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Abstract 

 

Microwave components and sub-systems have been widely investigated in recent years since they 

play essential roles in microwave systems. With the rapid development and explosive extension of 

microwave techniques, high speed, large data volume, and electromagnetic compatibility are not the 

only issues that concern designers, practitioners, and researchers. Features like multi-functionality, 

reconfigurability, portability, low energy consumption, miniaturization of circuit size and simple 

construction have come into focus more and more in recent years. Currently, microwave devices are 

suffering from several drawbacks: huge losses from a lack of integration of individual components, 

lack of new functionality, poor adaptability to different environments, low efficiency, flexibility and 

controllability, high cost and energy consumption, and insufficient miniaturization of circuit size. 

With these existing challenges and the huge call for innovation in microwave components and sub-

systems, new design approaches and structures are extremely in demand and a high point of focus. 

This thesis aims to solve some of the current challenges mentioned above by making four main 

contributions.  

 

The first contribution is the development of new design approaches to design microwave devices 

with multiple functions to replace cascaded devices with a single function. The main target is to 

reduce the overall number of components used in constructing microwave systems. With a large 

number of cascaded devices, huge losses will be produced which decrease systems‟ reliability and 

overall performance, not to mention the current large circuit volumes, high cost, and energy 

consumption. Multi-functional componentry is a suitable and proper solution to solve these 

problems. In wireless microwave systems, power dividers are usually cascaded with bandpass 

filters, to get rid of unwanted signals and transmit the desired ones. When the number of output 

terminations is raised, more filters are required, which makes it more difficult for design and 

implementation. A four-way power divider integrated with filtering characteristics is proposed to 

replace the cascaded structures. The proposed design shows equal power division, great selection of 

filtering signals and reduction in device numbers and overall cost. 

 

The second contribution is the development of multiple tunable microwave devices which can be 

controlled and adapted to different environments. An electrical tuning method is used by loading 

varactors on microstrip lines. To begin with, tunable bandpass filters were investigated to achieve 

high tunability of both centre frequency and bandwidth. To that end, several new designs with 

varactor-loaded coupled-line sections were proposed and verified. Relocatable transmission zero 

was realised to control the cut-off of the passband at two edges. The concept was applied in the 
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design of a tunable balanced bandpass filter with a wide tuning range and high common-mode 

suppression. Wideband power dividers with tunable power division at output terminations were 

focused on, and new structures have been designed. The tunability of the power division ratio of 

output signals has been realised with and without integrated filtering characteristics. The achieved 

results indicate that tunability of power division and filtering response is realised using one compact 

structure. 

 

The third contribution is the proposal of concepts and structures of multi-port tunable devices with 

new functions and a compact size. Firstly, tunability of power division in couplers and baluns was 

investigated. Using tuning elements, one is able to change the amplitude of output signals at 

different terminations. Apart from the amplitude, the controllability of the differential phase is also 

targeted. The aim here was to achieve a tunable differential phase of multi-port devices without 

affecting the equal power division ratio of the amplitude. To that end, a kind of tunable phase 

shifting unit was adopted to emulate a transmission line with changeable electrical length. A phase-

tuned power divider and a phase-tuned hybrid coupler were constructed using the tunable shifting 

unit. For the power divider, in-phase and out-of-phase states can be converted, maintaining equal 

output amplitude. For the hybrid coupler, the differential phase can be tuned from orthogonal to 

another arbitrary angle. All these designs achieve an extremely compact size and the realised 

functions have not ever been put forward before. 

 

The fourth contribution is the development of tunable beam-forming networks for steerable and 

reconfigurable antenna arrays. Based on the proposed two-way power with a tunable power division 

ratio, an eight-way tunable power divider was built for constructing a tunable feeding network for 

antenna arrays. When an eight-element array is fed by the proposed network, the power distribution 

at each element can be tuned from equal to unequal states by controlling the tuning elements in the 

feeding network. By doing so, one is able to make the radiation pattern reconfigurable in terms of 

many aspects, such as the beamwidth and sidelobe levels. Moreover, wideband tunable phase 

shifters were designed and cascaded with the tunable feeding network, for the purpose of achieving 

steerable beam direction. Simulation results reveal that the proposed tunable feeding network can 

achieve a high level of sidelobe suppression and a wide steering range of beam angle. 
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Chapter 1: Introduction 

1.1 Background and Motivation 

Any microwave system is constructed with a combination of components used for data transmission 

using microwave frequency spectrums. Microwave systems have been developed everywhere for 

numerous kinds of applications, including point-to-point communication, smart phones, wireless 

local area network (LAN), radar and satellite, navigation, heating and power systems, and medical 

areas. Due to the overwhelming coverage of microwave systems in our daily life, it is not 

inappropriate at all to say that no one can live in modern society without getting in touch with 

microwave systems.  

With the rapid development and explosive extension of microwaves, high speed, large data volumes, 

and electromagnetic compatibility are not the only issues of concern. Features like multi-

functionality, reconfigurability, portability, low energy consumption, miniaturization of circuit sizes 

and simple constructions are more and more in focus in recent years. All of these need innovations 

not only at the system level, but also at the level of the hardware design of basic microwave 

components. 

Facing crucial changes in public demand and market requirements, it is time to look for new 

techniques to replace the traditional methods which will never be suitable for the current and future 

situations. To enhance the overall performance of microwave systems, it is mostly critical to 

develop a new concept of microwave components and ameliorate current performance. Motivated 

by the great potential of microwave technology and techniques, especially the immense potential 

capability of microwave devices, researchers are now pursuing more flexible, functional and 

controllable devices which are smaller. To that end, great efforts have been made on improving and 

progressing microwave techniques. Tunable and reconfigurable microwave components, a general 

concept applicable to a group of devices and circuits, have made massive contributions to make a 

system “smarter” and thus become a hot focus both in academia and industrial fields.  

In reconsidering microwave systems configuration, the main focus of attention has been on their 

passive components: antennas, filters, phase shifters, power dividers, baluns, and couplers. For each 

component, new ideas and approaches which involve the concept of tunability and reconfiguration 

have been presented over the past decade. However, it is time to replace these individual microwave 

components with a multi-functional and tunable one. In contrast with traditional methods, this thesis 
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will focus on the development of new design methods as well as structures which have multi-

functionality, tunability, and reconfigurability for wideband applications. 

 

1.2 Overview of Multi-functional and Tunable Microwave 

Components and Sub-systems 

Microwave components, or microwave devices, are core compositions of a microwave system. 

Each device has its own function and all these devices operate together for certain applications. The 

higher performance of microwave devices can definitely lead to a better capability of a microwave 

system. In this regard, it is worth investigating deeply into the improvement of the individual 

components of a system. Though huge efforts have been made in both academic and industrial 

fields, there is now great scope and the demand for high-performance microwave devices with the 

capability of multiple functions for different application requirements.  

 

Filtering

power divider
Power dividerBandpass

filter

 

Fig 1. 1 Diagram of a filtering power divider to replace traditional cascaded structure of a bandpass filter and a power 

divider. 

 

Multi-functional microwave devices, by definition, refer to devices which can operate with multiple 

functions or have multiple usage potentials in microwave systems. Multi-band filters are an 

example of such multi-functional microwave devices since they can work at different operating 

frequencies for different purposes. Another example is filtering power dividers, which integrate the 

function of power dividers and bandpass filters within one component, as shown in Fig 1.1. 

Obviously, with multi-functional componentry the number of components within the whole system 

will be reduced, leading to miniaturization of circuit sizes and system volumes. Meanwhile, since 

the number of connections between components is reduced, the losses produced by cascading 

devices are inevitably decreased, which is another benefit. Of course, multi-functionality does not 

simply mean the combination of several individual elements; it has wider implications in terms of 

controllability, flexibility, and reliability. 
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Tunable microwave devices are another type of multi-functional components which have various 

kinds of controllable or tunable characteristics such as frequency tuning, phase tuning, power tuning, 

and so on. The concept of tuning in microwave devices has been in existence for a long time and 

now extends to wider areas and higher levels of research. A tunable filter is a typical kind of tunable 

microwave device favourable for high tunable/reconfigurable performance, reduced complexity, 

compact size, and low cost. As illustrated in Fig 1.2, it is always preferable to have one integrated 

controllable filter that can cover all the filtering banks. In light of critical situations where wireless 

systems require integration of multi-functionality, multiple band usage, smaller volume and low 

cost, tunable components become irreplaceable in many scenarios. The advantages of tunable 

components include integration of multiple functionalities in one single structure; reduced circuit 

and system size; flexibility in switching working status simultaneously with requirements; high 

effectiveness of spectrum and power usage; and overall system cost reduction. With all these merits, 

no one can deny the fact that tunable components are making microwave systems more efficient 

and reliable. 

Filter 1

Filter 2

Filter n

Input

Multi-throw

Switch

Output

Multi-throw

Switch

One filter of all states

 

Fig 1. 2 Diagram of tunable filters that represent all states of filtering banks. 

 

Apart from tunable filters, a variety of other kinds of tunable devices has been presented and 

verified to fulfill the demand of multiple functions, including tunable power dividers, tunable 

couplers, tunable phase shifters, etc. All of these components play very important roles in different 

certain kinds of microwave systems since they are able to control the output signals so that they can 

be adapted for multiple situations. By controlling such kinds of devices, it is easy to have tunability 

of differential phase, magnitude and signal power at different ports. Generally speaking, the 

advantages of tunable microwave devices include the following aspects: 

 Multiple functions integrated into one structure 
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 High adaptability to various working conditions 

 Efficiency, flexibility, and easy controllability of devices 

 Reduction of losses and system complexity 

 Improvement in speed and data capacity 

 Amelioration of system performance  

 Miniaturization of circuit size  

 Intelligence by applying software control  

This chapter provides a brief introduction of the current research situation and existing techniques 

of tunable microwave components. A more detailed literature review of each aspect of tunable 

devices can be found in the next chapter. The rest of this chapter comprises three sections dealing 

with the following: the objectives of this dissertation, the main contributions that have been 

achieved in this research project, and the overall organization of the thesis, respectively. 

 

1.3 Aim of the Thesis 

As tunable microwave components are in significant demand, and numerous drawbacks exist in the 

current research, this dissertation is aimed at developing a new concept and ideas about multi-

functional tunable microwave devices, as well as improving overall microwave system performance 

by proposing new structures and configurations. For state-of-the-art technologies in microwave 

device design, although tremendous progress has been made in reliability and capacity, there are 

still many issues remaining to be solved. In this section, the main problems and drawbacks are 

investigated and summarized as follows: 

1. Lack of integration of individual components. For a tunable device, the priority is to have 

changeable characteristics which can satisfy different working conditions using one structure. While 

it is true that existing tunable microwave devices possess such tunability, most are single-functional. 

As we all know, a microwave system or sub-system is composed of several components which have 

different responsibilities for signal transmitting and processing. The connection between two 

individual components will inevitably result in an additional loss to the system. If it is possible to 

reduce the number of components in a system without degrading functionality, the overall loss 

within the system will certainly decrease. Therefore, it is undoubtedly preferable to have one 

compact component which integrates several functions.  
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2. Lack of new functionality. Most of the existing designs are capable of a certain degree of 

tunability, for instance, tunable filters can tune the operating band from one level to another, but the 

majority of tunable microwave devices have similar functions.  In some cases, new functionalities 

need to be developed to fulfill the requirement of multi-functional systems. This also corresponds to 

the first point made above, that integration of more functions is required because usually, new 

functionality comes from the combination and cascade of several individual components. Due to the 

variety of microwave systems, new functionality can provide new options and more choices to 

circuit designers in building systems. New functionality means new application, which is always 

favoured and is the focus of research and industrial areas. 

3. Overlooking miniaturization in circuit size. One of the biggest merits of tunable devices is the 

small volume of their circuit size which contains variable performance and multiple functionalities. 

However, many designs that have been presented have not taken circuit size into consideration. As 

mentioned in the first section of this chapter, portable, flexible and multi-functional devices are 

more and more favoured in the modern world. For example, the smart phone is a typical 

miniaturized product which combines features of a personal computer operating system and other 

features for handheld use. Meanwhile, size reduction means lower production cost, more space, and 

more freedom in the circuit and system design, which is quite critical in microwave componentry 

development. 

In light of these shortcomings, multiple solutions will be provided in this thesis to overcome them 

to a great extent. Basically, our target is to develop novel tunable microwave designs with a new 

concept, multiple functionalities, and miniaturization. After investigating previous works presented 

by other researchers, a new concept and designs have been raised, realised and verified. The 

challenges in this work and its contributions will be introduced in the next section.  

 

1.4 Original Contributions 

This work aims to resolve the problems listed above and is dedicated to providing new approaches 

for tunable microwave component design. Major original contributions are summarized as: 

1. New tunable bandpass filter designs for different applications. The main concerns in tunable filter 

design include flexible tunability of operating frequency band range and bandwidth. It is also 

attractive to have a sharp selectivity of the passband, upper-stopband harmonic suppression, and 

size reduction. A kind of varactor-loaded coupled-line structure is investigated and utilized in 
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several new filter designs. The proposed designs possess all of the advantages mentioned here, the 

overall circuit size especially is reduced to a considerable extent. Besides, a four-port differential 

tunable bandpass filter is presented with full tunability of bandwidth and frequency band, which has 

never been achieved before. 

2. A novel varactor-loaded three-line coupled structure and its application to tunable power divider 

designs. In microwave systems, power dividers are a crucial component in charge of allocating 

power to different channels. Although equal and unequal power dividers are common, very few 

works have focused on making the power division ratio tunable and controllable. This work for the 

first time presents a tunable wideband power divider with tunable power division at two output 

ports. Based on this concept, a new kind of tunable power divider with filtering response is 

introduced which combines the functions of power divider and bandpass filters. This integration 

significantly reduces overall circuit size and losses in the system and brings more intelligence and 

convenience to the design. Finally, the filtering response is set to be controllable, which further 

promotes the functionality of the design. 

3. Novel tunable multi-port component designs. Apart from tunable bandpass filters and tunable 

power dividers, this work is also dedicated to developing a new concept for multi-port component 

design, involving aspects such as a tunable balun, a tunable quadrature coupler, a phase-tuned 

power divider and a phase-tuned hybrid. These tunable components provide different functions for 

different scenarios. For the tunable balun and tunable coupler, the main contribution is that the 

output power at two output ports is variable while the differential phasing is maintained. For the 

phase-tuned power divider and phase-tuned hybrid, the purpose is just the opposite: the output 

power at each output port is unchanged, while the differential phasing can be tuned. In this way, we 

manage to realise arbitrary output power and arbitrary differential phasing for multi-port microwave 

devices. 

