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Abstract

P
HASED array antennas are important for advanced wireless communica-

tions, providing high directivity and beam steering capabilities. However,

conventional phased arrays are expensive, bulky, heavy and power-hungry

due to their complex architecture and electronic controls. For systems demanding low

cost, light weight, compact size, and low power consumption, reconfigurable antenna

arrays can be a practical alternative to traditional phased arrays. Electronically con-

trolled reconfigurable antennas offer the ability to adjust their operating frequency,

radiation pattern, polarization, or any combinations of these aspects by using tun-

able electronic components such as PIN diodes, switches, varactors and/or micro-

electromechanical systems (MEMS). One way to realize reconfigurable antenna array

is to start by designing a reconfigurable feeding network and then co-designing corre-

sponding antenna elements, before combining these two structures to form the whole

array based on the system requirements. However, when designing low-cost and com-

pact reconfigurable antenna arrays, several critical aspects should be taken into con-

sideration. Firstly, the reconfigurable feeding network may result in a large number

of components and a complex structure, leading to a higher insertion loss and a pos-

sible degradation in antenna performance through reduced efficiency. Secondly, if the

feeding network is not designed properly, integrating it into the system can lead to a

high demand in space, consequently enlarging the overall size, manufacture complex-

ity and cost.

In this context, compact, seamlessly-integrable, low-power, low-cost and tunable mi-

crowave components are needed to build reconfigurable feeding networks. Through

using these feeding networks, low-cost and compact reconfigurable antenna arrays can

be realized as alternatives to conventional phased arrays. Varactor-based phase shifters

to control the signal phase, reconfigurable attenuators to control the signal magnitude

and reconfigurable diplexers to control the signal frequency are essential components

to construct these so-called reconfigurable feeding networks. This is in line with the

goal of this thesis, which comprises three coherent objectives. Firstly, the dissertation

presents a concept of low-cost varactor-based phase shifters, which are operating in

differential mode. A phase shifter pair based on this concept is able to supply full-

360◦ phase difference tuning range between its two output ports. The devices can be
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Abstract

directly integrated with 50 Ω feed transmission lines, which results in a compact, low-

cost and lightweight design of the feeding network and saves space which would be

required by conventional phase shifter blocks. Based on such differential phase shifter

pairs, a 1×4 linear dielectric resonator antenna array is designed, which is excited by

a feeding network comprising 3 phase shifter pairs to control the array scanning sum-

pattern continuously from -45◦ to 45◦ and the null of a difference pattern from -30◦

to 30◦. A dedicated procedure for accurately calibrating these beam-steerable anten-

nas is also proposed, aiming to provide a general approach to enhance the perfor-

mance of the reconfigurable feeding network. Secondly, a tunable transmission-type

attenuator with easily-extendable and tunable attenuation level, small initial insertion

loss, and satisfactorily low reflection coefficient is presented, which is integrated onto

a 50 Ω microstrip transmission lines with several side-loaded shorted-end varactor-

based stubs. This arrangement allows a compact and low-loss structure, as well as

seamless integration with planar transmission lines in microwave circuits, which also

makes them suitable for applications with limited real estate. It is proven that a 3-stub

attenuator can offer tunable attenuation from 1.0 to 13.5 dB with reflection coefficient

lower than -11.4 dB, and that by cascading them a larger attenuation range can be ob-

tained. Thirdly, a frequency-switchable varactor-based diplexer concept is proposed

for a low-cost and compact pattern- and frequency-switchable microstrip antenna ar-

ray. This diplexer concept, which represents an extension in functionality of the differ-

ential phase shifter pair, is able to supply different responses to different frequencies in

a wide-band range, instead of utilizing the phase difference performance in a narrow

operation band. Seamless integration with the feeding network enables a dual-band

antenna pair to become a pattern- and frequency-switchable array with unique func-

tionality.

All the results presented in this thesis are derived from varactor-based microwave com-

ponents that offer a range of benefits, including low cost, lightweight construction, low

power consumption, and a seamless integration topology. All these proposed recon-

figurable devices allow construction of reconfigurable feeding networks with phase

and magnitude tuning abilities, as well as frequency reconfigurability. This means that

antenna arrays fed by this type of feeding networks can achieve versatile and com-

petitive reconfigurability in their radiation performance, while maintaining a compact

size, low weight, low power consumption and affordability.
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Chapter 1

Introduction

I
N this introduction, a brief overview is provided on reconfigurable

antennas that rely on electronic tuning components. Additionally,

the significance and difficulties related to designing such reconfig-

urable microwave devices are discussed. The chapter outlines the aims and

motivations behind the thesis, emphasizing the unique novel contributions

made in this dissertation. The conclusion of the chapter details the struc-

tural arrangement of the thesis.
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1.1 Introduction and Motivation

1.1 Introduction and Motivation

P
LANAR reconfigurable antenna systems have gathered significant atten-

tion in recent years due to the rapid growth of modern wireless communica-

tions systems [1, 2]. These antennas offer the capability to adjust their char-

acteristics in terms of resonance frequency [3], radiation pattern [4], polarization [5],

or any combinations of these three [6–8], which enables multi-functionality in a sin-

gle antenna or array. Beside the multi-functionality, low cost, low weight and low

power consumption are also essential requirements for reconfigurable antenna array in

modern communications systems. Reconfigurability in antennas can be implemented

using different techniques [9], such as electrical [10, 11], optical [12, 13], and physi-

cal actuation [14, 15], or with smart materials [16–18]. The most commonly employed

technique for reconfiguration is electrical reconfiguration, which involves utilizing ac-

tive components like PIN diodes [19, 20], varactors [21, 22], and RF-MEMS (Micro-

Electromechanical Systems) switches [23,24]. These components provide effective me-

ans of satisfying the aforementioned requirements.

To design antennas exhibiting the aforementioned characteristics, there has been a sig-

nificant interest in developing planar microwave devices that utilize tunable devices

such as phase shifters [25,26], attenuators [27,28], and diplexers [29], which could be in-

tegrated into a planar antenna or array to practically realize reconfigurability. This has

led to the creation of numerous novel devices with suitable properties in microwave

technology. Regarding phase shifters, characteristics such as a large phase tuning span,

low insertion loss level, compact size, and/or simple control circuit are highly desired.

For attenuators, required characteristics include a large adjustable attenuation range,

minimized loss, satisfactory impedance match, and/or a compact structure. As for

diplexers, it is a common practice to combine two filters operating at different fre-

quencies with good impedance matching and high inter-port isolation. Due to the

challenges of achieving concurrent satisfaction of these desired properties for reconfig-

urable microwave devices, dedicated and coherent device topologies, design strategies

and microwave engineering technologies for the fabrication, connections and integra-

tion into antenna systems are critical. Consequently, research on these particular as-

pects of novel microwave devices is of significant interest for reconfigurable antenna

system designs.
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Chapter 1 Introduction

This dissertation investigates the design, fabrication and system integration of tun-

able microwave devices, such as phase shifters, attenuators and diplexers, for recon-

figurable antenna systems with emphasis placed on achieving low cost, compact size,

easy-integration, low power consumption, and unique multi-functional capabilities.

1.2 Objectives of the Thesis

There are four main objectives of the thesis which are described in details in the fol-

lowing.

1. Development of full-360◦, compact size, low-cost, low insertion loss phase

shifters with seamless integration to planar transmission lines

Compared to PIN-diode and RF MEMS switches, varactors offer the advantage

of small current flow and continuous tuning characteristics, making them a valu-

able foundation for achieving low power consumption in phase shifters. Al-

though varactor-based phase shifters with large phase tuning span, small inser-

tion loss, compact structure, and simple control circuits are major design objec-

tives in engineering research, achieving all of these merits in a single design re-

mains an ongoing challenge, that has not to be fully addressed. Most designs

have only covered a subset of these desirable characteristics. For instance, an

amplitude-variable phase shifter utilizing 13 varactors controlled by 13 voltages

was proposed in [30], which achieved a phase shift of full-360◦ but with a rela-

tively high insertion loss of 5.27 dB. In contrast, a phase shifter based on nonuni-

form transmission lines comprising only 3 end-shorted varactors was proposed

in [31], which exhibited a small insertion loss of less than 1.3 dB but only a lim-

ited phase tuning range of 90◦. These examples illustrate that the most critical

challenge for this type of phase shifters is to achieve a maximum phase shift with

compact and simple structures, while maintaining a low insertion loss level. To

address this challenge, this dissertation aims to develop a brand new topology,

along with its equivalent circuit model, that can simultaneously achieve these

characteristics. The proposed approaches include a novel differential topology,

designed using fast optimization algorithms based on equivalent circuit models,

which result in a compact and low-cost phase shifter that delivers full-360◦ tun-

ing span and low insertion loss.
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2. Development of a pattern reconfigurable antenna array fed by a single port

feeding network with seamless integration of varactor-based phase shifters

A component-based planar pattern-reconfigurable antenna array is proposed,

whose performance is directly determined by the performance of the phase shifter

units that provide phase control. Due to the challenges in simultaneously achiev-

ing the expected performance measures mentioned before, the characteristics of

the array antenna driven by varactor-based phase shifter units will also have lim-

itations, such as a constrained scanning angular range or a relative large size. For

instance, a 1 × 4 dielectric resonator antenna (DRA) array conceptualized in [32]

and based on four continuously tunable phase shifters, could continuously scan

within an angular range of ±30◦. The phase shifter utilized 11 Barium strontium

titanate (BST) Metal-Insulator-Metal varactors to reach a phase shifting span of

260◦ with maximum bias voltages up to 50 V and an insertion loss 5.9 dB. In [33],

another 1 × 4 substrate-integrated waveguide (SIW) phased array realized con-

tinuous scanning from -45◦ to 45◦ by employing reflective type phase shifters

with smooth phase agility. Each phase shifter was based on only 2 varactors and

produced a 290◦ continuously tunable phase shift with an insertion loss below

3.5 dB, but with a separate size of 1.24 × 0.46λ0, which means that an extra space

with a length of 1.24λ0 was required for the phase shifters to be added in front

of the radiating elements. However, both large-angle scanning and miniaturiza-

tion of the structure are important advantages of planar reconfigurable antenna

arrays, and the lack of either will limit the application. Therefore, based on our

aforementioned phase shifter design, it is possible to directly integrate the phase

shifters on the 50 Ω transmission line of the feeding network, enabling large-

angle scanning of the antenna array without significant additional space require-

ment. Meanwhile, a full-360◦ phase tuning range and small insertion loss allows

the excited antenna array to scan in a relatively wide angular space. It is noted

that, as a standard step for any phased array operation, a dedicated calibration

method designed for this type of phase shifter has been developed in this disser-

tation, enabling precise beam control for the reconfigurable array.
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3. Development of compact size, low cost, low insertion loss reconfigurable at-

tenuators series

Variable attenuators are essential components in RF and millimeter-wave appli-

cations, such as wireless communications and radar systems [34], where ampli-

tude control is necessary for various purposes, including signal calibration and

beam tapering. These attenuators typically have several specifications to sat-

isfy, including attenuation range, tuning resolution, bandwidth, insertion loss,

and amplitude/phase errors. In addition, they are required to consume low DC-

power and have a small chip-area requirement, which is especially relevant when

used in large-scale phased-array systems. For attenuators realized in planar tech-

nologies, there are two major categories found in the literature, namely of reflec-

tion and transmission types. While reflection-type attenuators are realized on

multi-port devices [35, 36], transmission-type attenuators allow the wave to pass

through a transmission line, reducing signal amplitude in the process. However,

limited attenuation range, high return loss and high insertion loss (defined as

minimal possible attenuation level) are typical drawbacks of transmission-type

variable attenuators [37]. To address these challenges, researchers have invested

significant efforts in exploring novel materials, such as graphene, to exploit its

tunable resistance under voltage control. Large attenuation levels could be ob-

tained, but they were generally affected by high insertion and/or return losses.

In addition, they mainly required external control through bias-tees, and were

based on non-standard fabrication techniques and materials, which are still not

mature enough before they can be applied in engineering design. Aiming to find

a better solution, the third objective of this dissertation is to explore a varactor-

based transmission-type tunable attenuator that combines advantageous charac-

teristics such as large attenuation range, small minimum insertion loss, minimal

phase shift, and low return loss while being based on a simple and compact pla-

nar structure with embedded DC-control circuit.

4. Development of a pattern- and frequency-switchable microstrip antenna array

using a frequency-switchable varactor-based diplexer

Diplexers are widely used in microwave circuits and systems as three-port de-

vices that split input signals from a common input port into two channels with

different operating frequencies [38]. They are a key component in many commu-

nications systems, allowing a single antenna to transmit and receive on different
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frequencies simultaneously. Most commonly, a diplexer is realized by combining

two or more dedicated filter branches to select the corresponding working fre-

quency or band. Recent studies have employed various approaches for the high

quality filters design, such as hairpin resonators [39], stepped-impedance res-

onators [40] [41], and square ring resonators [42], to satisfy the requirements in

a diplexer application. Nevertheless, once these filter branches are designed, the

operational frequency becomes fixed and cannot be altered thereafter. On another

hand, pattern- or frequency- switchable antennas have been developed with the

ability to vary their radiation patterns or operation frequency by using electronic

components, including PIN diodes [43], varactors [44] [45] and RF MEMS [46].

In microwave systems, the inclusion of additional or complex structures can lead

to increased loss and cost. To address this issue, a desired solution is the devel-

opment of a compact and cost-effective tunable circuit that offers multiple func-

tionalities within a single design [47]. In line with this design consideration, a

significant potential for improvement lies in combining diplexer and antenna to

obtain multi-reconfigurability based on a single and simple reconfigurable feed-

ing network. This integration enables the antenna system to operate in multiple

states, presenting a valuable advancement in antenna technology. Particularly in

planar microwave systems, this approach reduces the requirement for extra com-

ponents while ensuring efficient performance. To explore an enhanced solution,

this dissertation focuses on a two-element pattern-reconfigurable antenna array

that utilizes a varactor-based diplexer. This configuration enables the antenna to

achieve three operation modes in two frequency bands, with bidirectional or two

swappable directional radiation patterns.

1.3 Thesis Structure and the Original Contributions

This dissertation presents several original contributions to the field of reconfigurable,

varactor-based microwave components for low-cost antenna array design. The con-

tributions can be generally categorized into four major parts. The first part of the

thesis introduces a low-cost, compact varactor-based phase shifter with a differen-

tial phase tuning range of 360◦, which is used to control phase in feeding networks.

The second part of the thesis focuses on the application of these phase shifters for

beam-steerable antenna arrays. The third part discusses the design of a varactor-based
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transmission-type attenuator that is low-cost, compact, and has an adjustable attenu-

ation level, which is used to manipulate magnitude in feeding networks. Finally, the

last part investigates the designs of frequency-switchable varactor-based diplexers that

present a multiple functionality for designing reconfigurable antennas. A frequency-

and pattern-reconfigurable antenna based on the diplexer is designed to validate the

concept.

Based on the four major contributions, the thesis outline is illustrated in Fig. 1.1. This

thesis starts with introduction and literature review in the first two chapters and ends

up with a concluding discussion in the last chapter. The main chapters in between

focus on the original contributions of the thesis, as described in detail in the following.

Figure 1.1. Thesis outline. The thesis comprises 9 chapters where the first two chapters are

dedicated to the introduction and literature review and the last chapter concludes the dissertation.

The chapters in between include the main contributions of the thesis.
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Chapters 1 & 2 provide the necessary context and background information required

for the rest of the thesis. The second chapter contains a review of microwave

devices including phase shifters, attenuators and diplexers.

Chapter 3 describes the original contributions of a low-cost, compact varactor-based

phase shifter pair, which operates in differential mode and provides a large rela-

tive phase tuning range with low insertion loss. The phase shifter pair’s design

incorporates a novel differential concept and a compact topology, which not only

simplifies the design process but also improves the system’s overall performance.

The original contributions in Chapter 3 are listed as following.

1) A novel concept of varactor-based phase shifter pair operating in differential

mode is presented. The phase shifter pair contains two branches with iden-

tical basic phase-tuning units which consists of a microstrip transmission

line segment loaded with several shunt shorted-stub-terminated varactors.

The differential phase shifter pair can achieve a nearly full 360◦ phase shift,

which allows a low-loss and simple structure. An accurate equivalent cir-

cuit model for this phase shifter unit is developed to optimize the structure

with a genetic algorithm (GA). A pair of phase-tuning units, each including

three stub-loaded varactors, is identified as a processing solution to produce

a continuously tunable phase difference nearly covering 0◦ to 360◦. This de-

sign has been published in the flagship journal of the IEEE Antennas and

Propagation Society, the IEEE Transactions on Antennas and Propagation, with

the title “Varactor-based Phase Shifters Operating in Differential Pairs for

Beam-steerable Antennas ” [48].

2) An improved phase shifter is designed utilizing the same equivalent circuit

model. The enhanced design is realized on a substrate with lower permit-

tivity, which eases of fabrication. It realizes a complete 360◦ continuous rela-

tive phase tuning with small insertion loss, which makes this design highly

competitive. The outcomes of this enhanced design were presented at the

5th Australian Microwave Symposium (AMS) in 2023 under the title “Varactor-

Based 360◦ Differential Phase Shifter Pair” [49].

Chapters 4 & 5 are dedicated to the original contributions of the pattern reconfigurable

antenna array implementations. Chapter 4 outlines a four-element linear pattern

reconfigurable antenna array excited by a feeding network, which contains three
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phase shifter pairs described in [48] in differential mode. Due to the seamless in-

tegration of the phase shifter to a 50 Ω transmission line of the feed network, the

beam control network structure is significantly simplified. Additionally, Chap-

ter 5 presents a dedicated calibration procedure for this type of phase shifter

pairs to ensure precise phase and amplitude distributions in accordance with

specific requirements. As a result, the pattern reconfigurable antenna is capa-

ble of producing accurately steerable sum patterns and null patterns. There are

four contributions in Chapter 4 and Chapter 5, which are listed below.

1) A 3D-printed DRA exhibits low cross-polarization is introduced as element

for this array. To enhance polarization purity, an optimized T-shaped feed-

ing structure is utilized instead of the conventional probe excitation. The

T-shaped feeding structure effectively reduces the cross-polarization level,

resulting in the highest cross-polarized components being around -15 dB

over the entire operational bandwidth from 4.75 to 5.25 GHz. The design’s

outcomes were presented at the 2022 International Symposium on Antennas

and Propagation (ISAP) under the title of “A 3D-Printed Hybrid Dielectric

Resonator Antenna with Low Cross-Polarization ” [50].

2) A 1 × 4 linear DRA array that utilizes the proposed differential phase shifter

pairs fed by a single port network is designed. The differential phase shifter

pair can be directly integrated onto a host transmission line building a cor-

porate feed, resulting in a compact phased feeding network structure. The

array enables simultaneous pattern and frequency reconfigurability. Mea-

sured results indicate that the array can accurately scan its beam from -45◦

to 45◦ continuously. This design has been published in the IEEE Transactions

on Antennas and Propagation, the flagship journal of the IEEE Antennas and

Propagation Society, under the title of “Varactor-based Phase Shifters Operat-

ing in Differential Pairs for Beam-steerable Antennas ” [48].

3) An accurate calibration procedure for a single-feed beam-steerable antenna

controlled by varactor-based phase shifters operating in differential pairs is

presented. The calibration process is based on the performance curve of each

phase shifter, which is measured at dedicated sampling points on the cir-

cuit. A fast selection algorithm is used to determine the control voltages for

all differential phase shifter pairs based on the required phase differences.

The final control voltages for a particular beam configuration are validated
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and fine-tuned on-board at the sampling points. The accurate null-scanning

from -30◦ to 30◦ demonstrates the effectiveness of this procedure. The out-

comes of this research were showcased at the 17th European Conference on

Antennas and Propagation (EuCAP) in the convened session CS17: Emerging

Beam-Steering Antenna Solutions for Satellite and Terrestrial Communications in-

cluding 5G+, under the title “Calibrated Design of Beam-Steerable Antennas

Fed by Varactor-Based Phase Shifters” [51].

4) A pattern optimization technique for the beam-steerable DRA array has

been developed as the last and necessary step in the dedicated calibration

procedure. By considering the four elements as two sub-group, the phase

compensations can be evaluated for the three pairs of phase shifters in the

two-stage feeding network. Unexpected pattern distortions caused by ma-

terial and fabrication tolerances after the feeding network are identified and

corrected. The calibration procedure is then completed with these correc-

tions incorporated into all parts of the whole antenna array. The findings

of this study were presented at the 8th IEEE RADIO International Conference

under the title “Pattern Optimization of Beam-Reconfigurable Antenna Fed

by Varactor-based Phase Shifters ” [52].

Chapter 6 presents a series of transmission-type tunable attenuators. Based on the lit-

erature review of transmission-type attenuators, designing a tunable attenuator

in transmission mode poses a challenge, which consists in achieving combined

advantageous characteristics such as large attenuation range, small minimum in-

sertion loss, minimal phase shift, and low return loss, while being based on a

simple and compact planar structure with embedded dc-control circuit. To solve

this challenge, a novel transmission-type attenuator topology is proposed and

the original contribution is shown below.

1) A tunable transmission-type attenuator is presented which consists in a 50 Ω

host microstrip line with a series of side-loaded shorted-end varactor-based

stubs. The shorted-end stubs are loaded with varactors, capacitors and re-

sistors. These elements are added on one side of the host line without line

interruption, which allows a compact and low-loss structure. An accurate

equivalent circuit model for the generic attenuator topology is developed

for fast optimization of the structure with a GA. A series of attenuators with
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three to nine stubs are developed following the proposed method to inves-

tigate the achievable performance for different stub numbers. The designed

attenuators can produce continuously tunable attenuation levels of 1 - 10 dB

with 3 stubs, 2 - 20 dB with 6 stubs and 3 - 30 dB with 9 stubs at 5 GHz. These

outcomes are being prepared for submission to the IEEE Transactions on Mi-

crowave Theory and Techniques, with the title “Transmission-type Varactor-

based Tunable Attenuator”.

Chapters 7 & 8 Chapter 7 describes a frequency-switchable diplexer concept which is

then used to create two-element pattern- and frequency-reconfigurable antenna

array in Chapter 8. The diplexer maintains the same topology as the phase shifter

tuning unit discussed in Chapter 3 but utilizes the characteristic response to dif-

ferent frequency bands instead of using phase values within a frequency. By

changing the bias voltages applied to the varactors, it becomes possible to enable

or disable specific frequencies, thereby providing a frequency-switchable func-

tionality. The varactor-based diplexer can be directly integrated on a straight-

through 50 Ω microstrip line, which allows a compact size and reduces the com-

plexity of the antenna system. In Chapter 8, combining the frequency-switchable

diplexer with radiating structures, a dual-band array realizes pattern- and freque-

ncy- reconfigurabilities within three operation modes, producing bidirectional or

directional radiation patterns. The contribution of this part is illustrated as fol-

lowing.

1) A frequency- and pattern-reconfigurable antenna array with two elements,

driven by a frequency-switchable varactor-based diplexer, is proposed. The

diplexer consists of a T-junction power divider with two identical frequency-

selective units placed symmetrically on the output branches. The reconfig-

urable diplexer is realized by two varactor-based short-ended stubs stand-

ing on one side of a 50 Ω transmission line, which allows simple and com-

pact structure. The reconfigurable diplexer provides not just two distinct

frequencies but also allows to switch between them, and operates in dual-

band frequencies. Furthermore, the array includes a metallic isolation plate,

resulting in the array exhibiting two directional patterns as well as a bidirec-

tional pattern. The outcomes of this design are in preparation for submis-

sion to the IEEE Transactions on Antennas and Propagation, or another jour-

nal of the IEEE Antennas and Propagation Society under the tentative tile of
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“Pattern- and Frequency-reconfigurable Antenna array Fed by a Varactor-

based Frequency-switchable Diplexer” .

Conclusion (Chapter 9) provides a summary of all the projects included in this thesis,

as well as a prospective view about the further work.
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Chapter 2

Background

R
ECONFIGURABLE antennas have been widely developed

for wireless communications systems with increased flexibility,

adaptability, and efficiency. They have the capability to dynam-

ically adjust their electromagnetic characteristics, such as radiation pattern,

polarization, or frequency, with the aim to adapt to varying operating con-

ditions and communications requirements. Key components, such as phase

shifters, attenuators, and diplexers, play an essential role to realize the de-

sired reconfigurabilities and their characteristics define the antenna’s per-

formance. This chapter provides a comprehensive review of the types, ad-

vantages, and drawbacks of existing state-of-the-art phase shifters, attenu-

ators, and diplexers. It also highlights the achievements made in their im-

plementation and identifies the research gaps and challenges that still need

to be addressed. This analysis serves as a foundation for further researches

in reconfigurable antenna technology.
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2.1 Introduction

2.1 Introduction

R
ECONFIGURABLE antennas have attracted much attention in wireless

communications systems because of their flexibility and adaptability. They

are able to adjust their radiation characteristics, such as frequency, radi-

ation pattern, polarization or any combinations of these three, to satisfy various re-

quirements from wireless communications systems.

For modern communications, planar reconfigurable antennas have been developed

widely with versatile arrangements involving electronic components, such as PIN dio-

des, varactors and RF switches. Several advantages of pattern-reconfigurable antennas

have been demonstrated during their development, including compact structure, low

cost, and low power consumption when compared to traditional phased arrays, which

are generally highly desired in a wide variety of applications in wireless communica-

tions systems.

Importantly, planar reconfigurable antennas incorporate various reconfigurable com-

ponents, including phase shifters, attenuators, and diplexers, which play essential

roles in achieving the desired reconfiguration. By reconfiguring these components,

the operating characteristics of the antenna can be controlled and adjusted effectively.

This chapter provides a concise literature review of phase shifters, attenuators, and

diplexers in the context of reconfigurable antenna technology, with particular em-

phasis on the challenges involved in designing these components for compact and

cost-effective planar reconfigurable antenna systems. Sections 2.2, 2.3, and 2.4 will

discuss the advancements and drawbacks associated with phase shifters, attenuators,

and diplexers, respectively. Additionally, Section 2.5 summarizes the relevant research

gaps and design challenges encountered in application of phase shifting and diplexing

components to reconfigurable antennas, followed by concluding remarks.

2.2 Phase Shifters

Phase shifters are electronic devices used to control the phase of a signal passing

through them. They play an important role in various applications, including phased

array antennas, wireless communications systems, radar systems, and beamforming

systems. By controlling the phase of signals, phase shifters enable specific phase dis-

tribution in multi-element antennas to create beam-steering functionality, leading to

improved pattern performances.

Page 14



Chapter 2 Background

2.2.1 Types of Phase Shifters

Based on the technique used to implement the phase-shifting functionality, phase shift-

ers can be classified into three major categories, namely digital phase shifters, optical

phase shifters and analog phase shifters [53].

1. Digital phase shifters: Digital phase shifters discretize the phase into prede-

termined phase states, allowing to change among different states by digitally

controlling each phase-shifter bit. The number of bits in a digital phase shifter

determines the number of available phase states that the system can switch to.

Achieving accurate switching between different states is a critical aspect of digital

phase shifters. Several methods have been employed to implement digital phase

shifters. In references [54] [55], microelectromechanical systems (MEMS) were

utilized to realize the phase shifter’s state switching, as illustrated in Fig. 2.1.

In [56] [57], transistors were employed as switches and their lumped component

equivalents, such as resistors or capacitors, were utilized to produce the phase-

shifting function. Additionally, PIN diodes are widely utilized in digital phase

shifters as switching elements to control the phase shift of a signal. In a digital

phase shifter, the PIN diode is biased in either the forward or reverse direction to

Figure 2.1. (a)Photograph of assembled 4-bit MEMS phase shifter circuit [54] and its (b) phase

performance. (c) Schematic and photograph of a fabricated 4-bit phase shifter [55] and its (d)

measured relative phase shifts for all 16 states.
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control its conductivity. When the PIN diode is forward biased, it allows current

to flow through it, and it behaves like a low-resistance switch. Conversely, when

the diode is reverse-biased, it has a high impedance and acts as an open switch.

To achieve discrete phase shifts, multiple PIN diodes are used in phase shifters.

Each PIN diode is connected to a specific control signal that determines its bi-

asing condition. By selecting enabled diodes, the phase shift can be controlled

in discrete steps. For example, in the proposed design [58], which is shown in

Fig. 2.2, the PIN diode was modeled as discrete components representing its for-

ward and reverse states. Instead of requiring PIN diodes with high isolation, the

loads were created using a single inductor connected in parallel with the PIN

diodes. This approach simplified the design process. The resulting phase shifter

configuration was a 4-bit type, allowing for 16 different states of phase shifts with

the resolution of 22.5◦.

Digital phase shifters offer precise phase control and fast switching speed, but

they may have limitations in phase range and discrete phase resolution. Fur-

thermore, they introduce losses and nonlinearity, involve system complexity and

cost, and consume power. These factors should be considered when selecting a

phase shifter for a specific application, especially for communications systems

prioritizing accurate scanning and cost effectiveness.

Figure 2.2. a) Configuration of 4-bit PIN diode reflection-type phase shifter [58], (b) photograph of

the fabricated phase shifter [58], and (c) measured phase response of the phase shifter [58].
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2. Optical phase shifters: Optical phase shifters play a crucial role in a wide range

of RF-over-fiber applications. Applying optical phase shifters in microwave sys-

tems offers several advantages, including broad bandwidth, resilience to electro-

magnetic interference, superior isolation, and the ability to enable antenna re-

moting [59] [60]. Optical phase shifters are implemented using microwave optics

methods, such as optical delay lines [61]. Nevertheless, optical phase shifters re-

quire a significant number of optical switches, leading to a considerable increase

in the cost and complexity of the entire system [62]. Nevertheless, since optical

phase shifters are not highly relevant to this thesis, no further review is given

from here.

3. Analog phase shifters: Analog phase shifters represent another significant type

of phase shifter, which operate by adjusting the phase of an input signal using

analog circuits. Analog phase shifters can offer cost reduction by avoiding re-

quirement for complex digital hardware in the network. The concept covers a

wide variety of phase shifter types.

