v



Contents

2.3 Pattern diversity antenna design methods . . . . . . . . . . . . . . . . . . 23

2.3.1 Coupler-fed designs . . . . . . . . . . . . . . . . . . . . . . . . . . 24

2.3.2 Pattern switchable antenna designs . . . . . . . . . . . . . . . . . 29

2.4 Reconfigurable antennas based on filter design integration . . . . . . . . 34

2.4.1 Reconfigurable bandpass filters . . . . . . . . . . . . . . . . . . . . 36

2.4.2 Reconfigurable bandstop filters . . . . . . . . . . . . . . . . . . . . 37

2.4.3 Multi-state reconfigurable filters . . . . . . . . . . . . . . . . . . . 40

2.4.4 Multi-state reconfigurable filter antenna integration . . . . . . . . 42

2.5 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

Chapter 3. Antipodal Vivaldi Antennas with Sum and Difference Patterns 47

3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49

3.2 Double-Element Design Configuration . . . . . . . . . . . . . . . . . . . . 50

3.2.1 Fabrication Results . . . . . . . . . . . . . . . . . . . . . . . . . . . 53

3.2.2 Performance Comparison . . . . . . . . . . . . . . . . . . . . . . . 57

3.3 Multi-Element Design Configuration . . . . . . . . . . . . . . . . . . . . . 57

3.4 Pattern diversity Vivaldi antenna design with higher isolation . . . . . . 61

3.4.1 Simulation results . . . . . . . . . . . . . . . . . . . . . . . . . . . 61

3.4.2 Experimental results . . . . . . . . . . . . . . . . . . . . . . . . . . 63

3.5 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66

Chapter 4. A Design of An Out-of-Phase Feeding Network 67

4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68

4.2 Out-of-phase power divider with arbitrary power division design . . . . 68

4.2.1 Odd-mode Analysis of the Power divider . . . . . . . . . . . . . . 69

4.2.2 Even-mode Analysis of The Power Divider . . . . . . . . . . . . . 70

4.2.3 Wideband Design . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72

4.2.4 Simulation and Measurement Results . . . . . . . . . . . . . . . . 75

4.2.5 Summary of the proposed power divider . . . . . . . . . . . . . . 75

4.3 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77

Chapter 5. Tunable Bandpass/Bandstop Antenna with Sum and Difference Pat-

terns 79

Page vi



Contents

5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81

5.2 Antenna design . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84

5.3 Tunable bandpass-to-bandstop filter design . . . . . . . . . . . . . . . . . 87

5.3.1 Tunable bandpass-to-bandstop filter layout and simulation . . . 87

5.3.2 Equivalent LC model for the tunable bandpass-to-bandstop filter 91

5.4 Design of frequency tunable system with sum and difference radiation

patterns . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93

5.5 Experimental results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95

5.6 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102

Chapter 6. Sum and Difference Pattern-Reconfigurable Antennas 105

6.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 108

6.2 Pattern-reconfigurable antenna with multi-state filtering function design 111

6.2.1 Triple-element antenna . . . . . . . . . . . . . . . . . . . . . . . . . 112

6.2.2 Switchable power divider . . . . . . . . . . . . . . . . . . . . . . . 114

6.2.3 Switchable allpass to tunable bandpass and tunable bandstop filter116

6.2.4 Measurement results . . . . . . . . . . . . . . . . . . . . . . . . . . 122

6.2.5 Comparison with recently published designs . . . . . . . . . . . . 127

6.3 Dual-input patch antenna with sum and difference patterns in E- and

H-plane . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 131

6.3.1 Single-element pattern-reconfigurable patch antenna design and

simulation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 131

6.3.2 Double-element pattern-reconfigurable patch antenna evolution 133

6.4 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 135

Chapter 7. Tunable Dual-Band Bandpass and Bandstop Antennas 137

7.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 139

7.2 Dual-band tunable bandpass monopole antenna . . . . . . . . . . . . . . 139

7.3 Dual-band tunable bandstop quasi-Yagi-Uda antenna . . . . . . . . . . . 142

7.4 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 146

Chapter 8. Conclusion and Outlook 149

Page vii



Contents

8.1 Summary preamble . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 150

8.2 Part I: Multi-element Vivaldi antennas . . . . . . . . . . . . . . . . . . . . 150

8.2.1 Summary of original contributions . . . . . . . . . . . . . . . . . . 150

8.2.2 Future work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 152

8.3 Part II: Reconfigurable antennas filter integration . . . . . . . . . . . . . . 153

8.3.1 Summary of original contributions . . . . . . . . . . . . . . . . . . 153

8.3.2 Future work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 155

8.4 Concluding statement . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 156

Appendix A. On the Importance of Active S-parameters for Multi-Port Antennas157

A.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 158

A.2 Results and Discussions . . . . . . . . . . . . . . . . . . . . . . . . . . . . 158

A.3 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 161

Bibliography 163

Biography 177

Page viii



Abstract

P
ATTERN diversity is a term used to describe the operation of several an-

tenna elements working together to produce multiple different radiation

patterns with the aim of improving the quality and reliability of a commu-

nications system. One useful implementation of pattern diversity considers sum and

difference radiation patterns which can be exploited to extend high-gain space cov-

erage and tackle multipath fading. The conventional forms of such pattern diversity

antennas are generally working at a single or multiple narrowband frequencies and

are designed for specific applications. Hence, generating sum and difference pattern

diversity in wide range of frequencies requires the development of new pattern diver-

sity antenna designs. Ultrawideband and frequency reconfigurable designs of pattern

diversity antennas are desirable to help reduce the cost and increase the flexibility in

applications of pattern diversity antennas. These two types of performances constitute

the principal parts of this thesis.

The first part of this thesis deals with the challenges of designing ultrawideband Vi-

valdi antennas with sum and difference radiation patterns. When two Vivaldi anten-

nas are placed next to each other, two mutually exclusive phenomena of grating lobe

generation at the highest end of frequency and mutual coupling at the lowest end of

frequency will define the bandwidth. Hence, to enhance the bandwidth, the separation

between the antenna elements is reduced, which delays the grating lobes generation,

and the coupling at lower frequencies is mitigated by introducing an asymmetry in the

design of each Vivaldi antenna element. It is shown that this method can be extended

to multi-element Vivaldi antennas for higher gain. Next, the bandwidth is further en-

hanced by adding two vertical metal slabs between the antenna elements improving

the isolation at lower frequencies. The proposed antennas use commercially available

couplers as feeding networks. As a potential replacement for couplers, an out-of-phase

power divider with unequal power division is also proposed.

In the second part of this thesis, the pattern diversity function is combined with multi-

state frequency-reconfigurable filtering functions in a series of novel designs. In the

first proposed design, two quasi-Yagi-Uda antennas are used for pattern diversity,
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Abstract

while two switchable and reconfigurable bandpass-to-bandstop filters are used to ex-

cite the antenna elements. The whole system is excited by an external commercially

available rat-race coupler. In a next step, this design is modified to attain wideband,

tunable bandpass, and tunable bandstop operations while obviating the need for an ex-

ternal coupler by using three antenna elements excited by a switchable power divider.

In another implementation, the filtering functions is extended to dual-band indepen-

dently tunable bandpass and bandstop to excite wideband antennas. While all the

former designs featured E-plane pattern diversity, in another design aiming at increas-

ing space coverage, a switchable patch antennas with sum and difference radiation

patterns in both E- and H-plane of the antenna is designed.
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Chapter 1

Introduction

T
HIS introductory chapter describes the concept of antenna di-

versity along with its applications, realization methods, and chal-

lenges. Following those considerations, an overview of the thesis

objectives is given in conjunction with the statement of original contribu-

tions. This section ends with the thesis outline including a short summary

of each chapter.
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1.1 Introduction

Antenna diversity is a method used to increase the robustness and link reliability be-

tween wireless systems by utilizing two or more antenna elements as transmitters or

receivers. Antenna diversity can find applications in mitigating multipath fading [1],

increasing channel capacity [2–4], allowing transmitted and received signals to be iso-

lated in base station antennas [5], and enlarging the angular range of high-gain signal

coverage [6, 7]. Pattern diversity antennas belong to a type of antennas which have

been conventionally realized by different mode perturbation of double- or multiple-

input antennas. There are different methods to excite the antenna inputs to diver-

sify the patterns. One salient method of excitation is using in-phase and anti-phase

signals for double-input antennas to generate different radiation patterns. Utilizing

this method, designs in [2, 3, 8, 9] provided broadside directive and conical radiation

patterns employing different input excitations. Also, using the same methods, sum

and difference radiation patterns were generated with the planar designs presented

in [10, 11]. This method has also been applied in multiple-input antennas as in [12, 13]

to enhance the gain and spatial coverage. Another widespread method is to feed two

or more antennas with different radiation characteristics and adequate isolation sepa-

rately, thereby generating diverse patterns [4, 6, 14–17]. Another approach to design

pattern diversity antennas is using electronic switches in the radiating section of an

antenna. This method has received tremendous attention over the last decade owing

to the flexible and low cost solutions it offers. With all different designs presented in

the open literature, there are however some unresolved challenges towards designing

pattern diversity antennas meeting the current demands of higher data rate and coping

with microwave frequency spectrum congestion.

Increasing the bandwidth of pattern diversity antennas can enhance the channel ca-

pacity and provide higher data rate for communications. However, enhancing the

bandwidth in diversity antennas is quite challenging due to two mutually exclusive

phenomena. First, densely packed antennas exhibit strong mutual coupling which is

detrimental to the overall throughput of the system [18]. Second, if the distance be-

tween the antenna elements is enlarged to alleviate the coupling problem, the overall

system will become more voluminous and grating lobes will appear at higher frequen-

cies as a result of large distance between the antennas compared to the wavelength.

Addressing these mutually exclusive problems can bring about higher bandwidth for

pattern diversity antennas.
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Spectrum scarcity due to the exhaustive utilization of available frequency bands by

licensed users requires antennas that can sense a wideband frequency spectrum, iden-

tify idle frequencies, and allocate the unused frequencies to waiting users. These are

the requirements for cognitive radio systems. To ensure wide angular space coverage

and reliable links in cognitive radio systems, pattern diversity function is needed to

be incorporated into cognitive radio systems. For these purposes, advanced pattern

diversity antennas are required with specific frequency responses. In the sensing state

of cognitive radio systems, a wideband antenna is required to sense the frequency

spectrum and identify the idle bands. A reconfigurable antenna is required for allo-

cating the idle narrow frequency bands to the waiting users. Also, a reconfigurable

notch-band antenna is required to avoid interference with already occupied narrow

frequency bands. The simultaneous realization of these functionalities with different

antennas may result in a voluminous front-end network. An important challenge is

then to combine pattern diversity with the aforementioned multistate frequency re-

sponses in a single compact system, with the aim of reducing the cost and complexity

of the hardware. In the context of these stated challenges, this dissertation investigates

the design and fabrication of ultrawideband and multi-state reconfigurable antennas

with pattern diversity function.

1.2 Objectives of the thesis

The objective of this thesis is to address the mentioned challenges and the research

work can be divided according to the following two main objectives.

1. Planar ultra-wideband antennas with sum and difference radiation patterns

As mentioned earlier, an increase in the bandwidth and the number of channels

for pattern diversity antennas would further contribute to higher data rate by

allowing several systems to co-exist. To this end much attention has been paid

to bandwidth enhancement for pattern diversity antennas over the last decade.

The 3D design proposed in [2] provided broadside to conical radiation patterns

with 45% overlapping bandwidth. This wide bandwidth was achieved by im-

proving the isolation between two independently functioning wideband antenna

elements. To enhance the bandwidth with planar antenna structure, planar UWB

monopole antennas with various isolation improvement techniques have been

reported in the open literature. In [19], active elements were used to reduce the
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coupling between two adjacent monopole antennas, whereas [20] used carbon

black film to reduce the coupling between two monopole antennas. Manipulat-

ing the ground plane structure of the antenna was another salient method applied

for mutual coupling reduction of adjacent monopole antennas [21–23]. Orthog-

onal arrangement of tightly packed antenna elements for pattern diversity was

also proven as a useful method to reduce the mutual coupling [24–26]. All the

above mentioned planar structures featured monopolar pattern diversity apart

from [26]. Although [26] presented a design with 4 directive patterns in 4 differ-

ent directions, its realized gain was limited. Besides, it required a 3D structure

for the generation of its 4 different radiation patterns. Importantly, it was demon-

strated that obtaining ultra-wide bandwidth for pattern diversity antennas with

planar structures requires an antenna element with intrinsically wide bandwidth.

Although planar monopole antennas have these features, they cannot be used for

sum and difference radiation pattern generation due to their inabilities to pro-

duce unidirectional patterns. Hence, planar unidirectional antennas can be good

candidates for this goal. The most renowned types of planar directive and wide-

band antennas include Vivaldi [27–29], Log-periodic [30–32], and quasi Yagi-Uda

antennas [33–37]. Generating sum and difference radiation patterns with these

types of antennas is feasible by arranging two elements side by side and excit-

ing the inputs by in-phase and anti-phase signals. To enhance the overall design

bandwidth, an improved isolation between two elements at lower frequencies

is a must. The simple method to achieve isolation is to increase the distance

between the two antenna elements. However, this will bring up another issue

which is the appearance of grating lobes at frequencies where the distance be-

tween the input ports is larger than λ. These grating lobes will set a limit to

the highest operating frequency. Therefore, the objective of this thesis is to re-

solve the mutually exclusive problems of reducing the mutual coupling between

two antennas in close proximity and mitigating the grating lobe appearances at

higher frequencies. This will lead to further performance improvement in terms

of gain and bandwidth.

2. Planar reconfigurable antennas with multi-state filtering functions

Although ultrawideband antennas are utilized in many different communica-

tions applications, they offer some disadvantages limiting their applicability in
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modern communications era. First, ultrawideband antennas are subject to in-

terference from the bands which are not in use, thus yielding a low signal-to-

noise ratio. Also, today’s congested frequency spectrum requires a more effi-

cient method of utilizing the available frequency bands. To this end, anten-

nas with frequency reconfigurability can overcome the shortcomings of ultra-

wideband antennas. They work in a narrowband frequency range that can be

tuned discretely or continuously over a wide frequency band [38–43]. This fea-

ture can enhance the level of signal-to-noise ratio while providing a broad in-

stantaneously available frequency coverage. Recently, much attention has been

paid to antennas offering the flexibility of different states of reconfigurability

realized on one single radiating structure. The desirable combined reconfig-

urability features include: frequency- and pattern-reconfigurable antennas [42,

43], frequency- and polarization-reconfigurable antennas [40, 41], and pattern-

and polarization-reconfigurable antennas [44–46]. Although these types of com-

pound reconfigurabilities are useful for design agility and reducing cost and com-

plexity of antennas, there are still some applications with unmet demands. For

example, cognitive radio systems as efficient means of reducing spectrum con-

gestion in modern communications require two stages of operation. For the first

stage, they need antenna front-ends with the ability of scanning a wide frequency

spectrum to detect unused bands and allocate those unused bands to secondary

users. In the second stage, they need a wideband antenna in their front-end with

the ability to dynamically tune a notch frequency to avoid interference with the

already occupied band [47]. Developing a hardware for cognitive radio system

that uses a single antenna is a big challenge for antenna designers. Hence, in this

thesis the next goal is to realize a system fulfilling the requirements of cognitive

radio systems. This goal will be enhanced by providing pattern diversity and

multiband operation to the system.

1.3 Original contributions summary

In this dissertation, the original contributions are classified into two major sections.

The first section presents variations of pattern-diversity and ultrawideband Vivaldi an-

tennas with reduced grating lobes and enhanced isolation. The presented work focuses

on novel methods to improve the gain and bandwidth beyond conventional designs.

The second section proposes concepts of planar antenna systems which suit cognitive
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radio applications while offering pattern diversity and multiband performances. The

detailed statement of original contributions is as follows.

1.3.1 Pattern-diversity and ultrawideband Vivaldi antennas

In this section, the original contributions on Vivaldi antennas with radiation pattern

diversity, namely sum and difference patterns are listed as presented in Chapter 3 and

Chapter 4 of this thesis.

• A design of an E-plane double-element Vivaldi antenna with sum and differ-

ence radiation patterns is proposed in Chapter 3. The antenna operates in the

frequency range of 2.3 GHz to 15 GHz (ratio of 6.5:1) with the highest grating

lobe level of −10 dB at 15 GHz and competitive gain performance from 6.8 dBi

at 2.3 GHz up to 14.7 dBi at 15 GHz. The grating lobes are reduced effectively

by decreasing the distance between the two input ports to one wavelength at

the highest operating frequency. The active S-parameters of the antenna are im-

proved using modifications of the geometry, including a new method consisting

of an increased length of the internal flares, as well as combinations of known

methods such as elliptical corrugations on the outer edges and optimal shap-

ing of inner edges of the antenna. The gain is also improved by the addition

of a dielectric lens, which also provides extra space for lengthening the internal

flares. The proposed double-element antenna satisfactorily provides the sum and

difference radiation patterns when fed by a wide-band rat-race coupler. To war-

rant a near ideal beam symmetry, the antenna is designed so that the directive

radiation pattern occurs when the antenna elements are fed by out-of-phase sig-

nals, i.e. when the difference (∆) port of the coupler is excited. This design has

been published in IEEE Antennas and Wireless Propagation Letters under the title

of “Antipodal Vivaldi Antenna for Sum and Difference Radiation Patterns with

Reduced Grating Lobes” [48].

• Chapter 3 extends the idea of bandwidth enhancement by applying it to multi-

element Vivaldi antennas. Ultrawideband Multi-element Vivaldi antennas can

compensate the low gain at lower frequencies and the loss generated by the feed-

ing coupler. This multi-element design can cover the band of 3.9 GHz to 18 GHz,

with a gain increasing from 10 dBi at 3.9 GHz up to 16.5 dBi at 18 GHz. The grat-

ing lobes at higher frequencies are mitigated through an increased proximity of
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the antenna elements in conjunction with reduced mutual coupling. The realized

gain enhancement is obtained through the adoption of four tapered slot elements

and a semicircular dielectric substrate lens, which also provides extra space for

elongating the internal flares. The proposed antenna also generates two different

radiation patterns based on the excitation phase of the input ports, namely sum

and difference radiation patterns. This work has been published in Asia-Pacific

Conference on Antennas and Propagation (APCAP 2018) under the title of “Multi-

element Vivaldi Antenna with Sum and Difference Radiation Patterns” [49]. This

paper was awarded the second prize in the in the student paper contest of AP-

CAP 2018 in Auckland, New Zealand.

• The next design presented in Chapter 3 further enhances the bandwidth of the

antenna presented in the first part of this chapter to the range from 2.6 GHz to

18 GHz with a gain increasing from 7.3 dBi at 2.6 GHz up to 15.1 dBi at 18 GHz.

The bandwidth extension is obtained in the base double-element Vivaldi antenna

by reducing the distance between the two elements and elongating the inner

flares, thus delaying the emergence of grating lobes as described above. The

mutual coupling level between the ports is further decreased by introducing two

vertical metal slabs between the antenna elements. Some well-known methods

are also adopted to improve the scattering parameters and enhance the radiation

performance including etching elliptical corrugations on the outermost edges of

the antenna, abruptly bending the inner edges, and incorporating a semicircle

dielectric substrate lens into the antenna boresight. In order to realize the pattern

diversity function, an ultrawideband 180◦ hybrid coupler is utilized to excite the

antenna elements with in-phase and out-of-phase signals. This design has been

published in Asia-Pacific Microwave Conference 2018 (APMC 2018) under the title

of “Bandwidth Enhancement of a Double-Element Vivaldi Antenna with Sum

and Difference Radiation Patterns” [50].

• In our former designs we proved that the mirror arrangement of antennas on the

E-plane will bring about more beam symmetry at the expense of feeding anten-

nas with out-of-phase inputs to generate a directive radiation pattern. Moreover,

an antenna feeding network with unequal power division at its output will help

reduce the sidelobe levels when feeding several antenna elements with nonuni-

form power distribution. Hence, an out-of-phase power divider with large power

division ratios and broadband response is realized in the next design (Chapter 4))
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based on the double-sided parallel-strip lines with an inserted conductor as a vir-

tual ground. The wideband performance is achieved through sacrificing the per-

fect isolation and return loss at the main frequency by modifying the impedance

of only two transmission lines. Using a third-order approximation based on the

least squares fitting method, the need for optimization of the two targeted trans-

mission lines producing wideband response is bypassed. To substantiate the de-

sign method and equations, a circuit with 25:1 power division ratio in conjunc-

tion with 80% operational bandwidth referring to 15 dB return loss and isolation

is developed. The measured results show the maximum 0.8 dB amplitude devia-

tion from the specified power division ratio with a phase difference between the

output ports of 180±5◦. This work has been published in German Microwave Con-

ference (GeMiC 2019) under the title of “Wideband Out-of-Phase Power Divider

with Large Power Division Ratios” [51].

• A misconception about dual-input antennas and their performance is pointed out

and explained in the Appendix A. It is demonstrated how using S11 as opposed

to active S11 will result in incorrect interpretation of some performance metrics

for a multi-port antenna. This work has been accepted and published as an Early

Access article in IEEE Transactions on Antennas and Propagation under the title of

“Comments on “Wideband Radiation Reconfigurable Microstrip Patch Antenna

Loaded with Two Inverted U-Slots”” [52].

1.3.2 Planar multi-state reconfigurable antennas with filtering func-

tion

The original contributions for planar and multi-state reconfigurable antenna systems

by integration of the separate designs of filters and antennas are presented in Chap-

ters 5 to 7 as listed below:

• A design of a double-element E-plane quasi Yagi-Uda antenna is proposed in

Chapter 5 offering two different radiation patterns and reconfigurable bandpass-

to-bandstop frequency tunable responses. The double-element antenna covers a

wideband frequency range that is exploited for the realization of tunable bandpass-

to-bandstop responses. This is achieved by the integration of a pair of bandpass-

to-bandstop filters, each of which can be reconfigured using two varactor diodes

and one PIN diode. The PIN diode serves the function of switching between
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bandpass and bandstop states. The varactors provide the continuous frequency

tuning function with the tuning range reaching 50% for the bandpass state and

50.4% for the bandstop state. Importantly, the reconfigurable filtering function-

ality of the two-element antenna is preserved when fed by a wideband hybrid

coupler to produce both the sum- and difference radiation patterns. To obtain a

high beam symmetry, the antenna elements are fed by the difference (∆) signal

to produce the directive radiation pattern and they are fed by the sum (Σ) port

to produce the null in the main radiation direction. Experimental results validate

this concept. This work has been published in IEEE Transactions on Antennas and

Propagation under the title of “Tunable Bandpass-to-Bandstop Quasi Yagi-Uda

Antenna with Sum and Difference Radiation Patterns” [53].

• While the antenna presented in Chapter 5 offered some attractive features for

cognitive radio systems, the state of wideband in its performance was missing.

Moreover, the use of coupler as a feeding network will introduce extra loss and

cost to the design. Hence, a three-element antenna system with the ability to

operate in a unique set of switchable and frequency-tunable configurations is

presented in Chapter 6, where a significant enhancement is its ability to operate

without the coupler feeding. Firstly, this antenna system can switch between sum

and difference radiation patterns using a mirrored arrangement of antenna feed-

ing lines that bypasses the need for an additional phase inverter. Secondly, the

frequency response of this antenna can be switched between three states of opera-

tion, namely wideband, tunable bandpass, and tunable bandstop characteristics.

Importantly, the pattern reconfigurability function can be generated in all three

states of the frequency-agile response. To realize this extended set of selectable

functionalities, a three-state filter and a switchable power divider are used to feed

a triple-element quasi-Yagi-Uda antenna array. The proposed system is experi-

mentally validated, demonstrating sum and difference patterns over a measured

79.8% fractional bandwidth for the wideband state of operation, and a tunability

of 51.3% for the bandpass state and 50.3% for the bandstop state. This design

has been published in IEEE Access under the title of “Pattern-Reconfigurable An-

tenna With Switchable Wideband to Frequency-Agile Bandpass/Bandstop Filter-

ing Operation” [54].

• In all the pattern diversity designs that have been presented in the previous chap-

ters, the pattern diversity feature was along the E-plane of the antenna. In other
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words, two different radiation patterns namely sum and difference patterns were

mostly different along the E-plane of the antenna. However, for broader space

coverage and effectively tackling multipath fading in communications systems,

it is required to have sum and difference beams along E- and H-plane of the

antenna. Hence, a design of a planar microstrip patch antenna with pattern di-

versity along both E- and H-plane is presented in Chapter 6. At first, a microstrip

design with switchable E-plane sum and difference patterns is presented with its

operation based on selective excitation of two fundamental modes. On this basis,

the design is extended to a double-element configuration along the H-plane. This

arrangement enables pattern diversity along both E- and H-plane. For the single

element antenna, a configuration of ten PIN diodes and a decoupling shorting

via are utilized to switch between the TM01 and TM02 modes without relying

on a feeding network. For the double-element antenna, a coupler acts as a feed-

ing network and allows to generate the sum and difference patterns along the

H-plane. This design has been accepted and presented in the International Con-

ference on Electromagnetics in Advanced Applications (ICEAA 2019) under the title

of “A Pattern Diversity Microstrip Antenna with Switchable Sum and Difference

Beams in E- and H-plane” [55].

• The bandpass filter presented in Chapter 5 is extended to a dual-band indepen-

dently frequency-tunable design which is then integrated with a planar monopole

antenna to provide a dual-band tunable antenna with independent frequency

tuning in Chapter 7. The wideband frequency range of the planar monopole an-

tenna is exploited to cover the dual-band tunable filtering response. The two op-

erating frequencies are continuously and independently tuned by four varactor

diodes biased by two different biasing voltages. The omnidirectional response

of the antenna remains intact under the filtering response due to the use of an

external tunable feeding network with an unobtrusive biasing. The experimental

results substantiate the simulated monopolar performance of the antenna un-

der independently tunable dual-band operation. This work has been accepted

and presented at the Asia-Pacific Conference on Antennas and Propagation (APCAP

2019) under the title of “Dual-Band Bandpass Filtering Monopole Antenna with

Independently Tunable Frequencies” [56]. This paper was awarded the top (plat-

inum) best student paper award in the student paper contest of APCAP 2019 in

Incheon, South Korea.
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• The bandstop filtering functionality of the design in Chapter 5 is modified to gen-

erate a dual-band independently tunable bandstop filter in the next design pre-

sented in Chapter 7. In this design, two varactor-tuned single-band bandstop fil-

ters are cascaded to develop a dual-band independently tunable bandstop filter.