4. Controllable beam-forming network for antenna arrays. Though numerous feeding networks for 

antenna arrays or phased arrays have been presented before, there is still a gap in tunable or 

reconfigurable feeding network designs. This original work presents an eight-way feeding network 

which can achieve tunable output power at each output port. The output power distribution can be 

easily varied from equal power status to certain kinds of unequal power distribution. By connecting 

such a network with an antenna array, it is easy to control radiation patterns such as the side-lobe 

level by controlling the feed power to each element. Meanwhile, tunable phase shifters are 

connected between each output port and antenna element, so that the main beam direction can be 
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shifted if a certain differential phase is set. In this way, the side-lobe level and beam direction can 

be controlled at the same time by the tunable feeding network presented in this research. 

 

1.5 Thesis Organization 

Chapter 1 provides a brief introduction to the research background, motivation, and intention, as 

well as objectives and contributions accomplished in this thesis.  

Chapter 2 discusses current research trends and gives a brief literature review on state-of-the-art 

work on microwave devices and sub-systems. For the microwave devices, passive devices like 

bandpass filters, power dividers, couplers and phase shifters are reviewed. Tunable bandpass filters, 

tunable power dividers, and tunable couplers are also described. Lastly, a brief introduction of 

microwave sub-systems like antenna arrays and phased arrays as well as their feeding networks for 

beam-forming is outlined. The challenges and problems in existing research are also discussed in 

this chapter. 

Chapter 3 gives design techniques and analysis methods which are used in the development of 

microwave components. To describe the transmission characteristics of a device, key parameters 

like scattering parameters and ABCD matrices are used. The principle of the even- and odd-mode 

analysis method is presented. This method is widely used for deriving the resonance and 

transmission properties of symmetrical and reciprocal networks. The microstrip technique is 

described and calculation equations are given since this is the main technique in this thesis for 

verification of electromagnetic models. Finally, principles of coupled-lines and varactor diodes are 

illustrated for further reference.  

Chapter 4 introduces four novel tunable bandpass filters using different kinds of structures. Firstly a 

coupled stepped-impedance resonator is proposed and used in single-band and dual-band fixed 

bandpass filters. Then a varactor-loaded coupled-line structure is utilized for the construction of 

tunable bandpass filter designs. This structure is extremely compact and significantly contributes to 

the miniaturization of circuit size. The third design is based on varactor-loaded coupled-line 

structure, which can relocate the position of the transmission zero at one cut-off edge of the 

passband. Full controllability of bandwidth, operating frequency, and transmission zeros are 

achieved in all designs, which enhances their overall performance compared with existing designs. 

Moreover, a balanced tunable bandpass filter design is built and verified using the varactor-loaded 
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coupled-line structure, which provides a new option for differential filtering networks with 

tunability of bandwidth and operating frequency. 

Chapter 5 focuses on several power divider designs for wideband applications. The main target is to 

achieve controllability of the output power division ratio at different output ports.  To begin with, a 

three-line coupled structure is put forward for two power divider designs with equal and unequal 

power division at two output terminations. It is found that when the three-line coupled structure is 

loaded with varactors, the equivalent capacitive distribution would be affected, and thus the 

corresponding output power can be controlled. Based on this concept, a wideband tunable power 

divider with tunable power division ratio is then constructed. To develop novel multi-functional 

microwave components, filtering responses with and without a controllable band are integrated with 

the design mentioned above. Lastly, a multi-port filtering power divider with sharp cut-off is 

presented and experimentally verified. 

Chapter 6 describes a series of tunable multi-port microwave components with multi-functionality. 

First of all, fixed high-performance directional couplers and crossovers are investigated mainly for 

building a Butler matrix which is a type of beam-forming network. A wideband tunable balun and a 

quadrature coupler with a variable power division ratio are firstly investigated for pattern control in 

antennas and measurement systems, respectively. Although we manage to build tunable multi-port 

devices with a tunable power ratio and constant phase, it remained to be seen how to have constant 

power and a controllable phase. To that end, a phase-tuned power divider and a hybrid coupler with 

arbitrary differential phase are proposed and built. These two devices fill the blank in terms of the 

controllability of differential phases and exhibit great novelty in the aspect of multi-functioning 

microwave device design.  

Chapter 7 presents a novel concept for construction of tunable beam-forming networks for antenna 

arrays. Since one of the main components for beam-forming networks is the phase shifter, a new 

kind of fixed wideband phase shifter and a reflection-type tunable phase shifter are firstly 

introduced. Based on the tunable wideband power dividers presented in Chapter 5, an eight-way 

tunable beam-forming network is built. The proposed network is able to realise tunable symmetrical 

power distribution at eight output ports. To control the beam direction of antenna arrays, eight 

tunable phase shifters are cascaded at each output termination of the network. A linear array is 

connected with the proposed feeding networks for verification. Simulations have shown that the 

proposed beam-forming networks manage to control the side-lobe levels as well as the main beam 

direction, which has never been achieved before. 
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Chapter 8 gives the conclusion to the whole thesis, summarizing all the benefits and existing 

shortcomings in this work. Moreover, future work and plans to operationalise and further develop 

this research topic are also illustrated. 
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Chapter 2: Literature Reviews of Microwave 

Devices and Sub-systems 

2.1 Introduction 

Microwave devices refer to the components which compose microwave systems by connecting with 

transmission lines. Generally speaking, microwave devices can be categorized into two types, active 

devices, and passive devices. In this thesis, the main focus is on passive devices, notably tunable 

passive devices. Passive devices are of many different types including filters, power dividers, 

couplers, hybrids, phase shifters, baluns, or even antennas [1]. Correspondingly, tunable microwave 

devices also comprise many types: tunable filters, tunable power dividers, tunable couplers/hybrids, 

tunable phase shifters, and so on. Antennas refer to a special component which only has one port, 

and antenna arrays are a set of antenna elements aligned with specific orders or functionalities [2]. 

The radiation patterns of antenna arrays can be controlled by beam-forming networks, which 

operate as the feeding networks to control the signal amplitude and phasing with multiple antennas 

or radiating elements. Generally speaking, beam-forming networks are a kind of sub-system of 

microwave systems which consist of several microwave devices such as power dividers, directional 

couplers, phase shifters, etc. These fundamental components are critical to microwave systems 

since the performance and integration of microwave devices determine the overall capability of a 

microwave system. In this chapter, a general introduction of commonly-used passive and tunable 

devices will be given, and a brief review of the current research and state-of-the-art outcomes will 

also be elaborated on and discussed.  

 

2.2 Design Technology for Passive Microwave Components  

Passive microwave components are critical compositions which can be found in every microwave 

systems. Microwave filters are able to combine and separate signals based on frequencies, so that 

they are used to select or limit signal transmission within assigned spectral limits [3]. Filters are an 

essential part of the cellular base station front-end, since they are able to reject unwanted noise 

signals and transmit very weak ones received from the antenna. Microwave filters can be 

categorized into four types according to their functions: low-pass, high-pass, bandpass, and 

bandstop filters. Among these four types, bandpass filters are the most widely used and focused on 

for the reason that they can transmit desired signals and confine the rest. Bandpass filters manage to 

get rid of harmonics and noise signals, which could decrease the SNR and even jeopardize systems. 
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Such filters‟ main applications consist of narrowband, wideband, ultra-wideband (UWB), and 

multi-band filters. Narrowband filters are the most common and popularly used type, for which 

many advanced fabrication technologies have been developed, including [4]:  

 Microstrip technique 

 High-temperature superconductor (HTS) 

 Monolithic microwave integrated circuit (MMIC) 

 Micro-electro-mechanic system (MEMS) 

 Low-temperature co-fired ceramics (LTCC) 

 Photonic bandgap materials/structures 

 Ferrite and ferroelectrics 

 Other techniques 

Among all these techniques, the microstrip technique has its own advantages due to its ease of 

fabrication and integration with active components which can be mounted on the top of the board. 

In this thesis, we will mainly discuss microstrip-based tunable and non-tunable microwave devices. 

Resonators are the basic units of a bandpass filter. A resonator could be a transmission line, an 

open/short stub, a lumped element, a cavity, or any other form. Comb-line and hair-pin resonators 

are the most commonly used resonators in narrowband filter designs because it is easy to control 

their coupling coefficients and external factors. Multi-mode resonators [5] are a series of resonators 

which can produce multiple resonant modes, using an appropriate coupling to form multi-band or 

ultra-wideband bandpass filters. Typical multi-mode resonators include stepped-impedance 

resonators [6], multi-stub-loaded resonators [7], ring resonator [8], slot-line/CPW resonators [9]-

[10], coupled-line resonators [11], and so on. For multi-band filters, two resonators are coupled 

together with a decent coupling coefficient, and then fed with tapped feeding lines or spur-lines. For 

wideband and UWB filters, strong coupling is required and imposed on a multi-mode resonator, so 

that a flat and constant passband can be achieved. Besides, to achieve strong coupling between 

resonators, broadside coupled structure was put forward and applied in UWB bandpass filter design, 

as indicated in Fig 2.1 (a). 

Power dividers (PDs) are a kind of passive component used to divide the input power into several 

smaller amounts of power either equally or unequally, to exit the radiating elements of antenna 

arrays [12]. Depending on the differential phase at two output ports, they can be categorized into 

two types, one with the same phase (in-phase PDs) and the other one with a 180° phase difference 

(out-of-phase PDs). The most well-known in-phase PDs are the Wilkinson [13] and Gysel types 
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[14], both of which are equal power dividing and narrow-band. For a UWB system, it is favourable 

to design ultra-wideband PDs to cover the whole band range from 3 GHz to 11 GHz [15]. Many 

wideband PDs were proposed to fulfill bandwidth requirement using different kinds of techniques, 

such as the multilayer, multi-mode resonator, coupled structure, and so on. In some cases, unequal 

output powers at different output ports are required for systems like phased arrays and beam-

steering networks. To realise that, different methods are used such as asymmetrical transmission 

lines [18], microstrip/slotline transition [19], and three-line coupled structures [20]-[21]. It is noted 

that broadside coupling was adopted in [20] for bandwidth enhancement, as shown in Fig 2.1(b). 

     

(a)                                                                 (b) 

Fig 2. 1 Broadside coupling technique for (a) bandpass filter design; (b) power divider design [20]. 

 

Couplers are passive components that can be used for distributing or combining microwave signals. 

Usually couplers are four-port networks which have one isolated port and no resistors. There are 

various types of couplers, including branch-line couplers, directional couplers [22], Lange couplers, 

rat-race couplers [12], and crossovers. The key parameters and requirements for coupler design 

include bandwidth, coupling factor, isolation, and output phase difference. Broadside coupling has 

been proven to have an extremely strong coupling factor and thus is used in directional coupler 

designs [24]. In other approaches, high isolation up to 35 dB has been realised by employing 

slotline-based capacitive compensation [25]. An inductor-loading method for directivity 

enhancement of microstrip directional couplers has been verified in [26]. An inductor-loading 

method and coupled-line section for directivity enhancement of microstrip directional couplers has 

been utilized in narrowband applications [27]. Compensation using lumped capacitors and short 

coupled-line sections were used for directivity improvement in wideband applications [28].  
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Phase shifters are critical passive components in microwave systems, such as phased arrays, 

modulators, microwave instrumentation and measurement systems. There are three main types: 

digital, analogue, and mechanical phase shifters. Here we mainly focus on phase shifters realised by 

microstrip techniques. Microstrip-based phase shifters have many advantages like easy fabrication, 

wide operating bandwidth, low cost and easy integration with other circuits. Various techniques are 

used to build wideband phase shifters, such as the modified Schiffman [29], broadside-coupled 

structure [30], high/low impedance technique, microstrip-coplanar waveguide, stub-loaded 

transmission line [31], microstrip-slot transitions, and coupled-line structures. Since bandwidth, 

frequency shifting range and phase deviation are three main parameters in phase shifter designs, 

wider bandwidth, wider phase shifting range (more than 90˚ phase shift) and smaller phase variance 

are required.  

 

2.3 Design Technology for Tunable Microwave Components  

2.3.1 Techniques for Tuning 

Tunable microwave devices can be realised by different kinds of mechanisms and techniques. 

Generally popular tuning methods include the following types:  

 Mechanical tuning method 

 Material tuning method 

 Electrical tuning method 

The most original method is the mechanical tuning one, which usually uses physical movement of 

screws to change the internal property of devices. Since it is more desired to have fast response 

speed, easy controllability and miniaturized circuit size, mechanical or physical tuning is not 

suitable for realistic applications. Another option of tuning method is to alter the material so as to 

change resonant current distribution of the structure. This method can be used for tunable antenna 

designs in which radiation pattern can be made reconfigurable. However, the stability and reliability 

is a big problem for such kind of tuning method in circuit designs. Besides mechanical tuning and 

material changing, electrical tuning is more efficient, accurate and easier to control, and thus widely 

adopted in many designs.  

The most common electrical tuning method is to use PIN diodes or varactor diodes which can affect 

circuit construction to realise tuning. For the PIN diodes, signal would be intercepted when it is 
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working so that some part of the circuit can be denied working and transmission of the signal will 

be affected. For the varactor diodes, a proper biasing voltage can change the internal capacitance 

within the element, and then change the overall capacitive impedance of the circuit. PIN diodes 

have lower RF losses and smaller signal distortion than varactors, while varactors can provide 

continuous changing property which PIN diodes can‟t realise. That‟s the reason why in 

reconfigurable devices for different functions PIN diodes are widely used while in tunable devices 

with gradually tuning performance varactors are more favoured. In a sense, the adoption of tuning 

elements depends on what kinds of performance one wants to get. In recently years, a new kind of 

tuning element is widely used based on a capacitance network using Micro-Eletro-Mechanical 

System (MEMS). It is a kind of technique which combines electrical and mechanical tuning concept 

by using micro-meter level movement to change internal capacitance driven by DC suppliers. The 

MEMS-based tuning technique has several advantages like low losses, high linearity, high power 

handling, and lower power consumption. However, it also suffers from many drawbacks such as 

high difficulty in packaging, high driven voltage requirement and low reliability.  

 

     

(a)                                                                  (b) 

Fig 2. 2 Developed tunable filters presented in [37] and [38]. 

 

2.3.2 Design Methods for Tunable Microwave Devices 

Tunable filters have attracted the most attention from researchers since filters are key elements in 

RF front-ends. For a tunable filter, it is preferable to have high tunable/reconfigurable performance, 

reduced complexity, compact size, and low cost. Therefore, great efforts have been made and 

various kinds of tunable filters have been investigated in recent years, including tunable low-pass 

filters [32], tunable high-pass filters, tunable bandpass filters [33]-[35] and reconfigurable filters 
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with bandpass-to-bandstop response [36]. Among these filter types, tunable bandpass filters (BPFs) 

are among the most widely used in multiband or wideband systems. Fig 2.2 shows some typical 

examples of tunable bandpass filters as presented in [37] and [38].  

Many possible designs of tunable BPFs have been investigated using PIN-diode loaded 

reconfigurable resonators for discrete tuning [39]. Yttrium iron garnet (YIG) filters and Barium-

Strontium-Titanate (BST) tunable filters are two types of tunable filters using the electrical tuning 

method [40]-[41]. However, these two techniques suffer from high power consumption and high 

loss. RF MEMS switches have low loss and a high power handling capacity and thus have become 

more and more popular in many designs [42]. However, RF MEMS also have some drawbacks such 

as difficulty in system integration, low reliability, and they require high driving voltages. Compared 

with all methods mentioned above, varactor diodes have been more widely used to realise 

reconfigurable filters [43]-[45].   