1) Ferrite phase shifters: They are a type of traditional analog phase shifters

that utilize the magnetic properties of ferrite materials to achieve phase shift-

ing. The working principle of ferrite phase shifters is based on the Faraday

effect and the interaction between the magnetic field and the microwave sig-

nal [63]. For over two decades, ferrite phase shifters have been employed in

applications requiring precise phase control at moderate to high levels of

microwave power. However, this type phase shifter is usually bulky and

involves relatively large power consumption, which is excessive for com-

pact and cost-effective microwave systems. Figure 2.3 shows a typical ferrite

phase shifter, presented in [64].

2) Electronic components phase shifters: These phase shifters rely on solid-

state electronic components for phase modulation, which utilize the prop-

erties of the components to introduce a controlled phase shift in the signal

path. They can function at a lower cost without the requirement for complex

digital hardware in the network. Therefore, a significant amount of research

and development has been dedicated to this type of phase shifters to facili-

tate low-cost and miniaturized microwave systems.

By varying the voltage applied to the electronic components, such as PIN

diodes [65] [66], varactors [67] [68], tunable inductors [69] and transistors or
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Figure 2.3. (a) The structure of a phase shifter based on substrate integrated waveguide (SIW) in

ferrite low-temperature co-fired ceramic (LTCC) with embedded bias windings [64], (b) fabricated

prototype of the phase shifter [64], (c) simulated and measured phase shift versus bias current at

11.5 GHz, and (d) phase shift versus frequency at 400 mA of bias current [64].

MEMS devices [70] [71], the phase shift can be adjusted within a specified

range.

A) PIN diodes usually behave as switch maintaining two states, "ON" and

"OFF," to generate a phase difference in between them. Therefore, in phase

shifter units where only PIN diodes are involved in control, the phase shift

values are typically discrete and fixed. For example, in [65], a phase shifter

employed multiple cascaded reconfigurable defected microstrip structure

(DMS) units, which was produced by adding a slot in a microstrip line and

bridging it with PIN diodes. By controlling the PIN diodes between "ON"

and "OFF" states, the DMS units generated phase shifts by altering the cur-

rent paths. The performance of the phase shifter with varying numbers of

DMS units was evaluated through simulations and experiments. In the case

of a 9-DMS phase shifter, which is shown in Fig. 2.4, the highest measured

insertion loss was 2.3 dB when all the PIN diodes were in the "OFF" state.

Compared to the reference phase shift achieved when all the PIN diodes

were in the "ON" state, the measured phase shifts at the other three states

were 44◦, 95◦, and 143◦, respectively.
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Figure 2.4. Prototypes of (a) the 3 units DMS phase shifter (1 group) [65], (b) the 9 units DMS

phase shifter (3 groups) [65]. Simulated and measured results for the 9 units phase shifter [65], (c)

the magnitude and (d) the phase shift of S21.

B) Unlike the discrete and fixed phase shift values of phase shifters con-

trolled by PIN diodes, varactor diodes offer the flexibility to continuously

adjust the capacitance, enabling a continuous tuning of the phase shift. For

example, a compact analog phase shifter based on varactor diodes and a

coupled-line structure was employed to achieve continuous transmission

phase ranging from 0◦ to 180◦ [68]. The structure of this compact analog

phase shifter is displayed in Fig. 2.5. It consisted of two parallel coupling

lines of equal length that were directly connected at one end and loaded

with a varactor diode and a short-circuited stub. At the other end, two var-

actor diodes were connected in series between the parallel coupled lines,

which were then linked to the ground through a microstrip line and a via

hole. This phase shifter was tested to maintain its insertion loss between

0.95 and 1.35 dB at 5.6 GHz, and generally achieved less than 3 dB insertion

loss from 5.35 to 6.32 GHz.

C) Tunable inductor-based phase shifters allow a wide range of phase tun-

ing, involve low insertion loss, can provide good linearity, and enable high

power levels. Additionally, they are relatively insensitive to temperature
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Figure 2.5. (a) Schematic of a compact 180◦ analog phase shifter, (b) simulated S-parameters of

reflection and transmission magnitudes, and (c) transmission phases [68].

variations, providing more stable performance over temperature changes

than their alternatives. In [69], a 3-D electrically tunable solenoid inductor

was developed using a Permalloy (Py) thin film and surface micro-machining

techniques. The unique magnetic core configuration allowed the inductor to

operate over a wide frequency range. The inductance of the inductor was

adjusted using DC current, achieving a tunability of over 10% with a 150 mA

current. This tunable solenoid inductor was combined with a PZT-enabled

metal-insulator-metal capacitor (Integrating lead zirconate titanate) to cre-

ate a phase shifter with both inductive and capacitive tunability, which is

shown in Fig. 2.6. Despite the merits mentioned above, tunable inductor-

based phase shifters are typically larger and more complex compared to

varactor-based phase shifters due to the inclusion of physical inductors and

their tuning mechanisms. They may also require a higher DC power, which

can be a limitation in low-power applications.

D) As for RF MEMS switches, they have gained wide popularity as a vi-

able alternative to PIN diodes, field-effect transistors (FETs), and comple-

mentary metal-oxide-semiconductor (CMOS) transistors, due to their sev-

eral advantages, such as low insertion loss, high linearity, wide bandwidth,

Page 20



Chapter 2 Background

Figure 2.6. The schematic of (a) tunable inductor, and (b) tunable phase shifter with magnified

view of capacitor. Measured (c) insertion loss of the inductor with or without Py thin film, and (d)

phase shift of the device [69].

fast switching speed and high power handling abilities. For example, an RF

MEMS-based phase shifter [71], which is shown in Fig. 2.7, was designed

with high power handling capabilities, i.e., a measured third-order intercept

point (IP3) exceeding 63 dBm. It also exhibited high phase and amplitude

linearity, with a measured root mean square (RMS) deviation of less than

±1.56◦ and ±0.16 dB, respectively. Furthermore, the measured insertion

loss and return loss for the largest phase state were found to be 1.3 dB and

13 dB, respectively. However, compared to varactor-based phase shifters,

RF MEMS phase shifters can be relatively expensive to manufacture, and

may have a limited range of achievable phase shift with relatively high DC

power consumption.

3) Other type of analog phase shifters: Other types of analog phase shifters

include devices utilizing new materials such as graphene [72] or nanomate-

rial such as, Ba0.7Sr0.3TiO3 [73]. Figure 2.8 shows a graphene-based phase

shifter presented in [72], which was capable of achieving a maximum phase

shift of 40◦ within the 5 to 6 GHz range, with an insertion loss of 3 dB.
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Figure 2.7. Prototypes of two-stage RF MEMS-based phase shifters with (a) small phase steps, (b)

large phase steps, and measured phase states of (c) the small step phase shifter, and (d) large step

phase shifter [71].

2.2.2 Summary

In summary, the choice of implementation method for a phase shifter depends

on factors such as frequency range, desired phase resolution, insertion loss level,

power consumption and geometry dimensions. Each approach offers its unique

advantages and trade-offs in terms of performance, size, power consumption,

and manufacturing complexity. The research work in this thesis majorly focuses

on planar phase shifters suitable for compact, cost-effective, and reconfigurable

microwave systems. Taking into account the advantages and disadvantages of

the various options, varactor-based phase shifters are chosen as candidates and

taken to in-depth research to address the challenges in their design. These find-

ings will be analyzed in detail in Chapter 3.

2.3 Attenuators

Attenuators are widely used passive components in a variety of microwave ap-

plications. They serve multiple purposes, including limiting signal power lev-

els, enhancing amplification stage matching, minimizing gain ripple, adjusting
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power levels, and balancing power distribution among branches in power di-

viders [74].

Tunable attenuators have the capability to dynamically manipulate the signal

strength within a system, making them highly versatile for various applications

[75]. Planar tunable attenuators are characterized by their precise attenuation

performance, power handling capability, impedance matching, compact size, and

integration-friendly design. They are vital for achieving optimal signal manage-

ment and performance in microwave systems.

2.3.1 Types of Planar Tunable Attenuators

Planar attenuators, commonly used in microwave systems, can be broadly classi-

fied into two categories based on their circuit structures: reflection-type attenua-

tors and transmission-type attenuators. These two types employ different mech-

anisms to achieve signal attenuation. A more detailed explanation of each type

is given in the following:

Figure 2.8. (a) Geometry of the graphene-based phase shifter, (b) prototype of the graphene-based

phase shifter and the measurement setup [72]. Measured transmission characteristics of the phase

shifter: (c) phase and (d) magnitude of S21 [72].
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i) Reflection-type attenuators: These attenuators operate by controlling the

reflection of the RF signal. Consequently, they need to employ dedicated

structures that are designed to absorb the RF signal to be reflected, thereby

achieving the desired attenuation level. Reflection-type attenuators are often

implemented in multi-port devices such as 3-dB hybrid couplers [76] [77] [78],

rat-race devices [35], and combined dividers [79] [80]. Figure 2.9 illustrates

several typical reflection-type attenuators based on multi-port devices. A re-

flection variable attenuator in [77], which mainly consisted of a 3 dB quadra-

ture coupler with 2 varactors to tune the attenuation from 2.2 to 17.0 dB in

a bandwidth of 40% (2.8 to 4.2 GHz) is shown in Fig. 2.9(a). Another vari-

able reflection-type attenuator is shown in Fig. 2.9(b) [78], which contained

a 3-dB coupler, varactor diodes, and lumped components. By carefully ma-

nipulating the reflected signal, the attenuator could be effectively controlled,

with an insertion loss of 1.3 dB and a minimum attenuation range of 36 dB

from 2.3 to 2.7 GHz. The third example is a tunable attenuator illustrated in

Fig. 2.9(c) [35], where the input signal was guided to enter a rat-race power

splitter where two phase-opposite signals were generated. One signal then

went through a common-gate FET biased in ON state, while the other sig-

nal passed through a second FET biased in the triode region. By tuning

the gate voltage on the second FET, the amplitude of its signal was varied.

After combining these two signals at the output, the variable attenuation

was achieved from 6 to 30 dB with the operation band from 3.0 to 3.4 GHz.

The advantage of reflection-type attenuators lies in their ability to control

and manipulate the reflected signal. However, these attenuators typically

require more complex circuits and may have larger physical size due to the

additional structures involved in absorbing the reflected signals.

ii) Transmission-type attenuators: Unlike reflection-type attenuators, transm-

ission-type attenuators allow the RF signal to pass through the attenuator

without significant reflection. These attenuators employ a well-controlled

signal absorbing mechanism that efficiently dissipates the desired amount

of power, resulting in the expected attenuation level.

One of the key advantages of transmission-type attenuators is their compact

structure and ease of circuit integration. This makes them particularly com-

petitive in applications where space is limited or where seamless integration

with other components is required.
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Figure 2.9. (a) Prototype and schematic diagram of a reflection-type attenuator and its measured

tunable attenuation [77]. (b) Prototype of a 3 dB coupler-based impedance transformer attenuator

and its measured tunable attenuation [78]. (c) Schematic diagram and prototype of an attenuator

realized by a rat-race power splitter and a combiner and its measured tunable attenuation [35].

In summary, reflection-type attenuators manipulate the reflected RF signal to

achieve attenuation, while transmission-type attenuators focus on controlling the

signal absorption along a path for attenuation purposes. Each type has its own

set of advantages and weaknesses to be considered, and the choice depends on

specific application requirements, circuit design constraints, and the desired level

of integration. This thesis mainly focuses on low-cost miniaturized planar mi-

crowave structures, which allow convenient circuit integration. Therefore, the

focus of the research will be placed on transmission-type attenuators.

2.3.2 State-of-the-Art Transmission-Type Attenuators

Transmission-type attenuators enable the signals passing through while reducing

their amplitude. However, they often suffer from a high return loss and from

limitations in attenuation range [37]. To overcome these challenges, researchers

have dedicated great efforts to investigate alternative materials like graphene,

which offer tunable resistance under voltage control.
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While the literature on transmission-type attenuators is relatively limited, a no-

table development in recent years has been the emergence of graphene-based

transmission-type attenuators. Before this, most transmission-type attenuators

reported in the literature operated at fixed attenuation levels [81]. However, with

the application of graphene as a new material, numerous transmission-type at-

tenuators have been developed based on its unique characteristics. One of the

most interesting features of graphene lies in its electronic conductivity which can

be modified under proper bias voltage control, offering a wide range of values.

This tunable conductivity characteristic enables the application of graphene in

the development of tunable microwave attenuators [82]. Researchers have pro-

posed utilizing this unique characteristic of graphene in various configurations of

attenuators [83] [84] [85] [86]. In [83], a graphene-based attenuator with voltage-

adjustable characteristics had been developed, which comprised a pair of LC bias

circuits and microstrip lines. The attenuator operated within the frequency range

of 0.1 to 5.0 GHz. The measured results demonstrated at 3 GHz an attenuation

range from 7.0 to 17.9 dB by tuning a bias voltage from 0.0 to 5.5 V, as shown

in Fig. 2.10. A flexible and stretchable attenuator was proposed in [84], which

Figure 2.10. (a) Prototype of the graphene-based attenuator [83], (b) measured dc resistance and

current versus bias voltage [83], (c) measurement and simulation results of attenuations at different

voltages [83], and (d) insertion loss versus bias voltage at 3 GHz [83].
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is shown in Fig. 2.11, utilizing coplanar waveguide (CPW) and graphene. The

attenuator incorporated a graphene sandwich structure (GSS) on the CPW’s up-

per surface which was made flexible and stretchable soft silicone elastomer and

serpentine metal structures. By adjusting the surface impedance of the GSS with

a bias voltage, the attenuation could be dynamically tuned within a range from

3 to 9 dB at 2.45 GHz, from 4 to 11 dB at 3.6 GHz, and from 5.4 to 13.0 dB at

5 GHz. with a reflection coefficient below -10 dB. Another tunable grounded

Figure 2.11. (a) Structure and working principle of the tunable attenuator in [84] and (b) simulated

and measured attenuations without GSS and with a 25 mm GSS in different surface impedances from

2 to 6 GHz [84].

coplanar waveguide (GCPW) attenuator based on graphene nanoplates was pro-

posed in [86] and is shown in Fig. 2.12. It consisted of a 50 Ω GCPW trans-

mission line with three pairs of graphene nanoplate pads embedded in the gaps

between the signal line and upper metal ground. By tuning the bias voltages on

the graphene, the resistance of graphene was controlled so as to obtain a tunable

attenuation level. The attenuator supplied an attenuation from 2.5 to 14.0 dB with

a reflection coefficient below -12 dB from 18 to 28 GHz. Large attenuation levels

and broadband operation were demonstrated in this work, however at the cost

of a large insertion loss level (minimum attenuation). The device also required

a complex circuit for bias voltages or a bias-tee block for tunable operation. Ad-

ditionally, these attenuators were based on non-standard fabrication techniques

and materials, and thus might not be practically ready for mass production.
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Figure 2.12. (a) Equivalent circuit and photographs of the GCPW attenuator [86], (b) transmission

and reflection responses of the attenuator from 18 to 28 GHz as the distance between two graphene

pads is 2 mm [86].

Besides graphene-based composites, different technologies have been employed

to achieve tunability, such as PIN diodes [87] [88], RF-MEMS technology [89] [90],

and FETs [91].

In [87], a filtering attenuator was designed based on a traditional microstrip line

bandpass filter with PIN diodes, which were used as variable resistors to pro-

vide the selection of the operation band and the tunable attenuation, as shown

in Fig. 2.13. The filtering attenuator obtained a tunable attenuation from 3.8 to

30.4 dB with a minimum return loss of 10 dB covering the operation band from

2.19 to 2.6 GHz.

Figure 2.13. (a) Prototype of a filtering attenuator [87], and its (b) measured attenuation level when

varying the forward bias resistance R of the PIN diode.

Figure 2.14 illustrates a planar RF MEMS-based attenuator, which was based on

a meandered GCPW line with a low-resistivity silicon over it. A planar spiral coil
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Figure 2.14. (a) 3D view of a planar RF MEMS-based attenuator [89], with (b) details of the

assembly of the attenuator, c) measured results for 6 attenuation levels, from left to right: reflection

coefficient, insertion loss and phase response of the attenuator [89].

and a magnetized permanent magnet were used to provide the magnetic force to

produce the attenuation. The attenuator achieved an attenuation range of 16 dB

with the insertion loss less than 1.2 dB from 21.5 to 26.5 GHz.

According to all the aforementioned examples , the tunability of a transmission-

type attenuator is typically realized either through the use of new materials such

as graphene, or various types of electronic components. It remains a research

challenge to achieve an attenuator with specific characteristics, including large at-

tenuation range, small minimum attenuation (i.e., insertion loss), small reflection

and minimal phase shifting during adjustment of the attenuation level. More-

over, an ideal design should be compact, cost-effective, and controllable through

simple and stable DC-control circuits (e.g., without the need of a bias-tee). It is

a significant challenge to simultaneously obtain all these desired features, par-

ticularly for compact microwave systems operating within cost constraints and

limited space scenarios.
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2.3.3 Summary

To tackle the challenge of planar attenuators, the thesis has taken into account the

advantages and disadvantages of the various methods reviewed in this section.

Specifically, a varactor-based transmission-type attenuator has been chosen as

a candidate for further in-depth research. In Chapter 6, the findings regarding

a proposed novel configuration of attenuator will be thoroughly analyzed and

discussed.

2.4 Diplexers

2.4.1 Diplexer Devices

A diplexer is a passive electronic device that combines or separates two or more

different frequency bands on a shared transmission line. It enables simultane-

ous transmission and reception of signals in different frequency ranges sharing a

single antenna or transmission line. This functionality makes diplexers essential

components in various communications systems, including wireless networks,

satellite systems, and radar systems.

In recent times, the concept of reconfigurable diplexers has become a viable solu-

tion for reconfigurable systems [92]. According to existing literature, based on the

type of frequency tunability, reconfigurable diplexers can be generally classified

in two categories, namely tunable diplexers and switchable diplexers.

i) Tunable diplexers: Tunable diplexers are usually realized by using two in-

dividually tunable filters [92] or resonators [93] [94], which are combined

into one device. Three typical tunable diplexers are illustrated in Figs. 2.15

- 2.17. A tunable diplexer involving two tunable three-pole filters with high

selectivity is shown in Fig. 2.15. One of these filters was optimized for high

rejection at the lower frequency side, making it suitable as the higher chan-

nel branch of a diplexer. The other filter was optimized for high rejection at

the higher frequency side, making it suitable for the lower channel branch of

the diplexer. By combining these filters, a tunable three-pole diplexer with

independent tuning of the lower and higher channel was created, where the

insertion losses were 2.5 - 4.0 dB in the lower channel and 3.0 - 4.9 dB in the
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Figure 2.15. (a) Configurations of tunable diplexers with two tunable filters [92], (b) photograph of

the fabricated tunable diplexer [92], and (c) measured and simulated S-parameters, from left to right:

for the higher channel fixed, for the lower channel fixed and for both channels tuned [92].

higher channel. It covered the frequency range of 0.72 to 1.84 GHz with a

high isolation of 39 dB. A compact microstrip diplexer was proposed with

the ability to tune the center frequencies and reconfigure the filtering charac-

teristics of both channels [94]. The diplexer consisted of two different dual-

mode square loop resonators, as shown in Fig. 2.16. The center frequencies

of both channels were adjusted independently by varactors. The reconfig-

urable filtering characteristics, namely transmission zeros, of both channels

were created by selecting dedicated values for the perturbation and refer-

ence capacitances. As an example shown in Fig. 2.16(c), the centre frequency

of the first channel was tuned for two filtering characteristics having left or

right side transmission zero. Figure 2.17 illustrates a tunable diplexer, which

had a compact structure obtained by combining two passband filters and a

shared common resonator [93]. The diplexer was able to tune the desired

frequencies in two channels either independently or simultaneously as dis-

played in Fig. 2.17(c). The tunable low channel was from 1.28 to 1.78 GHz

with insertion loss between 2.0 dB and 2.5 dB, while the high channel was
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Figure 2.16. (a) Configurations of tunable diplexers with two dual-mode square loop resonators [94],

(b) photograph of the prototype of the diplexer [94], and (c) first channel of the diplexer with right-

side transmission zero and left-side transmission zero [94].

from 1.95 to 2.35 GHz with the insertion loss from 4.8 to 6.6 dB. The isolation

between the two channels was larger than 35 dB. Generally, tunable diplex-

Figure 2.17. (a) Configurations of tunable diplexers with two passbands filters and a common

resonator [93], (b) prototype of the diplexer [93], and (c) measured |S21|, |S31|, from left to right,

tuning low channel with high channel fixed, tuning high channel with low channel fixed, and tuning

both channels [93].
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ers can produce a large frequency tuning range, but suffer from a relative

high insertion loss level and require complex structures.

ii) Switchable diplexers: In contrast to tunable diplexers, switchable diplexers

normally offer a lower insertion loss which is generally desired for most ap-

plications. A quasi-elliptic band-pass filter (QE-BPF), was proposed firstly

in [95], with a combination of a shorted stepped-impedance resonator (SSIR)

and a dual-mode resonator (DMR). Then, two switchable band-pass filters

(SW-BPF) were employed at 900 and 1250 MHz respectively, by loading PIN

diodes at two open ends of the DMR or SSIRs. Consequently, a switch-

able diplexer was created from a T-junction combined with the two 900 and

1250 MHz SW-BPFs. The fabricated QE-BPF, as shown in Fig. 2.18(a), of-

fered four operation states with different on/off combinations of the used

PIN diodes, which is illustrated in Fig. 2.18(b). The diplexer exhibited a

low insertion loss of 1.92 dB at 900 MHz and 2.08 dB at 1250 MHz, and a

high isolation of more than 51 dB. Another switchable diplexer proposed

Figure 2.18. (a) Prototype of 900/1250 MHz switchable diplexer [95], and (b) simulated and

measured results of the switchable diplexer with two channels operating in four states, namely from

left to right, ON/ON, ON/OFF, OFF/ON, OFF/OFF [95].

in [96] was composed of four major parts, namely a stepped-impedance dis-

tributed coupling feeding line, four different quarter-wavelength stepped-

impedance resonators (SIRs), two shunt open stubs and two PIN diodes
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with their bias circuitry. The proposed diplexer, which is shown in Fig. 2.19,

exhibited compactness, wide stopband, high selectivity, and independently

controlled channels. The switchable diplexer enabled four operation states

selected by PIN diodes utilized in two channels with center frequency of

1.2 GHz and 1.5 GHz respectively. When the PINs were all ON, the inser-

tion losses were 2.10 dB at 1.2 GHz and 2.21 dB at 1.5 GHz, and the isolation

between the two channels was up to 40 dB. As for the other states, the inser-

tion losses at the stop channel were more than 30 dB.

Figure 2.19. (a) Configurations of a high-isolation switchable diplexers with ultra-wide stop-

band [96], (b) photograph of the fabricated switchable diplexer [96], and (c) simulated and measured

S-parameters of the switchable diplexer in four states, namely from left to right, ON/ON, ON/OFF,

OFF/ON, OFF/OFF [96].

Although the switchable diplexer displays compact size and low insertion loss

level, it only worked at one frequency channel at a time.

2.4.2 Summary

Based on the literature review, it is concluded that a tunable diplexer has typically

the capability to allow a large dynamic frequency tuning span, but this feature is

generally accompanied by a high insertion loss level, which is not desired in ap-

plications. Switchable diplexers offer much smaller insertion loss with compact

Page 34



Chapter 2 Background

size but suffer from a relative complex structure and their operating frequencies

or bands are fixed.

To address the challenges of the switchable diplexers, the research presented in

this thesis has taken into account the advantages and disadvantages of various

methods. A varactor-based frequency-switchable diplexer with simple topology

has been identified as a desirable aim in this thesis. In Chapter 7, the findings

on a novel topology of diplexer proposed in this work will be comprehensively

analyzed and discussed.

2.5 Reconfigurable Antennas

2.5.1 Reconfigurable Antennas

In addition to the multifunctional demands of microwave devices, there is a

growing need for multifunctional antennas in modern communications and radar

systems. Reconfigurable antennas have emerged as an increasingly popular so-

lution to fulfill these requirements.

In [97], a frequency- and pattern-reconfigurable two-element array was proposed,

which is shown in Fig. 2.20. The radiators were implemented by two varactor-

based open-end stubs which were controlled by two separate bias voltages. By

tuning the bias voltages applied on the varactors, the resonances of the two

patches were detuned slightly and a phase difference between them was cre-

ated. The array operated in a frequency tuning range from 2.15 to 2.38 GHz with

a pattern continuously scanning from -23◦ to +23◦ across broadside. Figure 2.21

illustrates a frequency- and pattern-reconfigurable antenna, which contained a

rectangular patch connected with two slots by two pairs of PIN diodes [98]. Us-

ing different combinations of the four diodes states, the patch could be configured

to operate at 4.5 and 4.8 GHz or 5.2 and 5.8 GHz with radiation pattern maxima

switchable to 0◦, +30◦ and -30◦. Another frequency- and pattern-reconfigurable

slot antenna [99] is shown in Fig. 2.22, which consisted of two switches allowing

to select three frequency bands, i.e., 1.82 (F1), 1.93 (F2) and 2.10 GHz (F3), and

four slots at the edge of the ground loaded with three switches in each to allow

beam steering to three angles, i.e., 0◦, +15◦ and -15◦. By utilizing 14 switches, the

antenna offered 18 operation states, as shown in Fig. 2.22(c).
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Figure 2.20. (a) Configurations of frequency- and pattern-reconfigurable antennas utilizing stub-

loaded varactors and excited by a T-junction power divider [97], (b) reflection coefficient for different

combinations of bias voltages for scanning operation [97], and (c) realized gain patterns at f0 = 2.38,

2.27, and 2.15 GHz from top to bottom. [97].

Figure 2.21. (a) Configurations of frequency- and pattern-reconfigurable antennas connected with

two slots using a pair of PIN diodes on each slot [98], (b) operation states of the antenna [98]

(Grey boxes: frequency reconfiguration, Yellow / orange boxes: pattern reconfiguration in frequency

reconfigured states), and (c) simulated and measured S-parameters of the antenna [98], insert: the

prototype of the antenna.
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Figure 2.22. (a) Configurations of frequency- and pattern-reconfigurable antennas incorporating

fourteen switches [99],(b) photographs of the fabricated antenna [99], and (c) switch configuration

of the antenna [99].

These reconfigurable antennas mostly incorporate several electronic components

to tune their operation bands and pattern directions. In general, the complexity

of the antenna will increase with the number of tuning components required, and

the corresponding loss will similarly increase and affect the overall performance

of the antenna. Therefore, there is a need to implement pattern- and frequency-

reconfigurable antennas with simple, compact and low loss tuning structures.

2.5.2 Summary

There are various ways to load electronic components on planar antennas to

achieve changes in their electrical lengths and thus achieve reconfigurabilities.

However, increasing the number of components loaded on the radiators gener-

ally leads to a relative bulky size, increased losses and costs. Therefore, there is

a high potential in exploring reconfigurable antennas with simple structure and

multiple reconfiguration modalities, as will be discussed in this thesis in Chap-

ter 4 and Chapter 8, based on reconfigurable feeding networks using the tunable

components proposed in the other chapters of the thesis.
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2.6 Conclusion

This chapter has reviewed the research literature on phase shifters, attenuators

and diplexers utilized in planar microwave applications. The major types of

these devices, with their advantages and disadvantages, have been analyzed,

which lead to selecting the aims of this thesis according to challenges that still

need to be addressed. The literature review has also included typical frequency-

and pattern-reconfigurable antennas, where complicated electronic components

and control circuits are typically integrated with the radiators, which leads to

antennas of high complexity and fabrication cost. As a result, it is highly de-

sired to design multi-functional reconfigurable antennas with low complexity to

minimize the manufacture costs. One promising approach is to design planar

low-cost reconfigurable feeding networks to realize these antennas.

The research dedicated to reconfigurable devices presented in this thesis, i.e.,

phase shifters, attenuators and diplexers, is aiming to create the building blocks

for a reconfigurable feeding network. The main goal is to provide a simple

and multifunctional feeding topology, which is able to control the characteris-

tics of the signals transmitted to the radiators, including phase, amplitude and

frequency. Fed by such a feeding structure, a multi-element antenna or array can

achieve reconfigurabilities without excessive structural complexity and with a

relatively small number of lumped components on the radiators, with the aim of

creating compact and low-cost devices for wireless communications applications.

To illustrate the benefits of the proposed tunable components, implementations

of reconfigurable feeding networks embedded in antenna systems will be also

proposed in the thesis. Chapter 4 will involve a beam-steerable antenna ar-

ray with pattern- and frequency-reconfiguration fed by a reconfigurable feed-

ing network, which is seamlessly integrated with three phase shifter pairs op-

erating in differential mode. Chapter 8 will discuss a pattern- and frequency-

reconfigurable antenna array without additional electronic components on the

radiators. Exploiting the effect of a metallic isolation plate in between the two

elements, a demonstration of both pattern and frequency reconfigurabilities will

be presented.
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Chapter 3

Varactor-Based Phase
Shifters

P
HASE shifters are fundamental and essential components for

microwave and antenna engineering. In particular for phased

arrays and pattern-reconfigurable antennas, the characteristics

of the phase shifters critically determine the beam scanning capability. Fo-

cusing now on continuously tunable phase shifters, the most critical chal-

lenge remains achieving the maximum phase shift at the lowest complexity

level, e.g., by using a topology that minimizes the number of cascaded unit

structures. This objective is accompanied by the need to maintain a compact

device size and minimize insertion loss.

To address this challenge, this chapter proposes a novel concept of varactor-

based phase shifter operating in differential pair for beam-steerable anten-

nas. Thanks to the differential pair configuration, the phase shifter element

requires much less phase dynamic range compared to conventional phase

shifters. The basic phase-tuning unit contains a 50 Ω host microstrip line,

with several identical shorted-stub-loaded varactors mounted on its edge.