This filter can also be utilized as a second order single-band tunable bandstop fil-

ter. The filter is then integrated with an ultrawideband quasi-Yagi-Uda antenna.

The wideband frequency range of the this antenna is exploited to cover the tun-

able filtering functionality. The directive radiation pattern of the antenna remains

intact under the filtering response due to the use of an external tunable feeding

network with an unobtrusive biasing. The experimental results substantiate the

simulated performance of the antenna under independently tunable dual-band

operation. This design has been accepted and presented at the IEEE Radio and

Antenna Days of the Indian Ocean (RADIO 2019) under the title of “Independently

Tunable Dual-Band Bandstop Filtering Antenna” [57].

1.4 Thesis structure

The thesis outline represented in Fig. 1.1 comprises eight different chapters. The first

two chapters include the introductory backgrounds and necessary information for the

rest of this thesis. The next five chapters delineate the original contributions of this

thesis, before the conclusion and future works described in Chapter 8. The detailed

description of each section is presented as follows.

• Background (Chapters 1 & 2)

This part includes the current chapter and background information required for

the rest of the thesis which is presented in Chapter 2. This background infor-

mation includes the fundamental of multi-element Vivaldi antennas, sum and

difference radiation patterns generation and feeding networks for multi-element

antennas. This chapter also provides the introduction and literature review about

reconfigurable filters, reconfigurable power dividers and their applications as an-

tenna feeding networks.

• Multi-element Vivaldi antennas (Chapters 3 & 4)

In this section, a design challenge for a double-element Vivaldi antenna with sum

and difference radiation patterns is explained and several solutions are provided.
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1.4 Thesis structure

Figure 1.1. Thesis outline. This thesis consists of 8 chapters with the original contributions divided

into two major parts as: multi-element Vivaldi antennas and reconfigurable antenna filter integration.

Chapter 3 provides a solution to tackle the mutual coupling enhancement occur-

ring at lower frequencies and grating lobe appearance at higher frequencies for

Vivaldi antennas. Chapter 3 also investigates further improvement of gain and

bandwidth of pattern diversity Vivaldi antennas. In Chapter 4, a design of an

out-of-phase power divider with wideband response, which is potentially appli-

cable as a feeding network of multi-element wideband antennas is investigated

and experimentally validated.

• Reconfigurable antenna filter integration (Chapter 5 & 6 & 7)

In this part, filters and Antenna filter integration with multi-state tunability are

presented. Moreover, sum and difference pattern diversity based on input feed-

ings and switches are investigated. Chapter 5 proposes an antenna system with

tunable bandpass-to-bandstop filtering functions while generating sum and dif-

ference radiation patterns in end-fire direction. This method has been extended

in Chapter 6 to provide beam switching between the sum and difference radia-

tion patterns using three antenna elements while providing a triple-state filter-

ing function of allpass to tunable bandpass and tunable bandstop. Moreover, in

this chapter the pattern diversity function has been extended to two orthogonal

planes of a dual-input patch antenna using switches in the antenna structure and
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a feeding network.. Chapter 7 proposes two dual-band filter schemes with inde-

pendently tunable frequencies. These filters are integrated with planar monopole

and end-fire quasi Yagi-Uda antennas with wideband response to generate tun-

able filtering antenna functions.

• Conclusion (Chapter 8)

The last chapter provides a conclusive summary of all the projects included in

this thesis, as well as a prospective view about the future work.
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Chapter 2

Background

P
ATTERN diversity antennas featuring ultrawideband fre-

quency responses and different states of reconfigurability are

desirable components for modern wireless communications sys-

tems in the congested microwave frequency spectrum. They can reduce

the cost and enhance the reliability of communications systems by adding

flexibility to the frequency response and radiation patterns of the antenna

front-ends. However, there are many technical challenges towards devel-

oping such antennas. This chapter presents a literature review of some fun-

damental constituents of pattern diversity antennas and highlights selected

notable efforts that have been put forth to enhance the bandwidth of pattern

diversity antennas.
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2.1 Introduction

One of the most important components for every wireless communications system is

the antenna. Modern communications systems require low-cost antennas which of-

fer flexibility and reliability in their performances. To this end, antennas generating

diverse radiation patterns have emerged, recently, with the aim of mitigating the un-

wanted phenomenon called multipath fading while keeping the cost of the communi-

cations system low. Multipath fading occurs when transmission-reception link is ad-

versely affected by extra paths to a receiver and destructive interference between those

paths, bringing about a faded or very weak signal at the receiver. Pattern diversity an-

tennas can be realized by adopting two or more antenna elements working together in

a close proximity to generate different radiation patterns, while their cross talks have

been suppressed. The realization of ultrawideband pattern diversity antennas has re-

mained a big challenge for researchers. One challenge for ultrawideband realization is

to keep a high isolation between antenna elements working together in close proximity,

while preventing the generation of unwanted lobes called grating lobes at frequencies

where the distance between antenna elements is more than half a wavelength. Hence,

developing strategies to overcome these mutually exclusive requirements can lead to

bandwidth enhancement of pattern diversity antennas.

In parallel, the rapid development of communications systems causes frequency con-

gestion due to inefficient spectrum utilization. Alleviating this problem has been fa-

cilitated by introduction of cognitive radio systems which sense the electromagnetic

environment and adapt their operation to the conditions for best performance. Cogni-

tive radio systems sense a wide spectrum using a wideband antenna to detect unused

bands and based on the gained information they can dynamically tune their operat-

ing frequencies to adapt to the imposed condition. Therefore, enhancing the tunability

states of an antenna structure is necessary for cognitive radio applications. Pattern di-

versity antenna can be applied to cognitive radio systems by combining their radiation

agility with multi-state tunability function in their frequency responses.

This chapter is organized as follows. A literature review on ultrawideband antennas

as the building blocks of ultrawideband pattern diversity antennas is presented in Sec-

tion 2.2. Different methods of developing pattern diversity antennas are reviewed in

Section 2.3 with the main focus placed on the challenges linked to increasing the opera-

tion bandwidth. In the end, frequency reconfigurability techniques based on antennas

and filter integration for cognitive radio systems are reviewed in Section 2.4.
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2.2 Ultrawideband antenna structures

The fundamental building block of a pattern diversity antenna with ultrawideband

performance is an antenna element which has ultrawideband response. Ultrawide-

band antennas can have different types of radiation patterns such as directional, bidi-

rectional, omnidirectional, and conical. The history of antennas used for wireless

transmission-reception link dates back to 1898 when biconical, spherical, and bow-tie

dipole and monopole antennas were used. The growing interest in the middle of 20th

century sparked the reinvention of biconical, conical monopole antennas, and spheri-

cal dipoles for ultrawideband wireless communications [58]. Also, with the advent of

television, much wider bandwidth for video streaming was required which led to the

development of an ultrawideband horn antenna by Lindenblad in 1941 [58]. Examples

of the above-mentioned antennas are illustrated in Fig. 2.1. As seen, all these designs

have voluminous 3D structures. They are inconvenient for integration with mono-

lithic microwave integrated circuits (MMIC). To reduce the antenna size and enable

integratability, some planar ultrawideband antennas have been developed and stud-

ied recently. Spiral antennas [59], slot bowtie dipole antennas [60], printed monopole

antennas [61], Log-periodic [62–65], electric bowtie [66], Vivaldi [27, 29, 67, 68], and

quasi Yagi-Uda antennas [69–74] are some examples of UWB antennas with planar

structures. These antennas are illustrated in Fig. 2.2. As the Vivaldi and quasi Yagi-

Uda antennas are frequently used in this thesis, more attention will be paid to them in

this chapter.

2.2.1 Vivaldi antennas

This type of antenna was first proposed by Gibson as a class of traveling wave antenna

with a directive radiation pattern towards the end-fire direction of the antenna [27].

Due to the tapering structure of this antenna and smooth transition of line impedance,

it can cover ultrawide frequency range. Vivaldi antennas appear in two major different

planar types, namely coplanar or antipodal structure. The coplanar structure shown

in Fig. 2.3a has the tapered geometry etched on the bottom side of the substrate with

a microstrip to slotline transition as the top side. The microstrip to slot line transition

acts as a balanced-to-unbalanced (Balun) transmission line limiting the maximum at-

tainable bandwidth for the coplanar Vivaldi structure. Despite the drawback of band-

width limitation, coplanar Vivaldi antennas are attractive for some applications since
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(a) (b)

(c)

© 2003 IEEE

(d)

Figure 2.1. Examples of different types of 3D ultrawideband antennas presented in [58]. (a)

Biconical antenna. (b) Conical monopole antenna. (c) Spherical antennas. (d) Horn antennas.

they have high polarization purity due to the very small amount of vertical electric

field being radiated inside the substrate. The other type of Vivaldi antenna shown in

Fig. 2.3b is called antipodal Vivaldi antenna where the two tapered structures are on

different sides of the substrate with a transition from coaxial cable to microstrip line as

the feeding. This geometry removes the barrier of bandwidth limitation imposed by

the balun in coplanar structure at the expense of increasing the cross-polarization level

due to some vertical electric field components being generated inside the substrate.

Miniaturization and performance improvement of Vivaldi antennas have been widely

researched over the past few years. One salient design method which helps miniatur-

ize the Vivaldi antenna structure and improve the gain and sidelobe level was identi-

fied as etching corrugation on the outer edges of Vivaldi antennas [48,76,77]. Different

types of corrugation etching were shown to be helpful in shifting the lowest operating

frequency to lower values, thereby miniaturizing the structure in terms of wavelength.
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© 1979 IEEE
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© 2011 IEEE
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Figure 2.2. Different types of planar ultrawideband antennas. (a) Spiral antennas [59]. (b) Slot

bow-tie antenna [60]. (c) Planar monopole antenna [61]. (d) Log-periodic antenna [62]. (e) Quasi-

Yagi-Uda antenna [69]. (f) Electric bow-tie antenna [66]. (g) Vivaldi antenna [27].

Bottom Layer Top Layer
© 2013 IEEE

(a)

© 2011 IEEE

(b)

Figure 2.3. Two different models of Vivaldi antennas. (a) Top and Bottom layers of a Coplanar

Vivaldi antenna [75]. (b) Antipodal Vivaldi antenna [67].
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For example, the structure in [77] uses elliptical corrugations as indicated in Fig. 2.4

to improve the frequency response and the radiation characteristics of the antenna. It

was demonstrated that for the design with elliptical corrugation the lowest operating

frequency starts at 2.4 GHz, whereas for the conventional structure of antipodal Vi-

valdi antenna with the same dimensions, this value is 3.3 GHz. Another method to

(a)

© 2011 IEEE

(b)

Figure 2.4. Two types of the Vivaldi antenna corrugations and the corresponding scattering param-

eters from [77]. (a) Rectangular and elliptical corrugation development. (b) Reflection coefficients

comparison for the conventional Vivaldi antenna, Vivaldi antenna with rectangular corrugations, and

Vivaldi antenna with elliptical corrugations.

improve the reflection coefficient and to further miniaturize of a Vivaldi was proposed

in [78]. In this case, the tapering rate of the antenna flares was increased resulting in

sharp bending of the inner edges of each flare. The substrate length can be reduced to

half while the scattering response is improved as shown in Fig. 2.5. This is however at

the expense of a nominal gain loss at lower frequencies. The next prominent method

for the Vivaldi antenna improvement has been the addition of a dielectric lens to the

boresight of the antenna structure, thus concentrating the electric field in this region

and consequently increasing the gain at higher frequencies. This phenomenon is il-

lustrated in Fig. 2.6 which was presented in [79] with a dielectric lens taking the form

of a trapezoidal elongation of the substrate. The dielectric lens increases the gain of

the antenna at higher operating frequencies. The maximum gain improvement can be

obtained when the length of this dielectric lens is properly adjusted. As this type of
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(a)

© 2017 IEEE

(b)

Figure 2.5. Antipodal Vivaldi antenna with sharper bending of the inner edges [78]. (a) Design

evolution from the conventional structure (CAVA) to shorter structure (SAVA) and the modified

antipodal Vivaldi antenna (MAVA). (b) Frequency response for each evolution step.

antenna generates ultrawideband response and directive radiation pattern, it is poten-

tially applicable in pattern diversity antenna systems with ultrawideband responses.

2.2.2 Planar quasi-Yagi-Uda antenna

The Yagi-Uda antenna was first introduced in 1926 and named after its inventors. It

comprises three different parts contributing to the end-fire radiation of this antenna.

The main part is a dipole antenna which is excited by an input port. The secondary

parts are a reflector which blocks the backward radiation, and several coupled parasitic

elements to drive the radiation pattern towards the end-fire direction of the antenna.

The modified printed version of this antenna, which was also called quasi-Yagi-Uda

antenna, was first introduced in [80]. This antenna consisted of an excited patch an-

tenna with a reflector and several parasitic patches to drive the radiation into the end-

fire direction. This antenna had a slightly tilted beam towards the broadside of the

patch while having limited operating bandwidth. Several efforts have been invested

in the last two decades to enhance the radiation characteristics as well as the band-

width of such antenna. The first effort to enhance the bandwidth was published in [81]

with a microstrip dipole driven by balun and a parasitic transmission lines. Based on

these results shown in Fig. 2.7, the obtained bandwidth was increased to around 48%

with a directive end-fire radiation pattern showing no beam tilting.

However, as in the case of the coplanar Vivaldi antenna, the structure of the input balun

may adversely affect the bandwidth. Hence, increasing the operational bandwidth of
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2.4 mm 
Connector

(a) (b)

© 2016 IEEE

(c)

Figure 2.6. The effect of adding dielectric lens on Vivaldi antenna gain [79]. (a) Antenna structure

with trapezoidal dielectric lens. (b) Gain versus frequency for different lengths of the lens. (c) The

simulated and measured reflection coefficients.

the feeding balun will lead to an increased bandwidth of the overall antenna design.

This method has led to the a design of a wideband quasi-Yagi-Uda antenna with a

different feeding method, which was presented in [82]. It is shown in Fig. 2.8 that it

can cover the wide frequency bandwidth of 70%.

An investigation aiming at enhancing the bandwidth while reducing the antenna size

was reported in [34], leading to an obtained frequency bandwidth of more than 100%.

The antenna structure and its results are shown in Fig. 2.9. The compact structure was

attained based on decreasing the width of the reflector which was facilitated by a pair

of stubs connected to the sides of antenna reflector.
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(a)

© 2002 IEEE

(b)

Figure 2.7. Wideband quasi-Yagi-Uda antenna using a planar balun presented in [81]. (a) Antenna

structure. (b) Input reflection coefficients.

Top Layer Bottom Layer

(a)

© 2013 IEEE

(b)

Figure 2.8. Wideband quasi-Yagi-Uda antenna using a microstrip to coplanar line transition pre-

sented in [82]. (a) Antenna structure. (b) Input reflection coefficients.

Even though the bandwidth of this antenna is still limited compared to some of its

counterparts such as Vivaldi antennas, its compact topology will make it an appealing

candidate for future investigation in this thesis.

2.3 Pattern diversity antenna design methods

As mentioned earlier, antennas that can generate diverse radiation patterns can en-

hance the flexibility and reliability of modern communications systems. These types
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Top Layer  Bottom Layer

(a)

© 2014 IEEE

(b)

Figure 2.9. Ultra-wideband quasi-Yagi-Uda antenna with compact structure from [34]. (a) Antenna

structure. (b) Input VSWR.

of antennas can adapt their radiation performance depending on the requirements im-

posed by their environment. There are two salient methods to develop antenna struc-

tures with pattern diversity functions, which are explained in more detail in this sec-

tion.

2.3.1 Coupler-fed designs

One of the most prominent and conventional methods for pattern diversity is exciting

double- or multi-port antennas with a single or multiple 180◦ hybrid couplers. Hybrid

couplers which will be explained in more detail later are one type of prominent feeding

networks used to split the input power to the two output ports with 0 degrees or 180

degrees phase difference between the output signals. This phase difference enables to

generate different radiation patterns for multi-element antennas.

The structure in Fig. 2.10 is an example of a pattern diversity antenna which utilizes

a coupler in its feeding network. The working principle is that different modes of the

patch antenna are excited by different excitations of the coupler ports resulting in the

generation of directive and conical radiation patterns [8]. The design presented in [83]

provides another example of such pattern diversity systems which generates broadside

sum and difference patterns. The antenna structure and its radiation performance are

shown in Fig. 2.11. There are two closely spaced but isolated antennas which are fed

by a coupler operating at 5.2 GHz.
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(a)

(b)

© 2016 IEEE

(c)

Figure 2.10. Directive to conical pattern diversity antenna fed by a hybrid coupler from [8]. (a)

Antenna structure. (b) Directive radiation pattern. (c) Conical radiation pattern.
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(a)

(b)

© 2016 IEEE

(c)

Figure 2.11. Broadside sum and difference pattern diversity antenna fed by a hybrid coupler pre-

sented in [83]. (a) Antenna structure. (b) Sum radiation pattern. (c) Difference radiation pattern.
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The pattern diversity antennas mentioned above are examples of narrowband systems.

Several efforts to enhance the bandwidth of pattern diversity antennas have been pro-

posed in the literature thus far. For instance, in [10], a technique to reduce the mu-

tual coupling and grating lobes for a double-element Vivaldi antenna was proposed

and experimentally verified. This antenna covered the frequency band of 3.1 GHz to

10.6 GHz with sum and difference radiation pattern generation. The antenna structure

with a wideband rat-race coupler as a feeding network is shown in Fig. 2.12a. Sum

and difference radiation patterns at different operating frequencies are illustrated in

Fig. 2.12b.

(a)

3.1 GHz

7 GHz

10.1 GHz
© 2014 IEEE

(b)

Figure 2.12. Vivaldi antenna design with sum and difference radiation patterns from [10]. (a)

Antenna structure. (b) Sum and difference radiation patterns at different operating frequencies and

on E- and H-plane.

Another example of wideband sum and difference pattern diversity antenna was pre-

sented in [11] using double-element Vivaldi antennas which are externally excited by
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couplers. This design claims that it can cover the bands of 0.7 GHz to 2.7 GHz. The

structure of this design along with its radiation patterns at different operating frequen-

cies are shown in Fig. 2.13. In this design, the single-element Vivaldi antenna is tilted

and evolved to a dual-element design.

Top Layer

Bottom Layer

(a)

© 2018 IEEE

(b)

Figure 2.13. Vivaldi antenna design with sum and difference radiation patterns presented in [11].

(a) Antenna structure. (b) Sum and difference radiation patterns at different operating frequencies

and on E- and H-plane.

180◦ hybrid coupler

Hybrid couplers, also known as ring or rat-race couplers are an integral part of dual-

input pattern diversity antennas with sum and difference radiation patterns. They are

four-port networks with the block diagram shown in Fig. 2.14a. On the one hand, Port

1 must be excited to split the input signals to the output Ports (Ports 2 and 3) equally in

both magnitude and phase. On the other hand, Port 4 must be excited to divide the in-

put signal to two equal output signals with 180◦ phase difference between them. Ports

1 and 4 are called sum and difference input ports, respectively. The schematic and fab-

ricated prototype of a printed hybrid ring coupler are shown in Figs. 2.14b and 2.14c,

respectively. Each transmission line characteristic impedance is equal to 70.7 Ω. Three
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transmission lines have quarter wavelength electrical lengths and one transmission

line has three-quarter wavelength electrical length. These values have been obtained

analytically based on even- and odd-mode half-circuit analyses explained in [84]. The

simulated scattering parameters of the conventional ring hybrid working at 1 GHz are

shown in Fig. 2.14d.

180˚
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Figure 2.14. Conventional rat-race coupler [84]. (a) Rat-race coupler block diagram. (b) Schematic

of the conventional rat-race coupler. (c) Fabricated prototype of the conventional rat-race coupler.

(d) Frequency response of the conventional rat-race coupler.

2.3.2 Pattern switchable antenna designs

In the past few years, several designs of single-input pattern diversity antennas, i.e.

antennas which do not use couplers as a feeding network were proposed. They utilized

electrically reconfigurable elements to switch between multiple radiation patterns from

a single radiating structure based on perturbations of different modes. These types of

antennas can be classified in two different groups. The first group uses reconfigurable

elements in the feeding network of the antenna to generate different radiation patterns.

The second group utilizes embedded reconfigurable elements in the resonant structure
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of the antenna to generate different radiation patterns. These two different groups of

pattern switchable antennas are studied in detail in this subsection.

Pattern-reconfigurable antennas with switchable feeding networks

An example of a pattern switchable antenna with broadside and conical radiation pat-

terns using reconfigurable input feeding network was presented in [85]. The antenna

structure is shown in Fig. 2.15a comprising of a patch antenna excited by two ports

which are connected to a feeding network with switchable in-phase and out-of-phase

output signals perturbing two different modes of the antenna resonant cavity. The

schematic diagram of the feeding network is illustrated in Fig. 2.15b. This feeding net-

work is composed of a wideband switchable phase shifter at one of the output ports.

The embedded PIN diodes in the feeding network structure enable switching the out-

put phase difference between 0◦ and 180◦. The radiation patterns of this antenna are

shown in Fig. 2.16.

(a)

© 2018 IEEE

(b)

Figure 2.15. Pattern-reconfigurable antenna with switchable feeding network in [85]. (a) Antenna

structure. (b) Feeding network structure with switchable phase shifter.
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(b)

Figure 2.16. Radiation patterns of the pattern switchable antenna at different operating frequencies

of the design in [85]. (a) Directive broadside radiation patterns. (b) Conical radiation patterns.
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Another example of a pattern-reconfigurable antenna with broadside to conical radia-

tion patterns using a switchable feeding input line was presented in [7]. The antenna

structure is shown in Fig. 2.17a and it is composed of two different types of closely

spaced antennas with different radiation patterns. The PIN switches at the bottom side

of the antenna separate the excitation for these antennas. Therefore, at a time, only one

antenna radiates and the other one is switched OFF. The small circular patch antenna

in the middle generates the broadside radiation pattern and the bigger circular patch

with several shorting posts generates conical radiation patterns. The surface current

distribution under these two switching conditions are illustrated in Fig. 2.17b. This

antenna has an overlapping frequency bandwidth of 23.5%. The radiation patterns at

different frequencies are shown in Fig. 2.17c.

Pattern-reconfigurable antennas with embedded switching elements in the resonant

structure

The other type of pattern-reconfigurable antenna embeds the reconfigurable elements

inside the resonant structure of the antenna. By switching or tuning such elements, the

radiation pattern can be changed to various states of radiation pattern. One salient ex-

ample of this type of antenna was presented in [86], based on varactor diodes. This

design is shown in Fig. 2.18 consisting of a center-shorted patch antenna with six

stub-loaded varactor diodes. The center-shorted patch antenna creates two resonance

frequencies with the lower frequency of operation generating a conical radiation pat-

tern and the higher one generating a directive broadside radiation pattern. These fre-

quencies are simultaneously tunable when applying a variable voltage to the varactor

diodes. An overlapping bandwidth of 2.68 to 3.51 GHz is achieved in which the an-

tenna can work on either one of the radiating modes. The measured and simulated

scattering parameters as well as the radiation patterns at different frequencies are rep-

resented in Fig. 2.19.

Some implementations of pattern-reconfigurable antennas have been demonstrated to

generate more than two radiation patterns. A sample of such designs was presented

in [87] where a directive radiation pattern can be switched along the azimuth plane

of the antenna. The antenna structure consisting of four PIN switchable dipoles is

shown in Fig. 2.20. The working principle is that each dipole antenna with ON input

transmission line will be radiating and the radiation pattern will be directed towards

the boresight of that particular dipole. Hence four directive radiation patterns towards

0◦, 90◦, 180◦, and 270◦ can be generated. The overlapping bandwidth of this antenna
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2.25 GHz

2.55 GHz

2.85 GHz
© 2018 IEEE

(c)

Figure 2.17. Pattern-reconfigurable antenna with switchable feeding line presented in [7]. (a)

Antenna structure. (b) Surface current distribution. (c) Radiation patterns.
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© 2015 IEEE

Figure 2.18. Center-shorted pattern- and frequency-reconfigurable patch antenna [86].

for four different radiation patterns is 33.6%. The simulated and measured radiation

patterns of this antenna are shown in Fig. 2.21.

2.4 Reconfigurable antennas based on filter design inte-

gration

In this section, filters are studied as one of the most fundamental components in com-

munications systems and their importance towards reconfigurable antenna designs

with multi-state reconfigurability is illustrated. Filters are two-port networks which

are generally classified into four types, namely lowpass, highpass, bandpass, and band-

stop. The ideal frequency responses of different types of filters are illustrated in Fig. 2.22.

As ideal filters are non-causal systems, such ideal responses cannot be implemented in

practice. However, obtaining near ideal transfer functions is feasible by taking into ac-

count proper design considerations. Filters are made of one or several building blocks

called resonators which create operating frequencies, transition bands, and stopbands

in their frequency responses.

Reconfigurable filters have been subjects of some recent studies as they offer flexibility

in their filtering performance. Generally, these filters use electrically tunable or switch-

able lumped components to tune the operating frequencies or change their states of

operation. In the following section, we will study some of these reconfigurable fil-

ter configurations which are relevant to this thesis, and their integration with antenna

designs will be described.
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(a)

© 2016 IEEE

(b)

Figure 2.19. Center-shorted patch antenna frequency response and radiation patterns from [86].

(a) Reflection coefficients. (b) radiation patterns.
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© 2018 IEEE

Figure 2.20. Pattern-reconfigurable dipole antennas presented in [87]. (a) Antenna structure. (b)

Feeding line structure. (c) Fabricated design.

2.4.1 Reconfigurable bandpass filters

A design of a frequency-tunable bandpass filter using varactor diodes was presented

in [88]. It was designed using two coupled resonators and four varactors which were

tuned by two bias voltages. The operating frequency was controlled by proper adjust-

ment of two voltages. The design structure along with its simulated and measured

results are illustrated in Fig. 2.23. Based on these results, it is seen that this filter is able

to cover a relatively wide tuning range of 0.6 GHz to 1 GHz (or 50% fractional tuning

range).