          

(a)                                                                          (b) 

Fig 2. 3 (a) tunable power divider with 2:1 power division based on a ring structure [57]; (b) frequency agile power 

divider covering frequency range of 1.7 GHz to 2.4 GHz [62]. 

 

        

(a)                                                                  (b) 

Fig 2. 4 (a) Freqency agile tunable coupler; (b) tunable coupler with tuning coupling ratio [62]. 
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Usually, tunable bandpass filters can be classified based on their reconfigurability into three main 

types: tunable bandwidth with fixed centre frequency [46]; tunable centre frequency with constant 

bandwidth [47]-[48]; and tunable bandwidth and tunable centre frequency [49]-[52]. Among these, 

the third type is the most needed and widely used due to the flexibility that it can offer when used in 

wideband or multiband systems, especially if the utilized filters have a wide tuning range for both 

the centre frequency and bandwidth. To realise that target, different kinds of resonators have been 

investigated and adopted. Notable examples of these resonators include cascaded structures [15], 

patches [45], comb-lines [51], multi-mode resonators [52], and loop-shaped resonators [53]. When 

designing tunable BPFs, creating controllable and adjustable transmission zeros for better 

selectivity is another important issue of the design. Examples of the structures that have tackled this 

issue include using varactor loaded dual-mode microstrip open-loop resonator [54], stub-loaded 

resonators [55] and T-shaped dual-mode resonator [56].  

For tunable power divider designs, it is desired to include controllable filtering response for circuit 

miniaturization purpose. To that end, many researchers have managed to realise tunability of centre 

frequency [57]-[58] or operating band range [59]-[60]. However, these designs still can‟t change the 

amplitude of power at output terminations. In [61], though a planar structure with variable 

amplitude ratio was presented, it suffered from the obvious drawback of uncontrolled phase 

performance at three output ports. Fig 2.3(a) shows a design of a tunable power divider with 2:1 

power division based on a ring structure [57]. Fig 2.4(b) shows another frequency agile power 

divider which covers frequency range of 1.7 GHz to 2.4 GHz [62]. However, the tunability of both 

designs is quite limited. After investigating the state-of-the-art literature, it was found that though 

some progress have been done in the field of tunable filtering power dividers, tunable power 

dividers with a variable power division and controllable filtering response are yet to be developed. 

Tunable couplers, which are common devices that are widely used in various tunable microwave 

systems, have the capability to realise multiple functions or working states using one single device. 

One of the main tunable aspects of couplers is the operational band. Fig 2.5 (a) shows a typical 

design of a frequency-agile tunable coupler that has achieved a tunability range of 27% [62]. By 

loading varactor diodes on a branch-line structure, the narrow operating band of a 3-dB coupler can 

be shifted [63]-[65]. In [66], a tunable directional coupler was implemented in CMOS to achieve a 

wide operating frequency tuning range, from 2 to 6 GHz. In another approach, a design using 

MEMS was used to build a quadrature coupler with a tunable band range [67]. In [68], a tunable 

crossover was realised with controllable operating frequency. In many cases, such as measurement 

systems or antenna array feeding networks, the tunable coupling coefficient is much more 

favourable. Fig 2.4(b) shows a tunable coupler with tuning coupling ratios devised by cascading 
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two directional couplers and shunting two grounded variable capacitors [62]. In [69], a lumped-

element-based directional coupler was integrated onto an MMIC to get electronic control over the 

coupling coefficient from 1.4 to 7.1 dB. Broadside coupled-line sections were connected with 

varactors in [70] without degrading the directivity, achieving a tunable coupling range from 3 dB to 

11 dB. Rat-race couplers with wideband tunable power dividing ratios were realised in [71]-[72] for 

the first time. Patch hybrid couplers were built by including varactors on the patterned ground plane 

in [73]. A MEMS-based directional coupler was proposed to achieve two states (10 dB and 18 dB) 

coupling factors in [74]. Flexible coupling ratio was realised in [75] using a crossover-based 

structure with 8% bandwidth. Based on this review, it is clear that there is still a great demand for 

tunable couplers with a wide range of coupling factor tunability across a wide band range. 

Moreover, tunable phase shifters are phase shifters are desired for electronically scanned phased-

arrays to have steerable beams and controllable radiating direction. In microwave systems, analogue 

phase shifters have the distinctive merit of being able to generate a continuous phase shift by 

voltage-controlled tuning elements. In microwave systems, it is preferred to have analogue tunable 

phase shifters, which will be further described next. Since the most common analogue phase shifters 

are reflection-type phase shifters, the major focus on tunable phase shifters is also on those of the 

same type. A four-port network (3-dB quadrature coupler) is used to split the signal into two 

orthogonal parts, which would reflect back at the reflecting circuits, and, combined together, have a 

differential phase at the output port. This concept was initially put forward in [76], followed by 

several further studies using a microstrip [77], and BST substrate [78]. Later the effect of the 

reflecting circuits on the output termination began to be investigated so as to improve the overall 

performance of the phase shifters. A small insertion-loss variation was found in [80] by shunting the 

series resonated varactor with a resistor. To reach full 360˚ relative phase shift, two series resonant 

loads interconnected with extra transmission lines were adopted [81], resulting in a phase shifting 

range of more than 400˚.  

 

2. 4 Design Technology for Microwave Sub-systems 

2.4.1 Antenna Arrays and Phased Arrays 

Antennas are transition devices between a guided wave and a free-space wave which interface 

circuits and space. An antenna array is a kind of microwave sub-system, which composes of a set of 

antennas connected together in such a way that they can have specific amplitude and phase 

relationship. There are numerous applications for antenna arrays, such as broadcasting, 
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telecommunications, satellite and radar systems, naval or airline usage, weather forecasting, global 

positioning, radio-frequency identification (RFID), etc. The array‟s pattern is a product of the 

element pattern and the array factor, which is related to driven energies and the organization order 

of antenna elements. In modern microwave systems, steerable antenna arrays have become more 

and more in favour, especially in moving objects like vehicles or cell phones. There are several 

kinds of tuning methods for steering, including manually or mechanically steerable antennas, 

switched-beam arrays, digital tuning arrays, and electrically controlled phased arrays. 

Among all these methods, phased arrays are the most widely investigated and used in modern 

wireless systems, due to their fast transition speed and the easy controllability of their radiation 

patterns. The principle of phased arrays is to change the radiation pattern to a given angle in free 

space by allocating a different phase shift (or amplitude) without physical movement [82]. Usually, 

a phased array is fed by feeding architectures called beam-forming networks which can provide 

equal interval differential phase distribution. Numerous design analyses and architectures for 

microwave and millimetre wave phased arrays have been reported in the past decades [83]-[85]. Fig 

2.5 illustrates a typical diagram of a transceiver based microwave system using a beam-forming 

network that provides feeding power for the antenna/phased arrays. Following the sequence from 

input to output, there are the transceiver, tunable bandpass filters, circulator, beam-forming network 

and antenna array. The beam-forming network is definitely the most critical part of the system as it 

is in charge of controlling the phase and magnitude of the radiation pattern. Although at the 

theoretical and algorithmic level this is quite mature for the optimization of arrays, there still 

remains a big challenge for designers to have suitably quality feeding networks on the electrical and 

physical level. There is also a difficulty in building microwave feeding networks, especially 

controllable feeing ones, to meet fast speed, large data capacity and bandwidth requirements. 
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Fig 2. 5 Block diagram of a transceiver based microwave system for beam-forming of antenna arrays. 

 

2.4.2 Beam-forming Networks 

It is critical to design appropriate feed architectures for antenna arrays. Array feed architectures, 

which are usually referred to as beam-forming networks, use RF switches, phase shifters, and 
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attenuators. Beam-forming is a crucial technique in microwave detection systems, typically used to 

control signal amplitude and phase with multiple antennas or radiating elements in such 

applications as phased-array radar systems and biomedical imaging systems. Beam-forming can be 

used at both the transmitting and receiving ends in order to achieve spatial selectivity. By 

controlling the amplitude and phase of signals fed to it for each antenna element in an array, a 

beam-forming network (BFN) can ultimately control the positions of the antenna system‟s main 

beam, as well as its side-lobe levels. This means that the BFN to the antennas allows beam steering 

without having to physically move the antennas.  

 

(a) 

 

(b) 

Fig 2. 6 (a) Design of a beam-switching network presented in [96]; (b) Measured radiation patterns of the phased array 

at 0.7 GHz. 

 

Some researchers have managed to build feeding networks for antenna arrays to get the desired 

array patterns [86]-[90]. In all of these works, an unequal power division of multi-port power 

dividers was designed to allocate a certain amount of power to each port. In this way, it is possible 

for the feeding power of the array to meet a certain kind of power distribution, so that the desired 

array beam can be produced. Though beam-width and side-lobe levels can be affected by this means, 

it is unlikely to change or steer the beam radiation direction. On the other hand, beam-forming can 
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be realised with advanced RF topologies, among which the Butler matrix is a common way to 

achieve selectable beams. First presented in [91], the Butler matrix is especially of interest due to its 

low loss, cost efficiency, and compactness. Typical Butler matrices include 4 × 4, 8 × 8, and 16 × 

16 formats, which are usually composed of quadrature hybrid couplers, crossovers, and phase 

shifters. Although many Butler matrix designs have been presented and applied to BFNs in recent 

years [92]-[96], they suffering from the drawback of an incapacity to be able to continuously tune 

the beam angle and multiple input sources. 

A more straightforward way is to build a steerable beam-forming network by cascading power 

dividers with tunable phase shifters, which includes tuning elements in phase shifters to change the 

phases of the array elements. An electrically steered method was mentioned in some previous works 

[97], where tunable phase shifters were added to attain continuous tuning. However, the achieved 

beam angle tuning range was very limited. Improved scanning features with a wider steering angle 

were reported in [98]. In [99], the design involved a hybrid adaptive antenna array and associated 

digital beam-forming algorithms for achieving high-speed long-range communications in the 

millimetre wave frequency bands. Phase shifters with pin-diodes or varactors have been widely 

adopted in beam-forming networks [100], due to their low cost and compact nature. However, a 

significant drop of total gain during the steering process remains a big issue. Fig 2.6 shows a design 

example of a beam-forming network design which is able to switch the beam to certain directions 

[101]. This idea is quite novel, but the design is unable to tune the beam in a continuous manner. By 

having reviewed all the work reported above, it is evident that there remains a research gap for 

tunable beam-forming network designs to have tunable terminal amplitude and phase capability.   

2.5 Summary 

In this chapter, a thorough literature review has been presented to show the state-of-the-art 

development of microwave devices, especially tunable devices, and their applications in beam-

forming networks for antenna and phased arrays. It has been clearly shown that there is still a great 

gap in the development of microwave devices to fulfill the requirement of high-speed and multi-

functional systems. In the following chapters, various multi-functional microwave devices will be 

presented, all of which have accomplished flexibility, agility, and reliability, which is the main 

pursuit of this thesis.  
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Chapter 3: Design Methodologies  

3.1 Introduction 

This chapter will provide general design methodologies which will be used for analysis and 

designing of microwave devices and sub-systems. For the development of microwave devices, 

transmission characteristics are the main focuses which require proper design procedures and 

synthesis methods to characterize these parameters. Each device can be regarded as a network with 

multiple ports. To analyse such kind of networks, related parameters are required to be measured. In 

this thesis, main parameters of microwave networks investigated include the scattering parameters 

and ABCD matrix. Due to the reciprocity of a network, structures of microwave components are 

usually symmetrical, which makes even-/odd-mode analysis method necessary and useful. Coupled-

line structures, including two-line and three-line coupled-line structures, are analysed and discussed 

using the even-/odd-mode analysis method. Moreover, the fabrication technique and tuning 

elements used for all the designs included in the thesis are microstrip transmission lines and 

varactor diodes, whose main principles are also discussed in this section. 
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Fig 3. 1 Diagram of an N-port network. 

 

3.2 Fundamental Theoretical Principles  

3.2.1 N-port Networks and Scattering Parameters 

Before entering the topic of the thesis, to help with understanding of design process, some 

fundamental principles and design approaches are mentioned in this section. In microwave theory, 

each device can be considered as an N-port network, which is described by scattering, impedance 

and transmission parameters. By analysing the related parameters of an N-port network, one is able 
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to know the details of inner part of the network, which reveal possible functions of the device. Fig 

3.1 depicts the diagram of a typical N-port network. It composes of multiple ports (N is the total 

port number, and i refers to the ith port, where i   1, 2, …, N) and each port has an incident wave 

and a reflected wave which are denoted as   
  and   

 , respectively. Correspondingly, at each port 

there is an incident current   
 and a reflected current    

 . For each port, the total voltage and current 

can be written as 

     
    

                                                                                 

     
    

                                                                                    

Therefore, the characteristic impedance at the ith port is  

    
  

  
 

  
    

 

  
    

                                                                             

For an N-port network, the voltage of each port can be related to the currents and impedances at all 

ports, and the total voltages can be represented as: 
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]                                                         

Here the N × N matrix is called impedance matrix. On the other hand, if the current at each port is 

related to the voltages at all ports, one can find the following relation:  
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]                                                          

The N × N matrix is denoted as the admittance matrix. However, both of the impedance matrix and 

admittance matrix are not suitable for describing transmission characteristics of an N-port network, 

since measurement of current at microwave frequency band is extremely difficult. Therefore, it is 

more common and popular to use the scattering parameters, which represent the voltage of the 

reflected waves with that of all the incident waves, as shown below: 

[

  
 

  
 

 
  

 

]  [

      

      

    

    

  
      

  
    

] [
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Each element in the [S] matrix is denoted as     
  

 

  
 |

  
       

, which means that     represents the 

ratio between the voltage of reflected wave at the ith port and that of the incident wave at the jth 

port, while the voltages at other N-1 ports are equal to zero. In this way, it is easy to get the 

transmission characteristics by imposing excitations at the certain ports.  

A
B

C D

A B

C D

A
B

C D

1I 2I 1I3I
3I

1V
2V 3V

1V 3V

 

                    (a)                                                                      (b) 

Fig 3. 2 (a) Cascade of two two-port networks; (b) its equivalent form. 