A differential phase shifter pair with three identical stubs offers a full 360◦

phase difference span with a straightforward topology and relatively low

insertion loss. Its design allows for seamless integration on a 50 Ω host mi-

crostrip line within microwave networks, ensuring compactness and reduc-

ing the need for additional space in the system to accommodate the phase

shifter pairs.
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3.1 Introduction

P
HASE shifters enable precise control over the phase of RF signals. This

control is essential for tasks such as beamforming, steering antenna arrays,

controlling interference, and adjusting the phase relationship between dif-

ferent signals. For designs with emphasis on versatility, a continuously tunable phase

shift is generally desirable.

Focusing on continuously tunable phase shifters, many attempts have been made to

achieve a large phase tuning range, a low insertion loss, a low fabrication complex-

ity and a reasonable cost [100–108]. For example, in [100], a phase shifter utilizing 11

Barium strontium titanate (BST) Metal-Insulator-Metal varactors was proposed, which

reached a phase shift of 260◦ with maximum bias voltages up to 50 V and an inser-

tion loss below 5.9 dB. In [102] a phase shifter was reported based on a reconfigurable

impedance surface, and it contained 15 cascaded dipole-loaded varactors providing a

phase shift of 464◦ with maximum insertion loss of 4.2 dB at 9.16 GHz. In [103], the

authors proposed a metamaterial phase shifter that could supply 0◦ - 190◦ phase range

at 7.2 GHz, containing 4 left-hand transmission-line units with 8 varactors and achiev-

ing an insertion loss below 3.5 dB from 7.2 to 8.7 GHz. A composite right/left-handed

transmission line with 15 varactors achieved a continuously tunable phase-shift of ap-

proximately 360◦ at 2.4 GHz with an insertion loss below 2.5 dB [104]. In [105], a phase

shifter featuring a 360◦ tunable phase variation and an insertion loss below 2.4 dB at

1 GHz was proposed, with 9 cascaded varactors. Usually, a larger number of cascaded

structures will result in a larger phase shift span, however at the cost of a higher inser-

tion loss, a larger size and a more complex control circuitry.

There exist other phase shifter types which use a small number of cascaded structures

to realize a large phase tuning range, however with a large device geometry and a

relatively high loss. A reflection-type phase shifter based on 2 varactors with a size

of 1.24λ0 × 0.46λ0 was reported in [101]. It produced a 290◦ continuously tunable

phase shift with an insertion loss below 3.5 dB. As demonstrated in [106], another

reflection-type phase shifter containing only 2 varactors produced 0◦ - 190◦ phase dif-

ference with an insertion loss lower than 2.3 dB from 9 to 11 GHz. Similarly in [107],

a device with 4 varactors resulted in a 0◦ - 360◦ phase range and 4.4 dB insertion loss

at 2 GHz. In contrast, a phase shifter based on nonuniform transmission lines com-

prising 3 end-shorted varactors was proposed in [108] with an insertion loss of less

than 1.3 dB. However, this phase shifter realized a relatively small phase tuning range
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of 90◦. Therefore, achieving a maximum phase shift with a minimum number of cas-

caded unit structures, while maintaining a small device size and low insertion loss is

always the most critical challenge for this type of phase shifters.

In this chapter, a varactor-based phase shifter pair operating in differential mode to

generate a 0◦ - 360◦ phase shift is proposed. The basic phase-tuning unit contains a

shorted-stub-loaded varactor connected to the edge of a 50 Ω transmission line. The

proposed geometry features low insertion loss and ease of integration to planar trans-

mission lines. A design incorporating three cascaded phase-tuning stubs is identified

as a practical solution to provide a nearly full 360◦ phase, with a maximum insertion

loss of not higher than 1.74 dB at the center frequency of 5.00 GHz and 2.04 dB across

the tunable operation range of 4.75 to 5.25 GHz. In addition, an accurate equivalent

circuit model for the phase shifter is developed to implement a fast design and opti-

mization process. Furthermore, a second enhanced design based on a similar phase

shifter topology is presented in the second part of the chapter. It also consists of 3

shorted-stub-loaded varactors, however it can achieve a full 360◦ continuous phase

tuning with a maximum insertion loss of 2.3 dB at 5.00 GHz and less than 2.5 dB from

4.75 GHz to 5.25 GHz, as validated in measurements.

The following sections are arranged as follows: Section 3.2 introduces the phase shifter

working principles, and Section 3.3 shows the phase shifter analysis, design and op-

timization based on an equivalent circuit model. The concept of phase shifter is also

experimentally validated in Section 3.4. Then Section 3.5 demonstrates an improved

design of the phase shifter pair, followed by concluding remarks.

3.2 Working Principle of the Phase Shifter Pair

3.2.1 Differential Mode

Phase difference is the relevant factor in a beam steerable array to synthesize a pattern

in a certain direction. The usual design of a phase shifter aims at supplying full 360◦

phase shift to achieve the desired beam scanning functionality. In contrast, a concept of

phase shifter pair working in differential mode is proposed as shown in Fig. 3.1(a). The

phase shifter pair consists of two phase-tuning units located symmetrically on the two

output ports of a Wilkinson power divider, and these units are controlled individually

by two separate voltages. The relative phase variation offered by this phase shifter
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pair ∆ϕ can be tuned continuously from 0◦ to 360◦, if the phase difference between the

two tuning units can be continuously adjusted from 0◦ to 180◦. Two typical examples

are given in Fig. 3.1(b) to illustrate the working principle. For instance, if the phase of

P1 is set to ϕ1 while the phase of P2 is tuned to ϕ1 + 90◦, then the phase difference ∆ϕ

from ϕ1 to ϕ2, namely ∆ϕ = ϕ1 - (ϕ1 + 90◦), is -90◦ (or 270◦). When the phase of these

two units are swapped by exchanging the two bias voltages, ∆ϕ is then changed to 90◦

since ∆ϕ = (ϕ1 + 90◦) - ϕ1. Similarly, in the extreme case, one can also achieve -179◦

(or 181◦) and 179◦ phase difference, if 179◦ is chosen as the phase difference between

the tuning units. Due to the nature of phase swapping and subtraction, as well as

operation in phase differences rather than absolute phases, this phase shifter pair is

said to be working in a differential mode. In this operation modality, the phase tuning

range requirement to realize a full 360◦ phase shift on the phase shifter pair can be

halved, i.e., 0◦-180◦.

Figure 3.1. The proposed differential phase shifter pair: (a) General schematic diagram, (b) two

typical phase tuning scenarios, and (c) general configuration of the basic phase-tuning unit.

3.2.2 Working Principle

To illustrate the work principle, a simplified phase-tuning unit loaded with a single

stub (as shown in Fig. 3.1(c)) is investigated firstly. The most relevant phase-tuning

part of the phase-tuning unit is a shorted-stub-loaded varactor. By adjusting the bias

voltage to the varactor so that a different capacitance is obtained, the transmission

characteristics of the main microstrip line will change due to the impedance variation

at its junction to the varactor branch. As shown by the inset in Fig. 3.2(a), the varactor

provides a capacitance value from 0.15 to 1.30 pF with a bias voltage from 18 to 0 V.
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The simulated transmission coefficient and the corresponding phase of P2 (or P1) at the

output Port-3 (or the output Port-2) with different varactor capacitances are shown in

Fig. 3.2(a). Fig. 3.2(b) shows the phase ranges of the unit in a 360◦ circle according to

the results shown in Fig. 3.2(a), i.e., the phase span in Reg-1 is covering the angular

range between ϕ1 (236◦ or -124◦) and ϕ2 (255◦ or -105◦), and the one in Reg-2 between

ϕ3 (288◦ or -72◦) and ϕ4 (302◦ or -58◦). The operational regions, marked as Reg-1 and

Reg-2, are selected where the transmission coefficient is higher than -2 dB, i.e., the

two highlighted green and blue areas. The magnitude of |S21| is mainly due to the

Figure 3.2. (a) Transmission characteristics of a single-stub phase-tuning unit (shown in Fig. 3.1(c))

at 5 GHz, in which the red line is the magnitude and the blue line is the phase, inset: reverse

voltage-capacitance control curve of the varactor, (b) available phase regions provided by the basic

phase-tuning unit corresponding to the values in Fig. 3.2(a), and (c) calculation of sub-phase-tuning

areas ∆ϕ1 and ∆ϕ2 and the phase tuning range of a differential pair of phase-tuning units yielding in

total an accessible phase difference ∆ϕ.
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signal reflection (stop band) and the ohmic loss from the parasitic series resistance of

the varactors (Reg-1 and Reg-2). Correspondingly, the available phases of the phase-

tuning units can be selected individually in these two highlighted green (ϕ1, ϕ2) and

blue (ϕ3, ϕ4) regions as shown in Fig. 3.2(b). The achievable phase difference, denoted

as ∆ϕ, for a differential pair is the combination of the two sub-phase-tuning areas,

namely the two red blocks ∆ϕ1 and ∆ϕ2 as shown in Fig. 3.2(c) which can be obtained

by subtractions as

∆ϕ = ∆ϕ1 ∪ ∆ϕ2 , (3.1)

where

∆ϕ1 ∈ (0◦, |ϕ2 − ϕ1|) , (3.2)

∆ϕ2 = ∆ϕ2a ∪ ∆ϕ2b , (3.3)

with

∆ϕ2a = (|ϕ3 − ϕ2|, |ϕ3 − ϕ1|) , (3.4)

and

∆ϕ2b = (|ϕ4 − ϕ2|, |ϕ4 − ϕ1|) . (3.5)

The resulting achievable phase ranges shown in Fig. 3.2(c) are normalized to ϕ1 which

corresponds to the reference of 0◦. The first sub-phase-tuning range, ∆ϕ1 as expressed

in (3.2), is the same as the one from Reg-1 which always offers a wider phase difference

compared to Reg-2. The second sub-phase-tuning range ∆ϕ2 (expressed in (3.3)), is the

overlapping area between the two subtracted phase ranges ∆ϕ2a (expressed in (3.4))

and ∆ϕ2b (expressed in (3.5)) highlighted as the pink and black regions in Fig. 3.2(c). It

is worth mentioning that a stop band (with high insertion loss above 2 dB) exists be-

tween Reg-1 and Reg-2, whose position corresponds to the resonance of the structure.

This resonance can therefore be controlled by the length of the stub after the varactor.

Working precisely around the location of this stop band, allows to produce large con-

tinuous phase differences within two relative small sub-ranges Reg-1 and Reg-2. The

optimization of the stop band allows to significantly control the phase tuning range.

When the phase separation between the two operation ranges, namely |ϕ3 − ϕ2|, is

equal or less than |ϕ2 − ϕ1|, ∆ϕ1 and ∆ϕ2 will merge in one single continuous phase-

tuning range which maximizes the total phase span.

Importantly, this feature further relaxes the phase-tuning range requirement, as com-

bining appropriately separated sub-ranges with sufficient angular span can allow to
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cover 0◦ - 180◦ variation. Once the overall phase difference covered by these two sub-

phase-tuning-areas fulfills the span of (0◦, 180◦), a phase shifter pair can realize full

360◦ phase tuning through swapping the bias voltages to the phase unit pair.

One also can observe that some of the phase difference ∆ϕ can be obtained through

different phase combinations which may have different levels of insertion loss. This

offers additional possible combinations of signal phase and magnitude to each array

element, which to some extent can allow to realize beam optimization.

3.2.3 Practical Configuration of the Phase-Tuning Unit

As cascading more phase-tuning stubs can lead to a wider phase-tuning span for a dif-

ferential pair, configurations with up to four shorted-stub-loaded varactors are inves-

tigated in the following. The geometry and the simulated transmission characteristic

curves of these four structures are illustrated in Fig. 3.3.

Their usable (varactor) capacitance ranges defined by the insertion loss less than 2 dB

are shown in Fig. 3.3(a) with different colour bands, and the corresponding phase tun-

ing ranges are summarized in Table 3.1.

Additionally, the available phase regions of a single phase shifter (full circle) and

the phase-tuning spans of a phase shifter pair (half circle) are visually represented in

Figs. 3.4(a), (b), (c) and (d) for the four designs respectively.

Table 3.1. Available phase regions of different cascaded phase-tuning units

Model #Stub Reg-1 Reg-2 Phase difference in pair

(i) 1 236◦ - 255◦ 288◦ - 302◦ 0◦ - 19◦, 33◦ - 66◦

(ii) 2 168◦ - 232◦ 295◦ - 314◦ 0◦ - 134◦

(iii) 3 142◦ - 230◦ 336◦ - 41◦ 0◦ - 88◦, 101◦ - 180◦

(iv) 4 143◦ - 244◦ 27◦ - 98◦ 0◦ - 180◦

In the first two cases with one or two stubs, the usable varactor capacitance range is

wider but the phase dynamic range is lower than in the other two cases. The last case

with four stubs is the best in terms of phase-tuning ability since it permits more than

0◦ - 180◦ continuous phase variation. Nevertheless, considering the insertion loss and

complexity, the case with three stubs is found to be the most practical design with

smooth phase-tuning ranges of (0◦, 88◦) and (101◦, 180◦), separated by a small phase
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Figure 3.3. Transmission characteristics of the four considered phase-tuning unit models: (a) Mag-

nitude and (b) phase. The vertical arrows illustrate the accessible phase tuning ranges in the two

regions with |S21| > -2 dB.

gap of 13◦ which will be later optimized to less than 11◦. This overall continuous

phase-tuning range is sufficient for a general-purpose pattern-reconfigurable antennas,

since such phase-tuning performance can be considered equivalent to a traditional 5-

bit phase shifter which has a 11.25◦ phase-tuning resolution.
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Figure 3.4. Phase-tuning capability of different cascaded single and paired phase shifters with (a)

one stub, (b) two stubs, (c) three stubs and (d) four stubs.

Page 49



3.3 Phase-Tuning Unit Design

Figure 3.5. Geometry of the proposed phase-tuning unit with three varactor-loaded stubs. The

dimensions are: W1 = 0.90 mm, W2 = 0.48 mm, W3 = 0.20 mm, L1 = 0.36 mm, R1 = 0.40 mm,

R2 = 0.30 mm, R3 = 0.20 mm, G1 = 0.30 mm, G2 = 0.20 mm G3 = 0.30 mm, S = 0.20 mm, Ls1

= 4.05 mm, Ls2 = 4.05 mm, Ls3 = 4.05 mm, d1 = 7.12 mm, and d2 = 7.12 mm.

3.3 Phase-Tuning Unit Design

Being chosen as the most advantageous building block for the proposed phase shifter

pair, the 3-stub phase-tuning unit is discussed in detail in this section. As depicted in

Fig. 3.5, it contains a microstrip transmission lines loaded with three varactors termi-

nated with short-ended stubs. The phase-tuning unit is designed on a 0.635 mm thick

Rogers RT6006 with relative permittivity of 6.15 and loss tangent of 0.0019 at 5 GHz.

The varactors adopted in this design are MA46H120 which has a parasitic inductance

of 0.05 nH and a resistance of 2 Ω [109]. As shown in Fig. 3.5, the bias network consists

of an RF-choke inductor of 15 nH in series with an RF-blocking resistor of 1000 Ω. A

200 pF DC-blocking capacitor is inserted into the top section of the stub close to the

RF-shorting via. The microstrip bias lines connected to the DC voltage are chosen to

be 0.2 mm wide to increase their inductance and minimize radiation.

3.3.1 Equivalent Circuit Model

Aiming to achieve a fast design and optimization process for the phase shifter, an ac-

curate equivalent circuit model of the 3-stub phase-tuning unit is developed. Since the

bias network and the DC-blocking capacitor have very limited impact on the phase-

tuning unit, they are neglected in the equivalent circuit model. For two-port networks

in cascaded configuration, the [ABCD] matrix [110] (denoted with bold A in this thesis)

provides a convenient way to compute the transmission characteristics of the overall
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Figure 3.6. Equivalent circuit model: (a) The overall 3-stub phase-tuning unit, (b) the stub-loaded

varactor and (c) the varactor and its connection to the stubs.

network by simple matrix multiplication, hence it is adopted in the circuit mode anal-

ysis.

The phase-tuning unit can be considered as four cascaded segments of microstrip

transmission lines with three admittance branches in-between them. The equivalent

circuit is illustrated in Fig. 3.6(a), and the matrix Atot is obtained by multiplying A1 to

A7 in order as

Atot =
7

∏
i=1

Ai = A1 · A2 · A3 · A4 · A5 · A6 · A7 . (3.6)

The four transmission line networks A1, A3, A5 and A7, represent the microstrip line

segments with physical lengths of L0, d1, d2 and L0 respectively, separated by three

stub-loaded varactors which are approximated as the 3 admittances, described by A2,

A4 and A6. The matrices A1 and A7, A3 and A5 are expressed as

A1 = A7 =

[
cos(βL0) j sin (βL0) Z0

j sin(βL0)/Z0 cos(βL0)

]
(3.7)

A3 =

[
cos(βd1) j sin (βd1) Z0

j sin(βd1)/Z0 cos(βd1)

]
(3.8)

A5 =

[
cos(βd2) j sin (βd2) Z0

j sin(βd2)/Z0 cos(βd2)

]
(3.9)
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where β = 2π/λg and λg is the guided wavelength.

The admittances Y1, Y2 and Y3 are composed of three parts including a stub with char-

acteristic impedance of Z1 and physical length of L1 (the very short stub connected to

the edge of the main microstrip line, as shown in Fig. 3.5), a varactor in series denoted

as Zg, and a short-ended stub with characteristic impedance Z1 and effective physical

length Len (n = 1,2,3), which is shown in Fig. 3.6(b) for n = 1 (the first varactor branch).

The corresponding matrices for the stubs can be expressed as

Astub−n =

[
cos(βL1) j sin (βL1) Z1

j sin(βL1)/Z1 cos(βL1)

] [
1 Zg

0 1

]
[

cos(βLen) j sin (βLen) Z1

j sin(βLen)/Z1 cos(βLen)

]
(n = 1, 2, 3).

(3.10)

The equivalent circuit model of the connected varactor is shown in Fig. 3.6(c), which

is comprised of a series RLC circuit representing the varactor in isolation, two shunt

capacitors Cp approximating the parasitic capacitances between the stub edges and

ground, in series with a capacitor Cs standing for the capacitance between the two

stub edges. As a result, the impedance Zg of the varactor on stub-n can be expressed

as

Zg = Zcp//Zm//Zcp , (3.11)

where Zcp is the impedance of Cp while Zm is the impedance of the varactor in parallel

with Cs. Their expressions are given as:

Zcp = 1/(jωCp) (3.12)

Zm = 1/(jωCs + (1/(Rv + jωLv + 1/(jωCv)))) , (3.13)

where ω = 2π f and f is the operating frequency.

In (3.13), Cv, Lv, Rv represent the series RLC circuit of the varactor in isolation. Cv is a

tunable capacitance, Lv is a parasitic inductance and Rv stands for a parasitic resistance.

The values of Cs and Cp are calculated according to [111]. Then, A2, A4 and A6 are

obtained by
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A2 = A4 = A6 =

[
1 0

1/Zsn 1

]
(n = 1, 2, 3) , (3.14)

where Zsn is the input impedance when looking into each varactor branch from the

main 50 Ω microstrip line, expressed as:

Zsn =
Astub−n(1, 1)Zl + Astub−n(1, 2)
Astub−n(2, 1)Zl + Astub−n(2, 2)

(n = 1, 2, 3) (3.15)

and Zl is the load impedance which is zero from the shorted end of the stub. The Atot

for the overall structure is then obtained using (3.6), and the overall S-matrix can be

finally computed from Atot as discussed in [112].

Full-wave simulation with Ansys HFSS 2019 is deployed to validate the equivalent

circuit model. The effective physical length of the shorted stub Len in the circuit model

depends on its physical length Lsn (n = 1,2,3), shorting via radius R1, stub width W2

and substrate thickness t. It is empirically found that the relation between them is

Len = Lsn + t − l (n = 1, 2, 3) , (3.16)

where l = 0.445 mm is an empirically found length compensating the additional induc-

tance formed by the given via and stub width.

A second critical phenomenon observed in full-wave computation is the parasitic cou-

pling between the main transmission line and the varactor-loaded stub. This coupling

is not considered in the equivalent circuit model which causes a non-negligible dis-

crepancy from simulation. Therefore, to suppress this coupling, isolation vias with

radius R2 are installed on both sides of the stub close to the varactor location (denoted

as isolation via in Fig. 3.5). As a result of the addition of those vias, the coupling in this

area is effectively mitigated.

As predicted by full-wave simulations, the solder layer for the varactors can slightly in-

fluence the phase-tuning unit performance, and therefore the solder layer effect needs

to be empirically considered in the circuit model to achieve a higher accuracy. Based

on the averaged values measured using a microscope, the solder layer dimensions are

included in the HFSS simulation model with a bottom width of 0.35 mm, a length of

0.1 mm and a height of 0.1 mm. Correspondingly, this solder layer effectively changes

the Cv range to 0.12 pF to 1.27 pF and increases the parasitic resistance of the varactor

to 3 Ω in this equivalent circuit model.
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3.3.2 Optimization

The phase-tuning unit has 6 key variables which significantly control the phase tuning

range, i.e., the stub width W2 (Z1 in circuit model) and the 3 stub lengths Len as well

as the distances between the stubs d1 and d2, which are displayed in Fig. 3.5. These

parameters are optimized using a genetic algorithm (GA) [113] based on the circuit

model to maximize the phase tuning range while maintaining an acceptably low inser-

tion loss. GA is utilized as a generic tool here since it is known to be very efficient for

multi-objective optimization. The objective function for the GA considers the insertion

loss and phase shift range simultaneously and it is based on the following 3 steps:

Step 1: Define the multi-objective merit function, which targets 180◦ continuous

phase difference coverage between phase-tuning pairs while minimizing inser-

tion loss (expressed in dB) over all phase combinations.

Step 2: Generate chromosomes which contain the values defining the length of

the three stubs Le1, Le2, Le3, the width of the stubs W2, and the stub spacings d1

and d2. For each generated combination, calculate the phase-tuning unit perfor-

mance based on the merit function, apply mating, mutation and selection rules

of the GA.

Step 3: Repeat Step-2 until convergence to an optimal combination of these six

parameters is reached using the GA algorithm.

When running the GA optimization algorithm multiple independent times, the ob-

tained optimized results, which can satisfy the phase tuning span (0◦-180◦) while keep-

ing a relatively low insertion loss below 2 dB (down to 1.5 dB), usually yield nearly

equal stub lengths and stub spacings, i.e., Le1
∼= Le2

∼= Le3 and d1
∼= d2. Therefore,

a condition of equal stub length and spacing is enforced in the final optimization for

the sake of design simplicity. The resulting critical geometrical parameters of the final

design are given in Table 3.2.

As shown in Fig. 3.7(a), this design can produce 0◦ - 180◦ phase difference, with a

small tuning gap between 80◦ and 91◦ at 5 GHz as listed in Table 3.3. The simulated

and calculated transmission coefficient magnitude and phase obtained from the circuit

method and full-wave simulation at 4.75 and 5.25 GHz are shown in Figs. 3.7(b) and

(c) respectively. The results imply that the phase-tuning ability as listed in Table 3.3, is

nearly identical across the frequency range from 4.75 to 5.25 GHz.
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Table 3.2. Parameters of equivalent circuit method and full-wave method for the final designs.

Equivalent circuit variables Full-wave variables

Name Value Name Value

Len 4.24 mm Lsn 4.05 mm

d1 7.12 mm d1 7.12 mm

d2 7.12 mm d2 7.12 mm

Z1 69.52 Ω W2 0.48 mm

Table 3.3. Phase-tuning capability of the 3-stub phase-tuning unit at 5.00, 4.75 and 5.25 GHz

Frequency Reg-1 Reg-2 Phase difference in pair

5.00 GHz 160◦ - 240◦ 331◦ - 21◦ 0◦ - 80◦, 91◦ - 180◦

4.75 GHz 179◦ - 275◦ 22◦ - 61◦ 0◦ - 96◦, 107◦ - 180◦

5.25 GHz 135◦ - 213◦ 299◦ - 2◦ 0◦ - 78◦, 86◦ - 180◦

3.4 Fabrication and Measurement

To verify the proposed analysis and design method, a stand-alone phase-tuning unit

prototype is fabricated and measured, as displayed in Fig. 3.8. A reference 50 Ω mi-

crostrip transmission line is printed on the same substrate, and is used to calibrate the

insertion loss purely due to the line. Two test pins soldered on the phase-tuning unit

are used for the DC bias and ground connections, respectively. The measured perfor-

mance of the prototype is compared with the results obtained from equivalent circuit

model in Fig. 3.9, where a good agreement is observed, thus validating the design

method.

The phase-tuning ability is measured with the appropriate varactor capacitance by ap-

plying the corresponding bias voltage. The resulting phase differences obtained in this

test scheme are shown in Table 3.4, where the phase differences from 0◦ - 180◦ with 10◦

interval are successfully achieved within 5% tolerances based on calculated application

of a pair of phase-tuning units. The measured insertion loss, after calibrating out the

main transmission line loss of about 0.26 dB, is found to be not larger than 1.74 dB at

5 GHz. The same measured phase tuning range has been attained at 4.75 and 5.25 GHz

with a slightly higher calibrated maximum insertion loss of 2.04 dB (not shown in this

section for brevity).
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Figure 3.7. S21 magnitude and phase values of the final optimized design of 3-stub phase-tuning unit

obtained from the equivalent circuit method and full-wave method at (a) 5.00 GHz, (b) 4.75 GHz

and (c) 5.25 GHz.
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Figure 3.8. Photograph of the fabricated 3-stub phase-tuning unit. The dark green test pin is for DC

bias circuit connection, and the black one is for the ground connection. A through 50 Ω transmission

line is added on the same board as reference.

Figure 3.9. 3-stub phase-tuning unit prototype performance, showing the S21 magnitude and phase

curves from the equivalent circuit method and measured results at 5 GHz.

3.5 Improved Design of the Phase Shifter

A further-improved design based on a similar phase-tuning unit topology is proposed

in this part. The aim of this optimization is to improve the tuning ability of the differ-

ential phase shifter pair which consists of two 3-stub phase-tuning units. Additionally,

the optimized phase-tuning unit is implemented on a more cost-effective substrate,

thereby enhancing the processing potential of this design in compact and low-cost ap-

plications.

The differential phase shifter pair in Fig. 3.5 can reach a nearly full 360◦ phase-tuning

span with two symmetrical gaps of 11◦. To cover the gap, the optimized phase-tuning
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Table 3.4. Measured phase reconfigurability of the phase-tuning unit prototype when used in pair at

5 GHz
C1, C2

(pF)

V1, V2

(V)

Meas. ϕ1, ϕ2

(◦)

Meas. IL1
⋄

IL2 (dB)

Meas. ∆ϕ(◦)∗

(∆ϕexp(◦)△)

0.15, 0.15 17.8, 17.8 -105.7, -105.7 0.28, 0.28 0.0 (0)

0.17, 0.19 14.1, 11.8 -113.8, -123.5 0.35, 0.47 9.7 (10)

0.16, 0.20 15.7, 10.9 -109.6, -129.3 0.30, 0.57 19.7 (20)

0.15, 0.21 17.8, 10.1 -105.7, -135.9 0.28, 0.68 30.2 (30)

0.15, 0.22 17.8, 9.5 -105.7, -143.4 0.28, 0.84 37.7 (40)

0.17, 0.24 14.1, 8.4 -113.8, -163.2 0.35, 1.35 49.4 (50)

0.15, 0.24 17.8, 8.4 -105.7, -163.2 0.28, 1.35 57.5 (60)

0.15, 0.25 17.8, 8.0 -105.7, -176.5 0.28, 1.87 70.8 (70)

1.30, 0.15 0.0, 17.8 -26.7, -105.7 1.53, 0.28 79.0 (80)

1.30, 0.18 0.0, 12.8 -26.7, -1.0 1.53, 0.41 91.8 (90)

0.99, 0.19 0.7, 11.8 -22.0, -123.5 1.60, 0.47 101.5 (100)

1.17, 0.21 0.3, 10.1 -24.9, -135.9 1.56, 1.8 111.0 (110)

1.07, 0.22 0.5, 9.5 -23.7, -143.4 1.59, 0.84 119.7 (120)

0.99, 0.23 0.7, 8.9 -22.0, -152.4 1.60, 1.04 130.4 (130)

0.99, 0.24 0.7, 8.4 -22.0, -163.2 1.60, 1.35 141.2 (140)

1.30, 0.25 0.0, 8.0 -26.7, -176.5 1.53, 1.87 149.8 (150)

0.83, 0.25 1.2, 8.0 -16.4, -176.5 1.71, 1.87 160.1 (160)

0.71, 0.25 1.7, 8.0 -6.0, -176.5 1.90, 1.87 170.5 (170)

0.67, 0.25 1.9, 8.0 0.0, -176.5 2.00, 1.87 176.5 (180)

⋄ Phase-tuning unit insertion loss.
∗ Phase shifter pair tested phase difference.
△ Phase shifter pair expected phase difference.

unit is proposed and shown in Fig. 3.10. The enhanced design is realized on a 0.76 mm

thick Rogers Diclad 880 with relative permittivity of 2.2. It also consists of three identi-

cal short-ended stubs loaded with varactors, however with two extra open-ended stubs

introduced, located on the edge of a 50 Ω host microstrip line in between the stub-

loaded varactors. The lower dielectric constant of the substrate results in a physically

larger board and thus less mutual coupling between the varactors and the microstrip

host line. As a consequence, the isolation via structures required in the original phase

shifter design are no more needed in this present evolved design.
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Figure 3.10. Geometry of the proposed phase-tuning unit of the differential pair with three varactor-

loaded stubs. The major dimensions are: W1 = 2.32 mm, W2 = 0.80 mm, W3 = 0.20 mm, W4 =

1.00 mm, L = 5.20 mm, R1 = 0.40 mm, R2 = 0.20 mm, S = 0.30 mm, H = 4.00 mm, and d =

10.00 mm .