The above-mentioned bandpass filter was working only at a single tunable operating

frequency. A design approach to implement a dual-band bandpass filter with inde-

pendently tunable frequencies was reported in [89]. The filter schematic is shown in

Fig. 2.24a. It comprises two resonators with eight embedded varactors which are cou-

pled to a transmission line with a gap in the middle. There are two independent bias
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© 2016 IEEE

Figure 2.21. Radiation patterns of pattern-reconfigurable dipoles at 2.45 GHz from [87].

voltages which are used to control each frequency band independently. The frequency

responses of this dual-band filter are shown in Fig. 2.24b and 2.24c. As seen, due

to high isolation between the two coupled resonators, tuning one frequency does not

affect the other. This is a favorable feature for some applications such as carrier aggre-

gation systems.

2.4.2 Reconfigurable bandstop filters

Like bandpass filters, frequency-reconfigurable bandstop filters have been subjects of

intensive research thrust over the last few years. They are useful building blocks for

dynamic interference rejection. One example of recently published papers about a

bandstop filter with tunable frequencies was presented in [90]. Its schematic diagram

and fabricated prototype are shown in Figs. 2.25a and 2.25b, respectively. The design

consists of two cascaded resonators, four diodes and two biasing voltages. Tuning

the biasing voltages leads to tuning the notch frequency of this filter. The frequency

response of this filter with different varactor voltages is illustrated in Fig. 2.25c. In this
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Figure 2.22. Ideal frequency responses of different types of filters.

(a)

© 2017 IEEE

(b)

Figure 2.23. Single-band tunable bandpass filter [88]. (a) Schematic diagram. (b) Reflection

coefficient.
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(a)

(b)

© 2014 IEEE

(c)

Figure 2.24. Dual-band tunable bandpass filter from [89]. (a) Schematic diagram. (b) Reflection

coefficient for tunable first band and fixed second band. (c) Reflection coefficient for fixed first band

and tunable second band.
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2.4 Reconfigurable antennas based on filter design integration

response which is called second-order response, there are two adjacent transmission

poles at the stopband due to the presence of two resonators in the structure.

(a)

Top 
Layer

Bottom 
Layer

(b)

© 2018 IEEE

(c)

Figure 2.25. Single-band tunable bandstop filter [90]. (a) Schematic diagram. (b) Fabricated filter

structure. (c) S11 and S21 of the tunable bandstop filter.

In another design which was presented in [91], two microstrip bandstop filters are

cascaded to create a second-order bandstop filter with a frequency-tunable response.

There are two varactor diodes in each section of the bandstop filter, i.e. four varactors

in total which are all biased by the same voltage. The single resonator and the whole

filter structure are illustrated in Figs. 2.26a and 2.26b. The frequency response of this

filter is shown in Fig. 2.26c with the tuning range of 2.06 GHz to 2.81 GHz (30% tuning

range).

2.4.3 Multi-state reconfigurable filters

Despite the stated advantages of the designs formerly presented in this chapter fur-

ther extensions of the functionality are desirable. More specifically, for cases where se-

lectable multi-state filtering functions are needed, several tunable filter structures need

to be developed, which inadvertently increase the cost, size, and complexity of the sys-

tem. Hence, filters with multi-state frequency agility are of high interest. Multi-state
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(a) (b)

© 2019 IEEE

(c)

Figure 2.26. Cascaded tunable bandstop filter presented in [91]. (a) Structure of the fundamental

resonator. (b) Fabricated filter prototype. (c) S21 of the tunable bandstop filter.

functions can include wideband-to-bandpass or bandpass-to-bandstop filtering with

frequency agility. The resulting filters are potentially applicable in software-defined ra-

dio or cognitive radio systems operating in harsh electromagnetic environments. Such

selective functionalities have been studied more intensely in the past few years due to

growing demands.

An example of a bandpass-to-bandstop filter with tunable frequencies was presented

in [92]. This filter structure, which is illustrated in Fig. 2.27a, uses a switch between its

resonators and ten varactor diodes which are biased by four different tuning voltages.

The switch can change the state of operation. The bandpass state of operation takes

place when the switch is OFF and there is no direct path from the input to the out-

put. In this case, the coupled resonators play a key role in creating a narrow resonance
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2.4 Reconfigurable antennas based on filter design integration

frequency, which can be tuned by altering the varactors bias voltages. The bandstop

state of operation happens when the switch is ON and there is a direct path between

the input and output port. The bandstop resonator play a key role in rejecting a spe-

cific band from a wideband frequency range which is created by the direct patch from

the input to the output. This band can be tuned by altering the bias voltages of the

varactors. The measured frequency responses of this filter are shown in Fig. 2.27c to

Fig. 2.27f. The bandpass tuning range is from 0.78 GHz to 1.1 GHz (34% tuning range)

and the bandstop tuning range is from 0.77 GHz to 1.1 GHz (35% tuning range).

2.4.4 Multi-state reconfigurable filter antenna integration

Selective multi-state tunability filters have been applied to filter-antenna integrated

systems in recent studies, owing to their importance in some applications such as

software-defined radio or cognitive radio systems.

A successful implementation of such antenna was recently reported in [93] with a filter

as a feeding network which is reconfigurable between wideband and tunable bandpass

states. The structure of this antenna is shown in Fig. 2.28a. A printed circular monopole

antenna with ultrawideband response was used as the antenna module. The states of

operation of this monopole antenna is changed by changing the state of PIN diode

switch. When the PIN diode is ON, the antenna is working in its wideband state and

when the PIN diode is OFF, the coupled resonator with embedded varactors plays a

key role in tuning the operating frequency of the monopole antenna. The reflection

coefficients of the antenna under different operating states are illustrated in Fig. 2.28b

and the radiation patterns of this antenna under different operating states are shown in

Fig. 2.28c. The monopolar radiation pattern of the printed circular monopole antenna

remained intact after the introduction of the multi-state filter. Another example of

antennas which are fed by a filter with multi-state reconfigurability was presented in

[94] with a bandpass-to-bandstop filter as a feeding network. The structure of this

antenna is shown in Fig. 2.29a. The filter is feeding a wideband printed monopole

antenna. The wide spectrum of the monopole antenna enables bandpass and bandstop

tunable responses for the whole systems with the wide frequency tuning range. In this

design, only the tunable bandstop performance was experimentally verified with a

notch tuning range of 3.1 to 3.7 GHz, as shown in Fig. 2.29b. The radiation patterns

for the passband of this bandstop antenna are shown in Fig. 2.29c which verifies the

unobtrusive behavior of the feeding network to the monopole antenna.
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(a) (b)

(c) (d)

(e)

© 2014 IEEE

(f)

Figure 2.27. Tunable bandpass-to-bandstop filter from [92]. (a) Filter structure. (b) Fabricated

filter prototype. (c) S21 of the tunable bandpass state filter. (d) S11 of the tunable bandpass state

filter. (e) S21 of the tunable bandstop state filter. (f) S11 of the tunable bandstop state filter.
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Antenna Structure Input Filter Structure

(a)

Wideband State Reflection Coefficient Tunable State Reflection Coefficient

(b)

3.9 GHz E Plane 3.9 GHz H Plane

4.7 GHz E Plane 4.7 GHz H Plane

Wideband State Radiation Patterns

3.9 GHz E Plane 3.9 GHz H Plane

4.7 GHz E Plane 4.7 GHz H Plane

Tunable Bandpass State Radiation Patterns

© 2015 IEEE

(c)

Figure 2.28. Wideband to tunable bandpass monopole antenna [93]. (a) Antenna structure with

magnified filter section. (b) Reflection coefficients for the wideband and tunable bandpass states.

(c) Radiation patterns for the wideband and tunable bandpass states.
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(a) (b)

4 GHz

7 GHz

10 GHz © 2016 IEEE

(c)

Figure 2.29. Tunable bandstop antenna based on a bandpass-to-bandstop filter as a feeding network

[94]. (a) Antenna structure. (b) VSWR versus frequency. (c) Radiation patterns for the passband.
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2.5 Summary

This chapter has presented a descriptive literature review about pattern diversity an-

tenna systems and their constituents. Moreover, this chapter has delved into the struc-

tures and designs of the necessary modules for pattern diversity antennas with differ-

ent modalities, and has outlined the challenges towards developing them. Hence, the

information in this chapter can be used as preliminary knowledge for the rest of this

thesis.
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Chapter 3

Antipodal Vivaldi Antennas
with Sum and Difference

Patterns

C
O−EXISTENCE of ultrawideband frequency response and

pattern diversity functions for antennas offers enhanced reli-

ability of communications systems while lowering the manu-

facturing cost. The ultrawideband response allows several channels to co-

exist, thereby reducing the cost and complexity of the antenna front end.

Sum and difference pattern diversity enables extended angular coverage

with higher gain compared to omnidirectional antennas. Using multiple

ultrawideband antennas and feeding them with in-phase and out-of-phase

excitations is a conventionally salient method to generate sum and differ-

ence radiation patterns. However, the lower and higher end of the inherent

bandwidth of the fundamental antenna element will be limited by two fac-

tors, namely mutual coupling and grating lobes, respectively.

This chapter in its first section proposes a new method to extend the band-

width of a double-element pattern diversity antenna. For this goal, antipo-

dal Vivaldi antennas are chosen as the fundamental elements owing to their

planar geometry with exceptional radiation and frequency responses. In the

next section, this method is proved to be effective in multi-element Vivaldi

antennas with ultrawideband response and higher realized gain. In the last

part of this chapter, a method is introduced which adds to the former tech-

niques to further enhance the isolation and bandwidth of a pattern diversity

Vivaldi antenna.
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Chapter 3 Antipodal Vivaldi Antennas with Sum and Difference Patterns

3.1 Introduction

The Vivaldi antenna initially introduced by Gibson in 1979 [27] is a type of traveling

wave antenna with a directive end-fire radiation pattern. Owing to the exceptional

characteristics of this type of antenna, such as ultrawideband performance, unidirec-

tionality, and stable radiation patterns over a wide frequency range, it has been used

in many different applications, such as microwave imaging [76, 95] or satellite com-

munications [96]. During the last decade several studies have focused on improving

radiation characteristics while reducing the size and sidelobe levels of the antenna.

The most prominent methods are identified as introducing corrugation to the outer

antenna edges [77, 97] and adding a dielectric lens to the structure [79, 98]. An alter-

native way of enhancing the gain and directivity is combining several Vivaldi antenna

elements. Recently published designs based on the combination of two elements of

Vivaldi antennas demonstrated that this approach can improve the directivity within

an ultrawide frequency band [99–101]. Another design based on antipodal structure

was presented in [102] with the aim of extending the bandwidth to higher frequencies.

All the aforementioned structures have directive radiation patterns, whereas in [10], a

dual-port structure was shown to be capable of operating between sum and difference

radiation patterns, the later having a deep null in the main direction of radiation. This

was achieved by using an in-phase and out-of-phase dual-port feeding mechanism. It

was also shown that the grating lobes can be reduced by decreasing the length of the

internal flares, with an example where up to 1.77 wavelength spacing between the el-

ements at 10.6 GHz did not result in the appearance of strong grating lobes. This has

led to the increase of the upper limit of the operating bandwidth. As for the lower limit

of the bandwidth, reducing the mutual coupling level plays a key role in further band-

width enhancement. Different techniques have been adopted to decrease the mutual

coupling level between closely spaced antenna elements. Defected ground structure

and slot lines have been adopted in [103] for a multi-element antenna. Near-field hor-

izontal resonators were used to enhance the isolation in [104]. Complementary split

ring resonators were shown to change the surface wave propagation in [105], thereby

reducing the mutual coupling between two slot antennas. Vertically placed metama-

terial cells were also demonstrated to be effective in the reduction of mutual coupling

in [106].

In the first part of this chapter, a development of double-element Vivaldi antenna with

sum and difference pattern diversity towards wider frequency bandwidth is presented.
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Both the sum and difference radiation patterns are demonstrated with high beam sym-

metry in a wide operating frequency range. The wider operating bandwidth is attained

through reduction of the grating lobes at higher frequencies and mitigation of mutual

coupling at lower frequencies. The main steps to reach this goal are based on novel

geometry features enhanced with a new combination of known techniques. The novel

design features consist of reducing the distance between the input ports while increas-

ing the length of internal flares. This delays the occurrence of grating lobes while

maintaining the active return loss below −10 dB within the operational band. The

new combination of four known methods further enhance the performance and in-

clude bending of the inner edges [107], adding a semicircle dielectric lens [77], adding

corrugations at the external flares [97], and feeding the sum pattern with out-of-phase

signal and the difference pattern with in-phase signal to maintain a high beam sym-

metry and lower cross polarization for the directive pattern [108]. In the second part of

this chapter, the same method is extended to quad-element Vivaldi antenna for higher

gain achievement. In the last part of this chapter, a double antipodal Vivaldi antenna

with enhanced bandwidth is realized by introducing a method to further reduce the

mutual coupling. This further reduction enables bringing the antenna elements even

closer to one another which leads to further delaying the appearance of grating lobes,

thereby improving the bandwidth.

3.2 Double-Element Design Configuration

The configuration of a conventional Vivaldi antenna is used as a starting point as

shown in Fig. 3.1a and the steps taken to improve the design are illustrated in Fig. 3.1b

to Fig. 3.1f as described in the following. By convention, the xy-plane is the E-plane and

yz-plane is the H-plane. The substrate used for all the designs is Rogers RO4003CTM

with relative permitivity of 3.38 and loss tangent of 0.0027. The substrate thickness is

chosen as 0.2032 mm. Because a slant near-z-component of the E-field appears between

the two metal edges of the antipodal Vivaldi antenna, inside the substrate, this choice

of a thin substrate will bring about a lower level of cross-polarization. According to the

conventional antipodal Vivaldi antenna design structure, the aperture width should be

equal to half wavelength at the desired lowest frequency of operation. A semicircle di-

electric lens is also added to the boresight of the antenna to enhance the gain at higher

frequencies [77]. As shown in Fig. 3.1b, the inner edges of the flares of the conventional

antenna are sharply curved as discussed in [107] for more compactness and improved
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(f)

Figure 3.1. Design evolution of the proposed antipodal Vivaldi antenna with the black part as

the top metal layer, the dark gray part as the bottom metal layer, and the light gray part as the

substrate. (a) Conventional Vivaldi antenna with dielectric lens. (b) Inner edge bending based on

the method proposed in [107]. (c) Double-element evolution of the design in (b) (d) Double-element

design based on the reduced space between the elements. (e) Double-element design with increased

length of internal flares. (f) Final design with outer edge elliptical corrugation.

scattering parameters compared to the conventional antenna. On that basis, the design

is extended to a dual-port double-element antenna (Fig. 3.1c) where the directional

radiation pattern is fed by out-of-phase input signals at the two input ports. It has

been demonstrated [108] that this layer arrangement will result in perfectly symmetri-

cal beam in the full operation bandwidth. The main limitation of this antenna is that

according to the classical array factor equation and the pattern multiplication theorem,

grating lobes will appear for frequencies where the spacing between the two elements

(d) is more than around one wavelength for directive elements.

To further enhance the bandwidth and mitigate the grating lobes, the input ports need

to be brought as close as possible to each other as shown in Fig. 3.1d. Unfortunately,

this proximity will result in a high level of mutual coupling at the lower end of the

frequency range, which will limit the frequency range of satisfactory operation. As
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a remedy, it is proposed to elongate the internal flares, as illustrated in Fig. 3.1e to

reduce the mutual coupling at the lower end of the frequency band, thereby enhanc-

ing the active scattering parameters and increasing the gain. However, increasing the

length of the internal flares generally increases the sidelobe level. Therefore, as shown

in Fig. 3.1f, elliptical corrugations are added to the edge of the external flares to en-

hance the radiation characteristics over the ultra wideband frequency range. Based

on these design steps, the geometry has been optimized using Ansys HFSS, and the fi-

nally obtained dimensions are tabulated in Table 3.1 where the equations for each edge

E1–E4 referring to Fig. 3.1e are as follows

E1 : x(y) = W f /2(exp(P2L2)− exp(P1y))

(La ≤ y ≤ La + P2L2/P1) (3.1)

E2 : x(y) = W f /2(exp(P2L2)− exp(P2y))

(0 ≤ y ≤ L2) (3.2)

E3 : x(y) = W f /2(exp(P2L2) + exp(P3y))

(Lb ≤ y ≤ Lb + P4L2/P3) (3.3)

E4 : x(y) = W f /2(exp(P2L2) + exp(P4y))

(0 ≤ y ≤ L2) (3.4)

The E-field distributions at the frequency of 2.4 GHz, i.e. close to the lowest frequency

of operation, for the three last configurations (corresponding to Fig. 3.1d to Fig. 3.1f) are

shown in Fig. 3.2 when only the right-hand side input port is excited. As observed by

comparing Fig. 3.2a and Fig. 3.2b, by increasing the length of the internal flares, the mu-

tual coupling at the lower end of frequency range can be reduced. Moreover, adding

the corrugations can enhance the gain and slightly reduce the mutual coupling at lower

frequencies (Fig. 3.2c). The elliptical corrugations introduced in this design are capable

of mitigating the sidelobes at higher frequencies, whereas at lower frequencies they

slightly increase the back-lobes. Figure 3.3 illustrates the value of active S-parameters

and mutual coupling between the elements. The detailed information about active S-

parameters and a common misconception about them are clarified in Appendix A as

a side result of this thesis. For the lower frequency range (below 6.2 GHz), it is seen

that the active S11 in case of sum (Σ) port excitation (Fig. 3.3a) is improved down to the

value of 2.3 GHz when using the combination of added corrugations and increased

internal flare length. This is due to the decreased level of mutual coupling (Fig. 3.3c)

at lower frequencies. The active S11 for the case of difference port excitation (Fig. 3.3b)
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does not show significant change since the small mutual coupling value subtracts from

the return loss value. The simulated radiation patterns are shown in Fig. 3.4 for dif-

ferent frequencies when in-phase and out-of-phase input signals are used as the exci-

tations. The cross polarization levels are not visible in Fig. 3.4 for lower frequencies in

the E-planes, but they increase as the frequency increases. The cross polarization level

is also not visible in H-plane for the whole frequency band. Figure 3.5 illustrates the

value of realized gain and sidelobe level versus frequency for different configurations

shown in Fig. 3.1b to Fig. 3.1f. The final design configuration has the lowest sidelobe

level across the frequency range and highest gain in the frequency range of more than

10 GHz.

0

Emax

E-field (V/m)

(a) (b)

© 2017 IEEE

(c)

Figure 3.2. Mutual coupling between the elements at 2.4 GHz. (a) Short middle flares. (b) Long

middle flares. (c) Final design with outer edge corrugation.
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(c)

Figure 3.3. Scattering parameters versus frequency. (a) Active S11 when out-of-phase feeding is

applied. (b) Active S11 when in-phase feeding is applied. (c) S21.

3.2.1 Fabrication Results

As shown in Fig. 3.6, the proposed fabricated double-element antenna is connected to

an ultra-wideband rat-race coupler with 2-18 GHz bandwidth [109] to realize the sum
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Figure 3.4. Comparison of the radiation patterns for different types of antipodal Vivaldi antennas.

Left column: E-plane when out-of-phase feeding is applied. Middle column: E-plane when in-phase

feeding is applied. Right column: H-plane when out-of-phase feeding is applied.
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Figure 3.5. Performance comparison of the different types of antennas shown in Fig. 3.1. (a)

Realized gain versus frequency. (b) Sidelobe level versus frequency.
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Table 3.1. Parameters of the double-element Vivaldi antenna
params. value params. value params. value

(mm) (mm)

L1 90 Lg 15.2 P1 P2L2/(L1 − La)

L′1 105 Ra 31 P2 ln(Wa/W f )/L2

L2 20 Wa 20 P3 P4L2/(L′1 − La)

L3 3 Wb 62 P4 ln(Wb/W f )/L2

L4 7 W f 0.46

La 37 Wg 8

and difference radiation pattern over the wideband frequency range. The measured re-

flection coefficients at the input ports of the coupler are shown in Fig. 3.7. As predicted

in the simulation, referring to 10 dB return loss, the lowest end of the frequency band

within specifications is determined by the case when the sum (Σ) port of the coupler is

excited. Furthermore, the highest end of frequency range is determined by the value

of sidelobe level, becoming higher than −10 dB, even though the return loss is better

than 10 dB for frequencies over 15 GHz. Therefore, the measured range of frequencies

within satisfactory specifications extends from 2.3 GHz to 15 GHz. The discrepancies

between the simulated and measured results, especially at higher frequencies can be

attributed to the difference between the ideal coupler used in simulation and the lossy

practical coupler used in experiments. The measured radiation patterns for sum and

difference excitations are illustrated in Fig. 3.8 with reasonable agreement with the sim-

ulated results. For comparison, the simulated and measured gain and sidelobe level

are illustrated in Fig. 3.9. The discrepancies for the measurements with coupler are

more pronounced at higher frequencies and can be attributed to the lossy nature of the

coupler. As the frequency increases, so does the coupler insertion loss, with the maxi-

mum value of around 1.8 dB. To make a better comparison with the simulation results,

Fig. 3.9a shows another gain plot, where the extra insertion loss from the coupler is

removed.

(a)

© 2017 IEEE

(b)

Figure 3.6. Fabricated antenna with the coupler. (a) Top layer. (b) Bottom layer.
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Figure 3.7. Measured reflection coefficients with the connected coupler versus simulated one with

the ideal coupler for (a) in-phase input ports, and (b) out-of-phase input ports.
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Figure 3.8. Solid line: measured radiation pattern. Dash line: simulated radiation pattern. Left

column: E-plane when difference (∆) port of the coupler is excited. Middle column: E-plane when

sum (Σ) port of the coupler is excited. Right column: H-plane when difference (∆) port of the

coupler is excited
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Figure 3.9. Measured and simulated performance comparison of the proposed antenna. (a) Realized

gain versus frequency. (b) Sidelobe level versus frequency.

Table 3.2. Comparison of the proposed double-element design with recently published designs
Refs. Size BW Gain SLL Sum

(λ2
0) (GHz) (dBi) (dB) Diff

[99] 0.67 × 1.25 2.5-15 7-15 −7 dB no

[100] 0.67 × 1.25 2.5-15 7-15 N.S no

[101] 0.67 × 1.25 2.5-28 9-15 N.S no

[102] 1.16 × 2.75 4.7-20 10.3-14.8 −10 dB no

[110] 0.53 × 1.00 2-18 6-15 −7 dB no

[108] 0.79 × 0.47 2.8-15 ∼5-15 −10 dB no

[10] 1.0 × 1.5 3.1-10.6 10.1-15.0 −13 dB yes

This Work 0.95 × 0.98 2.3-15 6.8-14.7 −10 dB yes

3.2.2 Performance Comparison

Table 3.2 summarizes the recently published best performing double-element antipo-

dal Vivaldi antennas and compares them with the proposed design. It is evident that

except for [10], the rest of the designs are not capable of generating sum and difference

radiation patterns. Although the bandwidths of [101] and [110] are wider than the

proposed design, the sidelobe levels are higher in those references and the capability

of producing sum and difference radiation patterns is lacking. Although [10] exhibits

a higher gain and lower sidelobe level, the proposed design has approximately 35%

smaller area and its bandwidth is roughly 50% wider.

3.3 Multi-Element Design Configuration

To compensate the low gain at lower frequencies and the input loss of the coupler,

the method presented in Section 3.2 is extended to quadruple-element Vivaldi antenna
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with ultrawideband response. The antipodal Vivaldi antenna structure is illustrated

in Fig. 3.10a with the xy plane as the E-plane and the yz plane as the H-plane. The

utilized substrate is Rogers RO4003CTM with relative permitivity εr = 3.38, loss tan-

gent of 0.0027 and thickness of 0.2023 mm. The top and bottom layers of the fabri-

cated structure fed by a wideband rat race coupler [109] are shown in Fig. 3.10b and

Fig. 3.10c, respectively. The design comprises four tapered slot antenna elements with

two T-junction power dividers to yield an overall two-port antenna structure. The

quadruple-element antenna has a mirror symmetry along its y axis which leads to a

perfect symmetry in its radiation pattern. For gain enhancement at higher frequen-

cies, a semicircular dielectric lens is formed from the substrate at the antenna boresight

and for more compactness and better scattering parameters response, the inner edges

of the antennas are sharply bent [107]. According to the conventional design theory,
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Figure 3.10. Design configuration, fabricated antenna, and S-parameters. (a) Four-element antenna

design with dark yellow layer as the top layer and light yellow layer as the bottom layer (dimensions

are in mm). (b) Top layer of the fabricated antenna fed by a rat race coupler. (c) Bottom layer of

the fabricated antenna fed by a rat race coupler. (d) Simulated and measured reflection coefficient

of the antenna itself. (e) Simulated and measured mutual coupling between the antenna input ports.

(f) Active S-parameters for sum (Σ) port excitation. (g) Active S-parameters for difference (∆) port

excitation.

the antenna elements should be of equal dimensions and the aperture size of each of

them should be equal to half wavelength at the lowest operating frequency. However,
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utilizing antenna elements with the same size can limit the frequency range of the an-

tenna due to the appearance of grating lobes at higher frequencies as a result of the

increased relative distance between the input ports in terms of wavelength. To allevi-

ate this problem, the antenna elements are modified so that the adjacent elements are

kept in close proximity. Nonetheless, a small distance between the antenna elements

will bring about high levels of mutual coupling between the feeding ports. To miti-

gate the mutual coupling the inner antenna flares are markedly elongated to extend

into the antenna lens. Following this design methodology, the antenna structure has

been parametrically optimized using Ansys HFSS and the reflection coefficient and

mutual coupling results based on the simulation and the measurement are illustrated

in Fig. 3.10d and Fig. 3.10e, respectively. According to [10], the active S-parameters,

which are the combination of coupling and reflection coefficients can better illustrate

the performance of the antenna in presence of an external feeding network. In Fig. 3.10f

and Fig. 3.10g, these parameters are shown for sum (Σ) and difference (∆) excitation,

respectively. The comparison between the simulated active S11 and measured active

S11 shows an impedance bandwidth (defined for an active S11 below −10 dB) extend-

ing from 3.9 GHz to 18 GHz, with minor breaches in the measured results. The dif-

ference between the simulated and measured results for active S11 is due to the use

of ideal coupler in the simulation while for the measurement the coupler loss is af-

fecting the performance. It is noteworthy that the active S11 is still below −10 dB for

frequency ranges beyond 18 GHz, but the level of the grating lobes progressively be-

come comparable to the main lobes, defining a limit for the highest working frequency.