 

3.2.2 ABCD Matrix and Conversion with Scattering Parameters 

In the last section, we have known that the scattering matrix is very convenient in deriving the 

transmission property of a network. In practice, devices are connected with each other in series to 

construct a sub-system. In this case, it is much favoured to have transmission parameters which can 

be multiplied from one to another. A kind of ABCD matrix (or [A] matrix) is able to realise this 

function, and thus often used for analysis of cascaded structures. Assume two networks that are 

cascaded in series, as indicated in Fig 3.2 (a). For the two-port network  , the ABCD matrix is 

defined as: 

[
  

  
]  [

    

    
] [

  

  
]                                                                         

Here   ,   ,    and    represent the element of [A] matrix of the network  . For the second two-

port network  , the ABCD-matrix can be expressed as: 

[
  

  
]  [

    

    
] [

  

  
]                                                                         

Now substituting    and    from (3.8) into (3.7), one can get 

[
  

  
]  [

    

    
] [

    

    
] [

  

  
]                                                              

Therefore, the overall ABCD matrix of two networks from port 1 to port 3 can be represented as a 

new network   as seen in Fig 3.2 (b), whose ABCD matrix is: 
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[
    

    
]  [

    

    
] [

    

    
]                                                           

In this way, one manages to calculate the product of two cascaded networks. It is the same thing to 

calculate any cascaded structures with multiple stages. However, similar to the impedance and 

admittance matrices, the ABCD matrix is also suffering from the difficulty in measuring the current 

at microwave frequency range. So, it is necessary to build a transformation method to express the 

scattering parameters using ABCD matrix, as given below:  

    
     ⁄       

     ⁄       
                                                                   

    
        

     ⁄       
                                                                   

    
 

     ⁄       
                                                                   

    
      ⁄       

     ⁄       
                                                                

With the help of (3.11) – (3.14), it is convenient to use ABCD matrix to calculated cascaded 

structure at first, and then convert the overall ABCE matrix into scattering parameters, so that one 

can get the overall transmission characteristics of the whole structure. 
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(a)                                                                (b) 

Fig 3. 3 (a) A symmetrical two-port network; (b) asymmetrical four-port network. 

 

3.3 Even- and Odd-mode Analysis Method 

In this section, a popular analysis method for symmetrical networks called even- and odd-mode 

analysis method will be introduced. The core principle for this method is the symmetry of a network, 

which enables a complex network downgrade to two or more sub-networks. For instance, the 
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voltages of a symmetrical two-port network are denoted as    and   , as described in Fig 3.3(a). 

These two voltages can be written as another form as: 
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 If we define that 
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]                                                                    

Here [    ]
  and [     ]

  are called even-mode excitation and odd-mode excitation, 

respectively. For the even-mode excitation, the magnitude and phase of two signals are identical, 

which means that it is a kind of symmetrical excitation; for the odd-mode excitation, it has two 

equal magnitude and out-of-phase sources, which means that it is a kind of anti-symmetrical 

excitation. Therefore, the symmetric plane (OO‟) in Fig 3.3(a) can be seen as a perfect magnetic 

wall (H-wall) when the even-mode excitation is applied and as a perfect electrical wall (E-wall 

when the odd-mode excitation is applied. 

Substituting (3.16) and (3.17) into (3.15), one can re-write the voltage of two sources as  

[
  

  
]  [

     
     

]                                                                          

Similarly, if the source characteristic impedances is   , for the current it has the following relation: 

[
  
  
]  [

     
     

]                                                                           

In summary, the algebraic sum of the even-mode excitation and odd-mode excitation is equivalent 

to the original format, which means that the transmission characteristics can be divided into simpler 

formats and analysed under even- and odd-mode excitations. In microwave device design, for a 

two-port network like a filter, usually the even- and odd-mode circuits are used for calculating 

positions of resonant frequencies and transmission zeros as well as calculating the scattering 
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parameters. The even-/odd-mode analysis can also be used in symmetrical three-port networks like 

power dividers. The principle is similar to that of two-port networks.  

For four-port networks with reciprocity like couplers, the even- and odd-mode analysis method can 

help with downgrading the networks to simpler two-port networks, as shown in Fig 2.3 (b). Due to 

the symmetrical property of the structure, the circuit can be divided into two parts along the 

symmetrical plane P-P‟, where the even-mode and odd-mode transmission coefficients and 

reflection coefficients are denoted as S11e, S21e, S11o and S21o. The general scattering parameters of 

the whole structure can be expressed as: 

                
         

 
                                                   

                
         

 
                                                   

                
         

 
                                                   

                
         

 
                                                   

 

Fig 3. 4 Schematic of microstrip line. 

 

3.4 Microstrip Technique 

3.4.1 Microstrip Line 

Microstrip is a typical kind of fabrication technique of electrical transmission line that can be 

fabricated using printed circuit board. It is convenient to use for microwave component designs like 

filters, power dividers, couplers, antennas, etc. Compared with other fabrication techniques, 

microstrip has multiple advantages like low volume, easy fabrication, low cost, high reliability, easy 

integration, wide operating frequency range, and so on. In this thesis, the microstrip technique is 

adopted for modelling all the designs using electromagnetic simulation.   
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Microstrip line usually consists of a metal line mounted on a substrate with dielectric constant of    

and a metal ground on the bottom, as indicated in Fig 3.4. If the substrate is absent (    ), there is 

only air in between the conductor and ground plane, leading to propagation of pure TEM 

(transverse-electromagnetic) wave. However, due to the existence of the substrate (    ) and the 

region of air above the substrate, it is impossible to realise the phase matching alone the interface 

between the air region and the substrate, because the propagation speed of TEM wave in the air is  , 

while it is   ⁄   in the substrate. Due to this reason, microstrip technique does not support 

propagation of pure TEM wave. In reality, however, the thickness of the substrate is much smaller 

than the wave-length of the propagating wave (   ), and thus the microstrip technique can 

support such kind of quasi-TEM wave field distribution, which is very similar to the TEM wave. 

The phase velocity    and propagation constant   can be expressed as: 

   
 

  
                                                                                       

    √                                                                                      

where   is the speed of light,    is the propagation constant for the free space   √     , and    

refers to the effective dielectric constant of the substrate, which satisfies the relation of         

and relied on the thickness of the substrate   and width of the conductor  . The effective dielectric 

constant can be explained as a dielectric constant of an average medium, which can be calculated by 

the following formula:  
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Given the dimensions of a microstrip line, its characteristic impedance can be calculated by: 
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With the given value of    and the dielectric constant of   , the ratio of   ⁄  can be obtained by: 
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where 
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On the other hand, the length of a microstrip line with electrical length of   at the frequency of   

can be calculated from the following equation: 

  
 

 
 

   

    √  
                                                                    

These equations and related equations were derived by Hammerstad and Edward in [102] and [103]. 

Therefore, in design of microwave components using microwave technique, it is convenient to 

calculate the dimensions of the structure when the electrical parameters are prescribed. In the 

following chapters, microstrip technique is widely used and the related dimensions are obtained 

using the mentioned equations. 

    

(a)                                                                    (b) 

   

(c)                                                                    (d) 

Fig 3. 5 Model of a coupled-line operating in (a) even-mode; (b) odd-mode; coulpled-line with defected ground 

structure operating in: (c) even-mode; (d) odd-mode. 

 

3.4.2 Microstrip Coupled-line 

When two signals travelling along different transmission lines which are near enough to each other, 

there will be a component between two signals that is common to each other. This phenomenon is 
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called coupling. These two transmission lines are a pair of coupled-line. Microstrip coupled-lines 

are very common in microwave components, since they are able to transmit signals from one 

transmission line to another with direct current (DC) isolation. When we apply a voltage on one 

microstrip line of a pair of coupled-line, there will be voltage difference between two lines and 

between lines with the ground, which lead to a charge distribution on metals. This distribution of 

charges can be modelled with equivalent capacitances, as shown in Figs 3.5 (a) and (b), where 

even-mode and odd-mode models are given with the grounded capacitances and mutual 

capacitances. 

Since the coupled-line for per length can be modelled with equivalent capacitances, it is possible to 

estimate the transmission characteristics of a coupled-line by computing these capacitances. This 

can be done using the even-mode and odd-mode separately, where the magnetic wall and electrical 

wall are applied along the symmetric line. Assume that the gap between two lines is s, The values 

for the grounded capacitances   ,    and    are given in [12] as:     
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where 
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For the mutual capacitance     and     in the odd-mode model, a term of k is defined as 

  
   

          
 

If         , another term of   is defined as 

  
 

 
    

           

           
  

else if         ,  
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The mutual capacitance in the air and in the substrate can be expressed as: 
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Therefore, the even- and odd-mode equivalent capacitances are 

                                                                                            

                                                                                    

The even and odd mode characteristic impedances are related to the even and odd mode 

capacitances       and     : 
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where       and       are the even- and odd-mode capacitances when the dielectric is replaced by 

air. Using Equations (3.30) – (3.39), one can solve the required W and D for any coupled-line 

structure using the given type of substrate. 

Sometimes a defected ground on the backside of the coupled-line is desired to enhance the coupling 

between the coupled-line. Since the structure is symmetrical, it is still possible to estimate the 

transmission characteristics of a coupled-line by computing the modelled equivalent capacitances 

per length using even- and odd-mode circuit of the structure, as shown in Figs 3.5 (c) and (d). In 

this case, the even- and odd-mode equivalent capacitances are expressed as 

                                                                                                     

                                                                                  

The values of these capacitances can be used to calculate the physical dimension of the structure 

using the conformal mapping technique and the Schwartz–Christoffel method. If the coupled-line 

width, gap, and the ground width are assumed as wc, s and ws, the conformal mapping relations 

between the equivalent capacitances and dimensions of the structure are listed in the following 

equations [104]: 
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3.4.3 Microstrip Three-line Coupled-line 

Last section introduced the principle of two-line coupled-line. Sometimes, the transmitted signal 

needs to be coupled to two different paths. In this case, a kind of three-line coupled-line structure is 

required. It is composed of three transmission lines which are parallel to each other. The distance 

between the centreline and sidelines is set to be equal to s, and widths of the centre conductor and 

two side conductors are wc and ws, respectively. The structure can be analysed using a three 

fundamental modes method: even-even, odd-odd and odd-even modes [105]. The per-unit length 

capacitance distribution of the three-line coupled-line is given in Fig 3.6 (a), while the capacitance 

distributions of even-even, odd-odd and odd-even mode are shown in Figs 3.6 (b)-(d).  For the 

even-even mode, a magnetic wall is applied at the central plane between the centreline and two 

sidelines, and only three grounded capacitances exist between each line and the ground. For the 

odd-odd mode, two sidelines are out-of-phase with respect to the centreline, and central planes 

between the centreline and two sidelines behave as electrical walls. For the odd-even mode, the two 
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sidelines are excited with opposite polarity with the centreline grounded. Under all these conditions, 

the equivalent capacitance for each of three lines can be calculated as: 

        

(a)                                                                (b) 

             

(c)                                                               (d) 

Fig 3. 6 (a) Per-unit length capacitances of the used capacitor-loaded three-line coupled structure and equivalent circuits 

using three fundamental mode analysis method: (b) even-even mode; (c) odd-odd mode, and (d) odd-even mode. 

 

Even-even mode:             ,        ,                                                      

Odd-odd mode:       {
                                          
                                                    
                                                   

                               

Odd-even mode:       {

                                                      
                                      
                                       

                                    

where Cm (m = 1, 2, 3) refers to the capacitance per unit length between the transmission line and 

the ground, and Cmn is defined as the mutual capacitances per unit length between any two lines (m, 

n = 1, 2, 3). Here one can regard C23 equal to 0 since the mutual coupling between two sidelines is 

tiny and negligible. Cv1 and Cv2 are the capacitances of the added varactors between the centreline 

and sidelines. The characteristic impedance of each of three lines at any of three modes can be 

found using the relation in [105]: 

     
 

       
                                                                                 

where x is the line number, ij refers to the mode (can be ee, oo or oe), vij is the phase velocity of the 

ij mode and its value can be calculated from the formula in [12]: 
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Here c is the velocity of light in free space and εij is the effective dielectric constant of propagation 

at the mode of ij. The dielectric constant of even-even mode (εee) can be considered as the same of 

that of the substrate (εr), whereas for the odd-odd  mode (εoo) and odd-even mode (εoe), the effective 

dielectric constant is regarded as (1+ εr)/2. Since for the odd-even (OE) mode, the central line (line I) 

is grounded, thus the coupling only occurred between the two side lines which is negligible. 

Therefore, the OE mode can be considered have no effect on the coupling of the entire structure and 

the proposed structure can be regarded as a pair of two lines coupled line (the first pair of two lines 

coupled line is line I and line II, the second pair of two lines coupled line is line I and line III). 

The Z matrix of the two lines asymmetric coupled line can be expressed using the characteristic 

mode impedance as 
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where         and for the quarter-wavelength coupled line,    , a and b are the line number. 

Based on (3.45), the coupling factor between the two coupled lines is: 
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From Fig 2.6, it can be seen that the even mode and odd mode of the two coupled lines structure 

correspond to the odd-odd (OO) mode and even-even (EE) mode of the proposed structure. 

Therefore, the coupling factors between line I and line II (   ) and line I and line III (   ) can be 

expressed as: 
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Combining (3.47)-(3.50) with (3.54) and (3.55), and considering the effect of Cv1 and Cv2 on the 

structure, the coupling factors can be modified and expressed with the equivalent capacitances and 

varactors as 

    
              

√                                     
                                               

    
              

√                                     
                                               

Based on the symmetric feature of the proposed structure, it can be stated that 

                                                                                     

Using the conformal mapping technique and following the procedure used in [12], one can get: 
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     and      : the first kind elliptical integral and its complementary. By using Equations (3.61) 

– (3.66), one can find the required dimensions for any kind of three-line coupled-line structure. 
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3.5 Varactor-Diode-Based Techniques 

3.5.1 Basic model of Varactor Diodes 

As mentioned in Chapter 1, tunable microwave devices are extremely demanded for improving the 

flexibility and controllability of a system. For a variety of microwave systems, it is desirable to have 

high tuning speed which is beyond 1 GHz/μs. To obtain the target, varactor diodes are quite 

excellent for realizing electronic tuning characteristics. As one knows, varactor diodes mainly 

consist of p-n junction operated in a reverse-biased condition. When the reverse voltage is raised, a 

certain region inside the diode will increase accordingly, which leads to a decreased capacitance and 

vice versa. In this way, a possible controllability of the capacitance can be realised by changing the 

supplied voltage. 

 

 

(a) 
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(b) 

Fig 3. 7 (a) Equivalent circuit and parameters of the SPICE model of SMV1281 varactors; (b) the capacitance versus 

reverse voltage. 

 

To depict the characteristics of a varactor diode, a more specific and detailed circuit model is 

required. Therefore, a kind of simulation program with integrated circuit emphasis (SPICE) model 

is built to check the behaviour of a varactor diode. This technique is based on the varactor model 

extraction procedure from S-parameter data. Here let‟s take the Skyworks SMV1281 as an example. Fig 

3.7(a) shows the SPICE model equivalent circuit and related parameters for SMV1281 varactors. In 

this circuit,    is the parasitic resistance of the diode;    and    are the parasitic inductance and 

capacitance depending on the package.  