To eliminate the phase gap in the pair mode, the phase tuning unit needs to have a

larger span of Reg-1 (as Reg-2 is usually smaller than Reg-1) and a smaller difference

between ϕ3 and ϕ2 (see Fig. 3.11(b) and (c)), which can satisfy

|ϕ2 − ϕ1| ≥ |ϕ3 − ϕ2|. (3.17)

In order to achieve these requirements, two open-ended stubs are introduced to length-

en the path between two adjacent short-ended stubs. Due to this structure, the phase

values in Reg-1 and Reg-2 are individually increased by a certain value. In particular,

ϕ3 becomes closer to ϕ2, which reduces the phase difference between them and makes

an important contribution to the elimination of the phase gap.

The phase tuning unit is simulated using Ansys HFSS 2021. It is predicted to cover a

full 360◦ when operating in pair with a maximum insertion loss of 2 dB at 5 GHz, as

shown in the red curves in Fig. 3.12(a). As shown in the polar phase plot in Fig. 3.12(b),

a phase difference of (0◦, 92◦) can be achieved in Reg-1 while the phase gap between

ϕ3 and ϕ2 is 91◦. For the frequencies from 4.75 to 5.25 GHz, the device can almost fully

cover 360◦ phase difference with a gap of 3◦ at 4.75 GHz and 25◦ at 5.25 GHz, when

the insertion loss is less than 2 dB.

To verify the proposed design, a prototype of the optimized phase tuning unit has been

fabricated, as shown in Fig. 3.13. The measured characteristic curves (in blue) are illus-

trated in Fig. 3.12(a). A very good agreement between simulation and measurement is
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Figure 3.11. The differential phase shifter pair: (a) Transmission characteristics of the phase-tuning

unit at 5 GHz, in which the red line is the magnitude and the blue line is the phase, (b) the available

phase ranges of the phase-tuning unit corresponding to the values in Fig. 3.11(a), and (c) the phase

range of the differential pair: the yellow region is achieved using Reg-1, the red region is achieved using

the difference between Reg-1 and Reg-2, and the pink and orange regions are achieved by swapping

the states of P1 and P2 in the differential pair structure shown in Fig. 3.1(a).

Figure 3.12. (a) Simulated and measured S21 parameters of the optimized phase-tuning unit at

5 GHz, and (b) the polar phase plot of the optimized phase-tuning unit corresponding to the values

in Fig. 3.12(a).
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observed, with a slightly smaller achievable phase range from 0◦ to 74◦ and the phase

gap between ϕ3 and ϕ2 of 78◦ for an insertion loss smaller than 2 dB. This further op-

timized design is able to cover full 360◦ when the insertion loss is less than 2.3 dB at

5.00 GHz and less than 2.5 dB from 4.75 to 5.25 GHz. Although the insertion loss is

slightly higher than that in simulations, the prototype still provides a very competitive

performance which validates the proposed optimized concept.

Figure 3.13. The optimized phase-tuning unit prototype.

3.6 Conclusion

A phase shifter concept based on a differential pair of varactor-loaded phase-tuning

units has been proposed in this chapter. The differential pair configuration can halve

the phase range requirement to achieve 0◦ to 360◦ phase tuning range, namely requir-

ing only 0◦ to 180◦ tuning span for the pair. The general phase-tuning unit contains a

main microstrip line and shorted-stub-loaded varactors on its lateral edge, which of-

fers easy integration in planar technologies. It has been demonstrated that a 4-stub

phase-tuning unit pair can generously cover the required 0◦ to 180◦ phase adjustment.

However, a 3-stub design has been identified to be the most cost-effective option for

common antenna designs, as it provides 0◦ - 180◦ phase tuning with only a 11◦ blind

zone. The development of an equivalent circuit model computation allowing GA-

based optimization has facilitated a fast design process for the 3-stub configuration. To

validate the method, a 3-stub phase-tuning unit prototype is fabricated and measured.

The measured results have shown the expected phase tuning range when operated in

Page 61



3.6 Conclusion

a pair and a maximum insertion loss of 1.74 dB at 5.00 GHz and 2.04 dB from 4.75 to

5.25 GHz.

Based on the similar topology, an optimized phase-tuning unit operating in a differen-

tial pair configuration has been also proposed with the objective of enhancing both the

phase-tuning capability to a full 360◦, i.e., without gaps, and cost efficiency of the unit.

By using a substrate with lower permittivity and adding two open-ended stubs to the

original design, the optimized device no longer requires isolation vias, and importantly

achieves a full 360◦ phase difference span with an insertion loss not higher than 2.3 dB

at 5 GHz, which is competitive. All these results have implied that the enhanced phase

shifter pair is a promising phase shifter solution for compact and low-cost microwave

and antenna engineering.
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Chapter 4

Beam-Steerable
Dielectric Resonator

Antenna Array

A
S an important type of pattern-reconfigurable antennas,

beam-steerable antennas are in high demand for a wide vari-

ety of wireless communications applications. The phase con-

trol system plays an essential role in determining the beam steering angle.

Traditionally, standalone phase shifters employed for this purpose have

been able to provide a full 360◦ phase tuning span. However, they tend

to be bulky, expensive, and require additional space to connect with the

antenna system. On the other hand, planar phase tuning devices using

lumped electronic components often results in a limited tuning range or

higher insertion loss, limiting their applicability.

In order to achieve a compact and cost-effective beam-steerable antenna,

three of those differential phase shifter pairs proposed in Chapter 3 are

seamlessly integrated into a 1-to-4 equal power divider. This configura-

tion creates a reconfigurable feeding network which can provide sufficient

phase differences for a 4-element linear dielectric resonator antenna array,

allowing the beam to be scanned from -45◦ to +45◦ with a tunable operating

frequency band from 4.75 to 5.25 GHz.
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Chapter 4 Beam-Steerable Dielectric Resonator Antenna Array

4.1 Introduction

R
ECONFIGURABLE antennas aim at producing tunable radiation char-

acteristics for advanced wireless communications applications [114]. This

ability is obtained by redistributing the electrical currents on their struc-

ture, which essentially can produce changes in operation frequency [115] [116] [117],

radiation pattern [118] [119] [120], polarization [121] [122] [123] or any combination of

these aspects [124] [125]. Particularly, as an important type of pattern-reconfigurable

antennas, beam-steerable antennas are highly demanded for a wide variety of wireless

communications applications such as 5G systems [126], wireless local area network

(WLAN) [127] [128] and internet of things (IoT) systems [129] [130] [131].

For modern systems, planar beam-steerable antennas based on active electronic com-

ponents such as PIN diodes [132] [133] [134], varactors [135] [136] and RF-switches [137]

[138] [139] have been developed widely, promoting advantages of compact structure,

low cost and low power consumption compared to traditional phased arrays. These

antennas can be categorized into two types in terms of their beam steerability, namely

beam-switching antennas which can switch their main beam to discrete angles [140–

142] and beam-scanning antennas which can continuously scan their main beam in an

angular range [100] [101].

A 2-D beam-switching 2-bit array was reported in [140] with three discrete pattern

states, i.e., at angles (θ, ϕ): (0◦, 0◦), (0◦, 28◦) and (90◦, 20◦), which was based on 0◦/90◦

phase shifters controlled by PIN-diodes. In [141], a microstrip patch array was pro-

posed with the ability to switch its main beam to three discrete angles of -15◦, 0◦

and 15◦. A similar beam-switching microstrip patch array with a higher efficiency

was then proposed in [142], and these two arrays both used PIN-diode-based discrete

phase shifters. Due to the phase shifter’s discrete tuning nature, these arrays possessed

non-continuous beam steerability. However, continuous beam-scanning is generally

preferable due to its flexibility in accurate beam control. Therefore, in order to equip

antennas with continuous beam-scanning ability, phase shifters with continuous phase

variation are needed. A 1 × 4 dielectric resonator antenna (DRA) array conceptualized

in [100] could continuously scan within an angular range of ±30◦, which was based

on four continuously tunable phase shifters. As reported in [101], a 1 × 4 substrate-

integrated waveguide (SIW) phased array realized continuous scanning from -45◦ to

45◦ by employing phase shifters with smooth phase agility. However, the phase shifter
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in [100] was utilizing 11 Barium strontium titanate (BST) Metal-Insulator-Metal varac-

tors, which reached a phase shift of 260◦ with maximum bias voltages up to 50 V and

an insertion loss below 5.9 dB. In [101], a reflection-type phase shifter based on 2 var-

actors was utilized with a 290◦ continuously tunable phase shift and an insertion loss

below 3.5 dB, while it was with a size of 1.24λ0 × 0.46λ0.

One can observe that the phase shifter configuration and performance critically deter-

mine the beam scanning, reconfiguration capability and the entire dimension of the

antenna system. For designs with emphasis on compact size and low cost, continu-

ously tunable phase shifters with full 360◦ phase shift are generally desirable, while

maintaining a minimum number of cascaded unit structures, a small device size and

a low insertion loss. The differential phase shifter pair concept proposed in Chapter 3

is a viable solution for these requirements. A compact reconfigurable feeding network

is proposed in this chapter which incorporates 3 of differential phase shifter pairs. A

1 × 4 DRA array is excited by this feeding network, which can supply sufficient phase

differences between elements to scan its beam from -45◦ to +45◦ with a tunable op-

erating frequency band from 4.75 to 5.25 GHz. The chapter is arranged as follows:

Section 4.2 focuses on the optimization of a low-cross-polarization DRA radiator ele-

ment. In Section 4.3, the design of the feeding network and the integration of the array

are presented. The scan ability of the array is demonstrated in Section 4.4, followed by

concluding remarks.

4.2 Low-Cross-Polarization DRA Design

DRAs are good candidates for wireless communications systems due to their high de-

sign flexibility and versatility [143]. They can offer wide bandwidth, high radiation

efficiency and ease of fabrication with diverse manufacturing technologies including

3D printing [144]. Therefore, significant research efforts have been invested in the

development of DRAs. As an important aspect for antenna design, minimizing the

cross-polarization level is also essential for DRAs. To achieve this goal, loading elec-

tromagnetic structures [145] and optimizing the feeding structures [146] are two major

approaches. In [145], a series of metal rings and strips were introduced to reduce the

cross-polarization of a DRA array by 20 dB. In [146], the cross-polarization level caused

by the asymmetrical structure was reduced to -26 dB through involving a differential-

fed structure with equal-amplitude and anti-phase signal.
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4.2.1 Analysis, Design and Optimization

In this section, a 3D-printed DRA excited by a T-shaped feeding structure is proposed,

which leads to improved cross-polarization compared to standard probe-feeding. A

traditional rectangular DRA excited by a side probe is firstly designed as a reference,

based on the method outlined in [143]. The DRA has a length of a, a width of a and

a height of h, and it sits on a ground plane. The excitation is provided by a probe

on the resonator side which is connected to a 50 Ω microstrip line on the backside

of the substrate. The configuration and major dimensions of the probe-fed DRA are

illustrated in Fig. 4.1(a). The dielectric resonator (DR) is 3D-printed using PREPERM

3-D ABS DK 10.0 from Premix Oy with 100% infill percentage, which yields the highest

relative permittivity of 8.3 [147]. The substrate is a 0.635 mm thick substrate Rogers

RT6006 laminate with a relative permittivity of 6.15 and a loss tangent of 0.0019 at

5 GHz. The exciting probe has a length of h1 and a diameter of 1.0 mm. To affix and

align the DR on the ground plane, a 3D-printed support frame is utilized (the red frame

on the antenna prototypes), which has a negligible effect on the DRA performance due

to its low relative permittivity of around 2.

Figure 4.1. (a) Geometry of the reference probe-fed rectangular DRA and (b) geometry of the

optimized DRA with T-shaped feeding structure. The major dimensions are: a =13.8 mm, h =

8.8 mm, h1 = 10.0 mm, hm = 3.0 mm, h2 = 3.0 mm, ht = 3.4 mm, wt = 1.0 mm, and Lt = 8.0 mm.

The probe-fed DRA is predicted through simulations (performed using Ansys HFSS

2021) to work from 4.75 - 5.25 GHz with |S11| less than -10 dB, as shown in Fig. 4.2.

Its simulated normalized H-plane patterns at 4.75, 5.00 and 5.25 GHz are plotted in
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Figure 4.2. Simulated |S11| parameters of the probe-fed, T-shape-probe-fed and optimized T-shape-

probe-fed DRAs.

Figs. 4.3(a) (b) and (c), respectively. Importantly, the simulated cross-polarization lev-

els at these three frequencies are -11.2, -15.4 and -19.8 dB, respectively. It is empha-

sized that the H-plane contains the highest cross-polarization levels, and therefore the

analysis is applied to this plane. The main source of the cross polarization compo-

nent is the feeding probe, because a component of the currents on the probe will ra-

diate in the cross-polarization except when θ = 0◦ and 180◦. It can be observed that

the cross-polarization components are gradually increasing as the operation frequency

decreases, and such a cross-polarization level of around -10 dB can be magnified sig-

nificantly in an array design when scanning off broadside. Therefore, improving the

polarization purity is very critical for DRA array applications.

Aiming to lower the cross-polarization level, a shorter feeding probe structure is intu-

itively adopted and a T-shaped strip is introduced to still provide a degree of freedom

necessary to match the antenna. As shown in Fig. 4.1(b), the new feeding structure is

applied on the same DRA configuration. More specifically, a T-shaped copper strip is

soldered to a shortened probe and attached to the DR. The critical parameters of the T-

shaped strip, including the length Lt, width wt and relative height to the ground plane

ht are optimized using HFSS to achieve matching. It is noted that this new feed moves

the operation frequency to a higher range from 5.09 to 5.91 GHz as shown in Fig. 4.2 as

green line, and hence a grounded metal strip is introduced on the side of the DRA op-

posite to the feed. As a larger hm leads to a lower resonance frequency, a value of 3 mm

is chosen to bring the operation frequency range back to 4.75 to 5.25 GHz. In Fig. 4.3(a)

(b) and (c), the simulated cross-polarization components in the H-plane are -19.2, -20.6
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Figure 4.3. Simulated normalized radiation patterns in the H-plane at (a) 4.75 GHz, (b) 5.00 GHz

and (c) 5.25 GHz.

Page 69



4.2.2 Fabrication and Measurement

and -18.7 dB at 4.75, 5.00 and 5.25 GHz respectively. As expected, with the new feed-

ing structure, there is nearly a 8 dB reduction in the simulated cross-polarization at

4.75 GHz.

4.2.2 Fabrication and Measurement

To verify the proposed design, both DRA prototypes have been fabricated as shown in

Fig. 4.4.

The measured reflection coefficient for the probe-fed DRA is from 4.74 to 5.45 GHz,

whereas the value for the optimized DRA is from 4.7 to 5.4 GHz, as shown in Fig. 4.5.

The measured normalized H-plane patterns of both prototypes are illustrated in Fig. 4.6.

The highest measured cross-polarization levels are -8.2, -12.0 and -13.4 dB at 4.75, 5.00

and 5.25 GHz for the probe-fed DRA respectively, and for the T-strip-fed DRA the cor-

responding levels are -16.4, -15.0 and -13.7 dB at 4.75, 5 and 5.25 GHz respectively. The

highest measured improvement in the cross-polarization at 4.75 GHz is 8.2 dB while

the cross-polarization at 5.25 GHz is almost the same. The measured cross-polarization

is a few dBs higher than predicted in simulations, which could be improved by a more

accurate realization of the prototypes.

As a result of the cross-polarization component reduction, the experimentally obtained

gains at 4.75 GHz are 3.9 and 6.4 dBi for the reference and the optimized DRAs re-

spectively, and the gain increase is larger than 0.7 dB in the whole operation band as

shown in Fig. 4.7. Using the new feeding, the performance of the H-plane patterns has

been improved with lower measured cross-polarization levels, which remain consis-

tent over the whole workband.

Figure 4.4. Prototypes of (a) the probe-fed rectangular DRA and the optimized DRA with T-shaped

feeding structure: (b) Front view and (c) back view.
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Figure 4.5. Measured |S11| parameters of the probe-feed, and optimized DRAs.

4.2.3 Summary

The optimized DRA antenna is a rectangular 3D-printed DR with a T-shaped-strip-

loaded probe feed, a grounded metal strip and a ground plane. The T-shaped-strip-

loaded feeding structure effectively reduces the cross-polarization by up to 8.2 dB,

when compared to a counterpart antenna excited using a conventional SMA probe.

Meanwhile, a grounded metal strip is introduced to compensate the shift to higher res-

onance frequency caused by the new feeding structure, so that the original operation

frequency range is maintained. The utilization of the proposed feeding approach in

the DRA array design presented in the next section results in a notable improvement

of the cross-polarization level.

4.3 Array Structure

A 1 × 4 beam-steerable array with frequency reconfigurability is implemented. The

configuration of the array consists of two major groups: four radiator antennas located

on the top of the substrate and a reconfigurable feeding network positioned on the

bottom, which can be described as follows:

Radiator elements: The DRA [148] is chosen as the radiating element, since such

radiators can have wide bandwidth, low loss and can be conveniently fabricated

with 3D printing technology [149]. The low-cross-polarization DRA optimized

in Section 4.2 is utilized here as element, as shown in Fig. 4.8(a).

Feeding network: As shown in Fig. 4.8(b), the two-stage reconfigurable feeding

network is comprised of three differential phase shifter pairs and their ground
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4.3 Array Structure

Figure 4.6. Measured normalized radiation patterns in the H-plane at (a) 4.75 GHz, (b) 5.00 GHz

and (c) 5.25 GHz.

plane serves as the array ground as well. Each of these pairs is connected to a

Wilkinson power divider to equally split the incoming power. The two units of
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Figure 4.7. Realized gains in the H-plane of two DRAs.

Figure 4.8. The configuration of the DRA array: (a) Exploded 3D perspective view of the whole array,

(b) feeding network layout (bottom view of the array), (c) side-view of the array, and (d) zoomed-in

view of the phase-shifting unit with calibration point. Critical dimensions are d = 30.00 mm, L f =

60.60 mm, Hd = 12.00 mm, Hp = 3.00 mm, Hsu = 1.00 mm, Wd = 13.76 mm, Wsu = 24.00 mm,

Lst = 9.00 mm, Wst = 1.00 mm,Hg = 1.40 mm, Hst = 4.40 mm, La = 136.00 mm, and Wa =

170.00 mm.
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the first power division stage are denoted as PL and PR, whereas the four phase-

tuning units in the second stage are denoted as P1, P2, P3, P4. Correspondingly,

six separate DC voltages from three power supplies are used to manually control

the phases of the three phase shifter pairs. All the DC bias controls are linked to

a plug-in connector at the edge of the board.

It is worth to mention that there are six calibration points specifically designed

at each end of the phase shifter unit. These points are magnified in Fig. 4.8(d).

These simple points serve as dedicated structural designs used for on-board cali-

bration, and the detailed description of the calibration procedure can be found in

Chapter 5.

As displayed in Fig. 4.8, from bottom to top the array incorporates a reconfigurable

feeding network, four probe-strip-fed 3D-printed DRA elements, and a 3D-printed

structure supporting these DRAs. The whole structure is realized on a 0.635 mm thick

substrate Rogers RT6006 laminate. Each DRA element with a square cross-section is

excited by a T-shaped copper strip fed by a short copper probe which is connected to

the phase-tuning unit on the other side of the substrate. The distance between these

elements is 30 mm corresponding to a half wavelength in free space at 5 GHz. To pre-

cisely and securely accommodate the elements, a support structure 3D-printed with

PLA (relative permittivity of 2) is utilized.

4.4 Beam-Steering Ability

The reconfigurable feeding network theoretically can supply phase variation from -180◦

to 180◦ to the four array elements, however, the scanning angle of the array is lim-

ited by the element radiation pattern. Therefore, the designed array aims to realize a

continuous beam scanning from -45◦ to 45◦ in the H-plane (xz-plane) with frequency

reconfigurability from 4.75 to 5.25 GHz.

The simulated radiation patterns of the proposed array at 5.00, 4.75 and 5.25 GHz are

illustrated in Figs. 4.9 to 4.11. The simulated normalized 5.00 GHz radiation patterns

scanning at angles of 0◦, 10◦, 20◦, 30◦, 40◦ and 45◦ in the H-plane are depicted in

Fig. 4.9. The simulation predicts that the main beam can be scanned from 0◦ to 45◦

continuously with a gain drop of less than 2.42 dB. Similarly, the same beam steerabil-

ity at 4.75 and 5.25 GHz can be observed in simulation as shown in Figs. 4.10 and 4.11
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with a maximum gain drop of 2.95 and 3.34 dB respectively. The gain drops are mainly

produced by the varactor losses which are generally not monotonously increasing with

the scan angle. An optimal combination could be determined by a calibration process

to improve performance to some extent. The technique to find the best combination of

bias for low insertion loss for a beam towards a given direction, will be discussed in

detail in Chapter 5. Due to the symmetry of the proposed array, only 0◦ to 45◦ beam

scanning scenarios are demonstrated here. The simulated radiation patterns in the E-

plane (as shown in Fig. 4.12) are mirror-symmetric with small fluctuations which are

mainly caused by the finite ground plane size. The simulated cross-polarization lev-

els in the E-plane are less than -50 dB and in H-plane are lower than -20 dB from 4.75

to 5.25 GHz. Experimental validation of the radiation patterns require a calibration

procedure, which will be provided in the next chapter (Chapter 5).

Figure 4.9. Simulated radiation patterns obtained when scanning from 0◦, 10◦, 20◦, 30◦, 40◦ to 45◦

in the H-plane at 5.00 GHz.

4.5 Conclusion

In order to achieve a beam-steerable antenna that is both compact and cost-effective,

a design incorporating three of differential phase shifter pairs in a two-stage feeding

network has been proposed. This configuration has led to the development of a 1 × 4

beam-scanning DRA array. To improve polarization purity, a 3D-printed DRA with a T-

shaped-strip-loaded probe feeding structure has been implemented. The optimal DRA

demonstrates significant cross-polarization reduction, with a maximum measured re-

duction of 8.2 dB at 4.75 GHz, maintaining the cross-polarization level around -15 dB
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Figure 4.10. Simulated radiation patterns obtained when scanning from 0◦, 10◦, 20◦, 30◦, 40◦ to

45◦ in the H-plane at 4.75 GHz.

Figure 4.11. Simulated radiation patterns obtained when scanning from 0◦, 10◦, 20◦, 30◦, 40◦ to

45◦ in the H-plane at 5.25 GHz.

over entire operational bandwidth from 4.75 to 5.25 GHz. The optimized array has

been estimated to successfully steer the main beam continuously from -45◦ to +45◦

across the frequency range of 4.75 to 5.25 GHz. This successful beam steering capabil-

ity predicted for a linear array benefits from the efficiency of the reconfigurable feeding

network, which will be validated experimentally in the next chapter.

Importantly, by seamlessly integrating the differential phase shifter pairs, the feeding

network achieves a compact and low-cost design while ensuring that sufficient phase

differences are provided to the antenna elements. This integration of phase shifter

pairs offers a potential solution for applications with limited space and a need for cost-

effectiveness.
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Figure 4.12. Simulated realized gain patterns in the E-plane when scanning at 0◦

Page 77



Page 78



Chapter 5

Calibration Procedure
and Measurements

A
N accurate calibration procedure is proposed for the single-

feed beam-steerable antenna proposed in the previous chap-

ter. The beam steering is controlled by varactor-based phase

shifters working in differential pairs. The calibration process consists of

two steps, one for the feeding network and another for the remaining part

of the array. Firstly, based on the performance curve of every phase shifter

measured from dedicated sampling points on the circuit, a fast selection al-

gorithm is employed to obtain the control voltages for all differential phase

shifter pairs, according to the required phase differences. The final control

voltages for a particular beam configuration are validated and fine-tuned

on-board at the sampling points. Secondly, a pattern optimization approach

is implemented to compensate the performance degradation due to the fab-

rication tolerances of the radiating elements, which cannot be considered in

the first step. To verify the effectiveness of this procedure, the calibrated ar-

ray is measured under various scenarios, including sum-pattern scanning

from -45◦ to 45◦ and difference-pattern with null scanning from -30◦ to 30◦.
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5.1 Introduction

5.1 Introduction

P
ATTERN-reconfigurable antennas are widely used in modern communica-

tions systems [2] to realize flexible beamforming, such as wide-angle scan-

ning [150] or null scanning [151]. Especially, planar reconfigurable beam-

steerable antennas based on active electronic components are being developed rapidly,

because they possess advantages such as compact structure, low cost and low power

consumption, as compared to traditional phased arrays [152] [153]. As for most beam-

scanning arrays, multi-element pattern-reconfigurable antennas require a calibration

procedure to accurately acquire the required amplitude and phase of the elements,

with the aim of compensating distortions caused by factors such as manufacture toler-

ances, components variations and/or mutual coupling between elements [154] [155].

Such calibration procedure has already become a standard step before operation of

phased arrays [156]. Generally, phased arrays adopt a closed-loop calibration which

considers all components from input to radiant element as a whole unit, so as to ob-

tain high degree of accuracy [157]. However, such a calibration process is generally

complex and expensive. Therefore, a fast and accurate on-board calibration proce-

dure is highly desirable for multi-element beam-steerable antennas based on low-cost

varactor-based phase-shifters. This is critical since generally such arrays have less pre-

dictable behavior than classical phased arrays.

In this chapter, the calibration procedure for the beam-steering array proposed in Chap-

ter 4 is demonstrated. The calibration process majorly involves two steps, one for the

reconfigurable feeding network and the other for the remaining sections of the array.

First of all, this single-feed array is controlled by six varactor-based phase shifters op-

erating in differential pairs, which achieves a continuously tunable phase difference

nearly covering 0◦ to 360◦. As the specific operation principle relies on differential

phases between two adjacent elements, non-unique combinations of relative phases

are possible and the calibration is less predictable than in conventional phased arrays.

To address this challenge, a fast and accurate calibration procedure and an optimiza-

tion step are required.

To implement the first step of the calibration procedure, a small probing spot is added

to the output of each phase shifter. At these sampling spots, the characteristic curves

between control voltages and S21 parameters of each phase shifter are gathered. The

control voltages required for all differential phase shifter pairs can be then compen-

sated based on these curves using a fast selection algorithm based on multi-objective
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optimization, with the aim of selecting the combination of differential phases with the

lowest overall losses. Fine tuning and final validation of the required phase difference

can be conveniently conducted at these probing spots. Up to this point, variations

in components and fabrication tolerances of the reconfigurable feeding network have

been taken into account and rectified.

The remaining parts of the array, e.g., the 3D-printed dielectric resonators, also may

cause unexpected radiation pattern distortions such as imprecise beam direction, due

to the variations and tolerances of these components. To correct these distortions, the

second step, namely a pattern optimization procedure based on the calibration data

of the feeding network, is followed. By selecting the appropriate control parameters

(voltages applied on the varactors) on the phase shifter pairs, these variations can be

compensated. To validate the proposed pattern optimization, two scenarios with pre-

cise beam direction control are demonstrated in this section. After pattern optimiza-

tion, a beam direction exactly pointing to 30◦ from 39◦ at 4.75 GHz and from 36◦ at

5.25 GHz are achieved, which validate the proposed approach.

Following the proposed two-step calibration procedure, the presented measurement

results will illustrate that the beam-steerable array successfully achieves precise sum-

pattern scanning from -45◦ to 45◦ and null-scanning functionality from -30◦ to 30◦ in

the H-plane. Experimental validation confirms that the introduced calibration proce-

dure is accurate and easily implementable. In addition, by accurately controlling the

differential phase shifter pairs within the feeding network, the beam-steerable dielec-

tric resonator antenna (DRA) array offers unique functionalities, including frequency

reconfigurability and beamforming flexibility to a certain extent.

The Chapter 5 is arranged as follows: Section 5.2 discusses the dedicated calibration

procedure with its two steps. Section 5.3 showcases the measurement results of the

beam-steerable array following the calibration process and the unique functionalities

of the array.

5.2 Calibration Procedure

The 1 × 4 beam-steerable DRA array proposed in Chapter 4 has been fabricated and

characterized experimentally to validate the design. The array prototype is illustrated

in Fig. 5.1. The array configuration can be divided into two main groups: the first one

consists of a reconfigurable feeding network located on the bottom of the substrate and
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Figure 5.1. Photographs of the 1 × 4 linear DRA array, (a) front view, inset: T-shape-fed DRA

elements, and (b) back view, inset: calibration probe collecting data from the calibration spots

enlarged in a red dotted line, the sampling spots are in red solid lines, and the phase shifters are in

white dotted lines labeled as PL, PR, P1, P2, P3 and P4.

the other part comprises four radiator antennas positioned on the top with a support-

ing frame. Considering the distinct structures within the two groups, the calibration

procedure will be implemented in two steps. The first step involves calibrating the

feeding network, while the second step focuses on compensating the distortions from

the radiators.

5.2.1 Calibration for Feeding Network

For an array with equally excited elements, fast and accurate calibration and optimiza-

tion are presented to compensate for component and fabrication tolerances of the feed-

ing network, allowing to select the most efficient differential pair phase combinations.

The calibration process contains three major steps, namely collection of phase-shifter

calibration curves, fast selection algorithm implementation and on-board fine-tuning.

Step 1: Collecting the Phase-shifter Calibration Curves

As shown in the inset photo in Fig. 5.1(b), a probe is utilized to measure the complex

S21 parameters on dedicated sampling spots whose physical distances to the corre-

sponding phase shifters are precisely equal in every stage. Example of probed mag-

nitudes and phases of S21 parameter curves are shown in Fig. 5.2(a) for the first-stage
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pair PL and PR. Similar measured curves can be retrieved at other frequencies between

4.75 and 5.25 GHz. For the second-stage phase shifter pairs, the corresponding results

shown in Fig. 5.2(b) display the measured curves of P1 and P2. For symmetrical el-

ements, the curves of P1 and P4 are similar, and P2 and P3 are similar. These curves

indicate that there exist small variations between the phase shifters’ magnitude and

phase characteristics, so calibration is required to achieve accurate beam control.

Figure 5.2. S21 parameters of (a) the first-stage pair PL and PR and (b) the second-stage pair P1

and P2 at 5 GHz. The forbidden zones with |S21| < -2 dB are shaded in gray.