In this case, the measured results at 18 GHz show −9.8 dB sidelobe level. Three sam-

ples of measured radiation patterns for sum and difference excitation are illustrated in

Fig. 3.11, with a reasonable correlation with the simulated results over the whole fre-

quency band. For comparison, the measured and simulated maximum realized gains

and highest sidelobes are illustrated in Fig. 3.12. Based on the coupler datasheet, the

insertion loss increases as the function of frequency and it is equal to 1.8 dB at the high-

est frequency end. To make a better comparison with the simulation results, Fig. 3.12a

also shows the gain plot excluding the insertion loss from the coupler. In this case the

measured antenna gain excluding the extra insertion loss of the coupler ranges from

10 dBi at 3.9 GHz to 16.5 dBi at 18 GHz. Comparison between the performance of the

double-element and quad-element Vivaldi antennas is summarized in Table 3.3.
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3.3 Multi-Element Design Configuration

E-plane 3.9 GHz E-plane 3.9 GHz

E-plane 10 GHz E-plane 10 GHz H-plane 10 GHz

E-plane 18 GHz E-plane 18 GHz H-plane 18 GHz

H-plane 3.9 GHz

© 2018 IEEE

Figure 3.11. Measured (solid lines) versus simulated (dashed lines) radiation patterns. Left column:

E-plane directional pattern when the difference (∆) port of the coupler is excited. Middle column:

E-plane differential pattern when the sum (Σ) port of the coupler is excited. Right column: H-plane

when the difference (∆) port of the coupler is excited
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Figure 3.12. Measured versus simulated realized gain and sidelobe levels as the function of frequency.

(a) Maximum realized gain. (b) Maximum sidelobe.

Table 3.3. Comparison of the proposed quad-element design with the double-element counterpart
Refs. Size BW Gain SLL Sum

(λ2
0) (GHz) (dBi) (dB) Diff

Double-element 0.95 × 0.98 2.3-15 6.8-14.7 −10 dB yes
Quad-element 1.33 × 1.41 3.9-18 10.0-16.5 −10 dB yes
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3.4 Pattern diversity Vivaldi antenna design with higher

isolation

The double-element structure given in the first section of this chapter had a high fre-

quency limitation defined by the grating lobes appearance at its highest end and a low

frequency limitation defined by the combination of mutual coupling and the degrada-

tion of reflection coefficient. Hence, one way of improving the overall bandwidth can

be the simultaneous reduction of mutual coupling and delay of the appearance of grat-

ing lobes at higher frequencies. In this work, the antenna elements are brought even

closer to each other compared to the first design presented in this chapter by setting the

distance between the two adjacent elements equal to one wavelength at 18 GHz. This

value corresponds to 16.7 mm meaning that the first grating lobe will not appear up to

18 GHz. However, as the distance between the elements is reduced, the mutual cou-

pling is increased which is an undesired effect. To cope with this problem, two metal

slabs are placed vertically on the top and bottom layers between the antenna elements.

The proposed double-element Vivaldi antenna is shown in Fig. 3.13. It is implemented

on a dielectric substrate Rogers RO4003C with relative permitivity of 3.38, loss tangent

of 0.0027, and thickness of 0.2032 mm. The E-plane is defined as the xy-plane and the

H-plane is the yz-plane.

3.4.1 Simulation results

To illustrate the effectiveness of adding these metal slabs between the ports, the scatter-

ing parameters simulated with Ansys HFSS for the antenna designs with and without

metal slabs are shown in Fig. 3.14. It is observed in Fig. 3.14a and Fig. 3.14b that the

reflection coefficient and mutual coupling are improved significantly with the intro-

duction of the slabs in the middle of the antenna. However, the critical parameters

showing the performance of the antenna in the presence of a feeding network are the

active S-parameters, which are obtained by combining the mutual coupling levels and

reflection coefficients. The active S-parameters for the two cases of in-phase and out-of-

phase feeding are shown in Fig. 3.14c and Fig. 3.14d demonstrating the improvement

brought by the introduction of the metal slabs in the middle of the antenna. The E-field

distribution in the configurations of the antenna with the metal slabs and without the

metal slabs is shown in Fig. 3.15 at 18 GHz. In this case only the right-hand input port
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is excited and the interaction between the elements is observed. It can be clearly ob-

served that, the interaction between the E-field of the two antenna elements is reduced

by the introduction of the metal slab.

3D structure
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(c)

Figure 3.13. Antenna structure. (a) 3 dimensional view with metal slabs between the antenna

elements. (b) Top view of the antenna. (c) bottom view of the antenna.
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Figure 3.14. Comparison of the simulated scattering parameters for the antenna with metal slab and

without metal slab. (a) Reflection coefficient. (b) Mutual coupling. (c) Active reflection coefficient

for in-phase feeding. (d) Active reflection coefficient for out-of-phase feeding.
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(b)

Figure 3.15. Electric field intensity between the antenna elements when only one port is excited.

(a) The antenna without a metal slab between the elements. (b) The antenna with a metal slab

between the elements.

3.4.2 Experimental results

Based on the simulation results, the antenna has been fabricated and its photograph

is shown in Fig. 3.16. A commercial 2-18 GHz ultrawideband rat-race coupler [109] is

used as the feeding network. The measured versus the simulated scattering parame-

ters for the antenna itself and the whole system including the coupler are illustrated in

Fig. 3.17, showing a reasonable correlation. The discrepancies between the simulated

and measured active S11 are ascribed to the utilization of an ideal coupler scheme in

the simulation. Figure 3.18 represents the comparison between the simulated and mea-

sured radiation patterns when the sum and difference ports of the coupler are excited

at a time. Based on the measured and simulated results for the case of directive radi-

ation pattern, Fig. 3.19 plots the maximum realized gain and highest sidelobe levels

versus the operating frequency. The coupler datasheet states that the insertion loss at

higher frequencies increases up to 2 dB. Thus, the extra insertion loss introduced by

the coupler is removed from the gain plot in one of the curves for better comparison

between the simulation and measurements. In Table 3.4, the proposed design is com-

pared to some of the most recent antenna structures with related specifications. The

proposed design exhibits the lowest level of mutual coupling among the featured ref-

erences. Even though the antenna structure in [110] has a slightly wider bandwidth,

it only has a directive radiation pattern, with high sidelobe levels for its highest fre-

quency end.
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(a) (b)

© 2018 IEEE

(c)

Figure 3.16. Photograph of the fabricated antenna. (a) 3D view. (b) Top view with the attached

coupler. (c) Bottom view with the attached coupler
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Figure 3.17. Measured versus simulated scattering parameters. (a) Reflection coefficient. (b)

Mutual coupling. (c) Active reflection coefficient for in-phase feeding. (d) Active reflection coefficient

for out-of-phase feeding.

Table 3.4. Comparison of the bandwidth enhanced Vivaldi antenna with similar designs

Refs. Size BW Gain |S21| SLL Sum
(λ2

0) (GHz) (dBi) (dB) (dB) Diff
[10] 1.0×1.5 3.1−10.6 10.1−15.0 < −15 −13 yes
[11] 0.60×0.59 0.7−2.7 3.8−8.2 < −10 −10 yes

[110] 0.53×1.00 2−18 6−15 NS −7 no
Double-Element Antenna 0.95×1.00 2.3−15 6.8−14.7 < −15 −10 yes

This work 1.04×1.05 2.6−18 7.3−15.1 < −17 −9.2 yes
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Figure 3.18. Measured and simulated normalized radiation patterns. Left column: E-plane when

the difference port of the coupler is excited. Middle column: E-plane when the sum port of the

coupler is excited. Right column: H-plane when the difference port of the coupler is excited.
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Figure 3.19. (a) Measured and simulated realized gain versus frequency. (b) Measured and simulated

sidelobe levels versus frequency
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3.5 Conclusion

A new design of a double-element E-plane antipodal Vivaldi antenna for sum and dif-

ference radiation patterns has been presented and experimentally validated in the first

part of this chapter. This design has been successfully extended to multi-element struc-

ture for higher gain in the next part of this chapter. In the final part of this chapter, the

bandwidth of the double-element antenna has been extended with further isolation

improvement. The presented designs feature several combined improvements over

existing designs, summarized as follows: 1) enhanced bandwidth obtained by sup-

pressing the grating lobes at the higher end of the frequency range and reduction of

the mutual coupling at the lower end of frequency range; 2) generation of sum and dif-

ference radiation patterns over the entire band by a standard rat-race coupler feeding;

3) symmetrical radiation patterns where out-of-phase feeding is applied for producing

the directional beam and in-phase feeding is applied for producing the on-axis null of

the radiation beam.
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Chapter 4

A Design of An
Out-of-Phase Feeding

Network

I
N the pattern diversity Vivaldi antennas that we have hitherto

proposed in Chapter 3, it has been demonstrated that the mirror

arrangement of antennas on the E-plane brings about more beam

symmetry. This is at the expense of feeding antennas with ultrawideband

out-of-phase inputs to generate a directive radiation pattern. Since the

commercial coupler utilized for proof-of-concept experimental validation

is prohibitive for most practical applications, a new design of a bespoke

feeding network can help reduce the cost of the overall system.

Therefore, this chapter focuses on the design of an out-of-phase power di-

vider with arbitrary power division ratios featuring improved bandwidth

as the power division ratio increases. Arbitrary power division ratios can

provide more flexibility in the antenna performance when nonuniform

power distribution is required for sidelobe reduction in multi-antenna sys-

tems.
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4.1 Introduction

As double-input antennas need a feeding network for their excitations, design of a

compact and cost effective feeding network is necessary. Power dividers and com-

biners are playing a key role as feeding networks for antenna arrays. Two important

challenges for power divider designs are compatibility with the design of balanced

circuits and generation of unequal power at the output ports without adding sophis-

tication to the design. These requirements motivate the design of out-of-phase power

dividers with unequal power division. Using double-sided parallel strip lines (DSP-

SLs), with possibly a conducting plane inserted in between the strips, is particularly

well adapted to fulfill the requirement of out-of-phase and unequal power division.

One of the most significant advantages of inserting a conductor as virtual ground in

between the conductors of DSPSLs is the ability to isolate the top and bottom layers of

non-identical circuits, thereby occupying a smaller area and reducing the overall fabri-

cation cost [111]. Applications of DSPSLs for frequency-independent out-of-phase out-

puts have been extensively investigated [112–118]. Although a planar structure in [119]

yielded an out-of-phase result with wideband performance, the level of phase imbal-

ance was relatively high across the bandwidth. Furthermore, unequal out-of-phase

power dividers with arbitrary port resistances have yet to be fully investigated. The

sole structure for an unequal power divider with out-of-phase response was reported

in [116], with appreciable performance, albeit with a limited power split ratios.

In this chapter, a new out-of-phase power divider with arbitrary power division ratios

and port impedances is proposed. The circuit is designed analytically based on the

principle of reciprocity and perfect matching at all ports. It is demonstrated that opti-

mizations of only two transmission line impedances brings about the optimum design

bandwidth.

4.2 Out-of-phase power divider with arbitrary power di-

vision design

In this section, an analytical design of a new feeding network with arbitrary power di-

vision is explained. All the impedances in the analytical derivations are normalized to

50 Ω for simplicity. The schematic diagram of the ideal design is illustrated in Fig. 4.1.

The input port is the balanced Port 1 connecting to top and bottom layers and splitting
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the power unequally between the out-of-phase Port 2 and Port 3. The dashed line in

the middle of the circuit design indicates the location of the conductor between the

top and bottom layers. The design comprises six transmission lines, all of which have

identical electrical lengths (θ = 90◦) at the fundamental frequency and one isolation

resistor R. The design structure enables us to assign an arbitrary value to the isolation

resistor, such that a value of commercially available resistor can yield a precise power

division ratio in practice. The two transmission lines denoted by Zm and Zn can play

the role of a phase inverter as in a planar Gysel power divider [120]. Likewise, they

can control the bandwidth if Zm = Zn. The lower the value of their impedances, the

higher the bandwidth. Since this structure is not symmetrical, a modified even- and

odd-mode analysis [121] is applied to obtain the unknown parameters.

Port 1 Balanced

(RT1)

Port 2 Unbalanced

(RT2)

Port 3 Unbalanced

(RT3)

Zm ,  

Zn ,  

Z1 ,  

Z2 ,  Z4 ,  

Z3 ,  

Port 4

Unbalanced (R)

Top 

Layer

Bottom 

Layer

© 2019 IEEE

Figure 4.1. The schematic diagram of the proposed circuit

4.2.1 Odd-mode Analysis of the Power divider

In this case, the input port (Port 1) is excited and the two output ports (Port 2 and

Port 3) have opposite phases. There is no power dissipation allowed in the isolation

resistor and it can be short circuited. Hence, the equivalent circuit can be simplified as

in Fig. 4.2a. Writing ABCD matrices and applying some basic circuit principles, we can

obtain the following equations

V′1 = −Zm

Zn
V1, (4.1)

V′1 = I1aRT1 + V1, (4.2)

I1b = −I1c
Zn

Zm
. (4.3)
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By equating (A.1) and (A.2), the value of I1a is attained as follows

I1a = −
V1(Zm + Zn)

RT1Zn
. (4.4)

The power division ratio is defined as K2 and since most of the power is delivered to

Port 2 in the unequal case, the following equation is derived

Po
2

Po
3
=
|Vo

2 |2
RT2

/
|Vo

3 |2
RT3

= K2. (4.5)

Therefore, the value of Vo
2 in terms of Vo

3 and port resistances can be determined as

Vo
2 =

K
√

RT2Vo
3√

RT3
. (4.6)

Writing the ABCD matrix for the branch containing Z1 and equating the obtained volt-

age to V′1, the value of Vo
3 can be obtained as

Vo
3 = − j

√
RT2RT3V1Zm

KZ1Zn
. (4.7)

Likewise, writing the ABCD matrix of branch containing Z2 and equating the obtained

voltage to V1 can result in the value of Z2 in terms of Z1 as

Z2 =
K
√

RT3Z1Zn√
RT2Zm

. (4.8)

Using Kirchoff’s Current Law (KCL) at node V′1 yields I1c as follows

I1c =
V1Zm(RT1RT2Zm − Z2

1(Zm + Zn))

RT1Z2
1Z2

n
. (4.9)

Similarly, KCL at node V1 can result in Z1 as

Z1 =
Zm

√
(1 + K2)RT1RT2

K(Zm + Zn)
. (4.10)

Two unknown parameters, Z1 and Z2, have been derived from the odd-mode analysis

and two other unknowns can be obtained from the even-mode.

4.2.2 Even-mode Analysis of The Power Divider

In the state of even-mode, the input port is open circuited inasmuch as no current flows

through it. The same reasoning is available for the phase inverter structure (Zm and

Zn), where the middle dashed line of the circuit can be regarded as an open circuit.
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Consequently, the equivalent structure is simplified as Fig. 4.2b. Evidently, in the un-

equal case, most of the reflected power is transmitted to Port 3 due to the reciprocity

of the design. Hence, the following equation is valid.

Pe
3

Pe
2
=
|Ve

3 |2
RT3

/
|Ve

2 |2
RT2

= K2. (4.11)

Ve
3 in terms of Ve

2 and termination resistances can be obtained as

Ve
3 =

K
√

RT3Ve
2√

RT2
. (4.12)

Writing the ABCD matrices of upper and lower branches and equating the obtained

voltages at node V4, the value of Z3 is simplified as follows

Z3 =
K
√

RT2Z4√
RT3

. (4.13)

Ultimately, using Zin3 || Zin4 = R can yield the value of Z4 as

Z4 =

√
(1 + K2)RRT3

K
. (4.14)

The impedance values attained from (4.8), (4.10), (4.13), and (4.14) have some degrees
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(b)

Figure 4.2. (a) Odd-mode and (b) even-mode half-circuit of the proposed design

of freedom including the port resistances (RT1, RT2, RT3), the isolation resistor (R),

q = Zm/Zn, and K. Therefore, there is an infinite number of solutions for the four

impedance values. For specific purposes, a fixed value of K will be set by external

specifications and the value of RT1 can be set equal to 1. To inspect the behavior of a
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circuit without port transformers (RT2 = RT3 = 1), Fig. 4.3a shows the variation of Z1

and Z2 versus power division ratios, as calculated for three fixed values of q. Note that,

these two impedances are independent from the isolation resistor value. In the same

way, Fig. 4.3b shows the variation of Z3 and Z4 versus power division ratios with the

fixed value of R. Notice that these two impedances are independent from the value of

q. It is observed that when there is no need for impedance transformer (RT2 = RT3 = 1),

the maximum achievable power dividing ratio, considering the practical limitations of

line impedances (0.4 to 2.7), is 35:1 when R = 0.2. On the other hand, the flexibility of-

fered by the proposed circuit can be exploited to enhance the bandwidth performance,

while maintaining the large power division ratio, as described in the next section.
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Figure 4.3. Transmission line impedance variations versus power division ratios. (a) Z1 and Z2 with

fixed q. (b) Z3 and Z4 with fixed R

4.2.3 Wideband Design

Modifying the free variables in the design will yield different bandwidth. Thus, cal-

culating and optimizing the schematic performance of the design using ideal compo-

nents can lead to a significant bandwidth improvement. It is observed that when q = K,

Zn = 0.4, RT2 = RT3 = 0.54, R = 0.48, and two transformers at the output ports are used,

the maximum bandwidth is achieved referring to 15 dB isolation and return loss for

perfect match and output isolation. The derived impedance values for this case are

Z1 = Z2 = 0.6245, Z3 = 2.596, Z4 = 0.519, Zm = 2 and the bandwidth is approximately

reaching 44%. Furthermore, within this operation band, the phase difference between

output ports is 180±20◦. Further enhancement of the phase difference tolerance (from

180±20◦ to 180±5◦) and widening of the bandwidth (from 44% up to 80%) can be at-

tained through modifying only Z2 and Z3, while retaining the other initial values. This
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is however achieved at the expense of degrading the perfect matching and isolation

at the fundamental frequency. The schematic of the wideband circuit is depicted in

Fig. 4.4 showing the two transformers at the output ports and the two pink transmis-

sion lines which are the targeted transmission lines for modification. Note that the wb

subscripts of Z2 and Z3 in this figure denote the finalized values of impedances for the

wideband circuit. Optimizations based on the following criteria are carried out to ob-

tain 80% fractional bandwidth with less than 180±5◦ phase difference and less than 0.8

dB amplitude deviation with respect to 25:1 power division ratios. The return loss and

port isolations (|S11|, |S22|, |S33|, |S32|) are set to be lower than 15 dB. The transmission

coefficient values are set to |S21| = −0.1703 dB and |S31| = −14.15 dB (corresponding

to 25:1 power division) across the whole bandwidth and the ensuing performance im-

provement is illustrated in Fig. 4.5. The ultimate values of optimized impedances are:

Z2 = 1.859 and Z3 = 1.920.

Port 1 Balanced (RT1=1)

Port 2 Unbalanced (RT2=1)

Port 3 Unbalanced (RT3=1)

(Zm= KZn) , θ 

Zn , θ 

Z1 , θ 

Z2 , θ Z4 , θ 

Z3 , θ 

Port 4 Unbalanced

(R=0.48)

Top 

Layer

Bottom 

Layer

0.735 , 90˚

0.735 , 90˚ 

© 2019 IEEE

Figure 4.4. The equivalent schematic diagram of wideband circuit.

Using the same approach, we can obtain two sets of data for the modified impedance

values of Z2 and Z3 versus power division ratios. In order to rule out the need for

optimizations for any arbitrary values of power division, we can find an approximated

equation for these sets of data through using least squares curve fitting method as

follows.
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Figure 4.5. Simulation results of the proposed design with 25:1 power division ratio. (a) Results of

the proposed design with perfect match at the frequency of 1 GHz and perfect isolation between the

output ports. (b) Optimized results of the proposed design for wideband performance.

Z2wb = Z2.α, Z3wb = Z3/β, (4.15)

Where u = K2 and

α = 0.82 + 0.1446u− 0.0031u2 + 0.0000344u3, (4.16)

β = 1.04312 + 0.04212u− 0.001573u2 + 0.0000166u3. (4.17)

The relationships between the maximum attainable bandwidth and power division ra-

tios obtained through the proposed technique as well as the comparison with conven-

tional circuit are illustrated in Fig. 4.6. Contrary to the conventional circuit, which ex-

hibits a deteriorating bandwidth with increasing power division, the presented wide-

band design shows an increasing bandwidth as the power division ratio increases.

© 2019 IEEE

Figure 4.6. Bandwidth comparison of the proposed and conventional power dividers versus power

division ratios.
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4.2.4 Simulation and Measurement Results

Converting the specified values of impedances and electrical lengths to widths and

lengths of transmission lines, electromagnetic (EM) simulations are carried out with

HFSS. The power divider is designed on a Rogers (RO4003C) substrates with relative

permitivity εr = 3.38 and thickness of 2×0.508 mm. The 3D and 2D views of the lay-

out for the proposed wideband power divider are illustrated in Fig. 4.7. The three

transmission lines and port transformers located on the top layer are connected to the

bottom layer through two via holes. Note that, for compactness, some transmission

lines are folded and also microstrip to parallel strip line transition for Port 1 is not

needed due to the adoption of a very short input transmission line. A photograph

of the fabricated power divider is shown in Fig. 4.8 where the two substrates are riv-

eted together. The EM simulation and measurement results are illustrated in Fig. 4.9.

The measurement results were obtained using an Agilent E8361C vector network an-

alyzer. Based on the measured results, the isolation value is found to be better than

15 dB in the range of 0.6 to 1.4 GHz (80% FBW), where all return loss values are better

than 15 dB. Moreover, within this range, the output phase difference is 180±5◦ and the

amplitude deviation is less than 0.8 dB with respect to 25:1 power division ratio. To

demonstrate competitive performance of the realized device, Table 4.1 compares some

recently published out-of-phase power dividers and our proposed design. It is seen

that the proposed circuit can reach a power division ratio of up to 35:1. The achievable

bandwidth (defined for values of return loss and isolation better than 15 dB) will vary

from 45% for equal power division to 90% when operating at the maximum power

division ratio.

4.2.5 Summary of the proposed power divider

A new design of extremely unequal out-of-phase power divider based on the DSP-

SLs has been proposed. The initial design parameters have been based on the perfect

matching and isolation at the fundamental frequency using odd- and even-mode anal-

ysis method. The ultimate broadband responses have been obtained from a simple

modification of only two transmission line impedances. Intriguingly, when the isola-

tion resistor is replaced by a 50 Ω SMA port, this circuit structure can be regarded as a

rat-race coupler based on DSPSLs. This circuit is applicable in antenna arrays feeding

networks for nonuniform amplitude distributions.
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Figure 4.7. Layout of the proposed design. (a) 3D view. (b) 2D view of top, middle, and bottom

layers.
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Figure 4.8. Photograph of the fabricated power divider

Table 4.1. Comparison of Proposed Power Divider With Some Similar Published Designs

Refs. Power Return Isolation BW Resistor

Division Loss (dB) (dB) % Value (Ω)

[116] Equal >15 >15 44.3 Variable

[117] Equal to 4:1 >10 >15 59.6 Variable

[118] Equal >12 >16 84 100

[119] Equal >10 >16 66 50

This work Equal to 35:1 >15 >15 45 to 90 24
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Figure 4.9. EM simulation versus measurement results of the proposed design with 25:1 power

division ratio (solid lines are EM simulation and dashed lines are measured results.) (a) |S11|, |S21|,
and |S31|. (b) |S22| and |S32|. (c) Output phase difference.

4.3 Conclusion

An analytical design of a new out-of-phase power divider with arbitrary power divi-

sion ratios and port impedances has been proposed. This design has utilized optimiza-

tions for only two of its transmission line impedances to obtain optimum design band-

width. The results have demonstrated that as the power division ratio increases, so

does the operating bandwidth which is unlike the conventional power divider scheme.

this design can obtain the maximum achievable power division ratio of 35:1 with the

widest fractional bandwidth of 90%. The power
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Chapter 5

Tunable
Bandpass/Bandstop

Antenna with Sum and
Difference Patterns

R
ECONFIGURABLE antennas are essential components for

modern communications systems. In contrast to the conven-

tional antennas working at a single or multiple fixed frequen-

cies, reconfigurable antennas can dynamically change their states of op-

eration without a requirement for a new design fabrication. Hence, they

can substantially reduce the cost and complexity of the antenna front-end.

Moreover, the increasing congestion of the available frequency spectrum

has led to the emergence of cognitive radio systems which use reconfig-

urable antennas to effectively utilize the available spectrum. Cost effective

antenna front-end for cognitive radio systems requires reconfigurable an-

tennas with multi-state frequency reconfigurability.

This chapter focuses on designing a reconfigurable and tunable antenna

system with tunable bandpass-to-bandstop filtering responses, while gen-

erating sum and difference pattern diversity functions. To this end, a dual-

element quasi-Yagi-Uda antenna with wideband response and acceptable

isolation between the elements is proposed. Each antenna element is ex-

cited by a tunable bandpass-to-bandstop filter which is integrated with the

structure. The overall design is then excited by an external commercially

available rat race coupler to generate sum and difference radiation patterns.
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5.1 Introduction

The rapid development of communication systems has led to the congestion of the

available frequency spectrum due to its inefficient utilization. Cognitive radio systems

can play a crucial role in alleviating this problem by adapting their operation to the

electromagnetic environment, e.g. by switching from broadband to bandpass modes

or from bandpass to bandstop modes [47]. Over the last few years, increasing atten-

tion has been paid to the implementation of reconfigurable antennas with switchable

wideband/narrowband states, with the frequency tunability arising from the combi-

nation of a wideband antenna and an added filtering function [93, 122–128]. More

specifically, in [93, 122–124], the tunability and the change of the operation states have

been attained based on the replacement of the input feed line of the wideband antenna

with a reconfigurable filter, whereas in [125–128], the filtering structure is embedded

in the design of the antenna. In the latter case, there is a requirement for voltage-biased

switches integrated in the radiating element design, which can adversely affect the ra-

diation pattern [129]. Besides wideband-to-bandpass antennas, bandpass-to-bandstop

antennas are also highly desirable components in cognitive radio systems. They can

allocate a specific narrowband frequency spectrum to primary users, while they can

provide a wideband signal to other secondary users without any interference with the

already occupied spectrum. One such design is presented in [94] with the integra-

tion of a bandpass/bandstop filter with a standard ultra-wideband (UWB) monopole

antenna yielding good bandstop response over a wide tuning range but poor band-

pass performance. While the aforementioned studies use single-element antennas with

fixed radiation patterns, there is a need for antennas with multiple radiation patterns

to enhance diversity for different communication applications [10, 11, 48, 130, 131]. A

frequency-tunable antenna with pattern diversity was presented in [132] operating in

a single tunable bandpass mode. Another design, presented in [133] can produce sum

and difference radiation patterns in different planes by using switches with the opera-

tion limited to a single fixed narrowband frequency.