To predict the performance of the varactor, there is a characteristic curve of the junction capacitance 

   versus the reverse biasing voltage, which can be synthesized by the following equation: 

   
   

         
                                                                    

where    and     are the reverse biased variable junction capacitance and junction capacitance 

without external biasing, respectively;  and    refer to the applied reverse biasing voltage and built-

in junction potential voltage, and   is a coefficient which is related to    and   and depended on the 

junction doping profile. Based on the given relation between the junction capacitance and biasing 

voltage, a characteristic curve of tuning capacitance can be plotted, as shown in Fig 3.7(b). In this 

way, when a certain value of capacitance is needed in a circuit, one can easily find the required 

biasing voltage based on the characteristic curve. 

   

(a)                                                             (b) 

Fig 3. 8 Illustration of (a) 1-dB compression point (P1dB); (b) the third order intercept point (IP3). 



37 
 

 

3.5.2 Non-linearity Characteristics 

As one knows, linearity is defined as the power range where a circuit output power remains 

proportional to its input power. Because of the existence of active components such as pin diodes or 

varactors, the circuit suffers from non-linearity which results in disproportional of the output signals 

to the input one. Due to this reason, large signal performance of the circuit needs to be measured. 

The two most importance parameters are the 1-dB compression point and the third-order intercept 

point, as illustrated in Figs 3.8 (a) and (b). 

The 1-dB compression point (P1dB) defined as the input power level at which the output power of 

the device is 1 dB below its linear characteristics. Therefore the useful operation area should be in 

the linear region which is below this point. It is important to know at what point compression 

begins to occur so input levels can be restricted to prevent distortion. The other parameter is defined 

by inter-modulation distortions (IMDs) that occur when more than one signal is present at the input 

of a nonlinear device simultaneously. If the signals are close together in frequency, some of the sum 

and difference frequencies called intermodulation products produced can occur. The third-order 

intercept point (IP3) is expressed in dBm and it refers to the linear (non-saturated) input/output 

power levels for which the third order IMDs would reach the level of the fundamental components. 

Third-order products are the most troublesome of the intermodulation effects caused by non-linear 

operation. The IP3 value is an imaginary point that indicates when the amplitude of the third-order 

products equals the input signals. For a varactor diode, both the 1-dB compression point and the 

third-order intercept point are good indicators of its linearity, which need to be considered and 

measured during design process. 

 

3.6 Summary 

In this chapter, some principal parameters are investigated for measuring the transmission property 

of multi-port microwave networks. The principles of a popular method called even- and odd-mode 

analysis method have been introduced. In the following chapters, the proposed microwave devices 

are usually analysed by the even- and odd-mode method for determining the related parameters. 

Then, the fabrication technique of microstrip lines is adopted for building EM models, and design 

equations have been listed for calculating dimensions. Equations for the coupled-line structures are 

derived, and varactor diodes and non-linear characteristics are discussed. 
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Chapter 4: Development of Novel Tunable 

Bandpass Filters 

4.1 Introduction 

Microwave tunable devices are becoming more and more essential in microwave systems like RF-

front ends that require multiple operating bands or functions. To achieve better agility and 

flexibility of a system, it is favoured to have tunable bandpass filters (BPFs) to control the 

bandwidth and frequency range of transmitting and rejecting signals. As illustrated in Chapter 2, 

tunable filters are able to combine several working states within one structure, resulting in great 

miniaturization of size of circuits and whole systems. As illustrated in Fig 4.1, design of a tunable 

BPF is typically focused on the reconfigurability of magnitude response with tunable bandwidth 

(BW) and centre frequency (CF). A desired design is supposed to have tunable bandwidth (from 

BW1 to BW2) at any centre frequency between f1 and f2. In a transceiver-based microwave system, 

different centre frequencies are required for generating stepped frequency in continuous wave. 

Meanwhile, it is also favoured to have sharp selectivity and stopband rejection for harmonics. To 

that end, independently controlled transmission zeros (TZs) are also a critical issue to pay attention 

to during the design process.  

In this chapter, new design approaches and several novel structures aimed at multi-functionality and 

full tunability have been realised. The proposed designs are based on varactor-loaded resonators, 

including coupled-line resonators, short-ended resonators, and short-stub loaded ring resonators. 

Electrically tuning is adopted to realise tunable value of capacitance using varactor diodes. To be 

specific, first of all, a wideband tunable BPF with wide stopband and high selectivity is presented 

by using a coupled-line structure tapped at its centre with a coupled stub loaded with a short-ended 

varactor. Then two prototypes of second-order BPF designs are investigated are constructed by 

utilizing coupled-line resonators and ring resonators with short-ended stubs, respectively. These two 

designs are able to achieve wide tuning range of both of BW and CF. Last but not the least, a 

tunable balanced BPF with wide tuning range of CF and BW using coupled-line resonator is 

developed. All of these designs are built based on theoretical analysis and simulated via full-wave 

simulation tools. Moreover, experimental verifications are conducted for all designs which confirm 

the proposed design approaches.  
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Fig 4. 1 Reconfigurable magnitude of a tunable bandpass filter 

 

4.2 Tunable BPF with Wide Stopband and High Selectivity 

This section will present a wideband tunable bandpass filter with controllable TZs and wide 

spurious-free stopband using a single-layer structure. The goal of this design is to have controllable 

bandwidth with high level of cut-off selectivity [106] and stopband-rejecting performance [107]-

[108]. Generally speaking, to increase the degree of freedom in the bandwidth tunability, the 

passband of some of the recently investigated filters is defined by two independently adjustable 

transmission zeros (TZs). In [45], a tunable dual-mode triangular patch filter was proposed to 

achieve an independent control of the centre frequency and bandwidth. In [109], sharp skirt 

selectivity and wide bandwidth tuning range were achieved by cascading a tunable BPF and 

lowpass filter. However, the multilayer structure used in [109] might add some degree of difficulty 

in the fabrication and circuit integration. Therefore, the following design approach is able to fill up 

the blank of single-layer tunable BPF with controllable BW, wide upper-stopband rejection and 

high selectivity. 

The proposed design is based on a coupled-line structure tapped at its centre with a coupled stub 

loaded with a short-ended varactor. The design is aimed at wideband reconfigurable applications 

requiring more than 40% fractional bandwidth. By tuning the varactors located at the centre of the 

coupled-line sections, a wide bandwidth tuning range can be extended to more than 100%. This 

design includes a shunted stub using short-ended coupled-line structure for two reconfigurable TZs 

that can be independently tuned. Besides, multiple TZs are created within the stopband by the 

coupled-line sections as well as the shunted stub, to suppress any spurious harmonics across a wide 

upper-stopband. 
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Fig 4. 2 Configuration of the proposed tunable filter.  

 

4.2.1 Analysis of the Proposed Structure 

Fig 4.2 depicts the configuration of the proposed filter. It is composed of two coupled-line sections 

tapped at their connection with a coupled stub. A varactor, Cv1, is added at the centre of each of the 

coupled-line sections to tune the performance within the selected passband. The stub is loaded at its 

centre by a varactor (Cv2) and at its end using a short-ended varactor (Cv3). Those two varactors are 

used to independently tune the transmission zeros (TZs), which define the two edges of the filter‟s 

passband and thus the band of the whole design. 

The proposed structure can be analyzed using the ABCD-matrix approach. To that end, it is 

possible to show that the ABCD matrix for any of the coupled-line sections or the coupled stub can 

be calculated using:  
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    ⁄       ⁄
]
 

                                       

where, 

     
    [                       ]

                
                                                  

    
    [                       ]

                                      
                  ⁄                   

Here,             represent the electrical length, even- and odd-mode impedances of the coupled-

line sections or the coupled stub. To that end, i=1 for any of the coupled-line sections and i=2 for 

the coupled short-ended stub. The input impedance of the loaded stub       can be calculated using 

its ABCD parameters. 
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Thus, the ABCD matrix of the whole structure depicted in Fig 4. 2 can be found as:  

[    ]  [    ]  [    ]  [    ]                                                  

where, 

[    ]  [
  

      ⁄  ]                                                                     

Once the ABCD Matrix is obtained, one can derive the S-parameters of the design using the well-

known ABCD-to-S-parameters transformation tables shown below    

    
       ⁄         

       ⁄         
                                                             

    
 

       ⁄         
                                                             

Using the aforementioned analysis in Matlab, the performance of the filter for different values of 

the design parameters can be calculated as shown in Fig 4.3. Based on the iterative solution of (4.1)-

(4.8), it was found that the electrical lengths   and    depicted in Fig 4.2 should be 45  at the centre 

frequency 1.8 GHz. It was also noted that the mode impedance of the coupled-line sections and stub 

have an impact on the minimum band that can be realised. Increasing the values of the even-mode 

impedance and reducing the values of the odd-mode impedance enable increasing the minimum 

achievable width of the passband. In the current design in this paper, which aims at wideband 

applications, the impedances of    ,   ,    and     are found to be 130, 70, 120, and 68  , 

respectively, for a minimum fractional band of 45%. 

 

Fig 4. 3 Calculated results at fractional bandwidth of 45% (Cv1=0.25, Cv2=0.45, Cv3=20) and 105% (Cv1=1, Cv2=6, 

Cv3=5.5). Unit: pF. 
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Fig 4. 4 Variation of Zin,s with frequency at different varactor capacitances. (Case 1: Cv1=1, Cv2=0.1, Cv3=20; Case 2: 

Cv1=1, Cv2=1, Cv3=3; Case 3: Cv1=1, Cv2=10, Cv3=1.5; Unit: pF.) 

 

    

(a)                                               (b) 

Fig 4. 5 The relationship between two TZs and Cv2, Cv3: (a) Cv2 is variable, and (b) Cv2 is variable. 

 

4.2.2 Filtering Performance 

A snapshot of the calculated results shown in Fig 4.3 indicates a reconfigurable fractional 

bandwidth (FBW) that can be tuned from 45% to 105%. It is seen that when the bandwidth 

increases, the value of Cv1 needs to be increased to keep the performance acceptable within the 

passband. Since Cv1 is located at the centre of the coupled-line section, it contributes significantly to 

the coupling strength of the coupled-line, and thus a requirement to increase Cv1 indicates the need 

for a larger effective coupling factor for the coupled structure. The performance of the filter 

indicates a Chebyshev response with 0.2 dB maximum ripple within the passband. It is observed 

that additional resonant poles of S11 appear within the passband when the FBW is increased from 45% 

to 105%, as shown in Fig 4. 3. 
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To verify that the two TZs are actually generated and controlled by the central stub, the input 

impedance of that stub (     ) is calculated and plotted in Fig 4.4, for different values of Cv2 and Cv3. 

It can be seen that       has two zero roots that satisfy the condition        , which eventually 

defines the two TZs (fz1 and fz2) of the whole structure of the filter. Based on Fig 4.4 and further 

calculation depicted in Fig 4.5, the positions of the two TZs are found only related to Cv2 and Cv3. 

When Cv2 is increased while Cv3 is fixed, the first TZ (fz1) moves towards lower frequencies, 

whereas the second TZ (fz2) remains unchanged, as shown in Fig 4.5 (a). Thus, the lower edge of 

the passband can be independently reconfigurable by tuning Cv2. On the other hand, when Cv3 is 

increased while Cv2 is fixed, both of fz1 and fz2 move to lower frequencies at the same time as shown 

in Fig 4.5 (b). This indicates that the upper edge of the passband is also independently 

reconfigurable by changing both Cv2 and Cv3 at the same time. Of course, the tuning of the two TZs 

is also in accordance with the tunability of bandwidth of the filter.  

 

Fig 4. 6 The layout of the proposed tunable filter with biasing circuit. 

 

 

Fig 4. 7 Photograph of the fabricated tunable bandpass filter. 

 

4.2.3 Design and Experimental Verification 

To validate the proposed design procedure, a tunable BPF which has a centre frequency around 1.6 

GHz and tunable fractional bandwidth (FBW) from 45% to 105% is designed, built and tested.  The 

substrate used in the design is RT/Duriod 6006 with εr = 6.15 and h = 1.27 mm. Using the design 
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Equations (4.1)-(4.8), it is possible to find that the required ranges of values for the varactor 

capacitances are: Cv1=0.2-2 pF, Cv2=0.5-15 pF, Cv3=2-30 pF. To realise those ranges of values, the 

hyper abrupt junction tuning varactors SMV2019-219 (0.16-2.25 pF, 0-20 V, Rs=4.8 Ω), 

SMV1283-011LF (0.52-14.2 pF, 0-26 V, Rs=2.4 Ω), and SMV1213-079LF (1.9-30 pF, 0-8 V, 

Rs=1.4 Ω) are used for Cv1, Cv2, and Cv3, respectively. The mode impedances (   ,    ,     and    ) 

are the same as those found in the previous calculations. The EM simulator High Frequency 

Structural Simulator (HFSS) is used to verify the theoretical calculations. To that end, SPICE 

models of the aforementioned varactors as provided in [110] are used in the co-simulation within 

HFSS and Advanced Design System (ADS). Fig 4.6 depicts the configuration of the simulated filter 

with its biasing circuits. Rbias and Cblock refer to the DC biasing resistor and DC block capacitor, 

which are Panasonic resistor 100 kΩ and Murata 0402 GRM 100 pF, respectively. The optimized 

design parameters in (mm) of the filter are found to be: l1=14.5, l2=19.5, l3=1.5, l4=1.5, w1=0.72, 

w2=0.36, w3=0.6, w4=1.0, s1=0.4, s2=0.54. The optimized design was then fabricated and tested. A 

photo of the fabricated structure is shown in Fig 4.7. 

 

(a) 

 

(b) 

Fig 4. 8 Performance of the proposed filter: (a) 45% fractional band: V1=20, V2=26, V3=6; (b) 105% fractional band: 

V1=0, V2=0, V3=1.5. Unit: V. 
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(a)                                                                                       (b) 

       

(c)                                                                                      (d) 

Fig 4. 9 Measured results of the independently controlled TZs: S-parameters of lower-edge ftz1 (a) |S21|, and (b) |S11| 

(Case 1: V1=20, V2=26, V3=6; Case 2: V1=16, V2=14, V3=6; Case 3: V1=12, V2=2, V3=6); S-parameters of upper-edge 

ftz2 (c) |S21|, and (d) |S11| (Case 1: V1=10, V2=4, V3=8; Case 2: V1=12, V2=13, V3=4.5; Case 3: V1=14, V2=21, V3=0). 

Unit: V. 