Importantly, the calibration spots are defined right beside the host-lines with the aim to

simplify finding their exact location and thus reduce measurement errors. It is worth

to mention that the calibration is also possible without pre-marked sampling spots if
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one can locate measurement points with equal distance to the relative phase shifters in

each stage.

Step 2: Fast Selection Algorithm

Due to the differential working mode, there exist numerous possible phase choices at

each output terminal to achieve the desired phase difference between two adjacent el-

ements. For instance, a phase difference of 30◦ can be fulfilled when -106◦ and -146◦

are set as the two output phases, but the same phase difference can be achieved when

-146◦ and -176◦ are chosen. Each phase combination will have a different insertion

loss, since loss is mainly determined by the voltage-dependent loss in the varactors.

This provides a freedom to select the best among various possible combinations for

each required phase difference. A fast selection algorithm is adopted, which mainly

includes two steps, namely an exhaustive calculation and a multi-objective optimiza-

tion. An exhaustive list of all achievable phase differences is firstly calculated for each

pair based on the measured curves. Secondly, for a desired phase difference, the best

combination is determined using multi-objective optimization, i.e., considering simul-

taneously a phase tolerance of ±5◦, the minimum achievable insertion loss level and a

reflection coefficient |S11| of less than -10 dB.

For illustration, the algorithm will be applied here to generate radiation patterns with a

null to be scanned to a given angle in the H-plane. Example of null-scanning states for

given angles up to 30◦ are listed in Table 5.1, with ∆ϕ1 denoting the phase difference

for the first-stage phase shifter pair and ∆ϕ2 corresponding to the phase difference for

the two second-stage pairs. The algorithm is able to determine optimized control volt-

ages from all the possible combinations using the multi-objective optimization. This

algorithm is implemented using genetic algorithm (GA) in Matlab.

Step 3: On-board Fine-tuning

The final processing step is to validate the phase distribution of each feeding channel

on the array. To this end, the feeding amplitude and phase are probed at the four sam-

pling spots. Due to the imperfect isolation of the divider, there is still mutual influence

between the two-stage phase shifter pairs. Hence, fine-tuning is necessary for the fi-

nal sets of control voltages, especially if accurate beamforming (e.g., null-steering) is

required.
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Table 5.1. Fine-tuned control voltages of phase shifters

ϕ(◦) ∆ϕ1
∗ ∆ϕ2

△ PL PR P1 P2 P3 P4

5.00 GHz

0 180.0 0.0 2.1 8.3 0.0 1.1 0.8 0.0

-10 117.4 -31.6 0.0 8.7 6.8 9.9 7.6 10.4

-20 56.8 -61.6 18.2 7.8 6.8 18.5 7.2 18.3

-30 0.0 -90.0 18.4 12.4 10.7 0.0 12.2 0.0

4.75 GHz

0 180.0 0.0 0.7 6.6 0.0 0.8 0.4 0.0

-10 117.4 -31.6 0.0 12.1 7.1 18.5 7.5 9.8

-20 56.8 -61.6 18.5 7.6 0.0 1.6 0.0 1.2

-30 0.0 -90.0 15.0 18.5 6.0 18.5 6.0 13.7

5.25 GHz

0 180.0 0.0 9.3 2.3 0.0 0.0 0.0 0.0

-10 117.4 -31.6 0.0 11.7 9.4 18.5 10.3 18.5

-20 56.8 -61.6 3.0 0.0 0.0 3.1 0.0 3.1

-30 0.0 -90.0 18.3 18.3 12.3 1.2 10.8 0.0

∗ ∆ϕ1 is the required phase difference in the first-stage pair PL and PR .
△ ∆ϕ2 is the required phase difference in the second-stage pairs P1 and

P2, P3 and P4.

At this stage, considerations have been made for variations in components and fab-

rication tolerances of the reconfigurable feeding network, and appropriate corrective

measures have been implemented.

For illustration, final control voltages for all null-scanning states are obtained as listed

in Table 5.1. Coupling between the paths may slightly shift the forbidden zone, which

explains why some of the phase shifters operate at voltages between 2 and 8 V. Excited

by these bias voltage combinations, the detected phase values of four outputs are able

to satisfy the desired relative phases accurately.

In accordance with the sum-pattern scanning capability of the beam-steerable array es-

timated in Chapter 4, i.e., scanning its beam from -45◦ to 45◦, the optimization process

focuses on achieving maximum gain or minimizing side-lobe levels. The optimized

values for maximum gain and relatively low side-lobe levels at frequencies 4.75, 5.00,

and 5.25 GHz are presented in Table 5.2.
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Table 5.2. Scan control voltages of phase-tuning units

Angle

(◦)

Phase shifters (Voltage : V) Frequency

(GHz)PL PR P1 P2 P3 P4

0

18.0 18.0 15.0 15.0 15.0 15.0 5.00 (Set-C)

0.0 0.0 0.0 0.0 0.0 0.0 5.00 (Set-D)

18.0 18.0 18.0 18.0 18.0 18.0 4.75

18.0 18.0 18.0 15.5 18.0 18.0 5.25

10

15.9 8.4 18.0 8.2 9.9 8.1 5.00

18.0 7.7 12.6 7.9 9.1 7.2 4.75 (Set-A)

18.0 9.0 13.0 9.3 12.6 8.9 5.25 (Set-B)

20

0.0 10.4 18.0 7.9 15.0 7.6 5.00

0.0 12.4 14.3 6.8 14.2 6.5 4.75

0.0 9.4 2.3 0.0 2.7 0.0 5.25

30

8.2 0.0 0.0 18.0 0.0 18.0 5.00

7.0 0.9 0.0 18.0 0.0 18.0 4.75

8.3 0.0 0.0 18.0 0.0 11.6 5.25

40

11.1 0.5 0.8 18.0 0 9.5 5.00

8.4 0.9 0.0 18.0 0.0 18.0 4.75

10.9 0.0 1.4 11.0 0.0 10.2 5.25

45

11.3 0.0 1.2 18.0 0.0 8.8 5.00

13.6 0.0 0.0 18.0 0.2 9.8 4.75

18.0 0.0 0.7 9.7 0.6 10.2 5.25

5.2.2 Pattern Optimization

The magnitude and phase of each output terminal (P1 - P4) can be obtained at the cal-

ibration points with a test probe. With this data collection, the magnitude and phase

distribution before each antenna element can be optimized correspondingly for the

feeding network, which would be sufficient for ideal cases, where no other variations

are introduced by other antenna components. However, these variations do exist in

reality which could lead to non-negligible deterioration on the radiation patterns. Two

typical scenarios of imperfect patterns are shown in Fig. 5.3(a) and (b), where unex-

pected 9◦ and 6◦ angular offset is observed at 4.75 and 5.25 GHz for targeted 30◦ beam

direction configuration, respectively. These angular offsets are due to the fabrication

tolerance in the feeding probe and the 3D-printed radiating dielectric resonator (DR)
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Figure 5.3. Measured normalized radiation patterns in the H-plane scanning to 30◦ at (a) 4.75 GHz

and (b) 5.25 GHz.

elements, where an unpredicted phase shift is introduced. Therefore, a possible solu-

tion to this problem is to implement phase compensation directly based on array factor

estimation.

For the first example case mentioned above, the measured normalized realized gain

pattern targeting 30◦ main beam direction is shown in Fig. 5.3(a), using the calibration-

based voltage control as given as Set-1 in Table 5.3. The beam direction is unexpectedly

shifted to 39◦ which can be tuned back to 30◦ by reducing the phase difference between

the two sub-group antenna elements, i.e., the group of two left-handside units and the

group of two right-handside units. This method can be considered as an adjustment

on the two-element array factor for the two sub-group elements, which is controlled

by the first stage phase shifter pair. Based on this analysis, a phase difference offset of

around -20◦ between the two sub-groups should provide a beam shift towards broad-

side, which can bring the main beam to 30◦. With this -20◦ implemented between PL

and PR as shown in Set-2 in Table 5.3, a new pattern measurement is then conducted to
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Table 5.3. Control voltages of phase-tuning units when scanning to 30◦

Angle

30◦
Phase shifters (Voltage : V) Frequency

(GHz)PL PR P1 P2 P3 P4

Set-1 8.4 0.9 0.0 18.0 0.0 18.0
4.75

Set-2 7.0 0.9 0.0 18.0 0.0 18.0

Set-3 8.8 0.0 0.0 18.0 0.7 12.1
5.25

Set-4 8.3 0.0 0.0 18.0 0.0 11.6

check the optimization. The results are plotted in Fig. 5.3(a) in the blue curve, where

the main beam accurately points towards 30◦. This suggests that the optimization is

successful.

The second scenario is shown in Fig. 5.3(b) when the targeted scanning angle is also

30◦ but at 5.25 GHz. A deviation of 6◦ in the main beam direction is observed when

using the calibration-based voltage control (denoted as set-3 in Table 5.3). For this case,

the effective phase difference at 5.25 GHz is calculated to be around 22◦ to compensate

the pointing error in the first stage. However, in this scenario, reducing phase differ-

ence between the two sub-groups by around 22◦ in PL and PR would involve a large

insertion loss due to the phase shifter characteristics. Instead, a combination of phase

offset in the first and second stage of phase shifter pairs is utilized, i.e., a phase reduc-

tion of around 15◦ in PL, and another increasing of around 10◦ in both P3 and P4. This

leads to an overall phase compensation of around -22◦ in the first stage at 5.25 GHz.

The measured gain pattern using this new voltage set (Set-4 in Table 5.3) is shown in

Fig. 5.3(b), where the main beam direction is corrected to be exactly at 30◦.

It can be seen the proposed pattern optimization method, as an essential addition to

the first calibration step, is able to effectively correct unexpected pattern deterioration

due to the effects from non-ideal antenna components, such as their feeding structure

and the 3D-printed antenna elements.

At this stage, a comprehensive calibration procedure has been successfully carried out.

The adjusted DC voltages for difference-pattern scanning and sum-pattern scanning

are provided in Table 5.1 and Table 5.2, respectively. These modified voltages will be

utilized in subsequent testing procedures.
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5.3 Experimental Results

In this section, the calibration procedure for the varactor-controlled array is experi-

mentally validated. Furthermore, the differential operation mode of the phase shifter

pairs introduces additional flexibility to modify and optimize the array’s pattern for

maximum gain or reduced sidelobes. These modifications and optimizations will be

demonstrated and explained in detail.

5.3.1 Reflection Coefficient

1) Sum-pattern scanning: Figure 5.4 illustrates the experimental results for the re-

flection coefficients at various sum-pattern scan states at 5.00 GHz. The simu-

lated reflection coefficient at 0◦ is shown here for comparison, where a reasonable

agreement is observed with measured data. The tested reflection coefficients are

all below -10 dB at the operating frequencies, from 4.75 to 5.25 GHz, when scan-

ning to 0◦, 10◦, 20◦, 30◦, 40◦ and 45◦.

Figure 5.4. Simulated and measured results of reflection coefficient |S11| for various scan angles.

2) Difference-pattern scanning: The experimental results for the |S11| at difference-

pattern scan states are illustrated in Fig. 5.5. The tested reflection coefficients at

the single feed of the array are all below -10 dB at the intended operating fre-

quencies when null-scanning to 0◦, -10◦, -20◦ and -30◦ at 5.00, 4.75 and 5.25 GHz.

These results also illustrate the frequency-reconfigurable performance of the ar-
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Figure 5.5. Measured reflection coefficients for various null-scan angles at (a) 5.00 GHz, (b) 4.75 GHz

and (c) 5.25 GHz.

ray. From this point of view, it is significant to calibrate the control-voltage com-

binations at different frequencies for different scanning states accurately. The

proposed calibration procedure allows to conveniently achieve optimal perfor-

mance for all stages, despite the increased difficulty of predicting performance

compared to a conventional phased array.
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5.3.2 Beam Scanning Performance

1) Sum-pattern scanning: The radiation patterns have been measured in an ane-

choic chamber and the results are shown in Figs. 5.6, 5.7 and 5.8 at frequencies

of 5.00, 4.75 and 5.25 GHz respectively. As observed in these plots, the array can

scan its main beam from 0◦ to 45◦ continuously in the H-plane at 5.00 GHz with

a maximum gain fluctuation of 2 dB. The array also realizes a reconfigurable pat-

tern from 0◦ to 45◦ over the frequency range extending from 4.75 to 5.25 GHz,

which is verified by the measurement results with gain fluctuations of 2.40 dB at

4.75 GHz and 2.53 dB at 5.25 GHz respectively.

Figure 5.6. Measured radiation patterns obtained when scanning from 0◦, 10◦, 20◦, 30◦, 40◦ to 45◦

in the H-plane at 5.00 GHz.

In general, when an array scans to a large angle, an increased side-lobe level and

beam broadening usually yield a noticeable drop in gain. However, a critical fac-

tor affecting the proposed array is the insertion loss caused by the varactor losses,

which are dependent on the required phase values (as shown in Fig. 3.2(a)). Due

to the complex relationship between phase shift and varactor state, the varactor

losses are generally not monotonously increasing with the scan angle. As a conse-

quence, the largest gain drop exists when the beam is steered towards 30◦, which

is mainly caused by the varactor insertion loss. According to the phase shifter

pairs calibration data, the highest insertion loss are found when the phase dif-

ference are 180◦ (first stage) and 90◦ (second stage) which are the required phase

differences to achieve the 30◦ scanning.
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Figure 5.7. Measured radiation patterns obtained when scanning from 0◦, 10◦, 20◦, 30◦, 40◦ to 45◦

in the H-plane at 4.75 GHz.

Figure 5.8. Measured radiation patterns obtained when scanning from 0◦, 10◦, 20◦, 30◦, 40◦ to 45◦

in the H-plane at 5.25 GHz.

The measured cross-polarization in the H-plane at 5.00 GHz as shown in Fig. 5.6

is below -18.4 dB when scanning from 0◦ to 45◦. Similar cross-polarization levels

can be observed in other measurements, with values less than -15.9 dB and -

18.0 dB at 4.75 and 5.25 GHz correspondingly, as shown in Fig. 5.7 and Fig. 5.8.

2) Difference-pattern scanning: The standard scanning patterns and null-scanning

radiation patterns have been measured and the results are shown in Figs. 5.9 -

5.11 at 5.00, 4.75 and 5.25 GHz, respectively.
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Figure 5.9. Measured scanning radiation patterns (sum) and null-scanning radiation patterns (dif-

ference) obtained when scanning at 0◦, -10◦, -20◦ and -30◦ in the H-plane at 5.00 GHz

Figure 5.10. Measured scanning radiation patterns (sum) and null-scanning radiation patterns (dif-

ference) obtained when scanning at 0◦, -10◦, -20◦ and -30◦ in the H-plane at 4.75 GHz
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5.3.2 Beam Scanning Performance

Figure 5.11. Measured scanning radiation patterns (sum) and null-scanning radiation patterns (dif-

ference) obtained when scanning at 0◦, -10◦, -20◦ and -30◦ in the H-plane at 5.25 GHz

As shown in Fig. 5.9, the null-depths are as low as -35.6 dB when scanning to

0◦ and less than -21.0 dB in the other null-scanning states at 5.00 GHz. The

null-point position tolerances are less than 2.0◦. Figure 5.10 illustrates the null-

scanning patterns at 4.75 GHz with the null-depths lower than -24.6 dB and tol-

erances of the null-point smaller than 2.0◦. Similar results are shown in Fig. 5.11

in which the null-depths are less than -22.8 dB and tolerances of the null-point

are smaller than 2.5◦. Theoretically, the nearly full 360◦ continuous phase tuning

range offered by these three phase shifter pairs can steer the beam to any angle,

provided the radiating element pattern is not considered. As shown in these fig-

ures, the array realizes the null-scanning of the beam from -30◦ to 0◦ continuously

in the H-plane with deep null-depths and accurate null angle.

The determining factors for ideal pattern characteristics are mainly dependent

on precise excitation phases which are obtained by the accurate calibration pro-

cedure.
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5.3.3 Gain and Efficiency

As shown in Fig. 4.12, the simulated maximum realized gains in the E-plane at 4.75,

5.00 and 5.25 GHz are 9.59, 9.39 and 9.52 dBi respectively when the antenna scans

towards broadside, whereas the corresponding measured values are 9.59, 9.19, and

9.25 dBi, as indicated in Fig. 5.12. Figure 5.13 summarizes the measured gain and to-

tal efficiency as a function of frequency for the case when the array radiates towards

broadside from 4.75 to 5.25 GHz. The simulated total efficiencies for these cases are

88.3%, 83.9% and 75.9% respectively, while the estimated results (based on gain com-

parison) are 88.3%, 80.2% and 71.3% as shown in Fig. 5.13. The discrepancies are be-

cause of the imperfect fabrication and measurement.

Figure 5.12. Measured realized gain patterns in the E-plane when scanning at 0◦

Figure 5.13. Measured maximum realized gain and total efficiency from 4.75 to 5.25 GHz when

scanning at 0◦.
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5.3.4 Frequency-Reconfigurability

As mentioned before, the array also exhibits frequency-reconfigurability within the

frequency range 4.75 to 5.25 GHz. This can be understood in the sense that voltages

supplied to the six phase-tuning units can be optimized for each state at different fre-

quencies. To illustrate the frequency-reconfigurability, two different voltages sets at

different frequencies are chosen which are labeled in Table 5.2 as Set-A and Set-B. Fig-

ure 5.14(a) shows the patterns at 4.75 and 5.25 GHz when scanning to 10◦ with the var-

actor voltages of Set-A. Not only the reflection coefficient is -7.5 dB for 5.25 GHz under

Set-A, but also the pattern is degraded at 5.25 GHz. This can however be improved

significantly by optimizing the bias voltages specifically for operation at 5.25 GHz as

illustrated with the results obtained using the varactor parameters of Set-B (red dotted

line in Fig. 5.14(a)). Meanwhile, the reflection coefficient under Set-B is matched for

5.25 GHz as shown in Fig. 5.14(b). Therefore, separate sets are listed in Table 5.2 for dif-

ferent states of different frequencies hinting at the need of frequency-reconfigurability.

5.3.5 Beam Optimization and Correction

As mentioned, the magnitude of each element can in principle be adjusted during the

calibration process due to the differential work mode of the phase-tuning unit pairs. In

other words, a targeted phase difference could be realized by different sets of voltage

pairs. This means that it is possible to select the best suitable amplitude sets to opti-

mize or correct patterns by controlling the insertion loss of the phase-tuning unit. For

instance, this can be exploited to optimize patterns for a symmetrical side-lobe level

to a certain extent. Figure 5.15 illustrates a beam correction example with two radia-

tion patterns when the array is excited in-phase with Set-D and an optimized Set-C,

as listed in Table 5.2. Despite the beams in Set-C and Set-D both scanning to correctly

0◦, it can be observed that the pattern with Set-D possesses a larger gain loss mainly

caused by the larger insertion loss of varactors under 0 V bias and an asymmetric side-

lobe level produced by the unavoidable phase imbalances arising from material and

fabrication tolerances. By contrast, the pattern obtained with Set-C has less insertion

loss caused by varactors and this sub-class combination could compensate the phase

imbalance to some extent so that a symmetrical side-lobe distribution can be obtained,

together with a 0.9 dB higher gain.
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Figure 5.14. An example for frequency reconfigurability: (a) Patterns when scanning at 10◦ with

different phase-tuning units sets, and (b) test results of reflection coefficient |S11| with Set-A and

Set-B.

Figure 5.15. An example for beam-optimization-and-correction: scanning at 0◦ at 5.00 GHz.
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5.4 Conclusion

An accurate calibration procedure has been proposed for beam-scanning antennas

with a single feed, where the elements are controlled by varactor-based phase shifters.

This procedure takes into account all the components of the array, including the recon-

figurable feeding network and the radiator elements.

The first step of the processing considers the unconventional differential-phase control

of the array and tolerances due to imperfect manufacture and components. The perfor-

mance curves of the amplitude and the phase of each phase shifter are experimentally

sampled firstly as the important foundation for the calibration process. Secondly, a fast

selection algorithm is employed to determine the best control voltage combinations for

these phase shifter pairs for any requested phase distribution. A fine-tuning step leads

to the final control voltages for all scanning states in every channel based on on-board

tested phase distributions.

The second part of the calibration is so-called a pattern optimization approach, which

is utilized to compensate the performance degradation due to the fabrication toler-

ances of the radiating elements. These tolerances cannot be considered in the calibra-

tion of the feeding network. Firstly, the phase errors due to fabrication tolerance can

be identified through comparing the ideal and measured radiation patterns. Second,

the corresponding phase compensations obtained based on the feeding network cal-

ibration and array factor analysis are implemented to optimize the distorted pattern.

Two examples with slightly off main beam direction when scanning to 30◦ at 4.75 and

5.25 GHz are featured to illustrate this optimization approach. Successful pattern cor-

rection for these two showcases illustrates that the proposed optimization is a critical

method for beam-steerable array fed by varactor-based phase shifters to achieve accu-

rate pattern manipulation for advanced applications.

To verify the effectiveness of this procedure, a sum-pattern scanning and a null-scanni-

ng of the array have been demonstrated. By comparing the sum-pattern scanning sim-

ulation results from Chapter 4 with the actual measurement data, a satisfactory level

of agreement is observed. This agreement not only has demonstrated the effective-

ness of the calibration procedure but also validated the beam-steering capabilities of

the DRA array. As second demonstration, null-scanning from -30◦ to 30◦ has been ob-

tained with the highest null-depth of -21.0 dB and null-position tolerance of less than

2.5◦ from 4.75 to 5.25 GHz. These precise null positions and appreciable null-depths

have demonstrated that the dedicated calibration procedure enables accurate control
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and reliable beam-steering capabilities for pattern-reconfigurable DRA arrays which

are fed by varactor-based phase shifters.

It is worth emphasizing the unique functionalities of the beam-steerable DRA array:

The controlling of differential phase shifter pairs in the array provides additional ad-

vantages, such as the frequency reconfigurability and the flexibility in modifying the

magnitude to optimize the shape of the radiation patterns to a certain extent. The

utilization of the differential mode enhances the array’s anti-interference ability and

beamforming flexibility, which make the array competitive for compact and cost-effect-

ive beam-steering applications.
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Chapter 6

Transmission-Type
Varactor-Based Tunable

Attenuator

T
UNABLE attenuators are important components in various

fields, including radar systems, satellite communications and

wireless networks. They provide a means to control the ampli-

tude or power level of signals in a system. Specifically, transmission-type

attenuators, which allow waves to pass through a transmission line while

reducing signal amplitude, are associated with certain limitations. These

limitations include a restricted range of attenuation, elevated return loss,

and high insertion loss (the minimal achievable attenuation level).

To address these challenges, a transmission-type attenuator with varactor-

based tunable attenuation is presented. The design consists in a series of

shunt shorted-end stubs loaded with a resistor, a capacitor, and a varactor,

which are located on one side of a 50 Ω host microstrip line. This config-

uration exhibits no interruption on the transmission line and thus allows a

compact and low-loss structure amenable to circuit integration. This chap-

ter demonstrates that a 3-stub attenuator is capable of providing tunable

attenuation ranging from 1.0 to 13.5 dB while maintaining a reflection co-

efficient below -11.4 dB. Furthermore, it will be shown that by cascading

the tunable stubs in larger numbers, a corresponding expanded attenuation

range can be achieved.
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6.1 Introduction

M
ICROWAVE devices such as phase-shifters [142] [48], couplers [158]

[159], and/or attenuators with adjustable electromagnetic properties

are essential components for advanced wireless systems. Especially,

attenuators are needed for power control in many different applications, such as beam

forming in communications systems [160] [161] or gain control in receivers [77] [162].

While the literature mainly considers fixed attenuators [81] [163], there have been great

efforts invested in the development of reconfigurable attenuators offering dynamically

variable attenuation levels [164] [165]. Of particular interest, attenuators implemented

in planar technology are highly desirable as they allow integration with planar radio

frequency (RF) systems.

Generally, planar attenuators can be classified in two categories based on their circuit

structures:

i) Reflection-type attenuators: They achieve the attenuation by controlling reflec-

tion of the RF signal and thus they employ a dedicated structure to absorb the

reflected RF signal. They are usually realized on multi-port devices such as 3-

dB hybrid couplers [166] [167] [168] [78], rat-race devices [35] and combined-

dividers [37] [169].

ii) Transmission-type attenuators: They allow RF signal transmission through the

attenuator without significant reflection, however with a well-controlled signal

absorbing mechanism which achieves the expected attenuation level. Therefore,

compared to reflection-type attenuators, transmission-type attenuators generally

offer a more compact structure and easier circuit integration.

There exists a limited number of transmission-type attenuators reported in the liter-

ature and the majority is operating at a fixed attenuation level [170] [163]. However,

a few selected publications have contributed to the development of reconfigurable at-

tenuators, i.e., devices offering dynamically variable attenuation [160] [161]. Some of

the proposed implementations utilized novel materials such as graphene, with the aim

of exploiting its tunable resistance under voltage control. In the transmission-mode

approaches [171] [172] [173], nearly all implementations contained a gap in a host

transmission line, which was then bridged by graphene layers. In [171], broadband

characteristics were obtained covering a frequency range from 1 to 20 GHz with an

Page 104



Chapter 6 Transmission-Type Varactor-Based Tunable Attenuator

attenuation reaching up to 5.5 dB. Tunable attenuation ranges from 3 to 16 dB and

8 to 18 dB were reported in [172] and [173], respectively, indicating a relatively high

minimum attenuation level, i.e., a high insertion loss. Several researchers also used

graphene sandwich structures (GSS) or nanoplates loaded on various RF host trans-

mission lines, such as microstrip lines [174] [175], substrate-integrated-waveguides

(SIW) [176] and coplanar waveguides (CW) [177], to form broadband adjustable at-

tenuators with around 12 dB tunable attenuation ranges and a 2 to 3 dB minimum

attenuation level. In [178], two short-ended-pads were utilized on both sides of a mi-

crostrip line with gaps filled with graphene. Based on this structure, an evolution with

series attenuators was designed with different numbers of graphene pair pads [179].

Large attenuation levels and broadband operation were demonstrated, however with

a high reflection coefficient. In addition, all control voltages for these devices were

supplied by external bias-tee blocks. A filtering attenuator based on graphene was re-

ported in [180] which had a modest tunable attenuation from 1.7 - 8.4 dB with reflection

coefficient less than -10 dB from 1.62 to 1.75 GHz. Overall, these aforementioned at-

tenuators were based on non-standard fabrication techniques and materials, and thus

might not be practically ready for mass production.

Besides graphene-based composites, transmission type attenuators have been com-

monly realized using electronic components such as RF micro-electromechanical sys-

tems (MEMS), PIN diodes and field-effect transistors (FETs). In [181], a low-cost planar

RF MEMS-based attenuator operating from 21.5 to 26.5 GHz was introduced with a

large attenuation tuning range of 16 dB and minimum attenuation of 1.2 dB. However,

the phase shift caused by this attenuator reached up to 120◦, which may be excessive

for some applications. In contrast, a phase invariant attenuator was proposed in [182]

with a phase decoupling circuit controlled by PIN diodes. The device had an attenua-

tion range from 0.5 to 15.0 dB with a phase shift of 0.3 deg/dB and 3 GHz bandwidth,

however, the reflection coefficient was not lower than -6.7 dB. All these examples from

the literature demonstrate that it is challenging to design a transmission-type tunable

attenuator with merits such as a large attenuation range, a small minimum attenuation

level, a minimal phase shift, and importantly a low return loss, while being structurally

simple, compact and embedded with its DC-control circuit (e.g., without the need of a

bias-tee).

In this chapter, a compact planar transmission-type attenuator is proposed, which con-

tains a straight-through 50 Ω host microstrip line and several varactor-loaded shorted

Page 105



6.2 Principle of Operation

stubs implemented on one side of the line. An accurate equivalent-circuit model of

the attenuator is developed first, allowing for a fast design and optimization process

with a genetic algorithm (GA). To verify the method, a series of attenuators with se-

lected numbers of stubs have been developed aiming at large attenuation ranges and

minimum initial insertion loss. Full-wave simulations of the optimized attenuators il-

lustrate that a continuous attenuation up to more than 10 dB can be achieved with a

3-stub attenuator, and up to more than 30 dB with a 9-stub attenuator at 5 GHz. Two

3-stub attenuators and a 9-stub attenuator have been fabricated and tested, with mea-

sured results confirming the expected performance level predicted in simulations. The

test results demonstrate that the reflection coefficients remain below -11.0 dB from 4.75

to 5.25 GHz, with insertion losses of less than 1.0 dB for the 3-stub attenuators and

smaller than 2.1 dB for the 9-stub version, while achieving tunable attenuation up to

13.5 dB when using 3 different stubs, and 32.7 dB for the 9-stub version. Particular

emphasis is also placed on minimizing the phase variations between different atten-

uation levels. All the presented results verify the circuit model effectiveness and the

promising performance of the proposed attenuator concept.

The following sections are arranged as follows: Section 6.2 introduces the attenuator

working principle. Section 6.3 outlines the equivalent circuit model and optimization.

Section 6.4 describes a series of selected attenuators designed based on GA optimiza-

tions of the circuit model, and verified with full-wave simulations. Section 6.5 then

demonstrates three example prototypes and their experimental validations, followed

by the conclusion.

6.2 Principle of Operation

The varactor-based transmission-type attenuator is composed of a 50 Ω microstrip host

line and at least two end-shorted stubs loaded with lumped components. More specifi-

cally, each stub contains a varactor, a capacitor and a resistor along the stub length with

an RF-shorting via at its end. To illustrate the general working principle, an attenuator

with two stubs is shown as an example in Fig. 6.1(a). The input power Pin is attenu-

ated to Pout after successive interactions with the two tuning stubs. In more details,

part of the input signal is going through the host microstrip line while another part

interacts with the first tuning stub. On this stub, a proportion of the power is accepted

and then absorbed, while the rest is reflected. Similarly, the transmitted signal inter-

acts with the second tuning stub, with part of the power moving forward on the host
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Figure 6.1. (a) The configuration of the proposed varactor-based attenuator with two stubs, (b)

reflection coefficients and (c) transmission coefficients for typical attenuators with 1 stub and 2 stubs

(with distance d1 = 7 mm and d2 = 5 mm), respectively.

line while the rest is either accepted and absorbed by the loaded stub, or is reflected.