In order to generate sum and difference radiation patterns with tunable bandpass-

to-bandstop performances, there are three main requirements including a dual-port

wideband antenna, a wideband hybrid coupler and tunable filters, as illustrated in

Fig. 5.1. The first requirement for producing sum and difference radiation patterns is

to have at least two antenna elements, with a directive radiation pattern and broad-

band performance. Their operation bandwidth must cover the frequencies specified
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for bandpass and bandstop tuning. Although 3D antennas such as horns [134, 135] or

resonant cavity antennas [136,137] can provide very high gain and stable radiation pat-

terns over an ultrawideband frequency, they are voluminous, expensive, and difficult

to integrate with planar microwave devices. Hence, planar directive and wideband

antennas are preferred. The most renowned types of planar directive and wideband

antennas include Vivaldi [29, 67, 68], Log-periodic [63–65], and quasi Yagi-Uda anten-

nas [70–74]. As a prominent example, a single element of modified quasi Yagi-Uda

was proposed in [34] and it demonstrated more compactness and wider bandwidth

than classical designs. The second requirement, as shown in Fig. 5.1 is the feeding

network to excite the antenna. The feeding network has to comprise a wideband hy-

brid coupler, responsible for the production of sum (Σ) signal and difference (∆) sig-

nals. Finally, the third requirement concerns the production of a tunable bandpass-to-

bandstop filtering functionality. For this case, a tunable filter, able to switch between

bandpass and bandstop states with sharp selectivity and good in-band and out-of-

band responses is required, with the emphasis on avoiding detrimental effects on the

antenna matching and radiation performance. Tunable bandpass-to-bandstop filters

have been investigated in notable recent studies based on substrate integrated cavity

resonators [138–140] with complex structure and using coupled resonators [92,141] and

multiple varactors. While those studies show attractive performances, there is never-

theless an ongoing need for simple and efficient solutions. In this chapter, an antenna

UWB 

180° 

Hybrid 

Coupler
 

Tunable 

BPF

Tunable 

BSF

  

Wideband 

antennas

© 2019 IEEE

Figure 5.1. Reconfigurable bandpass-to-bandstop RF front-end with sum and difference radiation

patterns. (BPF: banpass filter, BSF: bandstop filter)

system geometry meeting all the aforementioned requirements is proposed. First, a

compact double-element quasi Yagi-Uda antenna working from 3 GHz to 7.5 GHz is

introduced with high E-plane beam symmetry. The symmetry is achieved by a mirror

image configuration of the two antenna element feeds. Through this modification, a

π-phase is introduced between the two antennas if fed by the same inputs. Therefore,
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out-of-phase signals will generate the directive radiation pattern and in-phase signals

will produce a null in the main direction of the radiation. This technique can maintain

a high beam symmetry in the E-plane and can lower the value of cross polarization

for the directive radiation pattern [48, 110]. To add the filtering function, two tunable

bandpass-to-bandstop filters with high selectivities are integrated to the design. Each

filter consists of a main transmission line with a gap in which a PIN diode is inserted,

as well as a narrow center-shorted coupled line equipped with two varactors. The PIN

diode switches the circuit performance between the bandpass and bandstop states and

the varactors can continuously tune the narrowband frequency for the bandpass state

and the notch frequency for the bandstop state. The novelty aspects of this design can

be identified as a combination of all the following features in a single reconfigurable

system:

1. Ability to produce sum and difference radiation patterns for bandpass and band-

stop states of operation with high level of beam symmetry.

2. Experimentally implementable and integratable tunable bandpass-to-bandstop

filter structure with simple geometry and unobtrusive biasing network, resulting

in minimal interaction with the radiating structure.

3. Two transmission zeros tuned by the agility of the pass-band yielding high selec-

tivity (minimum roll-off rate = 57 dB/GHz) and out-of-band transmission coeffi-

cient (<−12 dB) in the bandpass state of the filter.

4. Strong in-band zeros (<−13 dB) and out-of-band poles (>−1 dB) in the bandstop

state of the filter.

5. Experimentally validated dual-pattern bandpass-to-bandstop antenna with mea-

sured values of 50.0% tuning range for the bandpass state and 50.4% tuning range

for the bandstop state.

The organization of this chapter is as follows. Section 5.2 explains the antenna structure

and its characteristics. Section 5.3 clarifies the filter design and its performance. In

section 5.4 the integration of the filter with the antenna is investigated. Section 5.5

provides the experimental validation of the whole system and compares the obtained

results to the simulation. Finally, the conclusion is drawn in section 5.6.
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5.2 Antenna design

In this work, a quasi Yagi-Uda is selected as an ideal option. There is a clear rationale

for preferring the quasi Yagi-Uda to other planar antennas with wider bands, such as

the Vivaldi antenna. The main reason for our choice is that the quasi Yagi-Uda antenna

has a typical bandwidth of around 90%, which is commensurate with the achievable

tunability band of the bandpass-to-bandstop frequency-reconfigurable filter. This is in

contrast to the achievable ultrawide bandwidth of the Vivaldi antenna, which cannot

be fully exploited in conjunction with tunable filters and comes at the cost of a signif-

icantly larger planar footprint and longer length compared to the relatively compact

quasi Yagi-Uda antenna.

The 3D structure of the double-element quasi Yagi-Uda antenna is illustrated in Fig. 5.2.

It is implemented on Rogers RO4003C with relative permittivity of 3.38, loss tangent

of 0.0027, and thickness of 0.8128 mm. The single element is obtained from [34] and it

is modified to work in the range of 3 GHz to 7.5 GHz. In order to generate symmetri-

cal radiation patterns, the double-element antenna geometry should have symmetrical

structure. The symmetrical geometry about XY-plane can be produced through using

mirror symmetry of the antenna including its feed, as shown in Fig. 5.2. In this case,

when the antenna elements are fed by out-of-phase signals, they generate the directive

radiation pattern and when they are fed by in-phase signals, they generate the radi-

ation pattern with a null in their mirroring plane. The high level of beam symmetry

in this configuration contributes to the generation of a deep null in the main direction

of the radiation. The detailed geometries of the top and bottom layers are illustrated

in Fig. 5.3 and the related dimensions are summarized in Table 5.1. The antenna el-

ements have a distance D5 between them for sufficient isolation while avoiding any

grating lobes at the highest operating frequencies. The design has been simulated and

parametrically optimized to these dimensions using Ansys HFSS, with the final re-

sults summarized in Fig. 5.4. The reflection coefficient |S11| shown in Fig. 5.4a is below

−12 dB in the frequency range of 3 GHz to 7.5 GHz, with the mutual coupling |S21|
remaining below −16 dB in this band. Another important performance measure that

will guarantee proper functionality in the presence of microwave filters in the feeding

network is provided by the active scattering parameters, which are based on the com-

bination of reflection coefficient and mutual coupling between the elements [10, 48].

These parameters lie below −10 dB from 3 GHz to 7.5 GHz for both the cases of in-

phase and out-of-phase feeding as shown in Fig. 5.4b. From the simulation results,
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Table 5.1. Parameters of the double-element quasi Yagi-Uda antenna

param. value param. value param. value

(mm) (mm) (mm)

W0 75 D0 70 D9 1.2
W1 1.8 D1 16.6 D10 5.2
W2 1.8 D2 4 D11 0.8

W3 1.8 D3 13 D12 2.4

Wd1 2 D4 3.6 D13 30

Wd2 2 D5 5 G1 1.4

W4 1.8 D6 3 G2 1.9

W5 1.4 D7 44 R 2.4

W6 0.9 D8 3.2

the maximum realized gain for the directive radiation pattern is expected to vary from

5.8 dBi to 11 dBi in the range of 3 GHz to 7.5 GHz as illustrated in Fig. 5.4c. The normal-

ized simulated radiation patterns are shown in Fig. 5.5. The beamwidth is narrower

in the E-plane than in the H-plane due to the larger aperture size in the E-plane. The

cross polarization values for the H-plane are not visible in the dynamic range used in

these figures.

+
–
(a)

+
+

© 2019 IEEE

(b)

Figure 5.2. 3D structure of a double-element quasi Yagi-Uda antenna with sum and difference

radiation pattern. (a) Sum pattern excited by the out-of-phase signals. (b) Difference pattern

excited by the in-phase signals.
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(b)

Figure 5.3. 2D Structure of the antenna with its dimensions. (a) Top layer. (b) Bottom layer.
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(c)

Figure 5.4. Scattering parameters and realized gain versus frequency. (a) Reflection coefficient and

mutual coupling. (b) Active scattering parameters when Σ and ∆ ports of the input coupler are

excited. (c) Realized gain for the sum radiation pattern.
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E-Plane 3 GHz E-Plane 3 GHz H-Plane 3 GHz

E-Plane 5 GHz E-Plane 5 GHz H-Plane 5 GHz

E-Plane 7.5 GHz E-Plane 7.5 GHz H-Plane 7.5 GHz

Co-Pol X -Pol © 2019 IEEE

Figure 5.5. Radiation patterns for the isolated double-element quasi Yagi-Uda antenna at different

frequencies. Left column: E-plane when out-of-phase excitation is applied. Middle column: E-plane

when in-phase excitation is applied. Right column: H-plane when out-of-phase excitation is applied.

5.3 Tunable bandpass-to-bandstop filter design

Now that an antenna satisfying the requirements of pattern diversity and wideband

performance has been obtained, the next step is to design a switchable and tunable

filter with wide tuning range and sharp selectivity within the specified bandwidth of

the antenna.

5.3.1 Tunable bandpass-to-bandstop filter layout and simulation

The tunable bandpass-to-bandstop filter design evolution is inspired by [142] and it

is shown in Fig. 5.6. The conventional structure presented in [142] was exclusively

operating in tunable bandpass state. A switchable and tunable bandstop state of op-

eration is added to this design based on a new modification. The substrate used for

Page 87



5.3 Tunable bandpass-to-bandstop filter design

Varactor 

Diode

Gf1

Via Diameter=1mm

Conventional:

(a)

PIN 

Diode

Df1

Wf1

Initial:

(b)

Df5

Df4

Wf3

Df3

Gf2

Wf2

Df2

50  50  Wf4
Final:

© 2019 IEEE

(c)

Figure 5.6. Evolution of bandpass-to-bandstop filter. (a) Modification of the bandpass filter pre-

sented in [142]. (b) Initial design of bandpass-to-bandstop filter. (c) Final design of bandpass-to-

bandstop filter with improved performance.
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Figure 5.7. Varactor and PIN diodes equivalent circuits.

the filter is the same as the substrate used for the antenna. The dimensions of the fil-

ter are tabulated in Table 5.2. Based on Fig. 5.6a, the conventional bandpass filter is

composed of a simple transmission line with 50 Ω characteristic impedance where a

narrow gap is added in the center to block the direct path from input to output. To

add the tunable filtering function, a narrow transmission line with two varactors and
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Table 5.2. Parameters of the final design of tunable bandpass-to-bandstop filter

param. value param. value param. value

(mm) (mm) (mm)

W f 1 0.8 D f 1 3.2 D f 5 18.5

W f 2 1.4 D f 2 1.5 G f 1 1

W f 3 1 D f 3 1.5 G f 2 0.5

W f 4 1.8 D f 4 13.4

a shorting via in its middle is tightly coupled to the 50 Ω transmission line. This cou-

pled line with embedded varactors can provide a path for the input signal to reach the

output at a selected frequency. This frequency can then be tuned based on the modi-

fication of varactor capacitance values. The filter shown in Fig. 5.6a is only capable of

tuning frequencies in the bandpass state [142]. However, by taking advantage of the

gap in the middle of the 50 Ω transmission line, the filter mode of operation can be

reversed from bandpass to bandstop. As depicted in Fig. 5.6b, the PIN diode placed

in the gap acts as a switch bridging the gap, thereby making a new direct path from

the input to the output when it is switched ON and blocking the path as it is switched

OFF. When the PIN diode is switched ON, the feed line provides an ultrawideband re-

sponse; however the coupled line and the embedded varactors block the signals path

from the input to the output at a certain frequency. This frequency can be tuned by

varying the varactor diode capacitance, yielding a bandstop filter with tunable notch

frequency. The bandstop filter response in this case has a strong pole at lower fre-

quencies and a weak pole at higher frequencies, whereas two strong poles would be

desirable for high selectivity and better functionality of the overall system when the

antenna is fed by the filters. To resolve this problem and to further enhance the per-

formance of the filter in its bandstop state, stronger poles are introduced at higher

frequencies, using two shunt stubs attached to the connection point of the PIN diode

as illustrated in Fig. 5.6c. Through this method the strong pole adjacent to the stop-

band at the lower frequencies is moderated and a stronger pole is introduced at higher

frequencies providing a balance between the lower and higher out-of-band frequency

responses. For simulations based on Ansys HFSS, the varactors and PIN diodes are

modeled by their equivalent circuits, depicted in Fig. 5.7. The varactor diode has an

internal series resistance RV , capacitance CV (which is equal to the combination of par-

asitic capacitance and junction capacitance of the diode), and a parasitic inductance LV .

The PIN diode can be modeled as a resistor RPIN and a parallel capacitor named CPIN.
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The varactor diode used for this design is M/A-COM MA46H120 with RV = 1.6 Ω,

0.15 pF < CV < 1.3 pF, and LV = 0.05 nH. The PIN diode is M/A-COM MA4FCP300

with equivalent RPIN = 20 KΩ and CPIN = 0.04 pF when the PIN diode is switched

OFF and RPIN = 4 Ω and CPIN = 0 pF when the PIN diode is switched ON. Based on

the equivalent circuit for varactor and PIN diodes, the different stages of the filter de-

sign have been simulated and the scattering parameters are illustrated in Fig. 5.8 for

an arbitrarily chosen (representative) varactor capacitance value of CV = 0.3 pF. From

Fig. 5.8a, it is observed that while the parallel capacitance of the PIN diode can im-

prove the filter selectivity, it degrades the out-of-band suppression level. However, the

|S21| level is still below −12 dB at higher frequencies. Moreover, the bandpass perfor-

mance remains the same by introducing the two shunt stubs. Similarly, the bandstop

filter performance for initial and final designs is demonstrated in Fig. 5.8b. For the

initial design, the value of |S11| above the stop frequency is unsatisfactory and would

lead to the performance degradation when the filters feed the double-element antenna.

This problem is alleviated in the final design with the addition of the two shunt stubs

on either side of the the PIN diode. The scattering parameters of the final design of

the bandpass-to-bandstop filter under different values of varactor capacitance is illus-

trated in Fig. 5.9. As seen in Fig. 5.9a, by changing the value of CV from 1.3 pF to

0.15 pF the bandpass filter covers the frequency range of 3.37 GHz to 5.61 GHz, which

corresponds to 49.9% relative range. The highest insertion loss of 2.7 dB appears at

the lowest tuning frequency and it is mainly attributed to the series resistance of the

varactor diodes. The return loss values are all higher than 15 dB with two adjacent

transmission poles and a nearly fixed bandwidth of 180 MHz over the whole tuning

range. The filter selectivity at all frequencies is high since the adjacent transmission

zeros are also tuned when the varactor capacitance values are changing. This is con-

trary to the designs presented in [93] and [124], where the transmission zeros were

fixed, thus deteriorating the selectivity of the design in bandpass state. The band-

stop filter scattering parameters with CV changing from 1.3 pF to 0.15 pF are shown

in Fig. 5.9b. The corresponding tuning frequency range is from 3.31 GHz to 5.53 GHz,

which corresponds to a relative range of 50.2%. The minimum return loss and stop-

band insertion loss are respectively 3 dB and 13 dB at the lowest frequency. However,

these values improve with the increase in the operating frequency. This phenomenon

is attributed to the PIN diode resistance in ON state and the varactors series resistances

having stronger effects at lower frequencies. It is seen that the bandstop frequencies
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for a given varactor capacitance are almost the same as the bandpass frequencies with

roughly 70 MHz offset towards lower frequencies.
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Figure 5.8. Filter response for CV = 0.3 pF. (a) Bandpass response for three different cases of

circuit evolution. (b) Bandstop response for two last cases of circuit evolution.

5.3.2 Equivalent LC model for the tunable bandpass-to-bandstop fil-

ter

In order to analyze the proposed bandpass-to-bandstop filter, its LC equivalent cir-

cuit is provided in Fig. 5.10a with varactor and PIN diodes equivalent models in blue,

coupling capacitors in red, and transmission line models in black. Advanced Design

System (ADS) is used to simulate the behavior of the proposed LC model. In the

equivalent circuit, a model of asymmetric coupled line in ADS is used for the long

coupled transmission line connected to the input and output ports with the length of

D f 4. The reason behind this choice is that the coupled-line section would need to be

broken down into LC equivalent circuit with a prohibitively high number of cascaded
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Figure 5.9. Frequency response of the final design of the bandpass-to-bandstop filter under different

varactor capacitance values. (a) Bandpass response when the PIN diode is OFF and the varactor

capacitance values are changing from 0.15 pF to 1.3 pF. (b) Bandstop response when the PIN diode

is ON and the varactor capacitance values are changing from 0.15 pF to 1.3 pF.

infinitesimal elements for sufficient accuracy. This model is however readily avail-

able in the library of ADS, which adds simplicity to the structure and analysis of the

equivalent circuit. The capacitance Cg1 denotes the coupling capacitance for the gaps

in which the varactor diodes are placed. The coupled line segment with the length of

D f 1 −W f 3 − G f 1/2 is modeled by L1, L2, and the two coupling capacitances Cg2 on

either side of L1 and L2. The inductance L3 is the equivalent model for a small section

of the high-impedance transmission line with the width of W f 1 that is capacitively cou-

pled to the bend connecting the open-ended stub to the 50 Ω transmission line. This

bend is described in the equivalent circuit by the T model of the Lbend inductances and

the Cbend capacitance. The capacitance of Cg2 on the right side of Lbend and L3 accounts

for the aforementioned coupling between the high-impedance transmission line and

the bend. The open-ended stubs with the width of W f 3 are modeled by the equivalent

capacitances of Coc and the small coupling between these open-ended stubs is modeled
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by Cg3. The T-section in the middle of the high-impedance transmission line is mod-

eled by LT, whereas the short-ended stub with the length of D f 2 is modeled together

with the shorting vias by Lsc. The values of the lumped elements for the filter are cal-

culated based on the method provided in [143] and [144] as follows (C: pF, L: nH, R:

Ω): L1 = 0.75, L2 = 0.45, L3 = 0.45, Lbend = 0.14, LT = 0.4, Lsc = 0.25, LV = 0.05, Cg1 = 0.015,

Cg2 = 0.02, Cg3 = 0.01, Cbend = 0.1, Coc = 0.11, and RV = 1.6. For the bandpass state of

operation CPIN = 0.04 pF and RPIN = 20,000 Ω. Based on these values, the scattering

parameters are shown for three different varactor capacitances and they are compared

with the full-wave electromagnetic (EM) simulation results in Fig. 5.10b and Fig. 5.10c.

The passband frequency can be tuned by altering the varactor capacitance of CV from

1.3 pF to 0.15 pF. The corresponding center frequency of the LC model of this filter in

the bandpass state varies from 3.4 GHz to 5.67 GHz. For the bandstop state of opera-

tion, the PIN diode is switched on which means that RPIN = 4 Ω and CPIN = 0 pF. The

EM and LC circuit simulation results are shown in Fig. 5.10d and Fig. 5.10e with the

EM simulation scattering parameters analogous to the LC counterpart. By changing

CV from 1.3 pF to 0.15 pF, the location of the transmission zero produced by LC model

of the bandstop filter can be tuned continuously from 3.3 GHz to 5.60 GHz. An ac-

ceptable similarity between the LC circuit model and EM simulation demonstrates the

accuracy of the calculations and the appropriateness of the equivalent circuit model

for the bandpass and bandstop states.

5.4 Design of frequency tunable system with sum and

difference radiation patterns

The frequency tunable antenna system with sum and difference radiation patterns can

be attained by integrating the bandpass-to-bandstop filter to the double-element an-

tenna and exciting the whole structure using a commercially available wideband 180◦

hybrid coupler. The final geometry of the tunable system with biasing circuit for the

filters is illustrated in Fig. 5.11. As seen, there are four bias lines for controlling the

varactor diodes with the single voltage denoted as Vvar. The via in the middle of the

narrow coupled lines can serve as the path to the DC ground which is the bottom metal

plane. The PIN diodes are also biased by a single voltage denoted as VPIN. The 50 Ω

lines connected to the input ports are connected to the bottom plane through metal-

lic vias and choke inductors, and thus they can serve as the DC grounds for the PIN
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Figure 5.10. (a) LC equivalent circuit of the proposed filter. (b) Bandpass state: comparison of

the input reflection coefficient for EM and LC circuit models. (c) Bandpass state: comparison of

the transmission coefficient for EM and LC circuit models. (d) Bandstop state: comparison of the

input reflection coefficient for EM and LC circuit models. (e) Bandstop state: comparison of the

transmission coefficient for EM and LC circuit models.
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diodes. There is no need for DC block capacitor in this design due to two reasons.

First, the varactor diodes are placed on the narrow coupled line with no DC path to

combine with RF signal. Second, the part of the 50 Ω transmission line connected to

the input port serves as the DC ground, thereby again preventing any combination of

DC and RF signal. In order to choke the RF signal, surface mount inductors with in-

ductance of 24 nH and self-resonance frequency of 3.5 GHz along with high impedance

transmission lines are used.

VPIN

Vvar

Vvar

Vvar

Vvar

Inductors

Varactors

PIN diodes

Vias

Top layer

Bottom layer

X

Y

Z

© 2019 IEEE

Figure 5.11. Configuration of the proposed antenna system with the biasing network.

5.5 Experimental results

In this section, the simulation and measurement results of the bandpass-to-bandstop

system are expounded. A prototype of the two-element antenna with integrated re-

configurable filters has been fabricated and is shown with a connected wideband cou-

pler [109] in Fig. 5.12. The overall system dimensions excluding the wideband coupler

are W×L×H = 75×70×0.8128 mm3. Accordingly, the planar electrical length in terms

of wavelength at the lowest working frequency of the antenna is 0.75λ0×0.7λ0.
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(a)

© 2019 IEEE

(b)

Figure 5.12. Photograph of the fabricated design connected to the wideband hybrid coupler (a)

Top layer. (b) Bottom layer.
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Figure 5.13. Measured versus simulated scattering parameters of the bandpass antenna system with

different values for varactor capacitances and voltages. (a) |S11|. (b) |S21|. (c) Active |S11| for the

case when the Σ port of the coupler is excited. (d) Active |S11| for the case when the ∆ port of the

coupler is excited.
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The measured and simulated scattering parameters at the input ports of the antenna

as well as at the input ports of the coupler for the bandpass mode of operation are

illustrated in Fig. 5.13. In this case, the PIN diodes are OFF with no voltage applied

to them and the varactor capacitances (bias voltages) are varying from 0.15 pF (18 V)

to 1.3 pF (0 V). It is observed that the whole system takes on the characteristics of the

bandpass filter, with the simulated (measured) return loss higher than 10 dB for the

tuning range of 3.38 GHz to 5.67 GHz (3.42 GHz to 5.70 GHz), corresponding to the

fractional bandwidth of 50.6% (50.0%). The simulated (measured) coupling between

the elements is below−18 dB (−20 dB) for the whole range. The active |S11| is the com-

bination of S11 and S21 in the simulation results and corresponds to the experimental

results at the input ports of the coupler. As seen, the bandpass filtering response is

maintained in the presence of the coupler in both simulation and measurement results.

To activate the bandstop mode of operation, the PIN diodes are switched ON by ap-

plying 1.0 V across them and thereafter the notch frequency is tuned by altering the

varactors bias voltages. The measured and simulated scattering parameters at the in-

put ports of the antenna are illustrated in Fig. 5.14 where the VSWR plot is shown to

emphasize the bandstop performance over the whole tuning range. It is noted that the

filter has no adverse effect on the antenna frequency response for out-of-band results

and the whole system takes on the characteristics of the bandstop filter. The simulated

(measured) notch frequency VSWR varies from 5.6 to 9.4 (4.7 to 7.1) over the tuning

range of 3.31 GHz to 5.51 GHz (3.34 GHz to 5.59 GHz) corresponding to a fractional

bandwidth of 49.9% (50.4%). The simulated (measured) mutual coupling between the

two input ports is similar to the double-element antenna mutual coupling shown in

Fig. 5.4a, except that it decreases to lower than −40 dB (−32 dB) at the notch frequen-

cies.

The active VSWR is the combination of S11 and S21 converted to VSWR in the simu-

lation results, which corresponds to the experimental results at the input ports of the

coupler. The simulation and measurement results indicate the bandstop functionality

in the presence of the coupler.

The antenna total efficiencies for the two states of operation are illustrated in Fig. 5.15.

The in-band total efficiency of the antenna in bandpass state is varying from 60% at the

lowest frequency to 78% at the highest frequency, whereas the out-of-band total effi-

ciency is lower than 12%. The in-band total efficiency of the antenna in bandstop state

is lower than 15% across the tuning range, whereas the out-of-band total efficiency is
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Figure 5.14. Measured versus simulated scattering parameters of the bandstop antenna system with

different values for varactor capacitances and voltages. (a) VSWR (for better visibility of the band

notch). (b) |S21| (c) Active VSWR for the case when the Σ port of the coupler is excited. (d) Active

VSWR for the case when the ∆ port of the coupler is excited.
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Figure 5.15. Simulated total efficiency for the bandpass and bandstop states of operation under

different varactor capacitance. (a) Bandpass state. (b) Bandstop state.
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Figure 5.16. Measured versus simulated normalized realized gain patterns for the bandpass system

at in-band frequencies. Left column: E-plane when difference (∆) port of the coupler is excited.