 

The simulated and measured results are shown in Fig 4.8 for both 45% and 105% FBWs. The 

developed filter has a 3-dB tunable FBW from 47.8% to 105.7%. The in-band insertion loss for the 

45% FBW is less than 1.4 dB, while the return loss is more than 12 dB across the frequency range 

from 1.29 GHz to 2.08 GHz. The attenuation at the upper stopband is more than 18 dB up to the 

frequency 5.35 GHz.  For the 105% FBW state, the in-band insertion loss is less than 1.2 dB, while 

the return loss is more than 15.2 dB across the frequency range from 0.67 GHz to 2.17 GHz. The 

measured upper stopband extends up to 5.05 GHz with 20 dB suppression. There is some slight 

difference between the simulated and measured performances due to the expected minor difference 

between the used SPICE models and realistic performance of the varactors as well as the 

manufacturing tolerances. The independent controllability of the two TZs of the proposed design is 

also verified via measurements as depicted in Fig 4.9, which shows those TZs although not as 

strong as those observed in the simulations. That feature enables realizing an excellent selectivity 

and controllability at the edges of the passband.  
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The group delay of the proposed BPF is calculated and shown in Fig 4.10 for the narrowband and 

wideband designs. The group delay within the passband is flat with a maximum peak-to-peak 

deviation of 0.5 ns. The nonlinear characteristics of the filter are mostly determined by the used 

nonlinear elements (varactors in the designed filter). To calculate the third-order intercept points 

(IP3) of the filter, two input signals are used with a separation ∆f = 1 MHz. It is found that IP3 is 

18.4 dBm at the centre frequency of 1.8 GHz, whereas the input 1-dB gain compression point (P1dB) 

is found to be 20.8 dBm. If a certain application requires larger values for IIP3 and P1dB, different 

varactors should be used.   

 

Fig 4. 10 Group delay within the passband for narrowband and wideband designs. 

  

Compared with other existing works, the presented results prove that this design approach possesses 

the following merits: (1) wide bandwidth tuning range extending to more than 100% fractional 

bandwidth; (2) transmission zeros located at the edges of the passband contributing to a sharp skirt 

selectivity, and relocatable transmission zeros; (3) multiple transmission zeros that are generated in 

the upper-stopband for harmonics suppression extending to around four times the centre frequency; 

and (4) a structure that is based on single-layer print circuit board, which is easy to fabricate and 

integrate with other circuits. 

 

4.3 Design of Compact Tunable BPF with Wide Tuning Range of 

CF and BW (I) 

In the last section, we presented a design approach for wideband tunable BPF with 40% to 100% 

bandwidth. In some microwave systems, wide bandwidth is not always necessary especially for 

those with narrow operating band range. It is more preferred to have relocatable centre frequency 
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and adjustable bandwidth, just as indicated in Fig 4.1. It is also required that at any unwanted 

frequency band, upper-stopband rejection is highly demanded in order to avoid harmonics. To that 

end, comb-line resonators were widely used in tunable bandpass filter designs [111]-[112] due to 

their easy controllability of resonant characteristics. Split-ring resonators based on a multilayer 

structure was adopted in [113] achieving a wide bandwidth tuning range. Independently adjustable 

transmission zeros were employed in [114] to obtain good selectivity of the passband. 

In the following sections, new design methods will be given for pursuing high performance tunable 

BPF with wide tuning range for both the centre frequency and bandwidth. Firstly, a new kind of 

ring resonator loaded with short-ended stubs is presented and utilized for BPF design. The 

bandwidth and resonant frequencies is easily controlled by several tapped and grounded varactors. 

A complete design method is given for guidance of build a design model in full-wave simulation 

environment, and then a prototype is fabricated and tested for validating the proposed design.  
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(b)                                                               (c) 

Fig 4. 11 Proposed tunable BPF: (a) equivalent transmission line circuit of the proposed BPF; (b) even-mode equivalent 

circuit; (c) odd-mode equivalent circuit. 

 

4.3.1 Analysis of the Ring Resonator and Short-ended Coupled-lines 

Fig 4.11 (a) shows the basic transmission line equivalent circuit of the proposed tunable bandpass 

filter (BPF). It is composed of a ring resonator, which has a total electrical length of 2θ1 and 

admittance Y1, connected with a short-ended coupled-line section (θ0, Y0e, Y0o). Two varactors with 
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capacitance C1 are placed between the feedlines and the resonators. The two connected ends of the 

ring resonator and coupled-line section are connected to the ground using two varactors of 

capacitance C2. Another varactor with capacitance C3 is used to connect the two ends of the 

resonator. Since the structure is fully symmetric, it can be analysed by the even- and odd-mode 

method. The even- and odd-mode equivalent circuits are depicted in Fig 4.11 (b) and (c). When the 

even- and odd-mode excitations are applied respectively, the input admittances in both cases are 

     
                                                                                 

                
             

                                                              

    
                                                                      

              
            

                                                                 

The S-parameters of the filter can thus be found via 

    
  

           
                   

                                                           

    
              

                   
                                                           

     

(a)                                                                           (b) 

Fig 4. 12 Theoretically calculated tunability of: (a) bandwidth; (b) centre frequency. 

 

YL refers to the load characteristic admittance. The iterative solution of Equations (4.9) - (4.14) can 

calculate the required design parameters for any desired performance. For example, if the filter is 

designed for a centre frequency tuning range of 0.5-1.5 GHz and bandwidth tuning range of 100-

300 MHz, the iterative solution of Equations (4.9) - (4.14) gives the following design values: 

θ0=11.8°, θ1=20.2°, Y1=1.16×10
-3 

S, Y0e=5.65×10
-3 

S, Y0o=1.35×10
-2 

S, at the centre frequency 1 



50 
 

GHz. The calculated results using those values and different varactors‟ capacitance values (shown 

in pF in the legend of Fig 4.11) in Matlab demonstrate the wide tunability of bandwidth and centre 

frequency of the proposed BPF as depicted in Fig 4.12. In summary, Fig 4.12 (a) indicates that to 

fix the centre frequency and increase the bandwidth, C1 and C2 should be increased, while C3 should 

be decreased. On the other hand, Fig 4.12 (b) shows that to move the centre frequency to higher 

values while maintaining the bandwidth unchanged, the capacitances C1, C2 and C3 should be 

decreased. 

It is observed that two transmission zeros (ftz1 and ftz2, shown in Fig 4.12) appear in the upper-

stopband. ftz1 is very close to the passband resulting in a sharp-skirt passband selectivity, whereas 

ftz2 enables realizing wide upper stopband. To theoretically predict the positions of those zeros from 

(4.10) and (4.12), the following conditions should be met: 

                                                                                 

The iterative solution of (4.15) for different values of design parameters indicate that the positions 

of ftz1 and ftz2 are defined mainly by C3. When C3 increases, ftz1 moves to lower frequencies, while 

ftz2 moves to higher frequencies. 

                     

Fig 4. 13 Layout and photo of the proposed filter 

 

4.3.2 Design and Results 

A prototype is designed using microstrip technology with centre frequency tuning range from 0.5 

GHz to 1.5 GHz, and bandwidth tuning range from 100 MHz to 300 MHz. The substrate used in the 

design is Rogers RO3003 with dielectric constant εr = 3 and thickness h = 1.52 mm. Using the 

aforementioned calculated design parameters, the initial dimensions assuming the use of microstrip 
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technology can be calculated using the well-known microstrip design equations. The EM simulation 

software Advanced Design System (ADS) is then used to get the following optimized dimensions 

(mm) shown in Fig 4.13: l1=13.4, l2=5.5, l3=3.6, w1=0.3, w2=0.62, w3=1.1, s=0.5, r=0.15. Fig 4.13 

displays a photograph of the fabricated filter, which has the compact overall size of 25 mm × 28 

mm (0.07 λg × 0.08 λg, λg is the guided wavelength at the centre frequency 1 GHz).   

The biasing circuit of the tunable BPF shown in Fig 4.13 includes an RF choke with a DC biasing 

resistor of 10 kΩ, and DC block capacitors of 100 pF. The varactors used in the filter are hyper 

abrupt junction tuning elements SMV1281 with tuning range from 0.6 to 14.2 pF and parasitic 

resistor Rs of 2.4 Ω. To enable proper DC biasing of the varactor C3, it is replaced by cascading two 

varactors Cv3 that have the same effective value of C3 with one common ground. To get accurate 

results in ADS simulations, SPICE models of the tuning elements are utilized.  

  

(a)                                                                                           

  

(b) 

Fig 4. 14 Simulated and measured results of the proposed BPF: (a) Centre frequency; (b) Bandwidth. 
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Fig 4.14 shows the simulated and measured results at different varactors‟ biasing voltages. A wide 

tuning range of the centre frequency from 0.52 GHz to 1.42 GHz (tuning ratio of 92.8%, which is 

larger than the recently published results [115], [116]) with certain bandwidth of 150 MHz is 

depicted in Fig 4.14 (a). As depicted in Fig 4.14 (b), the bandwidth tunability at 1 GHz is from 90 

MHz to 320 MHz (tuning range ratio is 3.56). The insertion loss for all the investigated cases is 

between 1.6 dB and 3.9 dB. Those results agree well with the theory and indicate the very wide 

tuning range of both centre frequency and bandwidth. The slight difference between the theoretical, 

simulated and measured results might be due to the differences between the actual diodes and their 

SPICE models as well as the manufacturing tolerance. 
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(b)                                                                         (c) 

Fig 4. 15 (a) Transmission line schematic of the proposed filter, (b) even-mode equivalent circuit, and (c) odd-mode 

equivalent circuit. 

 

4.4 Design of Compact Tunable BPF with Wide Tuning Range of 

CF and BW (II) 

In this section, we will continue the investigation on design approach for tunable BPF design with 

wide tuning range of centre frequency and bandwidth. Moreover, the controllability of transmission 

zeros and selectivity of passband is also considered. The position of a transmission zero is designed 

to be located at either side of the passband. Instead of using ring resonator, this section will present 

a second-order tunable BPF using varactor-loaded coupled-lines and short-ended stubs. A thorough 
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theoretical analysis is given to find the initial values of the filter‟s design parameters and estimate 

its performance. To validate the proposed design and its theoretical analysis, two prototype filters 

are fabricated and tested. 

4.4.1 Varactor-loaded Coupled-lines and Short-ended Stubs 

Fig 4.15 shows a schematic diagram of the proposed tunable bandpass filter. It is composed of a 

short-ended coupled-line section, which has even- and odd-mode admittances of Yoe, Yoo and 

electrical length of θo, calculated at the centre frequency fc, connected in parallel with a pair of 

short-ended stubs, which have an admittance of Y1 and electrical length of θ1, calculated at fc. 

Several varactors that have the following capacitances are added to the structure at different 

locations to control the filtering performance: Two pairs of varactors with capacitances C1 and C2 

forming two inverted L-sections that connect the input and output ports to the resonator; and a 

varactor with a capacitance C3 connected between the coupled-line section and stubs. 

Since the proposed structure in Fig 4.15 is symmetric, the even-/odd-mode analysis method can be 

adopted for analysis of the circuit. To that end, the even- and odd-mode equivalent circuits of the 

proposed filter are given in Fig 4.15 (b) and (c). For the even-mode case, the input admittance is 

      
                              

                            
                                                

The odd-mode input admittance is 

     
                                    

                                  
                                      

Assuming that the device is connected to ports that have a characteristic admittance (Yo), the 

scattering parameters of the structure in Fig 4.15 can be calculated from the admittance parameters. 

The overall performance of the BPF can thus be calculated using Equations (4.13) and (4.14).  

Based on the targeted FBW and centre frequency fc, a tunable BPF can be constructed when the 

resonant frequencies feven and fodd are known. It is known that the even- and odd-mode resonant 

frequencies of the structure can be found from the following conditions: 

  [     ]                                                                                    

  [    ]                                                                                    

Solving (4.18) and (4.19) and using (4.16) and (4.17), the relation between the resonant frequencies 

(feven and fodd) and the design parameters of the filter can be expressed as 
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From Equations (4.20) and (4.21), it is observed that feven depends on C1, C2, and has nothing to do 

with C3, while fodd is related to C1, C2 and C3 at the same time. Since feven and fodd defines the tuning 

range for both of the band and centre frequency, it is possible to conclude from (4.20) and (4.21) 

that the varactor capacitances C1, C2 and C3 can be used to tune the centre frequency and band of 

the filter. The criteria of selecting these capacitances are given in the following sections. 

      

(a)                                                                                       (b) 

Fig 4. 16 Relationship between (a) C1, (b) C2, and the resonant frequencies feven, fodd and transmission zero ftz1. 

 

4.4.2 Relocatable Transmission zeros 

To achieve sharp selectivity of the passband, the transmission zeros of the filter are to be properly 

located. To find the location of those transmission zeros, the condition         is to be solved. It 

is possible to conclude that the aforementioned condition can be met with the following cases.  

                                                                                         

{
                                                  
                                                  

                                         

The solution of Equation (4.22) gives the location of the transmission zero ftz1, which can be made 

very close to the passband for better selectivity.   
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From (4.24) one can find that the position of ftz1 is determined by the properties of the coupled-line 

section (Yoe, Yoo, and θ0) and the capacitance C3. It is observed that when feven>fodd, ftz1 appears at the 

upper side of the passband, but when feven<fodd, ftz1 appears at the lower side of the passband. Those 

two cases are fully controlled using C3, as proven in (4.24), enabling the reconfigurability of this 

effective transmission zero in line with the centre and band tunability as required by the design. The 

other transmission zeros, which can be found by solving (4.23), are expressed as:   

     
    
  

                                                                           

     
    
  

                                                                             

Obviously, a transmission zero appears at DC when n equals to zero. The first two non-zero TZs 

occur when n equals 1. As observed from (4.25) and (4.26), the smaller θo and θ1 are, the larger ftz2 

and ftz3 will be. Therefore, with the aim of achieving a compact structure and thus using small 

values for θo and θ1, these two transmission zeros will be located at higher frequencies, resulting in 

good suppression of harmonics in the upper-stopband at selected locations as per (4.25) and (4.26). 

Besides, these two transmission zeros are not affected by the varactor capacitances, indicating the 

possibility for the designer to locate them appropriately to suppress any harmonics irrespective of 

the tuning requirement. 

4.4.3 Study of the Filter‟s Tunability  

To judge the required values of the design parameters needed for a certain tunability range of the 

filter concerning its centre frequency and bandwidth, let us assume that a filter with the following 

requirements are needed. Centre frequency tuning range is from 0.5 GHz to 1.5 GHz, and 

bandwidth range is from 50 MHz to 250 MHz. Using the iterative solution of the previous theory, it 

is possible to find that the following values of the design parameters are needed: θ0=θ1=30˚, 

Zoe=1/Yoe =160 Ω, Zoo=1/Yoo =65 Ω, and Z1=1/Y1 =100 Ω. Using parametric analysis for other 

design requirements, it was found that the values of Zoe, Zoo and Z1 should meet the following 

conditions. 

√                                                                                   

                                                                                   

Using those calculated values in (4.20), (4.21) and (4.24), variation of the resonant frequencies (feven 

and fodd) and transmission zero ftz1 for different values of the varactor capacitances are calculated 
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and shown in Fig 4.16. It can be easily concluded from the results that two resonant modes are 

utilized in the filter design. From Fig 4.16 (a), one can find that C1 has no effect on ftz1, as 

previously expected, and has a slight effect on fodd and feven. From Fig 4.16 (b), it is also possible to 

conclude that when C2 is increased, both of fodd and feven decrease, while the transmission zero ftz1 

remains constant. It is well known that the even- and odd-mode resonant frequencies have the 

following relation with the filter‟s centre frequency 

   
          

 
                                                                            

Thus, it is possible to conclude that the intersection points P in Fig 4.16 actually indicate the case of 

locating the TZ at the position of the centre frequency. Thus, this case represents an all-reject filter 

and it is a transitional case that marks the values of the varactor capacitance that cause a shift in the 

position of ftz1 from the upper to the lower side of the passband. This case is important in the design 

in the sense that it represents the possibility of the transmission zero relocation. 