The proportion of the power accepted by the stubs can be tuned by controlling the var-

actor capacitances with the applied bias voltage. When the capacitance is increasing,

the power accepted by the stubs increases correspondingly, because the associated RF

currents become larger as the impedance of the varactor is lowered. The RF power is

then dissipated predominantly in the resistor but also in the varactor series resistance,

as indicated in Fig. 6.1(a).
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Critically, the overall reflection of the device is the superposition of multiple reflections

from the stubs, which can be controlled by manipulating the stubs’ design such as their

geometry, component-loading configuration, and distance to the next stub(s). For a

given stub design, an optimal distance between the two stubs will yield cancellation

of the returns from the two stubs, which in turn leads to a low reflection coefficient at

the input port. To illustrate the effect, the reflection coefficients of a 1-stub attenuator

and two 2-stub attenuators with distance d1 = 7 mm and d2 = 5 mm are compared in

Fig. 6.1(b), where a much smaller reflection is produced from a 2-stub attenuator with

an appropriate spacing d1, although the attenuation levels for the two 2-stub devices

are similar. This is the reason why at least two stubs with proper geometry are required

for satisfactory impedance matching of the device.

Another characteristic of the proposed working principle is that, increasing the num-

ber of tuning stubs allows to obtain a larger attenuation through additional dissipation

in the resistors. As shown in Fig. 6.1(c), the maximum attenuation for a single stub is

slightly larger than 3 dB. Adding more stubs allows to increase the attenuation by a

similar level of 3 dB. This topology of the attenuator is a very practical solution to

resolve the aforementioned trade-offs of transmission-type attenuators, namely simul-

taneously achieving a large attenuation range as well as a low return loss.

It is also worth mentioning that the capacitor (see Fig. 6.1(a)) located between the var-

actor and resistor is utilized to adjust the operating band of the tuning stub, for a given

commercially available varactor type. In the implementation presented in this sec-

tion, the attenuator is designed for a center frequency of 5 GHz, with an operation

bandwidth of 10%. Additionally, a phase shift is introduced due to the structure of the

attenuator, which should be minimized for most applications. Therefore, minimization

of the phase shift will also be considered in the later optimization process.

6.3 Attenuator Equivalent Circuit Model and Opti-

mization

According to the topology of the attenuator, a generic circuit model of an attenuator

with n tuning stubs is built as shown in Fig. 6.2. As depicted in Fig. 6.1, the attenuator

is based on a 50 Ω host microstrip line which consists of n + 1 short sections separated

by the n inserted varactor-based stubs. For a two-port network of cascaded structures,

the [ABCD] matrix (denoted with bold A in this thesis) provides a convenient way
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Figure 6.2. Equivalent circuit model: (a) A generic attenuator with n stubs, (b) the n-th tuning

stub, (c) the varactor and its connection to the n-th stub, (d) the n-th capacitor and its connection

to the n-th stub, and (e) the n-th resistor and its connection to the n-th stub.

of calculating the characteristics of the overall circuit by simple matrix multiplication,

hence it is adopted here for the circuit model analysis.

As shown in Fig. 6.2(a), the attenuator can be considered as n+ 1 cascaded segments of

microstrip transmission lines (A1, A3, A5...A2n+1) and n admittance branches (A2, A4,

A6...A2n) in-between them. The matrix Atot of the equivalent circuit model is obtained

by multiplying A1 to A2n+1 in order as

Atot =
2n+1

∏
i=1

Ai = A1 · A2 · A3 · A4 · A5 · ... · A2n · A2n+1 . (6.1)

The matrices A1, A3, A5, ..., A2n+1 represent each section of the host transmission lines

with an impedance Z0 of 50 Ω. The variable L0 stands for the length of input and

output parts of the microstrip line, and d1, d2, ..., dn−1 are physical distances between
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adjacent admittance branches, e.g., d1 is the distance between Y1 and Y2 and dn−1 is the

distance between Yn−1 and Yn. The matrices A1, A3, ..., A2n+1 are expressed as

A1 = A2n+1 =

[
cos(βL0) j sin (βL0) Z0

j sin(βL0)/Z0 cos(βL0)

]
(6.2)

A3 =

[
cos(βd1) j sin (βd1) Z0

j sin(βd1)/Z0 cos(βd1)

]
(6.3)

...

A2n−1 =

[
cos(βdn−1) j sin (βdn−1) Z0

j sin(βdn−1)/Z0 cos(βdn−1)

]
(6.4)

where β = 2π/λg and λg is the guided wavelength.

As shown in Fig. 6.2(b), the admittance Yn is composed of six parts including three stub

segments with impedance Z1 and physical lengths Ln_1, Ln_2 and Ln_3, respectively,

inserted between a varactor denoted as Zg, a capacitor Zcn, a resistor Zrn, and a via

providing a shorted termination. The corresponding matrix of the admittance branch

Yn can be expressed as Astub_n obtained by multiplying 6 matrices, i.e.,

Astub_n =

[
1 Zg

0 1

] [
cos(βLn_1) j sin (βLn_1) Z1

j sin(βLn_1)/Z1 cos(βLn_1)

]
[

1 Zcn

0 1

] [
cos(βLn_2) j sin (βLn_2) Z1

j sin(βLn_2)/Z1 cos(βLn_2)

]
[

1 Zrn

0 1

] [
cos(βLn_3) j sin (βLn_3) Z1

j sin(βLn_3)/Z1 cos(βLn_3)

]
.

(6.5)

The specific equivalent circuit model of the varactor is shown in Fig. 6.2(c), which

is comprised of a series RLC circuit representing the varactor in isolation, two shunt

capacitors Cp1_1 and Cp1_2 approximating the parasitic capacitances between the stub

edges and ground, and a capacitor Cs_1 in series standing for the capacitance between

the two edges of the gap in the stub. As a result, the impedance Zg of the varactor

on stub-n can be expressed as (6.6) - (6.8) in Table 6.1, where ω = 2π f and f is the

operating frequency. In (6.8), Cv, Lv, Rv represent the series RLC circuit components of

the varactor in isolation. The variable Cv is the tunable capacitance, Lv is the parasitic

inductance and Rv stands for the parasitic resistance.

The impedances for the capacitor and resistor can be found similarly. The equivalent

circuit model of the capacitor is shown in Fig. 6.2(d), which consists of a capacitor
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Table 6.1. Expressions of the components in the equivalent circuit model.

Model Expression in equivalent circuit model Label

Varactor

Zg = ZCp1_1 //Zm//ZCp1_2 (6.6)

ZCp1_1 = −jωCp1_1
(6.7)

ZCp1_2 = −jωCp1_2

Zm = −jωCs_1 +
(6.8)

(1/(Rv + jωLv − jωCv))

Capacitor
Zcn = ZCp1_2 //Zmc//ZCp1_2 (6.9)

Zmc = −jωCs_2 + −jωCn (6.10)

Resistor
Zrn = ZCp1_2 //Zmr//ZCp1_2 (6.11)

Zmr = −jωCs_2 + (1/(Rn + jωLr)) (6.12)

Cn, two shunt capacitors Cp1_2 approximating the parasitic capacitances between the

same-width stub edges and ground, and a capacitor Cs_2 in series standing for the ca-

pacitance between the two edges of the gap in the stub. These parts can be expressed

as (6.9) - (6.10) in Table 6.1. Figure. 6.2(e) shows the equivalent circuit model of the

resistor, which is comprised of a resistor Rn in series with an empirical parasite induc-

tor Ln, two shunt capacitors Cp1_2 and a capacitor Cs_2 in series. These parts can be

expressed as (6.11) and (6.12) in Table 6.1.

The values of Cs_1, Cs_2, Cp1_1 and Cp1_2 are calculated according to [183]. Finally, A2n

can be written as

A2n =

[
1 0

1/Zsn 1

]
(n = 1, 2, 3, ...) , (6.13)

where Zsn is the input impedance when looking into each stub branch from the main

50 Ω microstrip line, which is expressed as:

Zsn =
Astub_n(1, 1)Zl + Astub_n(1, 2)
Astub_n(2, 1)Zl + Astub_n(2, 2)

(n = 1, 2, 3, ...) (6.14)

and Zl is the load impedance which is zero here for the short end of the stub. The

Atot for the overall circuit is then obtained using (6.1), and the overall S-matrix can be

computed from Atot as discussed in [112].

With a given type of varactor, the attenuator with n stubs has 6n key variables which

significantly control the reflection coefficient, attenuation range and phase shift, i.e.,

the stub characteristic impedance Z1 (which is identical for all stubs), the lengths of

each separate sections of the n-th stub Ln_1, Ln_2 and Ln_3, the capacitor Cn and the

resistor Rn (Ln represents the parasitic inductance of the resistor which is a fixed value
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once the Rn is selected). In addition, the distances between the stubs from d1 to dn−1

can be used to tune the reflection coefficient. The GA is utilized as a generic design

tool here to determine optimal set of parameters since it is known to be very efficient

for multi-objective optimization. An efficient GA optimization is enabled by the fast

computations based on the equivalent circuit model and aims at maximizing the atten-

uation range while maintaining low return loss and an acceptably small phase shift.

The objective function for the GA considers then the attenuation range, phase shift

and reflection coefficient simultaneously and it is based on the following 3 steps:

Step 1: Define the multi-objective merit function, which targets minimum phase

difference for an attenuation range larger than a threshold value (expressed in dB)

and reflection coefficient smaller than -10 dB over the tuning span of the varactor

capacitance.

Step 2: Generate chromosomes which contain the 6n key parameters mentioned

before. For each generated combination, calculate the attenuator performance

based on the merit function, apply mating, mutation and selection rules of the

GA.

Step 3: Repeat Step 2 until convergence to a near-optimal combination of these

6n parameters is reached using the GA algorithm.

6.4 Selected Attenuator Designs

As found from optimization with the circuit model, increasing the number of varactor-

based stubs allows to achieve a larger attenuation range, with each stub contributing

approximately 3 dB to the overall attenuation. To illustrate and verify the optimization

method and as an example of general application, a 10 dB value of maximal attenua-

tion is selected in the first two examples, which include a configuration with 3 same

stubs, and another one with 3 different stubs for additional degrees of freedom. The

subsequent examples will demonstrate designs with 6 and 9 stubs for aiming at higher

levels of attenuation.
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6.4.1 3-Same-Stub Attenuator

Due to the large number of parameters in the circuit model shown in Fig. 6.2, we

firstly study the case with the simplest structure, where the varactor-loaded short-

ended stubs have all the same dimensions and distances between them. For a 3-stub

design, this means that n = 3 is used in the GA optimization, however with a number

of parameters reduced from 18 to only 7 since all stubs share the same dimensions.

In order to identify the optimization ranges of the most sensitive parameters and il-

lustrate their effects, the influence of these parameters is simulated and analyzed in-

dividually. The parametric studies, including stub width W2, the stub distance d, the

capacitor value C and the resistor value R, are illustrated in Fig. 6.3 - Fig. 6.6. As de-

picted in Fig. 6.3, a wider stub width W2 produces a smaller attenuation range however

with a smaller phase difference, and its effect on the reflection level can be ignored. Im-

portantly, an optimal W2 range in between 0.4 and 0.8 mm can be identified, which can

be set as the optimization range in the GA.

Moving to the next parameter, as shown in Fig. 6.4, a distance d of 3 mm yields the

highest reflection level and attenuation range, but the flattest phase shifting curve. As

d becomes larger, the reflection coefficient becomes smaller, with a slight effect on the

attenuation level and phase shift. Therefore a small optimization range of distance

from 5 to 10 mm can be set in the GA.

For the capacitor C, the S parameters for different C are compared in Fig. 6.5, illus-

trating that this parameter has a strong impact on the change rate and the range of

the attenuation. For instance, when C = 0.4 pF is used, the attenuation level changes

rapidly from 1.5 to 10 dB with the varactor capacitance varies from 0.15 to 0.60 pF.

This configuration leads to a design with a large and fast-responding attenuation, only

based on a small variation of varactor capacitance. As a result, this C value can be uti-

lized to adjust the operating band of the attenuator. On that basis, C can be selected in

a range from 0.2 to 0.4 pF, since the attenuation becomes far less than 10 dB for smaller

values, while the phase difference increases for larger values of C.

Finally, according to the results in Fig. 6.6, the resistor on the stub has a significant effect

on the attenuation level and phase shift. Despite that the attenuation can reach up to

15 dB when the R is 25 Ω, the phase shift becomes larger than 40◦. Whereas, when R

= 45 Ω is selected, the attenuation range is around 7.5 dB, which is marginal. Thus, an

optimal value can be selected between 25 and 45 Ω. On the basis of these parameters
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studies, a reasonable range for each of these parameters can be determined for further

optimization by the GA. The optimal results are expected to provide a compromise

between a large attenuation level, a low reflection coefficient and a small phase shift

simultaneously.

Figure 6.3. Parametric study of the stub width W2: a) Magnitude and phase of S21 and b) reflection

coefficient.

The geometry of the 3-same-stub attenuator is illustrated in Fig. 6.7 with variable pa-

rameters W2, C, R, d, L1, L2 and L3. As for the connection length L1, L2 and L3, they

are selected in available ranges to interact with other parameters to obtain the best

trade-off in phase difference and attenuation level, while satisfying the smallest space

for components loading. It is worth to mention that the reflection coefficients for all

the parametric studies are typically less than -10 dB, which also verify the operation

principle where a low reflection can be achieved, when reflections from two or more

stubs can be design to cancel each other by adjustment of the inter-stub distances.

The device is designed on a 0.76 mm thick Rogers Diclad 880 with relative permittivity

of 2.2 and loss tangent of 0.0009 at 5.0 GHz. The varactor adopted in this design is

of type MA46H120, which has a tunable capacitance range between 0.15 to 1.30 pF

controlled by a single bias voltage over the range 18 to 0 V. It has a parasitic inductance

of 0.05 nH and a resistance of 2 Ω [109] [184]. As shown in Fig. 6.7, all the stubs
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Figure 6.4. Parametric study of the distance d: a) Magnitude and phase of S21 and b) reflection

coefficient.

Figure 6.5. Parametric study of the capacitor C: a) Magnitude and phase of S21 and b) reflection

coefficient.
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Figure 6.6. Parametric study of the resistor R: a) Magnitude and phase of S21 and b) reflection

coefficient.

Figure 6.7. Geometry of the proposed attenuator with 3 same varactor-loaded shorted stubs. The

optimized parameters are: W1 = 2.32 mm, W2 = 0.60 mm, L1 = 2.20 mm, L2 = 1.40 mm, L3 =

2.20 mm, C = 0.30 pF, R = 35.70 Ω, d = 7.00 mm, D1 = 0.60 mm, and D2 = 0.40 mm.

loaded with varactors are added onto a 50 Ω host microstrip line with a width W1 =

2.32 mm. The bias network contains an RF-choke inductor of 15 nH in series with an

RF-blocking resistor of 1000 Ω. The bias lines connected to the DC voltage are chosen

to be 0.2 mm wide to increase their inductance and minimize radiation. The varactors,

host microstrip line and the bias circuit parameters will remain the same in the other

designs.
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The GA is run multiple independent times, to obtain optimized results which achieve

an attenuation range of at least 10 dB while satisfying the condition of a reflection

coefficient below -10 dB over the capacitor tuning span of the varactor, and keeping

a relatively low phase difference. The optimized parameters are listed in the center

column in Table 6.2.

Table 6.2. Parameters of equivalent circuit method and full-wave method for the final designs.

Name Equivalent circuit variables Full-wave variables

W2 0.60 mm 0.60 mm

L1 2.58 mm 2.20 mm

L2 1.40 mm 1.40 mm

L3 2.77 mm 2.20 mm

C 0.30 pF 0.30 pF

R 35.70 Ω 35.70 Ω

d 7.00 mm 7.00 mm

On the basis of the optimized circuit model findings, full-wave simulations are per-

formed with Ansys HFSS 2021 to validate and refine the design. The final parameters

are listed in the right column in Table 6.2. The effective length of the L1 in the circuit

model is 0.38 mm longer than the full-wave results, which is due to the effect of the

varactor. The equivalent length of the L3(circuit) in the circuit model is determined

by the physical length L3 of the strip, but also combines the dependence on the short-

ing via radius D1, stub width W2 and substrate thickness t as set-up in the full-wave

model. It is empirically found that the equivalent L3(circuit) can be expressed as

L3(circuit) = L3 + t − ∆L, (6.15)

where ∆L = 0.19 mm is an empirically found length compensating the additional in-

ductance formed by the shorting via and irregular stub width around the via.

In terms of the device performance, reflection coefficients no higher than -12 dB are ob-

tained from the equivalent circuit model and full-wave simulation, as shown in Fig. 6.8.

The simulated and calculated transmission coefficients with magnitude and phase of

the attenuator at 4.75, 5.00 and 5.25 GHz are in good agreement as shown in Fig. 6.9.

This verifies the correspondence between the equivalent circuit analysis and the full-

wave simulations, which suggests that the circuit model is sufficiently accurate for

engineering design purpose. Furthermore, a continuously tunable attenuation from
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1.0 to 11.5 dB is predicted at 5.00 GHz with a maximum phase shift of 19.8◦ as shown

in Fig. 6.9(a). The results of Figs. 6.9(b) and (c) show attenuation ranges of 0.8 - 10.0 dB

at 4.75 GHz and 1.4 - 11.5 dB at 5.25 GHz with phase shifts below 25.1◦ and 33.3◦

respectively.

Figure 6.8. Reflection coefficients of the final optimized design of 3-same-stub attenuator obtained

from the equivalent circuit model and full-wave simulation at 4.75, 5.00 and 5.25 GHz.

6.4.2 3-Different-Stub Attenuator

To increase the number of degrees of freedom, we optimize the full-variable 3-stub (or

n = 3) attenuator model based on the equivalent circuit method. The optimization pro-

cedure is similar as shown in the previous case, with the number of variables increased

to 18 to fully describe the 3 different stubs.

The geometry of the attenuator with 3 different stubs is illustrated in Fig. 6.10 with the

18 optimized variable parameters listed in the caption. The optimized resistors for the

3 stubs are kept the same at 25 Ω, and the distances between the stubs are selected to

be identical as before due to their similar impact on reflection.

The reflection coefficients of the attenuator in the whole frequency band from 4.75 to

5.25 GHz is less than -10.3 dB as shown in Fig. 6.11. The simulated and calculated trans-

mission coefficients of the attenuator are also in good agreement as shown in Fig. 6.12.

The attenuator realizes 1.0 - 12.6 dB continuously tunable attenuation at 5.0 GHz with

a phase shift of less than 15.2◦ as shown in Fig. 6.12(a). The corresponding tunable

attenuation ranges from 0.8 to 10.5 dB at 4.75 GHz and from 1.6 to 13.1 dB at 5.25 GHz,

as displayed in Fig. 6.12(b) and (c), with phase shifts below 20◦ and 35◦, respectively.

So far, the two attenuators, i.e., 3-same-stub attenuator and 3-different-stub attenuator,

satisfy the optimization aims and validate the design method. The optimized perfor-

mances of the two devices are summarized for direct comparison in Table 6.3. It is

Page 118



Chapter 6 Transmission-Type Varactor-Based Tunable Attenuator

Figure 6.9. S21 magnitude and phase values of the final optimized design of 3-same-stub attenuator

obtained from the equivalent circuit model and full-wave simulation at (a) 5.00 GHz, (b) 4.75 GHz

and (c) 5.25 GHz.

observed that the 3-different-stub attenuator exhibits a larger attenuation range than

the 3-same-stub one and maintains a small phase shift at 5 GHz, while the 3-same-stub

attenuator has better matching performance and simpler structure.

6.4.3 Extended Designs for Higher Attenuation Levels

The previous paragraph has demonstrated that attenuators with 3 stubs are able to

yield 10 dB tunable attenuation. As mentioned, the achievable attenuation range is

dependent on the number of stubs. From straightforward extrapolation, it is expected
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Figure 6.10. Geometry of the proposed attenuator with 3 different shorted varactor-loaded stubs.

The optimized parameters are: W1 = 2.32 mm, W2 = 0.60 mm, L1−1 = 3.22 mm, L1−2 = 2.78 mm,

L1−3 = 1.29 mm, C1 = 0.20 pF, R1 = 25.00 Ω, L2−1 = 1.89 mm, L2−2 = 1.26 mm, L2−3 =

2.65 mm, C2 = 0.60 pF, R2 = 25.00 Ω, L3−1 = 3.15 mm, L3−2 = 1.60 mm, L3−3 = 0.63 mm, C3

= 0.30 pF, R3 = 25.00 Ω, d1 = 7.00 mm, d2 = 7.00 mm, D1 = 0.60 mm, and D2 = 0.40 mm.

Figure 6.11. Reflection coefficients of the final optimized design of 3-different-stub attenuator

obtained from the equivalent circuit model and full-wave simulation at 4.75, 5.00 and 5.25 GHz.

that 3n stubs could reach 10n dB attenuation. To investigate the practicality of these

considerations, 6-stub and 9-stub attenuators with 20 dB and 30 dB attenuation, respec-

tively, are discussed in this section. The design can be extended from the 3-same-stub

attenuator by adding further stubs with the same parameters. The geometries of the

6-stub and 9-stub attenuators are shown in Fig. 6.13, and all the stubs are controlled by

a single bias voltage over the range 18 to 0 V.

The 6-stub and 9-stub attenuators have been simulated using the full-wave method,

and the simulation results are shown and compared in Fig. 6.14 and Fig. 6.15 with

those of the 3-stub attenuator. The performance characteristics of the 6-stub and 9-stub

attenuators are listed in Table 6.4. As expected, the devices achieve an attenuation of

21.3 dB with 6 stubs, and 31.5 dB with 9 stubs at 5.0 GHz, with reflection coefficients

below -10 dB as shown in Fig. 6.14. This confirms that every set of 3 stubs adds nearly
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Figure 6.12. S21 magnitude and phase values of the final optimized design of 3-different-stub

attenuator obtained from the equivalent circuit model and full-wave simulation at (a) 5.00 GHz, (b)

4.75 GHz and (c) 5.25 GHz.

10 dB attenuation and 20◦ in phase shift. Therefore, the attenuator topology proposed

in this thesis addresses the typical issue of limited attenuation and large reflection co-

efficient of the transmission-type attenuators.

6.5 Experimental Verification

To verify the proposed optimization and design method, three attenuator prototypes

with 3-same-stub, 3-different-stub and 9-same-stub have been fabricated and mea-

sured, as shown in Fig. 6.16. A 50 Ω reference microstrip transmission line is printed
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Table 6.3. Performance of the two optimized attenuators with 3 same stubs (Model1) and 3 different

stubs (Model2).

Freq. Type Min. IL Max. IL ∆ϕ Max. |S11|

5.00 GHz
Model1 1.0 dB 11.5 dB 19.8◦ -12.2 dB

Model2 1.0 dB 12.6 dB 15.2◦ -10.3 dB

4.75 GHz
Model1 0.8 dB 10.1 dB 25.1◦ -12.5 dB

Model2 0.8 dB 10.5 dB 20.0◦ -10.3 dB

5.25 GHz
Model1 1.4 dB 11.5 dB 33.3◦ -12.7 dB

Model2 1.6 dB 13.1 dB 35.0◦ -10.9 dB

Figure 6.13. Geometries of the proposed attenuators with identical shorted varactor-loaded stubs:

(a) 6-stub and (b) 9-stub.

Figure 6.14. Reflection coefficients of the final optimized design of two attenuators with 6-stub and

9-stub respectively, obtained from full-wave simulation at 4.75, 5.00 and 5.25 GHz.

next to each attenuator which is used for calibration of the insertion loss purely due to

the host line.
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Figure 6.15. S21 magnitude and phase values of the final optimized design of three attenuators

with 3-stub, 6-stub and 9-stub respectively, obtained from full-wave simulation at (a) 5.00 GHz, (b)

4.75 GHz and (c) 5.25 GHz.

Table 6.4. Characteristics of the 6-stub and 9-stub attenuators.

Freq. Type Min. IL Max. IL ∆ϕ Max. |S11|

5.00 GHz
6 stubs 1.9 dB 23.2 dB 41.7◦ -11.7 dB

9 stubs 2.8 dB 34.3 dB 63.2◦ -11.7 dB

4.75 GHz
6 stubs 1.4 dB 19.8 dB 52.5◦ -11.9 dB

9 stubs 2.1 dB 29.4 dB 79.6◦ -11.8 dB

5.25 GHz
6 stubs 2.6 dB 23.7 dB 21.1◦ -12.1 dB

9 stubs 3.8 dB 35.7 dB 92.0◦ -12.1 dB
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Figure 6.16. Prototypes of three attenuators: (a) 3-same-stub attenuator, (b) 3-different-stub

attenuator and (c) 9-stub attenuator. The red test pins are for DC bias circuit connections, and the

black ones are for the DC ground connections. A through 50 Ω transmission line is added on each

board as reference.

6.5.1 Reflection Coefficient

The measured reflection coefficients of the prototypes are shown in Fig. 6.17. The sim-

ulated and measured reflection coefficients of the three attenuators at 5 GHz are listed

in the last column in Table 6.5 for direct comparison, where a reasonable agreement

is observed with measured data. The measured reflection coefficients of the three at-

tenuators are all below -11.0 dB at the operating frequencies from 4.75 to 5.25 GHz.
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Figure 6.17. Measured reflection coefficients for the three attenuator prototypes, i.e., 3-same-stub

attenuator, 3-different-stub attenuator and 9-stub attenuator, at 4.75, 5.00 and 5.25 GHz.

Table 6.5. Simulated and measured characteristics of the three prototypes at 5.0 GHz.

Attenuator Method Min. IL Max. IL ∆ϕ Max. |S11|
3-same

-stub

Sim. 1.0 dB 11.5 dB 19.8◦ -12.2 dB

Meas. 1.0 dB 11.2 dB 24.6◦ -13.4 dB

3-different

-stub

Sim. 1.0 dB 12.6 dB 15.2◦ -10.3 dB

Meas. 1.0 dB 13.5 dB 23.4◦ -11.4 dB

9-stub
Sim. 2.8 dB 34.3 dB 63.2◦ -11.7 dB

Meas. 2.1 dB 32.7 dB 82.3◦ -11.8 dB

6.5.2 Transmission Characteristics

The measured transmission coefficient magnitudes and phases of the three attenuators

are shown in Fig. 6.18. The simulated and measured attenuation levels and phase shifts

at 5.0 GHz are compared in Table 6.5. It can be observed that the optimized 3-stub

attenuators are able to reach more than 10 dB attenuation, with continuous tunability.

The 3-same-stub attenuator has an attenuation range from 1.0 to 11.2 dB with 24.6◦

phase shift, which is shown in Fig. 6.18(a). Notably, the 3-different-stub attenuator

can reach attenuation up to 13.5 dB from 1.0 dB with a phase shift of less than 23.4◦.

Considering that every set of three stubs produces around 10 dB attenuation, the 9-stub

attenuator prototype reaches a performance consistent with the simulated results, i.e.,

a 30.6 dB attenuation span is realized with a small initial attenuation of less than 2.1 dB

and 82.3◦ phase shift. The tested phase shifts are all slightly larger than the simulated

ones, which can be due to the fabrication and material tolerance.

Sub-figures 6.18(b) and (c) show the measured attenuation characteristics of the three

attenuator prototypes at 4.75 GHz and 5.25 GHz. The tuning attenuation span are
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8.9 dB, 10.8 dB and 24.9 dB for 3-same-stub attenuator, 3-different-stub attenuator and

9-stub attenuator in order at 4.75 GHz, while they reach 10.9 dB, 12.6 dB and 33.8 dB

correspondingly at 5.25 GHz.

Figure 6.18. Measured S21 magnitude and phase values of the three attenuator prototypes, i.e.,

3-same-stub attenuator, 3-different-stub attenuator and 9-stub attenuator, at (a) 5.00 GHz, (b)

4.75 GHz and (c) 5.25 GHz.

All these results verify the effectiveness of the optimized attenuators, which can supply

a large continuously tunable attenuation range with a small initial insertion loss value,

small phase shift and good matching performance.
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6.6 Conclusion

An attenuator topology based on a 50 Ω host microstrip line equipped with several

side-loaded shorted-end varactor-based stubs has been proposed. The shorted-end

stubs includes lumped components including varactors, capacitors, and resistors. All

these stubs stand on the same side of the host line resulting in a compact and low-loss

structure. An accurate equivalent circuit for general attenuator modelling has been

proposed allowing fast optimization of the structure with a GA, and leading to an ef-

ficient design method. To verify the concept, 3-stub attenuators have been optimized

for a typical attenuation of 10 dB. The successful validation of the equivalent circuit

model with full-wave simulations suggests that the circuit approach is efficient and

accurate. A set of attenuators with large attenuation levels has been also developed

with different stubs numbers, namely a 6-stub and a 9-stub attenuator with 20 dB and

30 dB attenuation at 5 GHz. Three prototypes have been fabricated and tested, i.e.,

the configurations with 3 identical stubs, 3 different stubs and 9 identical subs. The

tested results show that the optimized 3-stub attenuator is able to supply an attenua-

tion up to 13.5 dB from 1.0 dB with a phase shift of less than 23.4◦, while the 9-stub

version can produce up to 32.7 dB attenuation, however with a relatively larger phase

shift up to 82.3◦. The proposed attenuator concept has been demonstrated to offer a

continuous large attenuation tuning range with a small initial value of insertion loss,

combined with relevant merits including small phase shift and good matching perfor-

mance. Importantly, this compact and flexible topology enables seamless integration

into microwave systems with simple control circuit.
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Chapter 7

Varactor-Based
Frequency-Switchable

Diplexer

D
IPLEXERS enable microwave systems to transmit and re-

ceive signals at different frequencies simultaneously by sep-

arating them into different physical output ports. Adding re-

configurability to a diplexer allows to adapt the operation of the different

channels. Generally, the major challenge for a reconfigurable diplexer is to

find an effective method to make the common input port simultaneously

matched at both frequency channels, while having a high isolation between

the different channels, and retaining a compact size and low insertion loss

level.