Middle column: E-plane when sum (Σ) port of the coupler is excited. Right column: H-plane when

difference (∆) port of the coupler is excited.

above 80%. The measured and simulated normalized radiation patterns under out-of-

phase and in-phase input excitations are shown in Fig. 5.16 for the bandpass system

operation and in Fig. 5.17 for the bandstop operation. Three sets of normalized radi-

ation patterns when the capacitance of varactors are 1.3 pF (0 V), 0.4 pF (3.3 V), and

0.15 pF (18 V) are shown in Fig. 5.16 for the corresponding bandpass frequencies of

3.4 GHz, 4.5 GHz, and 5.7 GHz, respectively. For the bandstop state, three represen-

tative out-of-band frequencies of 3 GHz, 6 GHz, and 7.5 GHz are selected and com-

pared with the simulated results in Fig. 5.17. As observed, the radiation patterns for
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Figure 5.17. Measured versus simulated normalized realized gain patterns for the bandstop system

at out-of-band frequencies. Left column: E-plane when difference (∆) port of the coupler is excited.

Middle column: E-plane when sum (Σ) port of the coupler is excited. Right column: H-plane when

difference (∆) port of the coupler is excited.

both bandpass and bandstop operation states are the same as the radiation patterns for

the wideband double-element antenna. This indicates that the introduction of the fil-

ters has no adverse effects on the radiation patterns, except that the cross-polarization

value is slightly increased. For the simulated H-plane patterns in both bandpass and

bandstop cases, the cross-polarization is not visible within the defined dynamic range.

The measured and simulated maximum realized gain versus frequency plots for the

bandpass and bandstop states are shown in Fig. 5.18 for the case when the system is
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excited by out-of-phase signals. In the bandpass state, shown in Fig. 5.18a, the simu-

lated (measured) results indicate that the two strong transmission zeros of the input

filter that are adjacent to the passband frequencies provide high selectivity and reduce

the out-of-band gain. The in-band maximum realized gain varies from 4.1 dBi (3.3 dBi)

when the capacitance of the varactors is 1.3 pF (0 V) to 7.5 dBi (6.9 dBi) when the ca-

pacitance of the varactors is 0.15 pF (18 V). The difference between the maximum gain

of the double-element antenna and the bandpass antenna system is attributed to the

insertion loss of the filter that is mainly due to the varactors series resistances. In the

bandstop case, illustrated in Fig. 5.18b, the whole system is working on its wideband

state and the gain is reduced at the selected notch frequencies. Based on the simulated

(measured) results, the difference between the realized gain of the wideband double-

element antenna and the realized gain of the stopband system at the notch frequen-

cies is roughly 12 dBi (10 dBi), justifying the sound functionality of the stopband case.

The simulated (measured) out-of-band maximum realized gain of the bandstop case

varies from 5.2 dBi (5.5 dBi) to 10.0 dBi (9.1 dBi). The out-of-band realized gain for the

bandstop state is slightly lower than the realized gain for the isolated double-element

antenna without the filters. The gain drop can be attributed to the internal series resis-

tance of the PIN diodes when they are forward biased. A comprehensive comparison

with recently published papers is difficult since the various proposed systems have dif-

ferent functionalities. Nevertheless, Table 5.3 summarizes the most important features

of selected published work in the same area for comparison with this work. For better

consistency, the available simulated results of the filters for all references are included

in the last four columns. It is noted that the relatively large area of the proposed struc-

ture is inherently due to the fact that two antenna elements are required for producing

sum and difference radiation patterns. Overall, the presented design has the highest

value of roll-off rate meaning that the bandpass response is far more selective than

achieved in all other references. The main reason for the high selectivity is the pres-

ence of two transmission zeros adjacent to the passband. The performance stability is

due to the fact that these zeros are being tuned when varying varactors capacitance.

This is contrary to [124] where the two transmission zeros are in fixed position dete-

riorating the selectivity for some frequencies. In comparison with the only reference

generating reconfigurable sum and difference radiation patterns [133], the proposed

system has much smaller substrate area. In terms of the mode of operation, besides

the proposed design, the design in [94] can generate bandpass-to-bandstop mode of
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operation with 57.0% tunability in each case, albeit with a fixed omnidirectional radia-

tion pattern, a low selectivity, and low out-of-band suppression in the bandpass case.

Hence, the proposed design can successfully implement a sharply defined bandpass-

to-bandstop tunable system with continuous tuning range of 50.0% in bandpass and

50.4% in bandstop states, while at the same time it can generate sum and difference

radiation patterns by out-of-phase and in-phase input excitation, respectively.
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Figure 5.18. Measured versus simulated realized gain for different values of varactor capacitance

values. (a) Bandpass state. (b) Bandstop state.

5.6 Conclusion

A design of a frequency-tunable switchable bandpass-to-bandstop quasi Yagi-Uda an-

tenna system with the ability of producing sum and difference radiation patterns at

different states of operation has been proposed and experimentally validated in this

work. The system comprises three fundamental parts including:

1. A double-element E-plane quasi Yagi-Uda antenna with the ability to produce

sum and difference radiation patterns with high beam symmetry.

2. An integrated tunable bandpass-to-bandstop filter with selective response hav-

ing minimum roll-off rate of 57 dB/GHz and <−12 dB of out-of-band |S21| for

the bandpass state and strong notch <−13 dB with out-of-band poles >−1 dB

for bandstop state, with consistent performance extending over the whole tuning

range.

3. A commercially available wideband rat-race coupler to excite the input ports and

generate the sum and difference radiation patterns.
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Table 5.3. Comparison of the proposed bandpass-to-bandstop system with some recently published

antennas featuring tunable filtering response.

Refs. εr Size (λ0)
2

Mode of
Operation D/C Patterns

Tuning

Range
RO

(dB/GHz)
Out-of-Band

BP |S21 |
In-Band BS
|S21 |

No. of
BP TZs

[93] 2.2 0.72×0.30
wideband-

to-bandpass C omnidirectional 21.0% 17.0 -20 dB -- 0

[122] 4.4 0.3×0.27
wideband-

to-bandpass D omnidirectional -- N/A -2 dB -- 1

[123] 4.4 0.27×0.25
wideband-

to-bandpass D omnidirectional -- N/A -2 dB -- 1

[124] 3.48 0.4×0.23
wideband-

to-bandpass C omnidirectional 36.0% 11.33 -12 dB -- 2

[127] 2.33 0.5×0.3
wideband-

to-narrowband D unidirectional --
no

filtering
no

filtering
no

filtering --

[128] 3.48 0.4×0.36
wideband-

to-narrowband C omnidirectional 18.0%
no

filtering
no

filtering
no

filtering --

[132] 2.22 0.68×0.45 bandpass C

monopole

pattern diversity 5.0% 40.0 -20 dB -- 1

[133] 2.2 2.0×2.0 narrowband --

reconfigurable

sum and difference --
no

filtering
no

filtering
no

filtering --

[94]* 2.2 0.42×0.30

bandpass*-

to-bandstop C omnidirectional
BP*: 57.0%
BS: 57.0% N/A -5 dB -13 dB 1

This
work 3.38 0.75×0.7

bandpass-

to-bandstop C sum and difference
BP: 50.0%
BS: 50.4% 57.0 -12 dB -13 dB 2

D/C: Discrete/Continuous

BP: Bandpass

BS: Bandstop

RO: Roll-Off Rate = | (−20dB)−(−3dB)
f(−20dB)− f(−3dB)

|

N/A: Not Applicable (|S21 | does not reach −20 dB and thus roll-off rate cannot be measured based on −20 dB points)

TZ: Transmission Zero

* No experimental validation for bandpass case is provided in this reference.

The experimental validation of this design for bandpass and bandstop states of op-

eration shows a unique combination of features over the existing references. Hence,

the proposed design can be a favorable candidate for bandpass-to-bandstop cognitive

radio systems with pattern diversity requirements.
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Sum and Difference
Pattern-Reconfigurable

Antennas

P
ATTERN-reconfigurable antennas use switches or tunable

lumped components in their resonance structures to change

their radiation patterns, thereby reducing the overall size and

complexity compared to other types of pattern diversity antennas. In Chap-

ter 5, an antenna system with two operation states of tunable bandpass and

tunable bandstop was realized and tested. However, there were two draw-

backs which were, firstly the lack of a wideband state of operation used

to scan a frequency spectrum and detect unused bands in cognitive radio

systems, and secondly the requirement for an external coupler for input

excitation.

In the first part of this chapter, the mentioned drawbacks are addressed by

realizing all the three different frequency states of cognitive radio systems

in a single structure. This is achieved through combining and integrating a

wideband antenna structure with a filter featuring multiple-state frequency

agility. Importantly, an allpass state of operation is added to the filter struc-

ture formerly presented in Chapter 5. Furthermore, sum and difference

patterns are obtained by using a triple-element antenna array with in-built

phase inversion method fed by a PIN diode switchable power divider. In

the second part of this chapter, a concept of patch antenna with sum and

difference pattern diversity in its E- and H-plane is proposed. Extension of

sum and difference pattern diversity to both E- and H-plane convention-

ally requires three input couplers which increases cost and complexity of

the antenna system. However, the use of PIN switches in a patch antenna

structure enables the simplification of the overall structure and reduces the

requirement to a single input coupler to achieve four beam switching func-

tions.
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6.1 Introduction

S
PECTRUM scarcity due to the exhaustive utilization of available frequency

bands by licensed users motivates the development of reconfigurable anten-

nas for cognitive radio systems. Various antennas with frequency agility [56,

145–148], pattern reconfigurability [87, 149–151], polarization reconfigurability [152–

155] and combinations of these modalities [40, 43, 86, 156–158] have been proposed

recently to accommodate this need. According to [47], three states of operation are

required to observe and react to the spectrum utilization in cognitive radio systems.

First, a wideband state, which is used to scan the frequency spectrum for finding un-

occupied frequencies. Second, a tunable narrowband state to allocate an idle frequency

to a primary user. Third, a tunable notch-band state to allocate a wideband spectrum to

a secondary user without any interference with the already occupied frequency band.

For hardware implementation, a number of wideband to discretely tunable narrow-

band [123, 125, 126, 159], as well as wideband to continuously tunable narrowband

antenna structures [93, 124, 127, 128, 160] have been presented. More recently, some

tunable bandpass-to-bandstop antennas have been proposed in [53, 94]. However, an

essential functionality of cognitive radio systems, namely the wideband operation state

was missing in these realizations. To the best of the authors’ knowledge, no system

implementing all these three operation states in a single reconfigurable structure has

hitherto been reported.

Pattern diversity is also a useful feature for cognitive radio systems for wider space

signal coverage and multipath fading mitigation. To meet this requirement, dual-input

antennas with sum and difference pattern diversity have widely been explored in [10,

11,48,53,130]. In these studies, the use of a microwave comparator generating in-phase

and out-of-phase input signals was inevitable, leading to a relatively high complexity

of the overall system. As an alternative, aiming at lowering the complexity, the design

presented in [133] employed a planar structure with electrically switchable sum and

difference patterns for narrowband operation and circular polarization. A wider band

design was presented in [85], where sum and difference patterns were switched using

a phase-inversion feeding network in a three dimensional structure.

In the first part of this chapter, we are aiming at realizing three different frequency

states of cognitive radio systems combined with a low complexity pattern diversity

function in a single antenna system. To this end, a switchable and tunable filter is
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integrated with a switchable three-output power divider and a triple-element quasi-

Yagi-Uda antenna with in-built phase inverter, as shown in Fig. 6.1. The filter generates

three different states of switchable allpass to tunable bandpass and tunable bandstop

functionalities. The switchable power divider excites two antenna elements at a time

and keeps the third element inactive. When the input signal is split into the leftmost

output branches of the power divider, a sum directive radiation pattern is generated.

In contrast, a difference beam radiation pattern with a null in its boresight direction

is generated when the input signal is split into the two rightmost output ports of the

power divider. The 3D models of the two different beams are illustrated in Fig. 6.2a and

Fig. 6.2b. Contrary to the reported designs in the open literature, there is no need for a

microwave comparator and external phase inverter to generate the sum and difference

radiation patterns. The only drawback of that simpler arrangement is that the two

radiation pattern functionalities are achieved sequentially. There are four distinct

novel aspects to this design which improve the response over the design presented in

Chapter 5 [53]. They include:

1. The allpass state of operation has been added to our previously published filter

in Chapter 5. This means that the enhanced filter features an allpass state which

can be switched to a bandpass state and to a bandstop state, both with tunable

operating frequencies.

2. Switchable sum and difference radiation patterns are realized by exploiting in-

built phase inversion function in the mirror arrangement of the rightmost an-

tenna feeding structure. This sequential pattern switching is in contrast to our

presented design in Chapter 5 where a double-input antenna and an external

coupler were used to generate simultaneous sum and difference pattern diver-

sity.

3. A unique combination of functionalities in a single antenna system is demon-

strated, including the switchable generation of sum and difference patterns over

79.8% bandwidth, 51.3% bandpass tuning range, and 50.3% bandstop tuning

range.

4. Compared to the design in Chapter 5, this structure eliminates the requirement

for a prohibitive external coupler and facilitates the integration of a single fil-

ter structure as opposed to two filters necessary in Chapter 5, thereby reducing
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Figure 6.1. (a) Proposed antenna system structure. (b) Magnified reconfigurable power divider

section in conjunctions with bias lines for its PIN diodes. (c) Magnified reconfigurable filter.
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Figure 6.2. Instantaneous E-field distribution and generated radiation pattern for (a) the sum beam

configuration, and (b) the difference beam configuration.

the cost and complexity of the overall system while offering additional states of

reconfigurability.

In the second section of this chapter, an arrangement of patch antennas with switchable

beams in E- and H-plane is proposed. Using PIN switches, the two fundamental TM01

and TM02 modes of a patch antenna are exploited in a single reconfigurable radiating

element to selectively generate sum and difference radiation patterns along the E-plane

of the antenna. Based on this single element, a double-element antenna along the H-

plane is developed to extend the functionality in a second dimension. To this end,

the two elements are fed by in-phase and out-of-phase inputs to enhance the pattern

diversity functions so that the sum and difference beams can be generated along both

E- and H-plane. Similar performance has been developed in the past using four hybrid

couplers feeding a 4×4 antenna elements [161]. Therefore, the proposed design can

reduce the complexity and cost of manufacturing in applications where sequential use

of the modes is acceptable.

6.2 Pattern-reconfigurable antenna with multi-state fil-

tering function design

A three-dimensional view of the antenna system is illustrated in Fig. 6.1a, comprising

a triple-element antenna, a reconfigurable power divider (magnified in Fig. 6.1b) and

a reconfigurable filter (magnified in Fig. 6.1c). The antenna elements excited by the

power divider will enable pattern diversity over a wideband frequency, while feeding
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this structure by the switchable and tunable filter helps generate three states of wide-

band, tunable bandpass and tunable bandstop operation. Hence, the combination of

these three circuits brings about a unique functionality that has not been reported in

the open literature thus far. All the required lumped components and bias lines are in-

cluded in these representations. The PIN diodes are all MACOM MA4FCP300 diodes

with an equivalent OFF state simulation model of 20 KΩ resistance and 0.04 pF shunt

capacitance, while the ON state simulation model is purely resistive with 4 Ω resis-

tance. The varactor diodes in this design are MACOM MA46H120 with a simulation

equivalent model of a varying capacitance from 0.15 pF to 1.30 pF connected to a se-

ries resistance of 1.6 Ω and a series inductance of 0.05 nH. The resistors are 0402 sur-

face mount resistors with 100 Ω resistance. The used RF choke inductors are Murata

LQW15AN15NG00 with 15 nH inductance, and the utilized DC block capacitor mod-

els are GRM0332C1H100JA01 with 10 pF capacitance. All the constituents of the an-

tenna system described in this section are integrated and printed on a Rogers RO4003C

substrate with a relative permittivity of 3.38, loss tangent of 0.0027, and thickness of

0.8128 mm. The next three subsections elaborate on the building blocks of this antenna

system and their simulated functionalities. All the simulations are conducted using

HFSS in Ansys Electronics Desktop software.

6.2.1 Triple-element antenna

The quasi-Yagi-Uda antenna structure in [34] is adopted as individual antenna ele-

ment with some modifications in the feeding lines and the operating frequency. The

structure presented in [34] is an ultrawideband and compact quasi-Yagi-Uda antenna

element which is an ideal choice for developing arrays of several elements. This is be-

cause the compact size of the antenna in terms of wavelength allow a sufficiently close

packing of the elements, which prevents the appearance of grating lobes at higher

frequencies, while the remaining separation between the antenna elements keeps the

mutual coupling to an acceptable level. The triple-element quasi-Yagi-Uda antenna

configuration (without the reconfigurable power divider and the reconfigurable filter)

is shown in Fig. 6.3a with the annotated dimensions tabulated in Table 6.1. The middle

transmission line feed for the central element is meandered to have the same electrical

length as the lateral feeding transmission lines. Importantly, for the pattern recon-

figuration, the rightmost feeding line is mirrored with respect to the other two feeding

lines to generate an intrinsic and frequency independent 180◦ phase difference between
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the middle and rightmost antenna elements. Although the fundamental antenna ele-

ments are the same as in the design presented in Chapter 5, three antenna elements are

required to enable additional functionality in this chapter, as opposed to the two an-

tenna elements excited by an external coupler in Chapter 5. The third antenna element

is used to facilitate pattern switchability and obviate the need for lossy and expensive

external coupler by providing inherent and frequency-independent phase inversion.

The working principle of this antenna system is illustrated in Fig. 6.3b where it can be

Port 1

Port 2 Port 3
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W2W3
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L7 L8

L9

L10
L11 L12

L13

L14L15

L16
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(a)

Port 1&3: ON Port 2: OFFPort 1&2: ON Port 3: OFF

© 2019 IEEE

(b)

Figure 6.3. Proposed three-element antenna structure. (a) 3D view with in-built in-phase and

out-of-phase feed lines and related dimensions. (b) Instantaneous E-field distribution when two ports

are excited and one port is inactive.

observed that only two elements are contributing to the radiation at a particular time,

with the third element remaining inactive. As shown on the left-hand side of Fig. 6.3b,

when Port 1 and Port 2 are excited by an in-phase signal and Port 3 is inactive, the
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electric fields of the two leftmost antennas are combined constructively in endfire di-

rection, thereby generating a sum radiation pattern. By contrast, when Port 1 and Port

3 are excited by an in-phase signal and Port 2 is inactive, the electric fields of the two

rightmost antennas are combined destructively in the endfire direction due to their

mirrored input transmission lines, thereby generating a difference radiation pattern.

The simulated scattering parameters of these antennas are illustrated in Fig. 6.4. The

reflection coefficients for all the input ports are the same and remain below −10 dB

in the range of 2.52 GHz to 6.24 GHz. This wide bandwidth of the antenna elements

will be exploited for the three-state filtering functions of the overall antenna system.

Within this band, the isolation between Port 1 and Port 2 is below −16 dB and the

isolation between Port 2 and Port 3 is below−22 dB. It is noteworthy that the simulated

efficiency of this triple-element antenna by itself is around 94%. This further confirms

that this antenna is an appropriate element choice for our antenna system design in

which the reconfigurable feeding network is the main source of inevitable loss.

The active reflection coefficient for the case where the two leftmost ports are excited is

defined as follows

Active S22 =
S22 + S21

2
, (6.1)

whereas the corresponding active reflection coefficient for the case where the two right-

most ports are excited can be written as

Active S33 =
S33 − S31

2
. (6.2)

The negative sign between S33 and S31 in (6.2) is due to the intrinsic phase inversion

of the mirrored input transmission line connected to Port 3. Due to reciprocity, the

Active S11 will be the same as Active S22 when the two leftmost elements are excited.

Likewise, when the two rightmost elements are excited, the Active S11 will be the same

as Active S33.

6.2.2 Switchable power divider

To selectively excite the presented triple-element antenna by two in-phase inputs and

one inactive input, a switchable power divider is proposed as illustrated in Fig. 6.5a.

It is composed of two side-by-side Wilkinson power dividers [162] which are isolated

from each other by sets of PIN diodes clustered into PIN 3 and PIN 4 diodes. The

related dimensions of this power divider are summarized in Table 6.1. Port 2, Port 3
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Figure 6.4. (a) Scattering parameters of the antenna array. (b) Active S22 when the two leftmost

elements are excited and Active S33 when the two rightmost elements are excited.

and Port 4 of this power divider are respectively connected to Port 2, Port 3, and Port 1

of the the antenna structure shown in Fig. 6.3a. The six PIN diodes in this structure are

clustered into two groups denoted as PIN 3 and PIN 4. Each group is biased by one

biasing voltage and the DC ground is the middle line of the power divider. The bias

lines for these PIN diodes, each of which is connected to a 15 nH RF choke, are shown

in Fig. 6.1b. The proposed PIN diode arrangement is used to enhance the isolation

between the excited and inactive antenna elements. Two 100 Ω resistors are employed

for the output isolation of the power divider.

The instantaneous electric field densities for the cases when each group of PIN diodes

is switched ON are represented in Fig. 6.5b. The common middle output branch is

always excited while either of the two lateral output branches can be selected. When

PIN 3 diodes are switched ON and PIN 4 diodes are switched OFF simultaneously, the

input signal splits between the middle and the right output branches. When PIN 4

diodes are switched ON and PIN 3 diodes are switched OFF simultaneously, the input

signal splits between the middle and the left output branches.

To analyze the power divider performance, the transmission line model of the triple-

output power divider is illustrated in Fig. 6.6. Equivalent models of the PIN diodes

are used for this analysis. The 70.7 Ω transmission line lengths are set to be equal to a
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quarter wavelength at 4.2 GHz, i.e. near the middle of the wide operating bandwidth

of the antenna.

The scattering parameters and the output phase difference of the Electromagnetic (EM)

and circuit model of this power divider when the diodes PIN 4 are ON and the diodes

PIN 3 are OFF are shown in Fig. 6.7. Due to the introduction of the PIN diodes in the

circuit model of the triple-output Wilkinson power divider, the scattering performance

is not ideal at the center frequency. In the EM model, bending and inevitable coupling

of the transmission lines affect the scattering performances. This is the main reason

behind the difference between the EM and circuit simulation results. Based on the EM

and circuit simulation results, it is seen that the reflection coefficients are below−12 dB

for the range of 2.5 GHz to 6.5 GHz. The transmission coefficient from Port 1 to Port

2 (S21) and from Port 1 to Port 4 (S41) are around −4 dB and −3 dB, respectively. The

1 dB transmission loss from Port 1 to Port 2 stems from the parasitic resistance of the

PIN 4 diodes. This transmission loss is not present from Port 1 to Port 4 since there

is no PIN diode between these two ports. The value of S31 is lower than −20 dB for

the whole band demonstrating that only negligible power is transmitted to Port 3. The

output phase difference in the EM simulation is varying from −2 degrees to 0 degrees,

while the circuit simulation results exhibit constantly 0 degrees phase difference across

this range. The isolation between the activated output ports (S42) is below−12 dB from

2.5 GHz to 6.5 GHz. It will be demonstrated in subsection 6.2.4 that this value does not

adversely affect the whole antenna system performance. The scattering parameters for

the state when PIN 3 diodes are ON and PIN 4 diodes are OFF are identical to the state

described above, with the only difference being that the input signal is equally split

between Port 3 and Port 4 with no signal going to Port 2.

6.2.3 Switchable allpass to tunable bandpass and tunable bandstop

filter

Based on the integration of the switchable power divider and the triple-element an-

tenna, the sum and difference pattern diversity function is generated with wideband

frequency response. To add the frequency selectivity function, a reconfigurable fil-

ter with switchable allpass to tunable bandpass/bandstop performance is required to

feed the pattern reconfigurable antenna. While switchable and frequency-agile filters

have widely been studied in the literature [92, 138–141, 163], a design which enables
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Figure 6.5. Three-way switchable power divider. (a) 3D view of the geometry with parameters

defining the dimensions. (b) Instantaneous E-field distribution for the two states of the PIN diode

switches.
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Figure 6.6. Circuit model of the presented power divider including the equivalent model of the PIN

diodes.
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Figure 6.7. Scattering parameters calculated with the circuit model versus EM model of the power

divider when PIN 3 diodes are OFF and PIN 4 diodes are ON. (a) S11, S22, and S21. (b) S31, S41,

and S44. (c) S42 and the phase difference between the activated output ports.

to switch between all three states of cognitive radio namely allpass, tunable bandpass,

and tunable bandstop is lacking. Herein, allpass functionality is added to the tunable

bandpass-to-bandstop filter formerly presented in Chapter 5. The filter structure is de-

picted in Fig. 6.8a including two sets of PIN diodes namely PIN 1 and PIN 2 and two

varactor diodes. PIN 2 diodes are switched ON or OFF together and the two varac-

tors are biased with the same voltage. The dimensions of this filter are summarized in

Table 6.1. For simplicity and clarity, the bias lines, choke inductors and DC block ca-

pacitors are not shown in Fig. 6.8a. However, they are displayed in the reconfigurable

filter structure depicted in Fig. 6.1c. To bias the PIN and varactor diodes in the filter

design, five inductors are connected to the DC bias lines, while one inductor is con-

nected to the bottom layer of the filter which is RF and DC ground. This short-ended

inductor provides a DC ground path for PIN 1 diode. Two DC block capacitors (visible

in Fig. 6.1a) are used in the narrow coupled line of the reconfigurable filter to avoid the

DC current of the PIN 2 diode to mix with the DC current of the varactors.

The instantaneous electric field density at the lowest passband and the frequency re-

sponse of the reconfigurable filter in bandpass state are shown in Fig. 6.8b. In this state,

all the PIN diodes are OFF and by changing the varactor capacitance, the operating fre-

quency changes. The working principle in this case is that when PIN 1 diode is OFF,
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Figure 6.8. Proposed reconfigurable three-state filter. (a) 3D view and the related dimensions. (b)

Passband E-field distribution at 3.3 GHz and simulated scattering parameters for bandpass state.

(c) Notch-band E-field distribution at 3.2 GHz and simulated scattering parameters for the bandstop

state. (d) E-field distribution at 3.5 GHz and simulated scattering parameters for allpass filtering

state.
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there is no direct path from input port to the output port. The input signal will pass

through the narrow coupled line at a specific resonance frequency, which depends on

the varactors capacitance thus generating a bandpass filtering response with tunable

frequency. The PIN 2 diodes are OFF in this tunable bandpass state to allow the signal

to pass through the narrow coupled line.