     

(a)                                                                                              (b) 

     

(c)                                                                                              (d) 

Fig 4. 17 Calculated performance for (a) tunable centre frequency with upper side transmission zero, (b) tunable centre 

frequency with lower side transmission zero, (c) tunable bandwidth, and (d) zero-bandwidth situation. (Unit: pF). 

 

Using the selected circuit parameters in Equations (4.20) and (4.21) with varactor capacitance that 

changes within the reasonable range (eg. 0.3 pF to 15pF), the scattering parameters of the filter can 

be calculated as depicted in Figs 4.17 (a)-(c). In Fig 4.17 (a), the centre frequency of the operating 

band can be shifted from 0.5 GHz to 1.5 GHz, with fixed bandwidth and ftz1 located at the upper 
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side of the passband; while from Fig 4.17 (b), same performance is achieved except the TZ is 

located at the lower side of the passband. Bandwidth tunability is shown in Fig 4.17 (c) 

demonstrating a tunable 3-dB bandwidth from 50 MHz to 300 MHz at certain frequency. The value 

range of capacitance used in all cases is from 0.3 pF to 15 pF, which can be realised by RF 

varactors. These results reveal the potential of the proposed structure to realise a wide range of 

tunability for the centre frequency and bandwidth as well as a relocatable transmission zero.It is 

also noted that by appropriately selecting the values of C1, C2 and C3 to meet the aforementioned 

situation feven = fodd = ftz1, the passband is suppressed by the transmission zero, resulting in zero 

bandwidth of the passband as shown in Fig 4.17 (d). 

 

Fig 4. 18 Schematic of a three-order tunable bandpass filter. 

 

     

(a)                                                                                   (b) 

Fig 4. 19 Tunable filtering response of a three-pole structure with transmission zeros at (a) left side; (b) right side. 

 

4.4.4 Simulation of Third-order BPF   

 To further improve the selectivity of passband, the proposed structure can be extrapolated to higher 

order. For an n-order filter, there are n-1 transmission zeros appearing at the edges and n 

transmission poles within the passband. To increase the order of the presented basic structure, 
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additional short-ended stubs with equal length can be added to the coupled-line section. Also, an 

additional varactor is connected between any two adjacent stubs, such as, while C1 and C2 remain 

the same for the two-order filter. Meanwhile, an additional varactor is needed at the end of the stubs 

which are not the first or the last one. This is because more controllability of the resonant mode is 

required when tuning the position of passband. In this way, the external quality factor and coupling 

coefficients can be easily controlled. By upgrading the proposed structure to higher order (n≥3), 

more transmission zeros and poles can be achieved, which is favourable for sharper passband 

selectivity and better stopband rejection. Here, a three-pole structure, which has full tunability of 

bandwidth and operating frequency, is included as an example, as shown in Fig 4.18. 

It is observed from Fig 4.18 that three-pole structure is composed of a three-line coupled-line 

section, two short-ended stubs and an open-ended stub in the middle. All the stubs have the same 

length of θs, while the coupled-line section‟s length is θ0. To control the filtering performance, two 

pairs of varactors with capacitances C1 and C2 forming two inverted L-sections that connect the 

input and output ports to the resonator, and a varactor with a capacitance C3 connected between the 

coupled-line section and stubs are used. An additional varactor C4 is added at the end of the middle-

line. Fig 4.19 shows the tunability of the three-pole bandpass filter. By increasing the capacitance of 

C1, C2, C3, and C4, the operating frequency moves to higher frequencies. Two transmission zeros 

are created at one side of the passband, and can be shifted to the other side of the passband. Due to 

the existence of C2, C3, and C4, all the three resonant modes can be fully controlled. Meanwhile, the 

external quality factor is controlled by C1, and thus the operating bandwidth can be increased or 

reduced as needed. Compared with the performance of the two-pole structure (Fig 4.16), the three-

pole design has sharper cut-off and thus better selectivity as depicted in Fig 4.19.  

            

Fig 4. 20 Layout of the proposed tunable bandpass filter. 
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Table 4. 1 Values of design parameters (dimensions in mm). 

Design #1 Design #2 

Name value Name value Name value Name Value 

l1 17.2 w1 0.3 l1 10.6 w1 0.8 
l2 13.7 w2 0.32 l2 17.5 w2 0.36 

l3 1.0 w3 3.6 l3 1.0 w3 3.6 
l4 2.6 s 0.2 l4 1.6 s 0.2 

 

4.4.5 Experiential Results and Discussions 

To validate the proposed design procedure, two tunable filter prototypes are designed with centre 

frequency tunability from 0.5 GHz to 1.5 GHz, and bandwidth from 50 MHz to 150 MHz. Two 

prototypes are designed and built. Design #1 has the transmission zero ftz1 at upper side of the 

passband, whereas Design #2 has ftz1 at the lower side of the passband. The selected substrate for 

the designs is Rogers RO3003 with dielectric constant of 3 and thickness of 1.52 mm. The varactors 

used in the design are hyper abrupt junction tuning elements SMV1281 with tuning range from 0.6 

to 14.2 pF and parasitic resistor Rs of 2.4 Ω. The simulation software Advanced Design System 

(ADS) is used in both schematic and layout design. After following the aforementioned design 

procedure, the optimized values of the design parameters are found to be: Design #1; θo=24.6˚, Zoe = 

166.8 Ω, Zoo=70.5 Ω, θ1=26.2˚, and Z1=100 Ω; Design #2, θo=28.7˚, Zoe=172.4 Ω, Zoo=63.2 Ω, 

θ1=12.2˚, and Z1=100 Ω. All the electrical lengths are calculated at the centre frequency of 1 GHz. 

The initial capacitance values in pF for C1, C2 and C3 are: 1.3, 1.4, and 0.9, for Design #1; and 1.2, 

3.0, and 4.2, for Design #2, respectively.  

The configuration of the proposed tunable BPF is shown in Fig 4.20. Six varactors and three 

different voltage suppliers are required to control the performance of the filter. For easy design of 

the biasing circuit, two cascaded varactors Cv3 with one common ground are used to represent C3. 

Thus, the used value of Cv3 is twice the calculated value of C3. The biasing circuit is realised by DC 

biasing resistor Rbias with the value of 10 kΩ, and DC block capacitors Cblock of 100 pF to block the 

DC signal. Once the initial dimensions are calculated assuming the use of a single-layer microstrip 

technique and using the well-known microstrip design equations [32], the simulation process is 

started with building the layout for the structure in ADS. To get accurate optimized results, SPICE 

models of the varactor diodes [33] are included using co-simulation method in both schematic and 

layout simulation in ADS. The final dimensions of two designs are listed in Table 4.1. Fig 4.20 also 

presents photographs of the fabricated filters, which have overall sizes of 0.06 λg × 0.14λg and 0.06 

λg × 0.16λg (λg is the guided- wavelength at the centre frequency 1 GHz), indicating that they are 

both compact designs. Besides, it is noted that in order to solder the tuning elements and biasing 

circuits properly, some extra microstrip patches are needed that could possibly work as transmission 
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line with small electrical lengths are included in the layout, resulting in some effects on 

deteriorating the overall performance of the devices. 

       

(a)                                                                                              (b) 

Fig 4. 21 Centre frequency tunability of Design #1: (a) |S21|; (b) |S11|. (From low to high frequency, values of V1, V2 are 

V3 are: 0.6,1.4,1.8; 3.8,6.5,3.2; 6.6,12.6,6.8; 10.2,20.4,10.2; 26,26,15.6, Unit:V.) 

 

        

(a)                                                                                           (b) 

Fig 4. 22 Bandwidth tunability of Design #1: (a) |S21|; (b) |S11|. (From narrow to wide band, values of V1, V2 are V3 are: 

26,26,10.2; 16.8,24.5,12.8; 9.6,20.4,26, Unit: V.) 

 

       

(a)                                                                                         (b) 

Fig 4. 23 Centre frequency tunability of Design #2: (a) |S21|; (b) |S11|. (From low frequency to high frequency, values of 

V1, V2 are V3 are: 4.6,2.9,1.1; 9.4,5.7,3.4; 15,8.8,5.6; 21.2,14.6,8.4; 26,26,12.4, Unit: V.) 
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(a)                                                                                        (b) 

Fig 4. 24 Bandwidth tunability of Design #2: (a) |S21|; (b) |S11|. (From narrow to wide band, values of V1, V2 are V3 are: 

14.8, 6.4, 4.5; 10.2, 6.9, 4.2; 7.8, 7.4, 3.6, Unit: V.)   

 

The simulated and measured results of the filter are shown in Figs 4.21 – 4.24, for Design #1 and 

Design #2 respectively. A comparison between the results of Design #1 with those for Design #2 

clearly indicates the relocation of the transmission zero from the upper to the lower side of the 

passband. The measured results, which are in well agreement with the simulated, indicate that 

Design # 1 and #2 have a wide tuning range for the centre frequency of 0.52-1.48 GHz (tuning ratio 

= 2.85) and 0.6-1.58 GHz (tuning ratio = 2.63), respectively. The results also show that Design #1 

and #2 have a wide 3 dB bandwidth tunability of 55-285 MHz (tuning ratio = 5.2), and 45-190 MHz 

(tuning ratio = 4.2), respectively. These results meet the design objectives of the filter. The insertion 

loss for the two designs is between 1.2 dB and 3.5 dB for Design #1 and 1.8 dB to 4.3 dB for 

Design #2. Those results indicate that similar centre frequency tunability is achieved in the two 

designs. To verify the non-linear performance of the filters, the third-order intercept points are 

calculated by using two input signals with 1 MHz separation. The IIP3 points for Design # 1 and #2 

are 6.8 and 8.4 dBm at 0.6 GHz, and 17.8 and 19.6 dBm at 1.4 GHz, respectively, when the 

bandwidth is fixed at 100 MHz for all the investigated cases. It is found that the IP3 increases when 

the operating centre frequency or bandwidth is increased due to the limited linearity of the diodes.  

In general, good agreement between the measured and simulated results in the passband, cut-off 

band and locations of the transmission zeros can be observed. The slight differences, especially in 

the insertion losses where the measured are generally more than the simulated values, are thought to 

be due to the difference between the used SPICE models and realistic performance of the varactors, 

as well as the manufacturing tolerances. Some parasitic harmonics in the performance are caused by 

the added small patches for biasing circuit, the soldering process of the fabricated circuits and other 

manufacturing errors. Compared with other existing designs, the proposed structure has the widest 
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centre frequency tuning range with a very decent bandwidth tuning range. Besides, the proposed 

design is more compact in size (only about 0.01  
 ). It is verified that the proposed design is suitable 

for various multiband wireless communication transceivers and microwave systems. 
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 (b)                                                                 (c) 

Fig 4. 25 Configuration of the proposed tunable balanced BPF. 

 

4.5 Design of Tunable Balanced BPF  

Due to the capability of providing high immunity to environment noise and suppressing common-

mode signals, differential bandpass filters (BPFs) have become popular in communication systems. 

For miniaturization purpose, tunable balanced BPFs have been built using structures with 

reconfigurable passband and stopband [117]-[118]. An analysis based on the external quality factor 

and inter-stage coupling coefficients are used to investigate the band control in [117], which utilizes 

half-wavelength resonators loaded with varactors. A wide differential-mode operating centre 

frequency range was obtained in [118] with constant fractional bandwidth (FBW) using step-

impedance resonators. 

Despite the good performance of the previously designed filters, the tunability of both the 

bandwidth and centre frequency of a compact balanced filter are yet to be achieved. In this section, 

a compact balanced BPF with tunability of both the centre frequency and bandwidth is presented. 

The design uses one resonator in the form of a short-section of parallel-coupled lines loaded with 

varactors. The proposed filter is able to realise a wide tuning range in the differential-mode (DM) of 
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both the centre frequency and bandwidth accompanied by high common-mode (CM) suppression. 

The analysis of equivalent circuits is firstly given to verify the resonant modes of the filter; 

following by a design of differential BPF prototype with experimental verification.  

4.5.1 Equivalent Circuit 

The basic transmission line equivalent circuit of the proposed balanced BPF is shown in Fig 4.25 

(a). It is composed of a coupled-line structure with even- and odd-mode impedances of Zoe and Zoo 

and electrical length of θo at the centre frequency fo, two pairs of tapping varactors with capacitance 

C1, two pairs of grounded varactors with capacitance C2 and a pair of varactors with capacitance C3 

connected between the two ends of the coupled-line structure. Since the structure is symmetric 

along the line a-a‟. In the DM excitation, the symmetric line appears as a perfect electrical wall 

(short circuit), whereas at CM excitation, that line appears as a perfect magnetic wall (open circuit). 

Thus, the equivalent circuits of the two modes of operation are as shown in Figs 4.25 (b) and (c).  

Using the mode analysis method, the DM even- and odd-mode resonant frequencies can be found 

from the input admittances of the DM circuits, which are given as 

     
   

                     

                   
                                                                 

    
   

                           

                         
                                                  

Here,         ⁄  and         ⁄ . The even- and odd-mode DM resonant frequencies can be 

found when the conditions   [     
  ]    and   [    

  ]    are satisfied. 

Similarly, the resonant-mode analysis of the CM circuit gives the following even- and odd-mode 

input admittances   

     
   

                     

                    
                                                               

    
   

                           

                         
                                                 

The even- and odd-mode CM resonant frequencies can be found by solving   [     
  ]    and 

  [    
  ]      
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4.5.2 Analysis of Resonant Modes and Calculation of S-parameters 

The transmission zeros (TZs) of the DM circuit are also of interest in tunable BPF design as they 

define the selectivity of the filter. The TZs can be calculated when the condition      
       

     

is met giving the solution:  

            
   
  

  
         

    
                                                             

The location of the transmission zero ftz depends on C3; if ftz is selected to be very close to the 

passband, the performance will have excellent selectivity. As an example of the achievable resonant 

frequencies, Fig 4.26 shows the positions of the DM even- and odd-mode resonant frequencies 

(      
  ,     

  ) and the CM even-  and  odd-mode  resonant  frequencies (      
  ,     

  ) using (4.29) - 

(4.34) when         ,        ,       , and           . It is observed that      
   and 

    
   appear around the centre frequency    while      

   and     
   appear at much higher frequencies 

(higher than    ). This result means that an excellent CM suppression is guaranteed across the 

desired DM operating band and beyond.  

 

Fig 4. 26 DM and CM resonant modes when: C1=0.3 pF, C2=5 pF, and C3=0.5 pF. 

 

     

     (a)                                                                                   (b) 

Fig 4. 27 DM and CM resonant modes with variance of: (a) C2 and (b) C3 when C1=0.01 pF. 
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(a)                                                          (b) 

Fig 4. 28 Calculated results on tunability of (a) centre frequency and (b) bandwidth, with the given values of C1, C2 and 

C3 (Unit: pF).  