To address these challenges, a varactor-based frequency-switchable

diplexer is proposed in this chapter. The design is an expanded applica-

tion of the varactor-based phase shifter tuning unit presented in Chapter 3.

The diplexer offers the capability to simultaneously support two different

operation bands, similarly to conventional diplexers. Importantly, it also

allows to swap the two operation bands across the two output ports. Mean-

while, this planar diplexer maintains a simple and seamless integration

topology, resulting in a compact size, a low insertion loss, and an excellent

port matching. These merits make it highly suitable for low-cost planar

microwave applications.
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7.1 Introduction

D
IPLEXERS play crucial roles in various communications systems, in-

cluding wireless networks [185], satellite systems [186], and radar sys-

tems [187], since they allow simultaneous transmission and reception in

different frequency bands using a single antenna, which can reduce the system size and

complexity [188]. Generally, to enhance the versatility of transceiver systems in multi-

band applications, reconfigurable diplexers are highly desired. A traditional solution

to realize reconfigurable diplexers is to properly align two or more reconfigurable fil-

ter structure response to different frequencies [189] [190] [191]. According to the type

of frequency tunability, reconfigurable diplexers can be classified in two categories,

namely continuously tunable diplexers [192] [193] [194] and switchable diplexers. A

tunable microstrip diplexer was presented based on two dual-mode square loop res-

onators with reconfigurable filtering characteristics in [192], which created two tun-

able channels: The first channel had a tunable band between 1.23 - 1.43 GHz and 1.35 -

1.64 GHz, while the second was between 2.07 – 2.31 GHz and 2.14 – 2.51 GHz, with an

insertion loss between 2.2 and 7.8 dB. In [193], a two channel tunable diplexer allowed

frequency tuning in a lower channel from 0.498 - 0.995 GHz and in a high channel from

0.974 - 1.657 GHz, with an insertion loss from 1.0 to 4.6 dB and an isolation larger than

16.4 dB. Another tunable diplexer proposed in [194] was formed directly from two in-

dependently designed dual-mode band-pass filters without any additional matching

network at the common port, thus achieving a design flexibility and a compact size. It

produced two tunable frequency bands, i.e., 1.2 to 1.8 GHz and 2.0 to 2.6 GHz, with

an insertion loss between 3.5 to 6.3 dB. Generally, tunable diplexers offer a large dy-

namic frequency tuning range but suffer a relative high insertion loss level and require

complex structures. Oppositely, switchable diplexers typically achieve a much lower

insertion loss, which is generally desired in practical applications.

Focusing on switchable diplexers, it is apparent that many attempts have been made to

achieve multi-operation modes, low insertion loss levels and compact structures [95,

96, 195–200].

i) Multi-mode switchable diplexers based on PIN diodes typically enable to switch

both bands on or off independently. For example, two diplexers were demon-

strated for four operation modes, namely both channels on, low-on high-off, low-

off high-on, and both off, with an insertion loss between 1.82 to 2.08 dB in [95] and

2.10 to 2.21 dB in [96]. Generally speaking, the complexity of the structures will

Page 130



Chapter 7 Varactor-Based Frequency-Switchable Diplexer

increase the insertion loss of the diplexer and its fabrication cost. Importantly,

the operation band is typically fixed in one dedicated channel with a switch only

controlling its on or off state.

ii) Some efforts have been employed to decrease the insertion loss level by reduc-

ing the number of components, such as PIN diodes and varactors. For example,

in [198], the authors realized a diplexer by using two balanced open-circuited

stubs to produce dual bands with two dual-frequency in each, i.e., 10 and 19 GHz,

and 12 and 21 GHz, with an insertion loss of 0.4 to 3.4 dB. As reported in [197],

based on a coupled-multi-line filtering sections, a diplexer was produced to oper-

ate in two channels with center frequencies of 1.60 and 1.78 GHz and an insertion

loss of 1.3 and 1.5 dB respectively. A diplexer operating at 1.0 and 1.2 GHz with

corresponding insertion loss of 0.3 and 0.4 dB was presented in [201], by com-

bining a J-inverters impedance conversion and quarter-wavelength open stubs.

Another simple diplexer proposed in [196], was created by two square cavities

with different triangular slots loaded to supply two operation bands with center

frequencies of 6.16 and 7.72 GHz and an insertion loss of 0.83 and 0.77 dB, re-

spectively. It can be seen that although it does not contain any electronic lumped

components and thus achieves low insertion loss levels, the frequency-selective

structure is complex, and the flexibility of frequency shift is sacrificed in the sense

that the device can only work in two fixed frequency bands through specific chan-

nels at a time.

iii) Research efforts have also been invested to obtain reconfigurable diplexers with

a compact size and low insertion loss. A switchable filtering diplexer containing

two multi-coupled resonator filters sharing a switchable L-shaped resonator was

proposed in [200], with a co-design method applied to reduce the size and in-

sertion loss. This diplexer could switch its working frequency between 2.35 and

3.50 GHz using 5 PIN diodes as the control, achieving an insertion loss of 1.30

and 1.34 dB. However, although the diplexer maintained compact size and low

insertion loss, the filter response structure and the control method complex, so

likely leading to a relative high cost. In addition, the operation frequency was

also fixed in a dedicated channel, which could only be controlled to yield on or

off state.

One can observe that the challenge in switchable diplexer design is to obtain multiple

operation modes, a simple and compact structure, and a low insertion loss level, while
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maintaining good match and a high isolation level between the different frequency

channels.

To address this challenge in switchable diplexer design, a compact varactor-based

frequency-switchable diplexer is proposed in this chapter. The switchable diplexer

consists of two identical frequency-selective units located symmetrically on a T-junction

with equal power division. This unit is designed on a 50 Ω transmission line with two

varactor-loaded short-ended stubs standing on one side of the line. The topology of

the unit enables seamless integration to planar microwave systems with low insertion

loss and compact size. By changing the bias voltage to the two varactors, specific fre-

quencies are enabled or disabled to pass through the transmission line, thus realizing

the frequency selectivity. The unit is optimized aiming to cover two operation bands,

i.e., low band from 2.4 to 2.5 GHz and high band from 5.725 to 5.825 GHz. Corre-

spondingly, the diplexer is able to generate five operation modes, i.e., both channels

allowing both the low and high bands (high + low, high + low), allowing only the low

band (low, low), allowing only the high band (high, high), and allowing one branch

on the low band and the other branch on the high band (low, high) or vice versa (high,

low). Importantly, the unique characteristic of the proposed device is that it cannot

only realize the diplexing function for two specific frequencies working in different

channels at a time, but it can also swap the working frequency on its two channels.

This frequency swapping between two different channels reduces the design complex-

ity for different frequencies and increases the link adaptability. It is noted that the same

operation frequency states, i.e., (high + low, high + low), (low, low) and (high, high),

can also operate as frequency-reconfigurable power dividers.

To verify the concept, a frequency-selective unit and a frequency-switchable diplexer

have been fabricated and experimentally characterized. The fabricated prototype dipl-

exer operates at five states with different frequency combinations between two op-

erating bands. All the findings verify the effectiveness and the performance of the

proposed frequency-switchable diplexer. The following sections are arranged as fol-

lows: Section 7.2 introduces the frequency-selective unit concept and its design, and

experimental verification. The concept of the diplexer is proposed in Section 7.3, with

its design and experimentally validation, followed by concluding remarks.
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7.2 Frequency-Selective Unit

7.2.1 Working Principle and Design

Generally, a diplexer is formed by combining two frequency filtering structures which

critically determine the operation bands, insertion loss, reflection coefficients, and sup-

pression of the unwanted frequencies. A varactor-based frequency-selective unit is

implemented in this section, with its topology shown in Fig. 7.1.

Figure 7.1. Geometry of the proposed frequency-selective unit with two varactor-loaded stubs. The

dimensions are: W1 = 2.32 mm, W2 = 0.80 mm, W3 = 0.20 mm, L = 6.00 mm, R1 = 0.40 mm, R2

= 0.20 mm, S = 0.30 mm and d = 10.00 mm.

As depicted in Fig. 7.1, the frequency-selective unit contains a 50 Ω microstrip trans-

mission line loaded with two shunt varactors which are terminated with short-ended

stubs. The unit is designed on a 0.76 mm thick Rogers Diclad 880 with relative per-

mittivity of 2.2 and loss tangent of 0.0009. The varactor adopted in this design is

MA46H120 which has a parasitic inductance of 0.05 nH and a resistance of 2 Ω [109]

[184]. As shown in Fig. 7.1, the bias network consists of an RF-choke inductor of 15 nH

in series with an RF-blocking resistor of 1000 Ω. A 220 pF DC-blocking capacitor is

inserted into the top section of the stub close to the RF-shorting via. The microstrip

bias lines connected to the DC voltage are chosen to be 0.2 mm wide to increase their

inductance and minimize radiation. The unit is tuned by a DC bias voltage applied to

the two varactors simultaneously from the DC pad. By changing the bias voltage, it be-

comes possible to enable or disable specific frequencies passing through the microstrip

transmission line, thereby providing a frequency-selective functionality.
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Full-wave simulations with Ansys HFSS 2021 are deployed to illustrate the frequency-

selective functionality of the unit model. The characteristics of the S-parameters are

shown in Fig. 7.2. As shown by the inset in Fig. 7.2(a), the varactor provides a capac-

Figure 7.2. (a) S21 magnitude curves of a frequency-selective unit under five typical bias voltages,

i.e., 0.15 pF (red line), 1.30 pF (blue line), 0.25 pF (black line), 1.00 pF (green line) and 0.31 pF

(orange line), inset: Reverse voltage-capacitance control curve of the varactor, and (b) corresponding

reflection coefficients curves.

itance value from 0.15 to 1.30 pF for a bias voltage from 18 to 0 V. It can be seen that

proper bias voltage allows the stop-band to move within a certain frequency range,

thus achieving two available bands on outside of the stop-band. For example, when

the tunable capacitance of the varactors is set as 0.15 pF, the frequency at 5.80 GHz

is blocked in the stop-band while the low frequency at 2.45 GHz can pass through

the structure. In contrast, if the capacitance is tuned to 1.30 pF, the high frequency of

5.80 GHz becomes enabled but the 2.45 GHz band is disabled on the transmission line.

Furthermore, there exists a proper capacitance value allowing both frequencies, i.e.,
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2.45 and 5.80 GHz, to be enabled simultaneously, which happens at a value of 0.31 pF

as shown in Fig. 7.2. Typical simulation results are listed in Table 7.1, illustrating that

reflection coefficients are below -13.6 dB in all three states. The magnitudes of S21 are

Table 7.1. Typical simulated S-parameters of the frequency-selective unit

Cv
S11 S21

2.45 GHz 5.80 GHz 2.45 GHz 5.80 GHz

0.15 pF -21.53 dB -1.00 dB -0.07 dB -20.35 dB

1.30 pF -1.08 dB -34.83 dB -23.5 dB -0.12 dB

0.95 pF -13.60 dB -32.63 dB -1.43 dB -0.13 dB

-0.07 and -0.12 dB for the states where a single frequency is allowed to pass through, at

2.45 and 5.80 GHz respectively, with an isolation of the corresponding stop frequencies

reaching 20.35 at 5.80 GHz and 23.50 dB at 2.45 GHz. For the dual-band mode under

the bias voltage of 0.31 pF, the insertion losses are 0.23 dB at 2.45 GHz and 0.35 dB at

5.80 GHz. It can be seen from Fig. 7.2 that the voltage sets are not unique for dual-

band operation: They could be adjusted in a large range with a stop-band in between

the two available bands, i.e., from 0.25 to 1.00 pF in the proposed unit. This feature

provides a flexibility to select the optimal voltages according to the required related

characteristics, including the reflection coefficients and insertion loss levels.

7.2.2 Fabrication and Measurement

To verify the proposed design concept, a prototype of a stand-alone frequency-selective

unit prototype is fabricated as displayed in Fig. 7.3.

A reference 50 Ω microstrip transmission line is printed on the same substrate, and is

used to calibrate the insertion loss purely due to the line and connectors. Two test pins

soldered on the unit are used for the DC bias and ground connections, respectively.

The measured performance of the prototype is compared with the results obtained

from full-wave simulation in Fig. 7.2, where a reasonable agreement is observed.

When the Cv is set as 0.15 pF, the unit in simulation operates in low band from 1.50

to 5.26 GHz with maximum insertion loss of 0.89 dB. When the Cv is set as 1.3 pF, the

unit works in the high band from 4.56 to 7.00 GHz with an insertion loss smaller than

0.72 dB. If the Cv is set at 0.31 pF, the unit operates in the dual band state from 1.50 to

4.03 GHz and from 5.53 to 7.00 GHz with an insertion loss less than 1 dB.
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Figure 7.3. Prototype of the frequency-selective unit. The dark red test pin is for DC bias circuit

connection, and the black one is for the DC ground connection. A through 50 Ω transmission line is

added on the same board as reference.

For the measured results as shown in Fig. 7.3, when the voltage is set as 18 V, the unit

works in low band from 1.50 to 3.04 GHz with an insertion loss less than 0.77 dB. If the

voltage is tuned to 0 V, the unit operates in the high band from 4.47 to 7.00 GHz with

maximum insertion loss of 0.87 dB. When a bias voltage of 6 V is applied on the unit, it

operates in the dual-band state from 1.50 to 2.82 GHz and from 5.46 to 7.00 GHz with

an insertion loss smaller than 0.59 and 1.16 dB respectively.

In addition, the reflection coefficients are all less than -10 dB in the aforementioned

operation bands. As for the stop-band suppression, when the voltage is set to 18 V, the

amplitude of S21 is -28.2 dB at 5.80 GHz, while the corresponding value is -32.7 dB at

2.45 GHz under the voltage set as 0 V. It can be seen that there are small missmatched

ranges from 3.04 to 3.37 GHz, when the unit works under the bias voltages of 18 V and

6 V. These missmatched bands reduce the bandwidths of the low band part due to the

fabrication and measurement tolerances. Another offset between the simulated and

measured results caused by these tolerances is observed for the |S21| curves when the

voltage is set as 0 V, with the stop band at lower frequency shifting slightly to the left,

but still well covering the low band centered at 2.45 GHz. All the findings demonstrate

that the unit provides frequency selectivity and a competitive solution to be exploited

for further diplexer design, as shown in the next section.
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Figure 7.4. Frequency-selective unit prototype performance, showing the simulated and measured

(a) S21 magnitude and (b) S11 magnitude.

7.3 Frequency-Switchable Diplexer

7.3.1 Operation Principle and Design

Based on the proposed design of the previous section, the frequency response of the

basic frequency-selective unit is only controlled by a single bias voltage, which reduces

the design complexity when combining multiple units for two or more specific oper-

ation channels. On that basis, a frequency-switchable diplexer is presented, which

contains a T-junction with equal power division and two identical frequency-selective

units. The geometry of the proposed diplexer is illustrated in Fig. 7.5. In general,

a T-junction divider is a good solution for a switchable diplexer to obtain a low re-

flection level at the common port [202] [203]. Therefore, a simple T-junction equal-

power divider with input impedance of 50 Ω to Port-1 is utilized here, followed by
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Figure 7.5. Geometry of the proposed frequency-switchable diplexer with two frequency-selective

units. The dimensions are: W50 = 2.32 mm, W70 = 1.55 mm, L70 = 10.80 mm and Ltr = 5.90 mm.

tapered transmission line sections with length of Ltr to the 50 Ω output branches. Two

frequency-selective units, labeled as U1 and U2, are located symmetrically on the two

output lines to the Port-2 and Port-3 respectively. Two separate DC voltages from a

power supply are used to manually control varactor capacitances Cv1 and Cv2, and

thus specific frequencies can selectively pass through the two units U1 and U2. The

frequency-switchable diplexer supplies five operation modes which are listed in Ta-

ble 7.2, namely State-1 (Port-2: low band, Port-3: high band), State-2 (Port-2: high

band, Port-3: low band), State-3 (both ports: low and high bands), State-4 (both ports:

low band), and State-5 (both ports: high band). As shown in Fig. 7.6(a), when the

Table 7.2. Operation states of the frequency-switchable diplexer

States label Cv1 (U1) Cv2 (U2) Port-2 Port-3

1 0.15 pF 1.30 pF F1
∗ F2

⋄

2 1.30 pF 0.15 pF F2 F1

3 0.85 pF 0.85 pF F1 + F2 F1 + F2

4 0.15 pF 0.15 pF F1 F1

5 1.30 pF 1.30 pF F2 F2

∗ F1 stands for the low band centered at 2.45 GHz.
⋄ F2 stands for the high band centered at 5.80 GHz.

Cv1 and Cv2 are set to 0.15 pF and 1.3 pF, two frequency bands are created with each

transmitted through a dedicated port, i.e., the low band (2.25 to 2.84 GHz) centered

at 2.45 GHz to Port-2 and the high band (5.58 to 5.87 GHz) centered at 5.80 GHz to

Port-3, with the |S11| less than -10 dB and |S23| less than -20 dB simultaneously. The
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Figure 7.6. S-parameter characteristics of the frequency-switchable diplexer in State-1: (a) Simulated

results with Cv1 as 0.15 pF and Cv2 as 1.30 pF, and (b) measured results with DC-1 as 18 V and

DC-2 as 0 V.

simulated insertion loss levels of the two available pass bands are less than 1.38 dB

and 1.15 dB respectively. The isolation characteristics in State-1 shown in Fig. 7.6(a)

are -56.28 dB at 2.45 GHz and -27.69 dB at 5.80 GHz. When the bias voltages applied

on the two branches are exchanged, i.e., Cv1 and Cv2 are set to 1.30 pF and 0.15 pF, the

low band is swapped to Port-3 while the high band is passing through to Port-2, as dis-

played in the simulated results of Fig. 7.7(a). Since the two different frequencies can be

switched between the two channels, this diplexer is said to be working in a frequency

switchable mode. As a result, the performance of State-2 is ideally symmetrical and

identical to State-1 with the same transmission and reflection characteristics, but the

working band is swapped. In this operation modality, the frequency selectivity is only
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Figure 7.7. S-parameter characteristics of the frequency-switchable diplexer in State-2: (a) Simulated

results with Cv1 as 1.30 pF and Cv2 as 0.15 pF, and (b) measured results with DC-1 as 0 V and DC-2

as 18 V.

controlled by the bias voltages, greatly reducing the design complexity. It is also em-

phasized that the diplexer is simply realized with two identical units integrated onto

the divider.

The next operation mode is State-3, where the capacitance values are identical in both

units and set as 0.85 pF to offer a dual-band mode, which enables simultaneous op-

eration for both channels in the low band from 2.18 to 2.85 GHz and high band from

4.65 to 7.00 GHz, as shown in Fig. 7.8(a). In this state, a capacitance changing from

0.25 pF to 1.00 pF is acceptable to realize dual-band mode in each single unit. Fol-

lowing from the State-3, the Cv1 and Cv2 are then both tuned to 0.15 pF, which allows

a single low-frequency band to pass through the divider. At the other end of the ca-

pacitance range, the high frequency bands can be selected for both channels when Cv1

and Cv2 are tuned to 1.30 pF simultaneously. Good match at Port-1 can be obtained, as
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Figure 7.8. S-parameter characteristics of the frequency-switchable diplexer in State-3: (a) Simulated

results with Cv1 as 0.85 pF and Cv2 as 0.85 pF, and (b) measured results with DC-1 as 3 V and DC-2

as 3 V.

shown in Fig. 7.9(a) and Fig. 7.10(a), with the transmission characteristics of |S21| and

|S31| exhibiting single-frequency operation states.

7.3.2 Fabrication and Measurement

A prototype of the proposed frequency-switchable diplexer has been fabricated and

measured for experimental validation, as displayed in Fig. 7.11. Three test pins sol-

dered on the diplexer are used for the DC bias (two dark red pins) and ground (black

pin) connections, respectively. The measured performance of the prototype is shown

in Fig. 7.6(b) - Fig. 7.10(b). Considering a specification for the reflection coefficients

to be less than -10 dB and the channel isolation to be larger than 20 dB, as depicted

in Fig. 7.6(b), Port-2 enables a low band from 2.16 to 2.65 GHz under a bias voltage
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Figure 7.9. S-parameter characteristics of the frequency-switchable diplexer in State-4: (a) Simulated

results with Cv1 as 0.15 pF and Cv2 as 0.15 pF, and (b) measured results with DC-1 as 18 V and

DC-2 as 18 V.

U1 = 18 V, while Port-3 allows the high band from 5.70 to 5.93 GHz with a bias volt-

age U2 = 0 V. This corresponds to State-1, which achieves an insertion loss less than

1.36 dB and 2.34 dB respectively. When U1 is set to 0 V and U2 is set to 18 V, the oper-

ation state is State-2, where a high band from 5.65 to 5.9 GHz is allowed to Port-2, and

the low band from 2.2 to 2.52 GHz goes to Port-3 with corresponding insertion losses

of less than 2.0 dB and 1.2 dB, as depicted from Fig. 7.7(b). High isolations are obtained

at 2.45 GHz and 5.80 GHz at levels of -37.5 dB and -35.2 dB in State-1, and -37.2 dB and

-28.5 dB in State-2, respectively. Finally, when the voltages are set the same to 18, 0 and

3 V, the diplexer becomes a frequency-reconfigurable divider with the two channels op-

erating at the same frequency. Comparing the results from full-wave simulations and

these experimental results, in Fig. 7.6 - Fig. 7.10, a reasonable agreement is observed,

thus validating the frequency-switchable diplexer concept. The discrepancies between
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Figure 7.10. S-parameter characteristics of the frequency-switchable diplexer in State-5: (a) Simu-

lated results with Cv1 as 1.3 pF and Cv2 as 1.3 pF, and (b) measured results with DC-1 as 0 V and

DC-2 as 0 V.

Figure 7.11. Prototype of the frequency-switchable diplexer. Two dark red test pins are for DC bias

circuit connections, and the black one is for the ground connection.
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simulation and measurement are due to fabrication and measurement tolerances. For

example, in Fig. 7.8, a discrepancy between the simulated and measured results in the

lower band can be identified as a shift of the curve to higher frequencies, which does

not affect the operation and performance of the diplexer significantly.

7.4 Conclusion

A compact varactor-based frequency-switchable diplexer has been presented in this

chapter. The proposed diplexer consists of two identical frequency-selective units

which are standing symmetrically on the two output branches of a T-junction equal-

power divider. The frequency-selective unit exhibits the advantages of low insertion

loss, low reflection coefficients, compact size, high suppression for the undesired band,

and its frequency response is only controlled by a single bias voltage. Based on this

design, a frequency-switchable diplexer consisting of two identical units has been pro-

posed, which has a compact size and achieves low insertion loss level and a high iso-

lation when the output branches operate at different frequency bands. It is worth to

mention that the frequency-switchable diplexer not only can realize two specific fre-

quencies working in different channels at a time, but it also can swap the working

frequencies on its two channels. This frequency swapping enables the diplexer to hold

a symmetrical construction which reduces the design complexity for different frequen-

cies and increases the link adaptability. In addition, when the bias voltages applied

on the units are the same, the diplexer can turn into a frequency-reconfigurable equal-

power divider, allowing a multi-functional application as well. All these results imply

that the proposed frequency switchable diplexer is a promising solution to supply var-

ious frequency reconfigurable functions. On the basis of this performance, it can be

utilized in an antenna system to produce frequency reconfigurability, which will be

discussed in detail in Chapter 8.
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Chapter 8

Pattern- and Frequency-
Reconfigurable Antenna

Array

P
ATTERN- and frequency-reconfigurable antennas offer a great

flexibility and adaptability in wireless communications systems

and have gained wide attention in the recent literature. This

chapter presents a reconfigurable two-element antenna array, where the fre-

quency reconfigurability is achieved through the feeding network which

is a frequency-switchable diplexer. Combining this reconfigurable feeding

network with a reflector plate between the elements of the array, two di-

rectional radiation patterns in opposite direction, or a bidirectional pattern

with two switchable frequency bands can be obtained in different operating

states. This pattern- and frequency-reconfigurable antenna array maintains

a simple structure, small insertion loss, and low reflection coefficient using

a single port for all three operation modes, making it a highly promising

design for low-cost and compact communications applications.
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8.1 Introduction

P
ATTERN- and frequency-reconfigurable antennas have been developed

widely in the recent years. Large efforts have been invested to create vari-

ous reconfiguration modalities. In general, by controlling tunable electronic

components loaded on the structure, the effective electrical length of the radiators can

be modified which can yield pattern and/or frequency reconfigurations [204, 205].

In [204], the authors utilized a reconfigurable parasitic stripline near the radiating

dipole, which was controlled by PIN diodes to create an equivalent metal sheet below

the dipole. This enabled the antenna main beam to be switched to five directions at

a single frequency. In [205], a frequency-reconfigurable antenna with omnidirectional

patterns was proposed with the ability to shift five operation subbands in an ultra-

wideband (UWB) range of 6.0 to 10.6 GHz by the control of five PIN diodes. These

reconfigurable antennas employed the control structures, electronic components and

bias circuits around the radiators, which may lead to a complex topology.

In addition to changing the effective geometrical structure of the radiators, altering the

feeding structure to achieve reconfigurability is also a common alternative method,

which simplifies the design of radiators and may reduce the impact of the tuning com-

ponents on the radiation performance [206] [207] [208]. In [206], two operation modes

were generated on a wideband Vivaldi antenna structure by switching between two

feeding paths. The switching of PIN diodes allowed to create a monopole mode with a

bidirectional pattern and a Vivaldi mode with a directional pattern operating from 2.7

to 12.0 GHz. Switchable broadside and conical beams were obtained similarly in [207],

which was achieved by switching PIN diodes on the feeding structure to create a wide-

band monopole patch or a wideband L-probe fed patch. In [208], three switchable

endfire patterns, including a left directional pattern, a right directional pattern and a

bidirectional pattern, were achieved by switching PIN diodes on a feeding balun to

excite the left, right or both radiators in a single operation band extending from 1.98

to 2.06 GHz. Generally, the principle of utilizing switchable feeding paths aims at en-

abling the operation of different radiator parts that realize a corresponding specific

pattern at a time.

To make the antenna multi-functional, a pattern and frequency reconfigurable antenna

was presented in [97]. Utilizing a varator-tuned T-junction, the patch coupling between

a two-element array was modified to create a frequency-tunable range from 2.15 to

2.38 GHz with a beam that could be continuously scanned from -23◦ to 23◦. However,
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the frequency tunability remained limited in a relatively small range. In [209], a dual-

band pattern reconfigurable antenna was proposed combining a wideband Wilkinson

divider and two single-port-single-through switches, which produced two individu-

ally controlled signal paths to two symmetrical dual-band radiation slots. The antenna

was able to operate in three states, including [left on / right off], [left off / right on]

and [left on / right on] with dual-band operation at 2.4 and 5.2 GHz simultaneously.

However, the two operation frequencies were not separately controllable, which is a

desired performance for some practical applications.

In order to extend functionality to further application requirements, a simple pattern-

and frequency-reconfigurable two-element antenna array is proposed in this chapter,

fed by the frequency-switchable diplexer presented in Chapter 7. This feeding network

supplies two individually tunable signal paths to enable low-band and high-band op-

eration on each path separately. In combination with a simple isolation metal screen

located between two wideband monopole elements, three types of endfire patterns are

created in a unique set of three different modes of operation, including [left directional

pattern in low band / right directional pattern in high band], [left directional pattern

in high band / right directional pattern in low band], and [bidirectional patterns in

dual-band]. The following sections are arranged as follows: Section 8.2 introduces

the array design, which combines two wideband monopole elements and a frequency-

switchable diplexer feeding network. This section also contains the performance pre-

dictions from simulations. The pattern and frequency reconfigurable antenna array

is fabricated and experimentally validated in Section 8.3, followed by concluding re-

marks.

8.2 Pattern- and Frequency-Reconfigurable Antenna

Array Design

8.2.1 Array Design

A two-element pattern- and frequency-reconfigurable antenna array is proposed in

this section which is shown in Fig. 8.1. The general configuration of the array shown in

Fig. 8.1(a), consists of three major groups from bottom to top: a frequency-switchable

diplexer positioned on the bottom horizontal substrate, a vertically oriented radiation

board with two probe-fed wideband circular monopole elements standing on the top
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Figure 8.1. The configuration of the pattern- and frequency-reconfigurable array: (a) Exploded 3D

perspective view of the whole array, (b) feeding network layout (bottom-view of the array), (c) top-

view of the array, (d) side-view of the array with front and back structures of the monopole elements

(YoZ plane), and (e) side-view of the array (XoZ plane). Critical dimensions are Wg = 143.0 mm, Lg

= 120.0 mm, da = 43.0 mm, Wp = 60.0 mm, hp = 45.0 mm, tp = 1.0 mm, Wa = 83.0 mm, ha =

35.0 mm, hb = 4.0 mm,hm = 4.1 mm, hprobe = 2.5 mm, Rm = 12.8 mm, Rin = 0.5 mm, and Rout

= 2.0 mm.
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of the substrate, and an isolation board cross-located in the middle of the two ele-

ments. The diplexer and radiation board are realized on two 0.76 mm thick substrates

of Rogers Diclad 880 with relative permittivity of 2.2 and loss tangent of 0.0009, and

they share a common ground. Each circular monopole element with a 50 Ω feeding

microstrip line is excited by a copper probe which is connected to the diplexer on the

other side of the substrate.