The instantaneous electric field density at the lowest notch band and the frequency

response for the reconfigurable bandstop filtering state are shown in Fig. 6.8c. In this

state, PIN 1 is switched ON providing a direct path for the input signal to reach the out-

put. Nevertheless, the narrow coupled line will block this path at a specific resonance

frequency which is tuned by varying the varactors capacitance. The PIN 2 diodes are

switched OFF in this tunable bandstop filtering state. This, in turn, allows the narrow

coupled line to create a notch frequency.

Given that the narrow coupled transmission line plays a key role in transmitting and

blocking the input signal to the output port for the bandpass and bandstop states, re-

spectively, neutralizing its effect can provide another operation state of allpass filtering

response. This state is illustrated in Fig. 6.8d, where the PIN 1 diode is switched ON

to provide a path from input to the output, while the short-ended PIN 2 diodes are

switched ON to connect the narrow coupled line to the ground plane, thus neutral-

izing its effect. To minimize the power dissipation, no bias voltage is applied to the

varactors in this state. The whole filter structure will be simplified to a 50 Ω transmis-

sion line in this state. Feeding inherently wideband antennas by this 50 Ω transmission

line will result in a wideband response for the whole system. This wideband response

is useful for the spectrum sensing case in cognitive radio systems, i.e. as an impor-

tant state of operation missing in Chapter 5. Therefore, the newly proposed change in

the structure will bring about a substantial improvement in the response of the overall

system.

To analyze the filter performance, the behavior of its equivalent circuit model depicted

in Fig. 6.9 is studied in the following. The distributed coupling capacitors are in red,

the varactor equivalent elements are in blue and the PIN diode equivalent elements

are in purple. When PIN 2 diodes are OFF, the equivalent model will behave the same

way as the bandpass/bandstop filter presented in Chapter 5 with the same values of

the lumped elements. The EM and circuit simulation results of the bandpass state are

illustrated in Fig. 6.10a and Fig. 6.10b. In this state, because PIN 1 is OFF, the coupling

capacitors provide a path between input and output at the resonance frequency which
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Table 6.1. Dimension values of the proposed antenna system

par. value par. value par. value par. value

(mm) (mm) (mm) (mm)

W1 1.8 L2 73.2 L12 7.4 L22 7.9

W2 2.2 L3 10.8 L13 20.5 L23 6.2

W3 2.2 L4 4.3 L14 17.4 L24 22.0

W4 0.9 L5 27.2 L15 14.9 L25 3.3

W5 1.4 L6 10.7 L16 16.0 L26 10.3

W6 1.0 L7 23.2 L17 4.5 D1 7.0

W7 0.8 L8 5.0 L18 18.5 D2 1.0

W8 1.8 L9 20.0 L19 4.1 D3 0.8

W9 1.0 L10 10.8 L20 6.5

L1 34.5 L11 5.1 L21 3.0

is controlled by tuning the varactors. The EM versus circuit simulation results for the

bandstop state are illustrated in Fig. 6.10c and Fig. 6.10d. In this state, PIN 1 is ON

and the coupling capacitors take the opposite role, namely blocking the input signal

to the output port at the resonance frequency which can be controlled by tuning the

varactors. The last state of filter operation which distinguishes this filter from the one

presented in Chapter 5 occurs when PIN 2 diode is ON. In this state, the effect of

the distributed coupling capacitors is mitigated and the filter will turn into an allpass

design when PIN 1 is ON. The EM and circuit simulation results for the allpass state

are illustrated in Fig. 6.10e.

L2

Coc

CVRV

Ls

c

Vi Vo

L1

Cg2 Cg2

Cg1

LV L3

Cg2

Cg3

Lbend

Lbend

Cbend

LT

RPIN2 CPIN2 RPIN2

RPIN1

CPIN1

CPIN2

©2019 IEEE

Figure 6.9. Equivalent circuit model of the filter.
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Figure 6.10. Scattering parameters of EM model versus circuit model of the filter. (a) S11 of the

tunable bandpass state. (b) S21 of the tunable bandpass state. (c) S11 of the tunable bandstop

state. (d) S21 of the tunable bandstop state. (e) S11 and S21 of the wideband state.

6.2.4 Measurement results

After integration of all the antenna components, the states of PIN and varactor diodes

determine the overall system states as summarized in Table 6.2. Based on the proposed

design refined through EM simulations, the antenna system has been fabricated and

a photograph of the prototype is shown in Fig. 6.11. The total substrate volume is

W×L×H = 144×190×0.8182 mm3 corresponding to 1.24λ0×1.65λ0×0.007λ0 where λ0

is the wavelength at the lowest operating frequency. There are seven biasing lines in

the fabricated prototype which are AC-isolated from the antenna structure by seven RF

chokes at the end of each line. The DC grounds are the antenna bottom layer as well

as the antenna middle feeding line. It is noteworthy that the gaps used for mounting

lumped elements are all 0.3 mm wide.
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Figure 6.11. Photograph of the fabricated antenna. (a) Bottom layer. (b) Top layer with magnified

feeding network.
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Figure 6.12. Frequency responses of the proposed antenna in the wideband state with sum and

difference radiation patterns. (a) Reflection coefficient. (b) Maximum realized gain. (c) Total

antenna efficiency.

Wideband operation state

According to Table 6.2, when PIN 1 and PIN 2 diodes are both switched ON and no

voltage is applied to the varactors, the filter is in allpass state. This case is analogous to

exciting the wideband pattern switchable antenna array by a 50 Ω transmission line.

Hence, the wideband operation state for the whole system is activated. The reflec-

tion coefficients are illustrated in Fig. 6.12a with the simulated (measured) overlapping

bandwidth for the sum and difference beams extending from 2.68 GHz (2.62 GHz) to

6.10 GHz (6.10 GHz). This corresponds to 77.9% (79.8%) fractional bandwidth with

minor breaches of the −10 dB specification in the measured data. The simulated (mea-

sured) maximum realized gain of the antenna illustrated in Fig. 6.12b is varying from

4.8 dBi (4.8 dBi) to 8.7 dBi (7.7 dBi) for the sum beam pattern, while it is varying from
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Figure 6.13. Measured and simulated radiation patterns at different frequencies for the wideband

state of operation.

Left column: E-plane radiation pattern for the sum beam operation.

Middle column: H-plane radiation pattern for the sum beam operation.

Right column: E-plane radiation pattern for the difference beam operation.
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Table 6.2. Switching patterns and the different frequency operation states

PIN 1 PIN 2 PIN 3 PIN 4 Varactors Behavior

ON ON ON OFF 1.3 pF WB / Difference

ON ON OFF ON 1.3 pF WB / Sum

OFF OFF ON OFF 0.15 pF to 1.3 pF Tunable BP / Difference

OFF OFF OFF ON 0.15 pF to 1.3 pF Tunable BP / Sum

ON OFF ON OFF 0.15 pF to 1.3 pF Tunable BS / Difference

ON OFF OFF ON 0.15 pF to 1.3 pF Tunable BS / Sum

WB: Wideband, BP: Bandpass, BS: Bandstop

3.8 dBi (3.0 dBi) to 6.8 dBi (5.7 dBi) for the difference beam pattern. The simulated

antenna efficiency is more than 62.0% within the whole bandwidth as represented in

Fig. 6.12c. The simulated and measured sum and difference radiation patterns at four

sample frequencies are plotted in Fig. 6.13.

Bandpass operation state

The tunable bandpass state of operation occurs when both PIN 1 and PIN 2 diodes

are switched OFF and the varactor capacitances are controlled by the tuning bias volt-

age. In this state, the whole system takes on the frequency characteristic of the tun-

able bandpass filter. Based on the simulated (measured) reflection coefficient plots in

Fig. 6.14a, the operating frequency can be tuned from 3.30 GHz (3.28 GHz) to 5.58 GHz

(5.55 GHz) corresponding to a tuning range of 51.3% (51.3%). This value is roughly the

same for both cases of sum and difference radiation patterns. Within this tuning range,

the simulated (measured) maximum realized gain illustrated in Fig. 6.14b is varying

from 2.9 dBi (2.4 dBi) to 7.0 dBi (6.0 dBi) for the sum beam case, while it is varying from

2.2 dBi (1.9 dBi) to 5.4 dBi (4.4 dBi) for the difference beam case. The simulated antenna

efficiencies for both sum and difference radiation patterns are shown in Fig. 6.14c with

the minimum value of 46.0% observed at the lowest operating frequencies, which is

typical for varactor controlled frequency-tunable antennas. This value increases with

raising tuning frequencies and this effect is attributed to the parasitic resistance of the

varactor diode. The simulated and measured radiation patterns within the passbands

of the tunable bandpass antenna are shown in Fig. 6.15.
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Bandstop operation state

Referring to Table 6.2, when PIN 1 is switched ON and PIN 2 is switched OFF, the

bandstop operation state is activated and the notched frequency is tuned by varying

the bias voltage controlling the varactor capacitances. In this state, the frequency re-

sponse of the whole systems takes on the characteristics of the tunable bandstop filter.

It is seen in Fig. 6.16a that the simulated (measured) notched frequency can be tuned

from 3.20 GHz (3.20 GHz) to 5.40 GHz (5.35 GHz) corresponding to a tuning range of

51.1% (50.3%) for the sum pattern and it is nearly the same for the difference beam pat-

tern. Moreover, the simulated (measured) maximum realized gain attenuation within

the notch-bands is higher than 13.0 dBi (10.4 dBi) for both the sum and difference ra-

diation patterns based on Fig. 6.16b. As the varactor capacitance decreases, the atten-

uation level increases. The simulated antenna efficiencies for the sum and difference

beams are illustrated in Fig. 6.16c. For both the sum and difference beams, the total

antenna efficiency at the notch frequencies becomes well below 10.0% for the whole

tuning range, thus lowering the realized gain. The simulated and measured out-of-

band radiation patterns for the tunable bandstop state are very similar to the wideband

counterparts.

6.2.5 Comparison with recently published designs

The performance of the proposed design is compared in Table 6.3 with some recently

published designs featuring switchable and continuously tunable frequency perfor-

mances. For better comparison, the selected references are all exhibiting continuous

tunability in their narrowband states. It is observed that the proposed design is the

only design generating all three states of wideband, tunable bandpass, and tunable

bandstop performance. In contrast to the designs presented in [53] and [85] where

sum and difference patterns were realized by an external coupler and a switchable

ultrawideband phase inverter, respectively, the proposed design yields the sum and

difference radiation patterns using an in-built phase inverter in the antenna structure,

thus reducing the complexity of the feeding network. The large dimensions of the

proposed design compared to the other references and sequential pattern switching

compared to double-input pattern diversity antennas are the only sacrificed features

to obtain this unique functionality. It is noteworthy that for some applications such as

Global Positioning System (GPS) antennas, the shift in phase center due to the use of

the proposed triple-element antenna configuration is a very critical issue affecting the
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Figure 6.14. Frequency responses of the proposed antenna in the bandpass state. Left column: sum

beam operation. Right column: difference beam operation. (a) Reflection coefficient. (b) Maximum

realized gain. (c) Total antenna efficiency.
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Figure 6.15. Measured and simulated radiation patterns at different frequencies for the bandpass

state of operation.

Left column: E-plane radiation pattern for the sum beam operation.

Middle column: H-plane radiation pattern for the sum beam operation.

Right column: E-plane radiation pattern for the difference beam operation.
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Figure 6.16. Frequency responses of the proposed antenna in the bandstop state. Left column: sum

beam operation. Right column: difference beam operation. (a) Reflection coefficient. (b) Maximum

realized gain. (c) Total antenna efficiency.
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Table 6.3. Comparison of the proposed antenna system with some recently published antennas

featuring tunable filtering response.

Refs. εr Size (λ0)
3

Mode of
Operation

Reconfig.
Patterns Pattern Type

In-built
Phase

Inverter
Wideband Tunable BP Tunable BS

(BW) (TR) (TR)

[93] 2.2 0.72×0.30×0.01
3 3

7 7 omnidirectional 7
(44.9%) (21.0%)

[124] 3.48 0.39×0.23×0.011
3 3

7 7 omnidirectional 7
(71.7%) (36.0%)

[94] 2.2 0.42×0.3×0.002 7
3* 3

7 omnidirectional 7
(57.0%) (57.0%)

[53] 3.38 0.75×0.7×0.008 7
3 3

7
sum and difference

7
(50.0%) (50.4%) (two-port)

[85] 3.0 1.21×1.21×0.17
3

7 7 3 broadside to conical 7
(60.2%)

This
Work 3.38 1.24×1.65×0.007

3 3 3
3 sum and difference 3

(79.8%) (51.3%) (50.3%)

BW: Bandwidth, BP: Bandpass, BS: Bandstop, TR: Tuning Range

* No experimental validation for bandpass case is provided in this reference.

performance. However, for many other applications such as point-to-point base sta-

tion communications, the amplitude of the far-field radiation is of critical importance

which is at a satisfactory level in this design.

6.3 Dual-input patch antenna with sum and difference

patterns in E- and H-plane

In this section, a single-element patch antenna with sum and difference pattern re-

configurability in its E-plane is evolved to a double-element antenna arranged along

the H-plane of the patch antenna. This arrangement fed by a single rat-race coupler

enables sum and difference pattern generation in both E- and H-plane.

6.3.1 Single-element pattern-reconfigurable patch antenna design

and simulation

The fundamental single-element patch antenna structure is illustrated in Fig. 6.17a. It

includes ten MA4FCP300 PIN diodes, a biasing network with a 15 nH inductor as a

RF choke, and a decoupling via. The equivalent model of the PIN diodes in ON state

is a 4 Ω resistor and in OFF state, it is the parallel arrangement of a 20 kΩ resistor

and a 0.04 pF capacitor. When the PIN diodes are switched OFF, the patch antenna
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works on its TM01 mode with broadside sum radiation pattern and the effective ra-

diating element is the directly fed patch working at 5.97 GHz. When the PIN diodes

are switched ON, the effective radiating element will include both patches operating

in the TM02 mode. The odd symmetry of this mode results in the radiation of a differ-

ence beam with a null in the broadside direction. The reason for using ten PIN diodes

in five columns is to minimize the capacitive effect of the PIN diodes in OFF state,

thereby providing a high isolation between the two operating modes. Moreover, the

surface current will flow to the other element with low parasitic resistance of the PIN

diodes arrangement in ON state. The shorting via is also utilized to provide both a

DC ground and an isolation between the TM01 and TM02 modes when the diodes are

switched OFF. The electric field distribution for TM01 and TM02 modes is illustrated

in Fig. 6.17b. The simulated scattering parameters are shown in Fig. 6.18, demonstrat-

ing that two antenna modes are working at 5.97 GHz with overlapping bandwidth of

1.2%. The fractional bandwidth can be increased by increasing the substrate height.

The normalized sum and difference radiation patterns in elevation plane are shown in

Fig. 6.19 with a maximum realized gain of 7.7 dBi for the sum beam and 5.6 dBi for the

difference beam.
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Figure 6.17. (a) Antenna schematic with the dimensions in mm. (b) Electric field distribution for

two operation modes.
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Figure 6.18. Reflection coefficient for the TM01 and TM02 modes.

E-Plane TM02 mode

E-Plane TM01 mode H-Plane TM01 mode

X-Pol X-Pol

X-Pol

©2019 IEEE 

Figure 6.19. Radiation patterns for TM01 and TM02 modes.

6.3.2 Double-element pattern-reconfigurable patch antenna evolu-

tion

The single-element antenna provides the sum and difference radiation patterns in its

E-plane based on PIN switches. To extend the pattern diversity to the H-plane of the

antenna, another element is added along the H-plane direction. The optimal distance

between the antenna elements is found to be 15 mm based on parametric analysis. The

double-element antenna can be fed by in-phase and out-of-phase inputs to generate

four total radiation patterns. The operation modes are shown in Fig. 6.20 with 3D ra-

diation patterns. When the PIN diodes are switched OFF and the inputs are in-phase,

a directive radiation pattern towards broadside is generated. When the PIN diodes
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Figure 6.20. Four different patterns generated by in-phase and out-of-phase feedings and changing

the states of the PIN diodes for the double-element antenna.

are switched OFF and the antennas are fed by out-of-phase inputs, a difference pattern

along H-plane of the antenna is produced. When the PIN diodes are switched ON and

the inputs are in-phase, the difference radiation pattern along the E-plane is generated.

When the PIN diodes are switched ON and inputs ports are out-of-phase, a quad-lobe

radiation pattern will be generated since there are two nulls along E- and H-plane of

the antenna. The simulated reflection coefficient and the isolation between the antenna

elements for TM01 and TM02 modes are shown in Fig. 6.21. The reflection coefficient

of the antenna remains the same as the single-element antenna and the isolation be-

tween the elements is less than −15 dB for TM01 and TM02 modes. The simulated 2D

radiation patterns are illustrated in Fig. 6.22. The maximum realized gain for the sum

radiation pattern case is 10.2 dBi. It reaches 5.8 dBi for the H-plane difference radi-

ation pattern, 7.7 dBi for the E-plane difference radiation pattern, and 2.5 dBi for the

quad-lobe radiation pattern.
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Figure 6.21. Reflection coefficient and isolation between the antenna elements for TM01 and TM02

modes of the double-element antenna.
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Figure 6.22. Double-element antenna radiation patterns. (a) E-plane sum patterns with x-pol lower

than −40 dB. (b) H-plane directive pattern. (c) E-plane difference radiation pattern. (d) H-plane

difference radiation pattern.

6.4 Conclusion

In the first part of this chapter, the design of a sum and difference pattern-reconfigurable

antenna with three switchable states of wideband, tunable bandstop, and tunable band-

pass operation has been presented. This antenna system has been developed by inte-

gration of a switchable and tunable filter, a modified switchable power divider, and a

triple-element quasi Yagi-Uda antenna array with an in-built phase inverter. The sim-

ulation and measurement results have shown that this design can successfully achieve

Page 135



6.4 Conclusion

wideband operation with a bandwidth of 79.8%, which can be switched to a tunable

bandpass and tunable bandstop with 51.3% and 50.3% tuning range, respectively. The

results also demonstrated that the system can switch between the sum and difference

beam radiation patterns by exploiting its in-built phase inverter while working in each

of the switchable filtering states.

In the second part of this chapter, A double-element planar microstrip patch antenna

producing four different radiation patterns has been developed on the basis of a pattern-

reconfigurable single-element patch antenna and a 180◦ hybrid coupler. This design

structure could facilitate the generation of sum and difference radiation patterns along

E- and H-plane without adding complexity to the design structure. This is in contrast

to the conventional method of using four antenna elements and four couplers to gen-

erate sum and difference beams along both planes.
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Chapter 7

Tunable Dual-Band
Bandpass and Bandstop

Antennas

A
NTENNAS with independently tunable frequencies offer

more flexibility while reducing the complexity of the over-

all wireless system. One consideration towards designing

a multi-band antenna with independently tunable frequencies is the fre-

quency selectivity. The frequency selectivity is usually weak for frequency-

tunable antennas with embedded tunable elements in the antenna design.

This metric can be enhanced by integration of a tunable selective filter with

a wideband antenna.

In the first part of this chapter, the bandpass filter structure in Chapter 6 is

evolved to a dual-band structure with independently tunable frequencies.

This is achieved by adding a second resonator which functions indepen-

dently from the first resonator. This filter is then used as a feeding network

for a wideband monopole antenna to generate a dual-band independently

tunable response. In the second section of this chapter, the single-band

bandpass filter proposed in Chapter 6 is converted to a single-band band-

stop filter by a slight (but important) modification. Through cascading two

evolved single-band bandstop filters, a dual-band bandstop filter with in-

dependently tunable frequencies is then achieved. This filter is integrated

with a wideband quasi-Yagi-Uda antenna. The resulted antenna filter in-

tegration has a wideband response with two notch frequencies which are

independently tunable.
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7.1 Introduction

Dual-band frequency agile antennas have been the subject of extensive research over

the past few years. They can find applications in cognitive radio and carrier aggrega-

tion systems where separate tunable bands are required. They can also reduce the over-

all size and cost of a system by working on arbitrary frequencies with only one radiat-

ing element. There are two methods of realizing dual-band frequency tunable antenna.

First, embedding tunable elements within an antenna resonant structure [164–167].

Second, integrating a tunable bandpass filter with a wideband antenna [53, 94].

Tunable dual-notchband antennas are also useful building blocks for interference re-

jection and cognitive radio applications. The implementation of filtering functions

with independently tunable notch frequencies can increase the degree of freedom for

ultrawideband antenna systems with multiple interference sources. Similar to dual-

band frequency-tunable antennas, there are two methods for tunable dual-notchband

antenna realization, which are embedding tunable elements in the antenna structure

[168,169] and integration of tunable bandstop filters with a wideband antenna [94,170].

Several tunable bandpass [89, 171, 172] and tunable bandstop filters [90, 173–175] have

been reported based on different technologies. They can be potentially useful for filter

antenna integration. However, the considerations on compatibility with planar struc-

tures and integratability were not investigated in those publications.

In the first part of this chapter, an independently tunable dual-band filter using a

dual-band source-to-load coupling scheme is designed based on the evolution of de-

signs in [53, 142, 176] and Chapter 5. The filter is then integrated with a planar oval-

shaped monopole antenna to select the two passbands from the intrinsic wideband

spectrum of the monopole. In the second part of this chapter, the fundamental de-

sign of the bandpass filter has been slightly modified to work on completely differ-

ent state of bandstop filtering with a tunable single-band response. On that basis, a

tunable second-order bandstop filter which can operate as an independently tunable

dual-band first-order filter is designed and integrated with a quasi-Yagi-Uda antenna.

7.2 Dual-band tunable bandpass monopole antenna

The antenna structure along with the fabricated prototype are shown in Fig. 7.1. The

antenna is implemented on a Rogers RO4003C substrate with relative permittivity of
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Table 7.1. Parameters of the proposed tunable dual-band bandpass monopole antenna
TL1: W1 = 1.8 mm L1 = 16.5 mm

TL2: W2 = 0.8 mm L2 = 12.6 mm

TL3: W3 = 0.8 mm L3 = 3.3 mm

TL4: W4 = 1.5 mm L4 = 1.4 mm

Via: D = 1.0 mm

Gaps: G1 = 0.5 mm G2 = 1.0 mm G3 = 0.5 mm

Monopole: a1 = 24.0 mm a2 = 21.5 mm

Ground: a3 = 63.5 mm a4 = 48.7 mm

3.38, loss tangent of 0.0027, and thickness of 0.8128 mm. The antenna system design di-

mensions, including widths and lengths of transmission lines TL1 to TL4, are provided

in Table 7.1. The magnified section of Fig. 7.1a illustrates the bandpass filter structure

with two coupled lines each of which containing two embedded varactor diodes. The

input filtering structure is an evolution of the filter designs presented in [53, 142, 176]

and Chapter 5. The gap shown as G1 is providing a cross coupling between the input

and output ports of the filter, i.e. blocking the input signal to reach the output port

from the main transmission line. The input signal will reach the output port of the

filter through the coupled-line resonators with embedded varactors. The embedded

varactors in each coupled-line are biased with the same voltage. Because each coupled

transmission line with two embedded varactors can create a source-to-load coupling

path, it is possible to separate the passband frequencies generated by each coupled

line. This is done by assigning different bias voltages to the coupled lines on either

side of the main transmission line. However, close proximity of the two operating fre-

quencies can cause distortion in the scattering parameter. This, in turn, defines the

maximum tuning range of each passband. This filter excites a wideband monopole

antenna with planar structure to filter out independently tunable frequencies from the

wideband spectrum of the antenna. The simulation results have been obtained us-

ing Ansys Electronics Desktop where the equivalent circuit of the MA46H120 varactor

diode (R = 1.6 Ω, L = 0.05 nH and 0.15 pF < Cvar < 1.30 pF) is used. To choke the RF

signal for DC biasing 15 nH inductors with Self Resonance Frequency (SRF) of 3.5 GHz

are used. The results from the simulation and measurement are illustrated in Figs. 7.2

and 7.3. As seen in Figs. 7.2a and 7.2b, by assigning a bias voltage of 0.00 V (1.30 pF) to

Varactor 1, the first band is fixed at 3.3 GHz. In this case, by changing the bias voltage

for Varactor 2 from 3.80 V (0.40 pF) to 18.00 V (0.15 pF), the second band is tuned from

4.30 GHz to 5.60 GHz, corresponding to 26.0% tuning range. Likewise, Figs. 7.3a and
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(a) (b)

(c)

Top Layer Bottom Layer

© 2019 IEEE

Figure 7.1. The proposed design of dual-band tunable bandpass monopole antenna. (a) Top layer.

(b) Bottom Layer. (c) Top and bottom photograph of the fabricated design.
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Figure 7.2. Measured and simulated antenna parameters versus frequency when the bias voltage of

Varactor 1 is 0.00 V (Cvar1 = 1.30 pF) and the bias voltage of Varactor 2 is varying from 3.80 V to

18.00 V (0.15 pF < Cvar2 < 0.40 pF). (a) Reflection coefficient (b) Realized gain.
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Figure 7.3. Measured and simulated antenna parameters versus frequency when the bias voltage of

Varactor 2 is 18.00 V (Cvar2 = 0.15 pF) and the bias voltage of Varactor 1 is varying from 0.00 V

to 3.00 V (0.50 pF < Cvar1 < 1.30 pF). (a) Reflection coefficient (b) Realized gain.

7.3b show that the bias voltage of 18.00 V (0.15 pF) to Varactor 2 yields a fixed pass-

band frequency at 5.60 GHz. By changing the bias voltage for Varactor 1 from 0.00 V

(1.30 pF) to 3.00 V (0.50 pF), the other passband is tuned from 3.3 GHz to 4.2 GHz, cor-

responding to a 24.0% tuning range. The radiation patterns for YOZ and XOY planes

are plotted in Fig. 7.4 for three different frequencies. It is seen that the lightly conical

radiation pattern of the monopole remains unaffected by the integration of the filter to

the input port.

7.3 Dual-band tunable bandstop quasi-Yagi-Uda antenna

The antenna structure along with the fabricated prototype are shown in Fig. 7.5. The

substrate used to fabricate the antenna is a Rogers RO4003C substrate with relative

permittivity of 3.38, loss tangent of 0.0027, and thickness of 0.8128 mm. The zoomed

section of Fig. 7.5b illustrates that the gap G1 in Fig. 7.1 is bridged to provide a di-

rect path from input port of the filter to its output port. This path creates a wideband

response for the filter with a notch frequency which is created by the coupled-line

resonator. There are two shunt stubs adjacent to the bridged gap to improve the band-

stop response. These shunt stubs create a barrier towards adding another bandstop

resonator in parallel to the main transmission line. Hence, two bandstop filters with

tunable frequencies are cascaded to generate dual-band response with independently

tunable frequencies. There are four MA46H120 varactor diodes used in this structure

with the equivalent model of R = 1.6 Ω, L = 0.05 nH and 0.15 pF < Cvar < 1.30 pF in

the simulation results. Also, to choke the RF signal for DC biasing, 15 nH inductors are

used [177]. In the present dual-filter configuration, the cascaded filter stages are not
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Figure 7.4. Solid lines: measured radiation patterns. Dashed lines: simulated radiation pattern for

passband frequencies. (a) YOZ plane at 3.35 GHz. (b) XOY plane at 3.35 GHz. (c) YOZ plane at

4.4 GHz. (d) XOY plane at 4.4 GHz. (e) YOZ plane at 5.6 GHz. (f) XOY plane at 5.6 GHz.

exactly the same and the coupled-line for the second stage is longer than that of the

first stage. This arrangement can help generate two adjacent transmission zeros in the

stopband of the filter when all varactors are biased by the same voltage and the system

is operating on a single-band state.

This filter excites a quasi-Yagi-Uda antenna structure which provides a wideband re-

sponse covering the tuning range of the single/dual-band bandstop filter. The antenna

system design dimensions, including widths and lengths of transmission lines are pro-

vided in Table 7.2. The simulation and measurement results for the single-band case

are illustrated in Fig. 7.6. The notch-band frequency is tuned from 3.3 GHz to 5.40 GHz
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Figure 7.5. The proposed dual-band tunable bandstop antenna structure (a) Top layer and bottom

layer of the simulated antennas. (b) Top layer and bottom layer of the fabricated prototype with

zoomed section showing the position of varactors and inductors.

Table 7.2. Parameters of the tunable dual-band bandstop quasi-Yagi-Uda antenna

param. value param. value param. value

(mm) (mm) (mm)

W1 1.8 W14 1.8 L13 1.4

W2 1.8 L1 16.6 L14 5.5

W3 2.0 L2 13.0 L15 13.1

W4 2.0 L3 6.0 L16 3.3

W5 35.0 L4 14.0 L17 37.0

W6 0.9 L5 12.0 D1 4.8

W7 1.4 L6 120.1 D2 1.0

W8 0.8 L7 5.2 G1 1.4

W9 1.0 L8 0.3 G2 1.9

W10 1.5 L9 3.2 G3 0.5

W11 1.5 L10 43.0 G4 1.0

W12 1.0 L11 12.6

W13 0.8 L12 3.3
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with two adjacent transmission zeros in the stopband. For the dual-notch operation,

as seen in Fig. 7.7, when the bias voltage of Varactor 1 is equal to 1.0 V (1.30 pF), the

first band is fixed at 3.3 GHz. In this case, by changing the bias voltage for Varactor 2

from 4.80 V (0.40 pF) to 19.0 V (0.15 pF), the second notch-band is tuned from 4.40 GHz

to 5.45 GHz. Likewise, based on Fig. 7.8, when the bias voltage of 19.0 V (0.15 pF) is

applied to Varactor 2, a fixed notch-band at 5.45 GHz is generated and by changing the

bias voltage for Varactor 1 from 1.0 V (1.30 pF) to 4.2 V (0.50 pF), the other stopband is

tuned from 3.25 GHz to 4.2 GHz. Out-of-band radiation patterns at 6.5 GHz for E- and

H-plane are plotted in Fig. 7.9. As seen, the radiation pattern of the quasi-Yagi-Uda

antenna remains unaffected by the bandstop filter function.
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Figure 7.6. Measured and simulated frequency response of the antenna when the bias voltage of

all varactors is varying from 19.0 V to 1.0 V (0.15 pF < Cvar2 < 1.30 pF). (a) Reflection coefficient

(b) Realized gain.
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Figure 7.7. Measured and simulated frequency response of the antenna when the bias voltage of

Varactor 1 is 1.0 V (Cvar1 = 1.30 pF) and the bias voltage of Varactor 2 is varying from 19.0 V to

4.8 V (0.15 pF < Cvar2 < 0.40 pF). (a) Reflection coefficient (b) Realized gain.
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Figure 7.8. Measured and simulated frequency response of the antenna when the bias voltage of

Varactor 2 is 19 V (Cvar2 = 0.15 pF) and the bias voltage of Varactor 1 is varying from 4.2 V to

1.0 V (0.50 pF < Cvar1 < 1.30 pF). (a) Reflection coefficient (b) Realized gain.
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Figure 7.9. Measured (solid line) versus simulated (dashed line) radiation pattern 6.5 GHz. (a)

E-plane. (b) H-plane.

7.4 Conclusion

In the first part of this chapter, a design of an independently tunable dual-band band-

pass antenna has been presented and experimentally verified. The antenna integrates

a tunable filter and a printed oval-shaped monopole antenna. The two operating fre-

quencies are controlled by four varactor diodes biased by two independent biasing

voltages. Based on the measurement results, the relative tuning ranges for the lower

band and the higher band are 24.0% and 26.0%, respectively. In the second part of

the chapter, the single-band bandpass filter design has been evolved to a design of

a second-order single-band or independently tunable first-order dual-band bandstop

filter using cascaded filtering structures. The antenna integrates a tunable filter and

a printed quasi-Yagi-Uda antenna. When the antenna is operating on its single-band
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mode, all four varactors are biased by the same voltage. On the other hand, when

the independently tunable dual-band state is activated, the operating frequencies are

adjusted by two independent biasing voltages. The selection of antenna types for the

tunable bandpass and tunable bandstop cases was only for demonstration and other

combinations of planar wideband antennas could be in principle integrated with the

presented filters.
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Chapter 8

Conclusion and Outlook

T
HE research presented in this thesis has been clustered into two

main parts which are pattern diversity antennas with wideband

and ultrawideband responses on the one hand and pattern di-

versity and reconfigurable filtering antennas based on planar microstrip

technology on the other hand. The first section has focused on different

methods to enhance the bandwidth of sum and difference pattern diver-

sity Vivaldi antennas. The general principle was based on a mitigation of

mutual coupling between the antenna elements at lower frequencies while

delaying the appearance of grating lobes at higher frequencies. This sec-

tion has been followed by a description of a wideband microwave feeding

network which is potentially applicable in pattern diversity antennas. The

second part of the thesis has placed emphasis on different strategies for de-

veloping pattern diversity antennas with reconfigurable frequencies as well

as different filtering functions. Multi-state reconfigurable filters have been

integrated with multi-element wideband antennas to achieve the desired

functionalities. This has been followed by a design of a pattern diversity

patch antenna with sum and difference radiation patterns in both E- and

H-plane. This chapter concludes these two major sections of this thesis and

suggests prospective future investigation on related topics.
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8.1 Summary preamble

This chapter provides a summary of the thesis original contributions, which is clus-

tered into two major sections. The fundamental theme is the design of planar pattern

diversity antennas. For future investigations, different research pathways are also sug-

gested based on the research results obtained in this thesis.

8.2 Part I: Multi-element Vivaldi antennas with sum and

difference radiation patterns

This part of the thesis consisting of Chapter 3 and 4 has focused on increasing the

bandwidth and gain of multi-element Vivaldi antennas with sum and difference pat-

tern diversity. To this end, a method to improve the trade-off between the two mutually

exclusive problems of grating lobes at higher frequencies and high mutual coupling at

low frequencies has been proposed.

8.2.1 Summary of original contributions

• As the first contribution presented in Chapter 3, an ultrawideband antipodal Vi-

valdi antenna with sum and difference pattern diversity has been proposed. The

achieved operating bandwidth ranges from 2.3 GHz to 15 GHz, which corre-

sponds to a ratio of 6.5:1. This bandwidth has been obtained through the re-

duction of the highest grating lobe level of −10 dB at 15 GHz by shortening the

distance between each antenna element so that it meets the one wavelength dis-

tance criterion at 15 GHz. The mutual coupling has been reduced effectively by

elongating the middle flare of the double-element antenna. This middle flare ex-

tends into a semicircle dielectric lens, which has been used for gain enhancement

at higher frequencies. To further enhance the antenna performance, a combina-

tion of well-known methods, such as elliptical corrugations on the outer edges

and optimal shaping of inner edges of the antenna has been adopted. An ul-

trawideband commercially available rat-race coupler has been used as a feeding

network for this design. A near ideal beam symmetry has been attained for the

proposed structure based on mirror symmetry of the antenna elements and using

out-of-phase input signal for directive radiation pattern generation [48].

Page 150



Chapter 8 Conclusion and Outlook

• The next contribution presented in Chapter 3 has helped enhance the gain of Vi-

valdi antennas with sum and difference radiation patterns by extending the idea

of bandwidth enhancement to multi-element Vivaldi antennas. A quad-element

antenna with increased proximity between its elements has been proposed in

this chapter to tackle the problem of grating lobes while obtaining a higher gain.

The three middle antenna flares have been elongated into the antenna dielec-

tric lens to reduce the mutual coupling at lower operating frequencies. These

four elements have been fed by two T-junction power dividers creating a dual-

port structure. This structure has been externally fed by a commercially available

wideband rat-race coupler. The antenna can generate sum and difference radi-

ation patterns within the band of 3.9 GHz to 18 GHz, with a sum pattern gain

increasing from 10 dBi at 3.9 GHz up to 16.5 dBi at 18 GHz [49].

• In Chapter 3, another method has been proposed to further enhance the band-

width of double-element Vivaldi antennas with sum and difference pattern di-

versity to the range of 2.6 GHz to 18 GHz. This further bandwidth improvement

has been facilitated by reduction of the mutual coupling level at lower frequen-

cies of operation. It has been demonstrated that besides elongating the internal

flare for double-element antennas, putting two vertical metal slabs between the

elements can be an effective method for further isolation improvement. Through

this isolation improvement method, the antenna elements can be arranged closer

to one another, thereby delaying the grating lobe appearance at higher frequen-

cies. Hence, the bandwidth can be extended [50].

• As a potential replacement for the external and expensive wideband coupler used

to excite the multi-element Vivaldi antennas with sum and difference radiation

patterns, a power divider structure has been presented in Chapter 4 which pro-

vides unequal power division at its output ports while covering a wideband re-

sponse. This structure has been proposed based on the double-sided parallel-

strip lines technology with an inserted conductor as a virtual ground. The wide-

band performance has been achieved based on optimizing an analytical design

of a power divider with perfect matching at its port and ideal isolation between

the output ports. The optimization has enhanced the overall band of operation

by sacrificing the perfect isolation and return loss at the main frequency, which

was achieved by modifying the impedance of only two transmission lines. The

need for such optimization for each design iteration of the power divider has
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been obviated using a third-order approximation based on the least squares fit-

ting method. This design has been experimentally validated by developing a

circuit with 25:1 power division ratio and 80% operational bandwidth referring

to 15 dB return loss and isolation. Also, the other performance metrics, such

as 0.8 dB amplitude deviation from the specified power division ratio and the

phase difference between the output ports of 180±5◦ based on experimental re-

sults have demonstrated that this design can potentially be a good candidate as

pattern diversity antenna feeding network [51].

• The concept of active scattering parameters for multi-port antennas has been ex-

plained in the Appendix A with the emphasis on how using scattering parame-

ters in lieu of active scattering parameters can lead to incorrect result interpreta-

tion for a multi-port antenna [52].

8.2.2 Future work

The pattern diversity antennas with ultrawideband responses presented in the first

part of this thesis could be further improved to enhance their applicability in specific

situations.

The first shortcoming is a linear polarization of these antennas. As circularly polar-

ized pattern diversity antennas [6, 178] mitigate the effect of polarization mismatch in

transceivers, development of pattern diversity antennas with ultrawideband and cir-

cular polarization or dual linear polarization is of vital importance that can be deemed

as a possible future path of investigation for this topic.

The second shortcoming deals with the ability to generate sum and difference radiation

patterns over the ultrawideband frequency range only on the E-plane of the antenna

while for broader angular coverage, E- and H-plane pattern diversity is required. This

can be acheived through perpendicular arrangement of two ultrawideband pattern

diversity Vivaldi antennas. However, feeding network for this antenna arrangement

will be quite bulky and expensive. Hence, a future investigation about the possible

inexpensive and compact solutions is needed.

The third shortcoming is the bulky structure of the pattern diversity Vivaldi antennas

we have proposed thus far. This necessitates further investigation about miniaturiza-

tion of the feeding network while maintaining an ultrawideband response, as well as
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development of more compact radiating elements featuring ultrawideband response

and directive radiation patterns.

Last but not least, with the emergence of millimeter wave and terahertz applications

in modern wireless communications, the need for ultrawideband pattern diversity an-

tennas working in these regimes becomes highly desirable. Hence, designing pattern

diversity antennas working at millimeter wave or terahertz frequencies, with high-

performance fundamental building blocks for pattern diversity antennas at higher fre-

quencies [179, 180] can be another possible future investigation.

8.3 Part II: Reconfigurable antennas filter integration

This part of the thesis has focused on extracting unique responses for antennas based

on the integration of several modules with different functionalities as presented in

Chapters 5 to 7.

8.3.1 Summary of original contributions

• While the designs in Chapters 3 and 4 have emphasized on the bandwidth im-

provement of pattern diversity antennas, Chapter 5 has paid a particular atten-

tion to different states of reconfigurability for pattern diversity antennas. To

this end, several modules have been integrated in an antenna system includ-

ing a double-element E-plane quasi Yagi-Uda antenna, two tunable bandpass-

to-bandstop filters, and a commercially available rat-race coupler. The double-

element antenna has been designed to cover a wideband frequency range which

is exploited for the overall tunable bandpass-to-bandstop filtering response. Tun-

able bandpass-to-bandstop filters have been developed using embedded PIN and

varactor diodes in their structures. The PIN diodes have fulfilled the switching

function between bandpass and bandstop states. The varactors have enabled the

continuous frequency tuning function with tuning ranges reaching 50% for the

bandpass state and 50.4% for the bandstop state. As the feeding module, an ex-

ternal coupler with wideband response has been utilized for sum and difference

pattern diversity [53].

• Even though the tunable bandpass-to-bandstop filtering function in Chapter 5

is an attractive module for cognitive radio systems, a wideband operation state
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for spectrum sensing has been missing in this particular design. Furthermore,

the use of an external input coupler as a feeding network for sum and difference

pattern generation was an inevitable requirement. These problems have sparked

the motivation behind the antenna design presented in Chapter 6, where all three

states of wideband, tunable bandpass, and tunable bandstop have been realized

with sum and difference pattern switching in lieu of coupler-fed pattern diversity

function. Hence, three different modules have been proposed and integrated for

this purpose. The first module has been a triple-element quasi-Yagi-Uda antenna

with a feeding arrangement which provides an in-built frequency independent

phase inversion mechanism obviating the need for any external coupler. The

second module which enables sum and difference pattern reconfigurability has

been a triple-output and switchable power divider. The last module has been a

filter which switches between three different states of allpass, tunable bandpass,

and tunable bandstop with PIN diodes and varactors embedded in its structure.

Based on the integration and experimental validation of these three modules,

it has been demonstrated that this design can successfully implement sum and

difference patterns over a 79.8% fractional bandwidth for the wideband state of

operation, 51.3% tuning range for the bandpass state and 50.3% tuning range for

the bandstop state [53].

• Another design presented in Chapter 6 has extended the idea of pattern diver-

sity to two antenna planes, namely E- and H-plane. The requirement for broader

angular space coverage and mitigation of multipath fading problem in modern

communication systems has prompted the design of such pattern diversity an-

tenna structure. To this end, a planar microstrip patch antenna with switchable

E-plane sum and difference patterns has been proposed. The integration of ten

PIN diodes in the patch antenna structure has facilitated this operation by selec-

tively exciting two fundamental modes of TM01 and TM02 of the patch antenna.

This design has then been extended to a double-element configuration along the

H-plane with a rat-race coupler as a feeding network. As a result, a pattern diver-

sity function along both E- and H-plane has been obtained [55], a performance

which conventionally requires at least four antenna elements with three rat-race

couplers as feeding networks.

• In Chapter 7, a dual-band independently tunable antenna has been designed

which is potentially useful in applications such as carrier aggregation where one
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primary fixed and one secondary tunable frequency response are required for

higher throughput. The presented design has been proposed based on the inte-

gration of two different modules. The first module has been a wideband planar

disc monopole antenna which has solely been used for demonstration and can be

replaced by any other types of wideband and planar antennas. The second mod-

ule has been a filter design with two independently tunable frequencies. The

filter structure has been proposed based on the premise of the the tunable band-

pass filter presented in Chapter 5. The two operating frequencies of the proposed

dual-band filter have been shown to be continuously and independently tunable

using four varactor diodes biased by two different and independent biasing volt-

ages. Based on the integration of the filter and antenna, it has been observed

and experimentally validated that the monopolar pattern of the whole antenna

system remains intact at two independently tunable operating frequencies [56].

• Another design presented in Chapter 7 has investigated dual-band independently

tunable and second-order single-band bandstop antennas based on antenna and

filter integration. Such antennas are potentially applicable in cognitive radio

and interference rejection systems. A quasi-Yagi-Uda antenna with a wideband

performance has been adopted as the antenna module which covers the tun-

able dual-band bandstop tuning range. The independently tunable bandstop fil-

ter structure has been proposed based on cascading two tunable bandstop filter

structures, similar as introduced in Chapter 5. Through this arrangement of the

bandstop filters, the system can be used as a single-band tunable bandstop fil-

ter with second order response. The filter and antenna have been integrated to

generate a bandstop antenna with a single second-order tuning notch frequency

or a dual-band bandstop response with independently tunable frequencies. The

design principle has been verified through measurement on a prototype, demon-

strating the expected directive radiation pattern at the passband frequencies [57].

8.3.2 Future work

Several aspects of the reconfigurable antenna systems based on different design mod-

ules can be further investigated in future studies.

Firstly, the reconfigurable antenna systems proposed in this thesis suffered from a rel-

atively high loss level at their lower operating frequencies mainly due to the quality
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factors of the varactors and PIN diodes embedded in the structure. Hence, an empha-

sis can be put on using tuning elements with less loss or on developing structures with

less susceptibility to the loss generated by these tuning elements.

Secondly, for the structure proposed in Chapter 6, the bandpass and bandstop tuning

ranges are not covering the whole wideband spectrum of the antenna. This may limit

the application of such antennas when the cognitive radio system, in its sensing state,

detects an unused frequency band which is beyond the tuning range of bandpass or

bandstop state. Hence, increasing the tuning range of the bandpass and bandstop

filters can be explored in the future.

Thirdly, in Chapter 6 the beam symmetry of the sum and difference pattern-reconfigurable

antenna systems has been sacrificed for other appealing functionalities. This is due to

the use of three antenna elements as the radiating module. A possible future inves-

tigation can be a design of a pattern-reconfigurable antenna system with more beam

symmetry in its radiation pattern.

Last but not least, the filters presented in Chapter 5 and Chapter 6 could benefit from

increased selectivity in their bandstop states, since they have only weak poles in their

passband. This will prompt the necessity for a future investigation of a filter design

with multi-state reconfigurability and higher selectivity in its bandstop state.

8.4 Concluding statement

The research presented in this thesis has put an emphasis on the design, fabrication,

and integration of several modules for ultrawideband and reconfigurable pattern di-

versity antennas. Different modules have been proposed including multi-element ul-

trawideband or wideband antennas, multi-state reconfigurable filters, switchable power

dividers, switchable antennas, and wideband feeding networks. The main objective of

this thesis has been to develop antenna systems with unique functionalities based on

the integration of several modules each of which has a specific and novel characteris-

tic. The successful and efficient realization of such antenna systems paves the way for

development of future antenna systems with unique performance.
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Appendix A

On the Importance of
Active S-parameters for

Multi-Port Antennas

T
HIS appendix investigates a misconception about antenna mu-

tual coupling and its negative consequences on the interpretation

of antenna results. This appendix also delves into the definition of

Active S-parameters as utilized in several chapters through this thesis. To

demonstrate the misconception and its adverse consequences on the result

interpretation, the appendix specifically comments on an article recently

published in the literature. To support the discussion and illustrate the mis-

conception, an antenna prototype is fabricated and measured.
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A.1 Introduction

As demonstrated in Chapter 3, the isolation between two antenna elements is of vi-

tal importance as it defines the amount of power loss and the operating bandwidth of

multi-element antennas. When the level of mutual coupling between the antenna ele-

ments is high, the power will be coupled to the other ports rather then being radiated,

and the functionality may be changed to a filtering function [181, 182].

In this appendix, a double-port microstrip patch antenna claimed to posses a broad-

band response with sum and difference radiation patterns is critically evaluated. It is

demonstrated that the performance measures are misinterpreted, and that this miscon-

ception stems from neglecting the high level of mutual coupling between the antennas

and considering the antenna gain instead of the antenna realized gain. These consid-

erations are also to be published as comment on [183] in the Transactions on Antennas

and Propagation [52].

A.2 Results and Discussions

In this appendix, some missing fundamental simulation and measurement results af-

fecting the practical performance of the antenna presented in [183] are studied, as il-

lustration of the importance of the concept of active S-parameters. In order to properly

demonstrate the practical consequences of these omissions, we provide simulation re-

sults as well as experimental validation using a prototype with the exact dimensions

as in [183], fed with an ultra-wideband coupler [109] as shown in Fig. A.1. The au-

thors of [183] have claimed 68% fractional bandwidth for a multi-port antenna based

only on a single-port input reflection coefficient (S11). Unfortunately, the mutual cou-

pling between the antenna ports (S21) is not shown in their article. We have performed

corresponding simulations using Ansys HFSS and found that the missing coupling co-

efficient between the elements within the band of interest has a magnitude close to 0 dB

which is validated by the experimental results, as illustrated in Fig. A.2a. This suggests

that the proposed design is operating as a wideband bandpass filter in lieu of a radi-

ating element. The clear misunderstanding in the scattering performance arises from

the fact that for dual-port antennas fed by in-phase and out-of-phase inputs, the active

scattering parameters are of fundamental importance. Active scattering parameters for

dual-port devices are defined as the combinations of S11 and S21 (some references such

as [184, 185] use differential and common mode scattering parameters or Sdd and Scc).
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They determine the overall scattering performance when a feeding network is con-

nected to a multi-port antenna. For instance, [186] ([ [183], Ref. 20]) and also [184, 185]

aimed at reducing Sdd11 to below −10 dB for the differential S-parameter. They use the

correct definition of Sdd11 as given below (equation (8) in [186]).

Sdd11 =
S11 − S12 − S21 + S22

2
. (A.1)

Also, in [11] Scc11 and Sdd11 are used to evaluate the S-parameters of a dual-port system

with sum and difference radiation patterns. The definition of Scc11 is given as below

according to [187, 188]

Scc11 =
S11 + S12 + S21 + S22

2
. (A.2)

Moreover, [10, 48] have used the Active S11 as the fundamental scattering parameters.

In these cases, the formula used for Active S11 correspond to (A.1) when the input ex-

citations are equal in amplitude and out-of-phase. Similarly, they correspond to (A.2)

when the inputs are equal in amplitude and in-phase. On that basis, Fig. A.2b illus-

trates the missing active scattering parameters for the antenna in [183] under in-phase

and out-of-phase excitations. The measured results at the Σ and ∆ input ports of the

coupler validate the high level of reflection for this structure when fed by a 180◦ hybrid

coupler [109].

(a)

© 2019 IEEE

(b)

Figure A.1. Photograph of the fabricated antenna with all the specified dimensions equal to those

in [183]. (a) Top layer. (b) Antenna connected to the commercial hybrid coupler.

On the premise of the partial interpretation of scattering parameters, the authors of

[183] have calculated and featured plots of the gain of the antenna versus frequency,

as opposed to the realized gain of the antenna versus frequency. By definition, the gain

of the antenna does not take the mismatch loss into account, whereas the realized gain
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(a) (b)

Figure A.2. Scattering parameters of the antenna. (a) S11 which is shown in [183] and missing

S21. (b) Missing Active S11 for both in-phase and out-of-phase inputs. (The claimed bandwidth is

indicated as the gray region)

(a) (b)

Figure A.3. Variation of the maximum gain and maximum realized gain versus the frequency. (a)

TM01 mode. (b) TM02 mode. (The claimed bandwidth is indicated as the gray region)

considers all mismatch losses. In fact, the realized gain corresponds to the gain directly

measured in practice. This is why all aforementioned references apart from [183] are

using realized gain as their radiation performance metrics. The difference between the

maximum realized gain and maximum gain versus frequency is shown in Fig. A.3.

It is also seen in Fig. A.3 that the measured values correlate well with the simulated

realized gain. Evidently, the peak realized gain value is below 0 dB for both TM01 and

TM02 modes of operation.

Figure A.4 further illustrates the issue by representing the gain pattern for the antenna

in [183] compared to the realized gain, for both sum and difference patterns. There

is a remarkable difference between the gain obtained without the mismatch loss and

the realized gain taking into account the mismatch loss for the sum and difference

excitation modes. This is also demonstrated by the measured results of the antenna.

The measurement results agree well with the simulated realized gain patterns.
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Figure A.4. Difference between the realized gain not shown in [183] and the gain shown in Fig. 11

of [183] at 3.5 GHz. (a) Sum radiation pattern φ = 0◦. (b) Difference radiation pattern φ = 0◦.

A.3 Conclusion

It has been demonstrated in this appendix that ignoring active scattering parameters

and mutual coupling between the antennas can lead to an incorrect interpretation of

the obtained results for dual-input antennas with pattern diversity. Based on the con-

siderations, we have concluded that most of the input power for the antenna in [183]

is transmitted to the second port, rather than being radiated. As such, the proposed

structure performs like a wideband bandpass filter. Similarly, if the device is fed in

common or differential mode, most of the input power is reflected.
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