As shown in Fig. 8.1(b), the frequency-switchable diplexer is similar to the device pre-

sented in Chapter 7 with two 50 Ω extension microstrip lines to feed the monopole

elements. The ground plane of the diplexer, denoted as common ground in Fig. 8.1(a),

serves as the array ground as well. The frequency selective units, which are denoted

as U1 and U2, have been validated in Chapter 7 with their frequency responses only

depending on two separate DC voltages from a power supply. They are utilized in

the frequency-switchable diplexer to electrically control two industrial, scientific, and

medical (ISM) bands through the two signal paths individually, i.e., a low band from

2.4 to 2.5 GHz and a high band from 5.725 to 5.825 GHz. Two wideband monopoles,

labelled as ML and MR, with a partial back ground on the other side of the radiation

board as shown in Fig. 8.1(d), are chosen as the radiating elements, since they have

bidirectional patterns when they operates together. The feeding of the monopoles ML

and MR are separately controlled by U1 and U2 correspondingly. The distance between

the two monopole elements is 43 mm corresponding to 0.83 wavelength in free space

at 5.80 GHz and 0.35 wavelength in free space at 2.45 GHz. The two monopoles are

separated by a vertical transverse isolation metallic plate, with the geometry shown

in Figs. 8.1(c) and (e). The distance between the monopoles and the isolation plane

are optimized to effectively realize the main beams pointing to the left or the right in

endfire direction in the YoZ plane when the monopole elements are operating at differ-

ent frequencies, with an unbalance larger than 10 dB between the maximum levels of

their left and right radiation maxima for each directional pattern. Meanwhile, the op-

timized array is also able to operate with bidirectional patterns when the two elements

are working at the same frequency.

8.2.2 Array Performance

As depicted in Fig. 8.2, the designed array aims to realize three operation modes, in-

cluding Mode-1 with the left monopole (ML) low-band and the right monopole (MR)
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Figure 8.2. Three operation modes of the pattern- and frequency-reconfigurable antenna array,

including (a) Mode-1, (b) Mode-2, and (c) Mode-3.

high-band patterns as shown in Fig. 8.2(a), Mode-2 with ML high-band and MR low-

band patterns as shown in Fig. 8.2(b), and Mode-3 with dual-band operation in bidi-

rectional patterns as shown in Fig. 8.2(c). To illustrate the general performance of the

array, two typical frequencies in two bands, i.e., 2.45 GHz and 5.80 GHz, are utilized

to describe the patterns states in three operation modes. It is worth to mention that

the frequency-switchable diplexer can theoretically supply five operation modes to the

array elements, which has been verified in Chapter 7. However, among the five opera-

tion modes, single low band, single high band and dual-band modes produce the same

radiation patterns as Mode-3 at a fixed frequency. Therefore, without loss of general-

ity, only the operation modes operating at dual frequencies are discussed in this array.

The proposed pattern- and frequency-reconfigurable antenna array is simulated using

Ansys HFSS 2021.

1) Reflection coefficient:

The frequency selectivity of the frequency-switchable diplexer, has been verified

in Chapter 7. Its S-parameter characteristics in the three modes are shown in

Fig. 8.3. It can be seen that the operation bands in Mode-1 and Mode-2 are com-

prehensively determined by the reflection coefficients |S11|, the insertion loss

to each port |S21| or |S31|, and the isolation levels |S32| at the unwanted fre-

quencies. In addition, the bandwidth defined in Mode-3 is limited by the reflec-

tion coefficients |S11| and the insertion loss to each port |S21| and |S31|. The

specification of the isolation level at 2.45 GHz and 5.80 GHz is set as larger than

20 dB, while the loss added by the frequency selective unit is set as less than 1 dB,

since it is empirically found that the determined bands are enough for completely

covering the two ISM bands.
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Figure 8.3. Simulated S-parameter characteristics of the frequency-switchable diplexer proposed in

Chapter 7 for the three operation modes with two highlighted grey regions indicating the two ISM

bands, i.e., the low band from 2.4 to 2.5 GHz and the high band from 5.725 to 5.825 GHz, (a)

Mode-1, (b) Mode-2, and (c) Mode-3.
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The simulated reflection coefficients of the single port antenna at the three men-

tioned modes are displayed in Fig. 8.4, and the operation bands in each working

mode are listed in Table 8.1, as specified for a reflection coefficient lower than

-10 dB, an insertion loss due to the frequency-selective unit of less than 1 dB and

an isolation at 2.45 GHz and 5.80 GHz larger than 20 dB. It can be seen that the

two desired ISM bands are completely covered at the three operation modes.

Figure 8.4. Simulated reflection coefficients for the three operation modes with two highlighted grey

regions indicating the two ISM bands, i.e., the low band from 2.4 to 2.5 GHz and the high band from

5.725 to 5.825 GHz.

Table 8.1. Simulated operation bands of the pattern- and frequency-reconfigurable antenna array

Mode Cv1 (U1) (pF) Cv2 (U2) (pF) ML (GHz) MR (GHz)

1 0.15 1.30 2.38 - 2.76 5.62 - 6.11

2 1.30 0.15 5.62 - 6.11 2.38 - 2.76

3 0.70 0.70 2.30 -2.53, 5.63 - 6.53 2.30 -2.53, 5.63 - 6.53

2) 3D Radiation patterns:

The simulated 3D radiation patterns of the three operation modes in the YoZ

plane at 2.45 and 5.80 GHz are depicted in Figs. 8.5(a), (b) and (c), respectively. In

Mode-1, the simulation predicts that the main beam of the left monopole ML

working at the low band will point to the left while the pattern of the right

monopole MR working in the high band will point its main beam to the right
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Figure 8.5. Simulated 3D radiation patterns of the array in YoZ plane for the three operation modes,

including (a) Mode-1, (b) Mode-2, and (c) Mode-3.

direction, as illustrated in Fig. 8.5(a). Correspondingly, in Mode-2, the left direc-

tional pattern of ML operates at high band and the right directional pattern of

MR is switched to low band as shown in Fig. 8.5(b). In dual-band Mode-3, two

bidirectional patterns shown in Fig. 8.5(c) are obtained at both 2.45 and 5.80 GHz

with two balanced left and right beams. Due to the monopoles ML and MR being

able to swap their operation frequencies, as well as creating directional patterns

or bidirectional patterns, this array is said to exhibit both pattern- and frequency-

reconfigurabilities.
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The simulated performance will be discussed in detail together with the mea-

sured results in Section 8.3.

8.3 Fabrication and Measurement

8.3.1 Array Prototype

The two-element pattern- and frequency-reconfigurable antenna array has been fabri-

cated and experimentally characterized to validate the design. The array prototype is

illustrated in Fig. 8.6. As shown in Fig. 8.6(a), the radiation board is fixed on the top of

Figure 8.6. Photographs of the two-element pattern- and frequency-reconfigurable antenna array.

(a) Front and back views of the radiation board, (b) top view and (c) bottom view of the array. The

blue and dark red test pins are for DC bias circuit connections, and the black one is for the DC ground

connection.

the diplexer board by connecting the two feeding probes onto the circular monopoles

and soldering the back ground onto the common ground. The isolation board is stand-

ing in the middle and affixed with several soldering points on the common ground as

depicted in Fig. 8.6(b). Three colored test pins are utilized to apply the bias voltages

through thin DC lines.

8.3.2 Experimental Results

1) Reflection coefficient:

It is worth to mention that a similar on-board collection method, as proposed in

Chapter 5, is required here to sample the magnitudes of the |S21| and |S31| pa-

rameters at the end of two signal branches. This data is collected and analyzed to
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examine the insertion loss and check that the drop associated with the frequency-

selective unit remains below 1 dB, together with an isolation level larger than

20 dB at 2.45 GHz and 5.80 GHz, which are important specifications to determine

the corresponding working bands in the three operation modes.

The measured reflection coefficients are compared with the results obtained from

the simulations in Fig. 8.4 at the three operation modes, which are illustrated

in Fig. 8.7. Correspondingly, the simulation working bands in each mode are

highlighted in red regions, and the measured operation bands are illustrated as

blue regions, as also listed in Table 8.2.

Table 8.2. Measured operation bands of the pattern- and frequency-reconfigurable antenna array

Mode DC1 (U1) (V) DC2 (U2) (V) ML (GHz) MR (GHz)

1 16.0 0.9 2.39 - 2.57 5.70 - 6.12

2 0.9 14.2 5.71 - 6.12 2.39 - 2.57

3 1.8 1.5 2.38 -2.57, 5.00 - 6.14 2.30 -2.57, 5.57 - 6.12

It can be seen from Figs. 8.7(a), (b) and (c) that the proposed array can cover the

required two ISM bands, i.e., the low band from 2.4 to 2.5 GHz and the high band

from 5.725 to 5.825 GHz. The experimental data exhibits a reasonable qualitative

agreement with the simulated results.

2) Radiation patterns:

The simulated and measured radiation patterns of the proposed array at 2.45 and

5.80 GHz in the three operation modes are displayed in Fig. 8.8.

Mode-1

When the array operates in Mode-1, the monopole ML is excited at 2.45 GHz

with a left pointing directional pattern, while the monopole MR is working

at 5.80 GHz with a right directional pattern, as illustrated in Fig. 8.8(a). The

simulated difference between the left main beam and the right beam gain is

10.0 dB at 2.45 GHz, and the corresponding value is 12.1 dB at 5.80 GHz for

the swapped patterns, i.e., between left beam gain and right main beam. The

measured left-to-right ratios are 8.7 dB at 2.45 GHz and 12.7 dB at 5.80 GHz.

The smaller left-to-right ratio at 2.45 GHz is due to the fabrication and mea-

surement tolerance.
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Figure 8.7. Measured and simulated reflection coefficients for three operation modes, i.e., (a) Mode-

1, (b) Mode-2, and (c) Mode-3, with two highlighted grey regions indicating the two ISM bands, i.e.,

the low band from 2.4 to 2.5 GHz and the high band from 5.725 to 5.825 GHz.
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Mode-2

Correspondingly, in Mode-2, the operation between the two monopoles is

swapped, with monopole ML operating at 5.80 GHz with a left directional

pattern and monopole MR being switched to 2.45 GHz with a right direc-

tional pattern, as shown in Fig. 8.8(b). In this scenario, the same simulated

left-to-right ratios are observed as in Mode-1 due to symmetry, since the

two modes has swapped the excitation between the two antennas. Mea-

sured left-to-right ratios are 12.1 dB at 5.80 GHz and 8.8 dB at 2.45 GHz. It

is observed as expected that the patterns in Mode-1 and Mode-2 are mirror-

symmetric.

Mode-3

As for dual-band Mode-3, two bidirectional patterns are produced at both

2.45 and 5.80 GHz with two beams pointing to endfire directions as shown

in Fig. 8.8(c). The measured unbalance between the left and right beams are

1.26 dB and 0.33 dB at 2.45 and 5.80 GHz, respectively, which is attributed

to the fabrication and measurement tolerance.

Cross-polarization

Simulated and measured normalized radiation patterns of the array in YoZ

plane for three operation modes at 2.45 and 5.80 GHz are shown in Fig. 8.8.

When the co-polarization pattern works in three modes expressing the patt-

ern-reconfigurations, the simulated cross polarization levels in the three op-

eration modes are less than -20 dB at 2.45 and 5.80 GHz. The measured

cross polarization levels in the three operation modes are less than -17.8 dB

at 2.45 GHz and -16.7 dB at 5.80 GHz.

3) Gain and efficiency:

The simulated realized gains are 5.93 dBi and 8.27 dBi at 2.45 and 5.80 GHz re-

spectively in Mode-1, with corresponding total efficiencies of 92% and 93.5%.

The same results are obtained when swapping the operation of the monopoles

in Mode-2 as confirmed in simulation. In addition, the realized gains become

2.14 dBi and 5.80 dBi at 2.45 and 5.80 GHz respectively in Mode-3, with corre-

sponding total efficiencies of 88% and 95.9%.

The measured realized gains are 5.90 dBi and 7.67 dBi at 2.45 and 5.80 GHz re-

spectively in Mode-1, with corresponding total efficiencies of 91.4% and 81.5%.
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Figure 8.8. Simulated and measured normalized radiation patterns of the array in YoZ plane for

three operation modes at 2.45 and 5.80 GHz. (a) Mode-1, (b) Mode-2, and (c) Mode-3.

Similarly, the measured realized gains in Mode-2 are 5.65 dBi and 7.82 dBi at 2.45

and 5.80 GHz respectively, with total efficiencies of 86.3% and 84.1%. Finally, the

measured results yield realized gains of 1.76 dBi and 5.95 dBi at 2.45 and 5.80 GHz

respectively in Mode-3, with corresponding total efficiencies of 81.0% and 99.1%.

A reasonable agreement is observed between the measured and simulated results,

which successfully validate the array functionality as designed, with pattern and fre-

quency reconfigurabilities achieved simultaneously.

8.4 Conclusion

A two-element pattern- and frequency-reconfigurable antenna array with unique func-

tionality has been proposed in this chapter. The two elements are fed by a frequency-

switchable diplexer that enables the array to adjust its working frequency on each

monopole individually, which realizes the frequency reconfigurability of the array.

Combining the effect of an isolation metallic board cross-located in-between the two
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elements, two swappable directional patterns in opposite directions for the low- and

high-band of operation can be produced, or alternatively bidirectional patterns at ei-

ther band, illustrating the pattern reconfigurability of the array. A prototype of the ar-

ray has been fabricated and measured to validate the concept. All measured results are

in a reasonable agreement with simulated results, which have validated the pattern-

and frequency-reconfigurable characteristics of the array.

By utilizing a frequency-switchable diplexer and an isolation board, the array achieves

pattern- and frequency-reconfigurable performance simultaneously, without any other

control circuits and electronic components on the antenna radiator structure. Such sim-

ple combination makes the array competitive as a compact and versatile reconfigurable

antenna for low-cost communications applications.

Page 159



Page 160



Chapter 9

Thesis Summary and
Conclusion

T
HE research on varactor-based reconfigurable microwave compo-

nents presented in this thesis has been classified into three ma-

jor parts, respectively dedicated to phase shifters, attenuators and

diplexers. The first part has focused on a novel concept of varactor-based

differential phase shifter pair and its application in a beam-steerable recon-

figurable antenna array, with corresponding dedicated calibration proce-

dure. In the second part, a series of tunable varactor-based transmission-

type attenuators have been developed. Finally, the third part has presented

a varactor-based frequency-switchable diplexer and its application in a two-

element pattern- and frequency-reconfigurable antenna array. As the last

chapter of this thesis, this chapter summarizes all these three self-contained

parts and discusses possible related future works.
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9.1 Summary Preamble

T
HE research presented in this dissertation has been mostly dedicated to vara-

ctor-based microwave devices, namely, differential phase shifter pairs, tun-

able transmission attenuators and frequency-switchable diplexers, and their

related applications in reconfigurable antenna arrays. The self-contained contributions

are correspondingly summarized in this chapter as three major topical parts. In addi-

tion, the potential possible further works in these three directions are suggested as

well.

9.2 Varactor-Based Differential Phase Shifter Pair and

Its Application

This major part of the thesis includes Chapters 3 to 5 which have focused on a novel

varactor-based differential phase shifter pair, and its application as a feeding network

in a beam-steerable reconfigurable antenna array. These three chapters have placed the

emphasis on exploring appropriate approaches to achieve the maximum phase shift at

the lowest complexity level. The proposed differential phase shifter pair was shown

to produce a full 360◦ phase difference span. A pattern reconfigurable antenna array

was designed with three such phase shifter pairs integrated in its feed, which enable

its main beam to be steered from -45◦ to 45◦ continuously. This section summarizes the

original contributions and considers promising future works.

9.2.1 Summary of Original Contributions

• Based on a novel concept of operation in differential mode, a varactor-based

differential phase shifter pair has been proposed first, which consists of two iden-

tical phase-tuning units. The phase-tuning unit is realized on a 50 Ω microstrip

transmission line with several varactor-loaded short-ended stubs standing on its

edge. A full 360◦ phase shift range can be created by a pair of these phase-tuning

units working in differential mode, which offers a low-loss and seamless inte-

grable planar structure. Based on an accurate equivalent circuit model developed

for this phase shifter unit, fast calculations are possible, thus allowing design

and optimization of the structure with a genetic algorithm (GA). A pair of phase-

tuning units equipped each with three varactor-loaded stubs has been identified
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as a practical solution to supply a continuously tunable phase difference nearly

covering 0◦ to 360◦. To validate the design, a 3-stub phase-tuning unit proto-

type has been experimentally characterized. The measured results have shown

the expected phase tuning range covering nearly 0◦ to 360◦ when the units are

operated in pair, with two symmetrical 11◦-wide blind zones, and a maximum

insertion loss of 1.74 dB at 5.00 GHz and 2.04 dB from 4.75 to 5.25 GHz [48].

• To enhance the phase-tuning ability to a full 360◦ without any phase gaps, as

well as to reduce the cost of the unit, an optimized phase-tuning unit has been

further developed based on a similar topology. Compared to the original design,

the optimized phase-tuning unit is realized on a substrate with lower permit-

tivity and consists of two extra open-ended stubs located in between the three

short-ended stubs. Therefore, the new device no longer requires isolation vias

and it achieves a full 360◦ phase difference range with an insertion loss of less

than 2.3 dB at 5 GHz. Experimental results have verified the successful operation

of the enhanced phase shifter pair, demonstrating it as a promising phase shifter

solution for compact and low-cost devices in microwave and antenna engineer-

ing [49].

• Based on 3D printing technology, a dielectric resonator antenna (DRA) with

high polarization purity has been proposed. To reduce the cross-polarization

level, an optimized T-shaped feeding structure instead of the conventional probe

excitation has been employed. The T-shaped feeding structure was shown to

effectively reduce the cross-polarization level to around -15 dB over the entire

operational bandwidth from 4.75 to 5.25 GHz. The design outcomes built a cru-

cial foundation for an antenna array exhibiting low cross-polarization level when

utilizing the DRAs as elements [50].

• As a conceptual proof for the differential phase shifter pair technique, a 1 ×
4 beam-steerable DRA array fed by a feeding network comprising three phase

shifter pairs, has been then designed and fabricated to validate the practicality

of the proposed differential phase shifter pairs. This phase shifter pair can be

directly integrated with 50 Ω transmission lines of the feeding network, simpli-

fying the beam control network structure significantly. The array operation was

successfully demonstrated through sum-pattern scanning from -45◦ to 45◦ [48]

and difference-pattern operation with null scanning from -30◦ to 30◦ [51]
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• Before the experimental validation of the radiation patterns, a dedicated cali-

bration procedure is required for the beam-steerable antenna controlled by varac-

tor-based phase shifters operating in differential pairs. This accurate calibration

procedure majorly involves two steps, one for the feeding network containing

the differential phase shifter pairs, and the other for the remaining sections of the

array including the radiating elements. The first step of the procedure consid-

ers the unconventional differential-phase control of the array and tolerances due

to imperfect manufacture and components. Based on the performance curve of

each phase-tuning unit, a fast selection algorithm has been used to set the control

voltages for all differential phase shifter pairs according to the required phase dif-

ferences. The final control voltages for a specific beam state have been validated

and fine-tuned on-board at dedicated sampling points [51]. The second step of

the calibration is so-called a pattern optimization approach, which is employed

to correct degradation due to the fabrication tolerances of the radiating elements,

which have not been considered in the first step. Such phase errors due to fab-

rication tolerance can be identified through analysing the ideal and measured

radiation patterns. Then corresponding phase compensations are implemented

to optimize the distorted pattern, based on the feeding network calibration and

array factor analysis [52]. The beam-steerable antenna array has been measured

under various scenarios following this calibration procedure, to verify its effec-

tiveness in improving beam steering accuracy.

9.2.2 Future Work

Further simplification of the phase tuning unit

The optimized phase tuning unit has been implemented to produce a full 360◦ phase

shift range in a differential pair. The evolved design was implemented on a low-cost

substrate board, and removed the need of isolation vias used in original unit. This

evolution reduces the difficulty of the fabrication to a certain extent. In order to further

reduce the cost of design, based on the principle of 1/4 impedance transformation,

the shorting vias at the end of the stubs can be replaced by extended microstrip lines,

allowing to eliminate both the vias and the DC blocking capacitors, thus further sim-

plifying the construction of the unit.
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Automated design of the calibration procedure

An accurate two-step calibration procedure has been presented in this thesis. All the

control voltages groups for various scenarios have been manipulated by hand from

three stand-alone power supplies. The bias control could be automated with all combi-

nations pre-measured and stored in a data processing component, e.g., a digital signal

processing (DSP) chip or a field programmable gate arrays (FPGA) module. In this

way, the rapid scanning of the antenna beam could be realized, laying a solid founda-

tion for integration with complete microwave systems.

9.3 Varactor-Based Tunable Transmission-Type Atten-

uators

This part of the thesis consists of Chapter 6 which has described a series of tunable

varactor-based transmission-type attenuators. This chapter has introduced approaches

to push further the limitations in traditional transmission-type attenuator designs, in-

cluding a restricted range of attenuation, elevated return loss, and high insertion loss

(the minimal achievable attenuation level). This section summarizes the original con-

tributions and considers related future works.

9.3.1 Summary of Original Contributions

• A varactor-based tunable transmission-type attenuator has been developed. It

consists of a 50 Ω host microstrip line loaded with several edge-mounted shorted-

end varactor-based stubs. The stubs are equipped with lumped components, in-

cluding varactors, capacitors and resistors in order. The simple topology makes

the attenuator a compact and low-loss structure, and allows seamless integration

with 50 Ω microwave systems. A fast optimization of the structure with a GA

has been proposed based on an accurate equivalent circuit for general attenuator

modelling, which leads to an efficient design method. Comparing circuit-based

results with full-wave simulations, a reasonable agreement has verified the accu-

racy of the equivalent circuit model.

• To validate the design, a series of attenuators with three to nine stubs have

been developed following the proposed method. The design of multiple devices
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allowed to investigate the achievable performance for different stub numbers.

The proposed attenuators can produce continuously tunable attenuation levels

of around 1 - 10 dB with 3 stubs, 2 - 20 dB with 6 stubs and 3 - 30 dB with 9 stubs

at 5 GHz. Three prototypes have been fabricated and tested, namely devices

with 3 identical stubs, 3 different stubs and 9 identical subs. The tested results

show that the optimized 3-stub attenuators are able to supply attenuation up to

13.5 dB from 1.0 dB with a phase shift of less than 23.4◦, while the 9-stub version

can produce up to 32.7 dB attenuation with a relatively larger phase range up to

82.3◦.

9.3.2 Future Work

Wide-band attenuator design strategy

The proposed attenuator concept has been demonstrated to allow a compact and flex-

ible topology, which enables seamless integration into microwave circuitry with sim-

ple control circuit. It offers a continuous large attenuation tuning range with a small

initial value of insertion loss, combined with relevant merits including small phase

shift and good matching performance. However, the demonstrated operation band

remained limited to a range extending from 4.75 to 5.25 GHz (10% bandwidth cen-

tered at 5.00 GHz). The lumped capacitors equipped on the short-ended stub between

varactors and resistors, have been identified as a cause of the operation band limita-

tion to some extent. By replacing these fixed capacitors by tunable ones, a frequency

reconfigurable characteristics can be obtained. Therefore, a promising research sub-

ject can be employed to increase the operation band of the attenuator with frequency

reconfigurability, while still maintaining the other performances nearly the same.

Combination of the attenuators with the differential phase shifters

As mentioned in Section 9.2, a differential phase shifter pair has been validated in a

1 × 4 beam-steerable antenna array, with sufficient phase difference for each beam

scan scenario. To make the pattern reconfigurable antenna array more competitive, the

phase and magnitude of the elements would need to be manipulated simultaneously,

which can produce not only the capabilities of the beam scanning, but also the controls

of the beamwidth and sidelode levels. Importantly, the proposed phase shifter pairs
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and attenuators both could be seamlessly integrated together with 50 Ω microstrip

lines, which would allow a relative compact structure of the feeding network with a

slightly longer feeding lines.

9.4 Varactor-Based Frequency-Switchable Diplexer

This last part of the thesis includes Chapters 7 and 8 which have focused on a varactor-

based frequency-switchable diplexer design. These chapters have developed approac-

hes to match the input port in all operation modes, while maintaining a low coupling

coefficient between the different channels, and exhibiting a simple and compact struc-

ture with low insertion loss. This section summarizes the original contributions and

considers possible future works.

9.4.1 Summary of Original Contributions

• As an extension of the structural performance of the phase shifter unit, a varact-

or-based frequency-selective unit has been developed. The unit contains a 50 Ω

host microstrip line loaded with two shunt varactor-loaded shorted-end varactor-

based stubs. By varying the bias voltage, the frequency-selective unit can enable

or disable specific frequencies passing through the microstrip transmission line,

thus providing a frequency-selective functionality. To verify the concept, a proto-

type of the unit has been experimentally characterized. When voltages are set as

18 V and 0 V, the unit operates in low band from 1.50 to 3.04 GHz with maximum

insertion loss of 0.77 dB, and high band from 4.47 to 7.00 GHz with insertion loss

smaller than 0.87 dB, respectively. If the voltage is tuned to 6 V, it will work in

dual band from 1.50 to 2.82 GHz and from 5.46 to 7.00 GHz with an insertion

loss smaller than 1.16 dB. The reflection coefficients are all less than -10 dB. In

addition, the stop-band suppression is appreciable when working at a single fre-

quency: The amplitude of S21 is -28.2 dB at 5.8 GHz (DC = 18 V), while the value

is -32.7 dB at 2.45 GHz (DC = 0 V).

• Based on the frequency-selective unit concept, a frequency-switchable diplexer

has been proposed with unique functionality. The proposed diplexer is formed

by two identical frequency-selective units which are integrated symmetrically on

the two output branches of a T-junction equal-power divider. This arrangement
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creates a frequency-switchable diplexer, which supplies five operation modes,

aiming to cover two operation bands, i.e., a low band extending from 2.4 to

2.5 GHz and a high band covering 5.725 to 5.825 GHz. Correspondingly, the

five operation modes can be described as: both channels on the low and high

bands (high + low, high + low), both on the low band (low, low), both on the high

band (high, high), one on the low and the other on the high band (low, high), and

inversely, one on the high and the other on the low band (high, low). The proto-

type has been measured to validate the design. It is worth to emphasize that this

frequency-switchable diplexer cannot only realize two specific frequencies work-

ing in different channels at a time, but it can also swap the working frequency

on its two channels. This unique capability allows a symmetrical construction,

which can reduce the design complexity for different frequencies. The diplexer

can turn into a frequency reconfigurable equal-power divider, when applying

the same voltages on the two units, allowing a multi-functional application as

well [210].

• Utilizing the frequency reconfigurability of the diplexer, a two-element antenna

array has been implemented which is fed by the frequency-switchable diplexer.

The array has not only realized frequency reconfiguration enabled by the diplexer

feeding network, but also achieved pattern reconfiguration enabled by a trans-

verse metallic screen in the middle of the array. In this configuration, the antenna

array has been verified to operate in three modes, i.e., a left directional pattern

at 2.45 GHz + a right directional pattern at 5.80 GHz, a left directional pattern

at 5.80 GHz + a right directional pattern at 2.45 GHz, and bidirectional patterns

with dual-band performance. Utilizing the frequency-switchable diplexer feed-

ing network and the isolation screen, the array achieves pattern- and frequency-

reconfigurable performance simultaneously, which provides unique dual-band

functionalities for compact and low-cost communications applications [210].

9.4.2 Future Work

Multi-port diplexer

The frequency selectivity is controlled by two bias voltages, which allows identical

construction on each output branch. It is likely possible to combine three or more
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equal-power dividers in series to create more output paths and realize multi-port fre-

quency controls by integrating identical frequency-selective units on the branches. In

such a design, it is anticipated that the last stage of equal-power dividers, where the

frequency-selective units would be located, could be still T-junction dividers to achieve

a good match at the common port. However, the first-stage divider which is used to

connect the sub-diplexers, could be a Wilkinson equal-power divider to reach higher

isolation between its output paths. This application will create additional operation

modes to meet the requirements of multi-band scenarios in communications applica-

tions.

Multi-band frequency-switchable diplexer

Since the frequency-selective unit maintains the same topology as the phase-tuning

unit, it is possible to expand the function of a frequency-selective unit by increasing

the number of stubs. When the unit is loaded with three varactor-loaded short-ended

stubs, additional operation bands could be excited, which could be controlled to some

extent. Solving this challenging problem would open a possibility to obtain a multi-

band frequency-switchable diplexer. In this case, a differential phase shifter pair would

become a frequency-switchable diplexer, which will greatly enhance the functionality

of this design concept for current multi-band and multi-functional communications

applications.

9.5 Concluding Statement

For reconfigurable antenna arrays, individually controlling the amplitude and phase

of each element is highly desirable to achieve various states of pattern reconfiguration,

such as beam scanning or null steering. In addition, the ability of adjusting the op-

erating frequency of the unit can further enhance the functionality of reconfigurable

antenna arrays. Based on such application requirements, the research presented in this

thesis has focused on three typical varactor-based reconfigurable microwave compo-

nents, including phase shifters, attenuators and diplexers, as building blocks for recon-

figurable feeding networks. Low-cost and compact reconfigurable antenna arrays can

be realized using such feeding networks.
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The reconfigurable microwave devices presented in this thesis, i.e., phase shifters, at-

tenuators and diplexers, exhibit a range of advantages, including compact size, low-

cost and low power consumption. Based on these devices, reconfigurable feeding net-

works can be created with multiple functionalities, including phase control, magni-

tude manipulation, and frequency selectivity. It is worth to emphasize that the three

proposed reconfigurable microwave devices all employ a similar topology based on

varactor-based stubs on a 50 Ω microstrip transmission line. This guarantees their

compact and seamless integration with microstrip lines in a microwave feeding net-

work. Therefore, reconfigurable antenna arrays excited by such feeding networks have

the potential to achieve agility in muti-functional applications with low-cost planar mi-

crowave systems.

To conclude, it is envisioned that, the presented concept of utilizing tunable varactor-

based microwave components to realize reconfigurable feeding networks for low-cost

antenna arrays, and its evolutions can provide low-cost and versatile antenna solu-

tions for advanced applications, including the internet-of-things (IoT) systems, wire-

less communications, remote sensing, radar systems, beamforming and multiple-input

multiple-output (MIMO) systems.
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