 

If the capacitances C1, C2 and C3 are tuned, the DM and CM resonant modes are changed according 

to Equations (4.29) to (4.32). It is noted that the effect of C1 on the resonant frequencies is not 

significant but it affects the DM external quality factor, whereas C2 and C3 mainly define the 

resonant modes. Fig 4.26 shows the relation between DM, CM resonant modes and C2, C3, for 

given values of the other parameters. From Fig 4.27 (a), one can observe that all the DM and CM 

resonant modes decrease when C2 is increased. From Fig 4.27 (b), it is seen that      
   and      

   do 

not depend on C3; however,     
   and     

   decrease when C3 is increased. Using the given 

parameters, all the DM resonant modes are controllable across the range from 0.5 GHz to 2 GHz, 

while CM resonant modes vary from 3.6 GHz to 4.8 GHz, indicating no CM modes appearing 

within the DM frequency range. Once the values of capacitance C1, C2 and C3 are determined, the 

S-parameters under differential-mode excitation can be calculated using following equations: 

   
   

  
      

       
  

        
            

   
                                                                

   
   

       
        

   

        
            

   
                                                                

Similarly, common-mode excited S-parameters can also be calculated by replacing      
   and     

   

with      
   and     

  . Fig 4.28 (a) and (b) show the Calculated S-parameters based on Equations 

(4.29) to (4.36), which demonstrate wide tunability of both centre frequency and bandwidth. To get 

Fig 4.27, the initial values for C1, C2 and C3 are initially estimated from Fig 4.26. Then, an iterative 

Matlab algorithm is used to get final values of C1, C2 and C3 to meet the desired centre frequency fc 

and bandwidth. It is noticed from Fig 4.27 that in all the cases,     
    is smaller than -25 dB from 

DC up to more than 3 GHz, indicating an excellent CM suppression under any circumstance. 
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Fig 4. 29 Layout of the proposed tunable balanced BPF. 

 

 

Fig 4. 30 Photograph of the proposed tunable balanced BPF. 

 

4.5.3 Simulation and Experiment 

To validate the proposed filter, a prototype with DM centre frequency tunability from 0.6 GHz to 

1.2 GHz, and bandwidth tunability from 60 MHz to 200 MHz is designed, built and tested. Figs 

4.29 and 4.30 show the configuration and photograph of the filter. The substrate used in the design 

is RT/Duriod 6010 with dielectric constant of 10.2 and thickness of 1.27 mm. Following the design 

procedure, the optimized values of the design parameters are found using the simulator ADS to be: 

          ,          , and         , whereas the dimensions in (mm) are found to be: 

       ,       ,       . The utilized varactors are the hyper abrupt junction SMV1281 with 

capacitance tuning range from 0.6 to 14.2 pF and parasitic resistor Rs of 2.4 Ω. The technical 

datasheets of those varactors are used as a guide to find their required biasing voltages based on the 

needed capacitances. A biasing circuit is realised using the biasing resistor Rbias of 2.2 kΩ and DC 
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block capacitors Cblock of 100 pF. The prototyped filter has an extremely small size, which 

is              , where    is the guided-wavelength at fo. 

 

(a) 

 

(b) 

Fig 4. 31 Simulated (solid lines) and measured (dotted lines) tunability of (a) centre frequency: V1, V2 and V3 of Case 1 

to Case 4 are: 4.3/2.7/23, 9.4/6.5/11.7, 16.3/12.5/13.8, and 25.2/26/17.2, and (b) bandwidth: V1, V2 and V3 of Case 5 to 

Case 7 are: 10/7.6/17.5, 13.5/7.7/9.3, and 16.7/7.8/8.1. Unit: V. 

 

The simulated and measured results are shown in Figs 4.31 (a) and (b). A wide measured DM 

operating frequency tuning range from 0.58 GHz to 1.22 GHz, and wide measured 3 dB bandwidth 

tuning range from 65 MHz to 180 MHz are realised. The DM insertion loss across the whole tuning 

ranges varies between 1.8 dB and 4.5 dB, whereas the CM insertion loss is more than 30 dB across 

the DM operating passband and more than 20 dB across the wider range (from DC up to the 

frequency 1.6 GHz) in all those cases. There is some slight difference between the simulated and 

measured performances due to the expected minor difference between the used SPICE models and 

realistic performance of the varactors as well as the manufacturing tolerances. The nonlinear 
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characteristics of the filter are also tested. It is found that the measured third-order intercept points 

(IIP3) is 17.6 dBm, whereas the input 1-dB gain compression point (P1 dB) is 20.4 dBm at 900 MHz. 

It is noted that the presented tunable BPF has the most compact size with widest tuning range for 

both the centre frequency and bandwidth with competitive insertion loss compared to other existing 

designs, which indicates great application potential of the proposed device. 

 

4.6 Summary 

In this chapter, several new types of tunable bandpass filters have been presented. The design 

objective is to have more flexibility in tuning of bandwidth and operating frequency band. In 

addition, stopband rejection and selectivity of passband are also considered, mainly realised by 

generating and controlling transmission zeros. Various kinds of resonators have been proposed for 

filter construction, including stub-loaded ring resonator, coupled-line resonator, short-ended 

resonator, etc. Varactors are widely used mainly for controlling resonant modes, coupling 

coefficients and external factors. The modelling and simulations are done in full-wave 

electromagnetic environment. Data from experiment have indicated that the tuning range for 

bandwidth and operating band can reach 0.52-1.48 (95%) and 55 – 285 MHz. 

Moreover, a tunable differential BPF has been developed with sufficient tunability as well as great 

common-mode suppression. The even-odd mode analysis theory is used to verify the design and 

find the initial values of the design parameters. The  performance of a prototype indicate a wide 

differential-mode operating range from 0.58 to 1.22 GHz, and 3 dB bandwidth tuning range from 65 

to 180 MHz with more than 30 dB of common-mode suppression at all DM operating passband. 

The circuit is extremely compact in size, indicating huge potential in modern reconfigurable 

communication systems.  
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Chapter 5: Development of Wideband Power 

Divider with Tunable Power Division Ratio 

5.1 Introduction 

Power dividers (PDs) are key components in microwave wireless communication systems, 

especially in constructing feeding networks for antennas arrays. The most common power divider 

designs are Wilkinson and Gysel power dividers, which have been modified and applied in various 

kinds of systems. Both of two designs have equal power division for broadband applications. In 

some specific cases, unequal output power at different output ports is required and important, for 

systems like phased arrays and beam-steering networks. To realise unequal or arbitrary output 

power division, different methods were used: asymmetrical transmission lines [119]-[120], 

microstrip/slotline transition [121], double-sided parallel strip-lines [122], branch-line structure 

[123], and three-line coupled structure [105].  

In microwave wireless systems, power dividers are usually connected with bandpass filters to get 

rid of undesired signals. The cascaded devices lead to bulky overall circuit size and large insertion 

loss. To avoid these shortcomings, it is favourable to have power dividers with filtering responses, 

in other words, to integrate filters with power dividers. Different features and merits were displayed 

in many filtering power dividers before: single- or dual-band filtering power dividers were 

presented in [124]-[126] with good in-band isolation; wideband filtering responses were realised 

using ring resonator [127]; four-way filtering power dividers with sharp selectivity were achieved in 

[128]. To introduce arbitrary power division in filtering power dividers, a kind of modified Gysel 

power divider was proposed in [129] by replacing transmission lines with coupling structures. 

Moreover, for further circuit miniaturization and multi-function purposes, tunable microwave 

devices are extremely demanded to use one reconfigurable component instead of several fixed ones. 

Last chapter has introduced the concept of tunable bandpass filters and several new designs with 

different functions. In this chapter, we aim to integrate the tunable functions within the development 

of power dividers. To that end, a wideband power divider with tunable power division ratio is firstly 

realised, based on varactor-loaded three-line coupled structure. Compared with the traditional 

power dividers, this structure is able to control the magnitude of signals at two output ports, as 

indicated in Fig 5.1 (a). Moreover, two novel concepts are proposed for the first time. Based on 

such kind of tunable power divider with tunable power division ratio, it is favourable to introduce a 

filtering response (Type-II) as indicated in Fig 5.1 (b). The overall size of the system can be 

reduced by integrating a wideband bandpass filter within the tunable power divider. Moreover, if 



70 
 

one can integrate a tunable bandpass filter [130]-[133] within the Type-I PD with tunable power 

ratio, there would be multiple functions of such kind of devices and great miniaturization of the 

microwave systems, as shown in Fig 5.1 (c).  

Proposed tunable

power divider I

Traditional

power divider

 

(a) 

Proposed tunable

power divider II

Tunable

power divider
Bandpass

filter

 

(b) 

Tunable

filter

Tunable

power divider

Proposed tunable

power divider III

 

(c) 

Fig 5. 1 Proposed concept of (a) Type-I; (b) Type-II; and (c) Type-III 

 

C
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C
v2

Line 1

Line 2

Line 3
 

Fig 5. 2 Transmission line model of the three-line coupled structure with two loaded capacitors between the centre-line 

and two sidelines. 

 

In this chapter, three different power dividers designs have been developed, to meet the functioning 

requirement of Type-I, Type-II and Type-III power dividers. All of these designs are based on a 

novel varactor-loaded coupled structure. In the following sections, the varactor-loaded coupled 

structure is firstly analysed, followed by three prototypes with experimental verifications. In the end, 

a kind of four-way filtering power divider with sharp selectivity and high upper-stopband rejection 

is also presented.  
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5.2 Varactor-loaded Three-line Coupled Structure (TLCS) 

5.2.1 Configuration 

In Chapter 3, we have discussed about the three-line coupled-line. In this section, a kind of three-

line coupled structure with loaded capacitance will be discussed and adopted, as shown in Fig 5.2. 

Two varactors with tuning capacitance     and     are loaded in between the centreline and two 

sidelines. Since we have known the coupling factors of a three-line coupled structure, the modified 

coupling factors between the centreline and two sidelines can be expressed as: 

    
              

√                                     
                                              

    
              

√                                     
                                              

On the other hand, if the centreline is fed with an input signal, and two sidelines are connected to 

two terminations, one can build a one-to-two power divider. For such kind one-to-two PD, the 

output power at two output ports can be regarded as P2 and P3. The required coupling factors of 

each sideline connected to two output ports and the power division ratio (PDR) between two output 

ports can be defined using the coupling factors as: 

    √
  

     
 

 

√    
                                                              

    √
  

     
 

 

√    
                                                              

       
  

  
 

   
 

   
                                                                        

Here k refers to the amplitude ratio of |S21| and |S31|, and also the square root of the PDR. 

Substituting (5.1) and (5.2) in (5.5), the power division ratio can be expressed as  

    
              

              
 (

              

              
)
 

                                             

It is seen from (5.6) that the power division ratio can be changed by controlling and varying the 

added capacitances of Cv1 and Cv2. The following section will show the numerical relation between 

the PDR and value of the loaded capacitance. 
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(a)                                                                               (b) 

Fig 5. 3 Achievable power division ratio against (a) Cv1 and (b) Cv2. 

 

5.2.2 Power Division Ratio (PDR) 

Equation (5.6) defines the achievable PDR with regard to the mode-impedance of the TLCS as well 

as the value of the loaded capacitance. Once the mode-impedance (equivalently Cxij) and loaded 

varactors are defined, the PDR can be found and controlled easily. It is obvious that when the 

coupling coefficient of the TLCS is varied, the achievable PDR will also be changed. Following the 

discussion in [134], in this design, the mode-impedance for the TLCS is set to be:             , 

           ,                  , and                 . 

Using Equation (5.6), the realizable PDR against the added varactors Cv1 and Cv2 are depicted in 

Figs 5.3 (a) and (b). It can be observed that the theoretical results in Fig 5.3 indicate a wide tuning 

range of tunable PDRs using two tuning elements. When Cv2 is fixed, a larger PDR can be obtained 

using a larger value of Cv1, and the PDR is proportional to the value of Cv1. It is the same for Cv2 if 

Cv1 is fixed. It is worth mentioning that the achievable PDR can be realised at all frequencies, which 

means this structure can achieve wideband tunable performance. This can be explained by the 

frequency-independent effect of the loaded capacitance on the energy distribution on each sideline.  

C
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v2

R
Port 1

Port 2

Port 3
1,inZ
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3,inZ

 

Fig 5. 4 Configuration of the tunable power divider with tuning power division ratio 
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5.3 Design of Wideband Tunable Power Divider with Tuning 

Power Division Ratio 

5.3.1 Configuration  

In this section, a tunable power divider is proposed based on the presented varactor-loaded three-

line coupled structure. The tunability of PDR is implemented by utilizing tuning elements like 

varactors. Fig 5.4 shows the configuration of the initial power divider with tunable PDR. The input 

port is located at one side of the centreline, whereas the output ports are at the end of two sidelines. 

The other ends of two sidelines are connected together with an isolation resistor R in the middle. 

The electrical length of the TLCS is always equal to quarter-wavelength at centre frequency, which 

is a similar to two-line coupled-line that can generate transmission zeros due to the cancellation of 

magnitude at certain frequency points. 

5.3.2 Matching and Isolations 

For a power divider, it is very critical to investigate the matching property at each port and the 

isolation between all output ports. In this design, it is possible to prove that perfect matching at all 

ports and perfect isolation between output ports can be achieved while the PDR is changed. Here 

the impedance matrix of the six-port network shown in Fig 5.2 is studied for finding the input 

impedance of each port [135]. The input impedance of port 1 can be written as: 

                 
                 

 
     

           
      

                          
                 

Since the overall electrical length of TLCS is selected as quarter-wavelength at the centre frequency 

f0, and thus the input impedance of the input port can be reduced as 

      
           

 

   
                                                               

Meanwhile, the coupling of two sidelines is minimal and negligible when the following equation is 

satisfied 

√         √         √                                                       

From (5.6) and (5.9), one can solve that the value of Z1ee and Z1oo are:             ,      

      . These values are the basic requirement which the three-line coupled structure should satisfy.  
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On the other hand, it is also critical to find the matching property of two output ports. Under the 

even-even and odd-odd mode conditions, the excitations at two output ports (Port 2 and Port 3) are 

in-phase, which means that there is no current flowing through the resistor. Whereas for the odd-

even mode, the resistor has some effect on the output impedances Zin,2 and Zin,3, which can be 

expressed as 

          

            

            
                                                            

          

            

            
                                                           

where Z2oe and Z3oe can be found from the following equations [136]: 

      
           

               
                                                                  

      
           

               
                                                                  

To achieve perfect matching at output ports, it is required to have 

                                                                                          

To determine the value of R, we consider the case of equal power division without adding varactors 

between lines, for simplicity. Under such circumstance, it is obvious to have Z2oe = Z3oe. To achieve 

perfect matching at the centre frequency f0, the resistor R can be found from the following equation 

  
     

 

  
                                                                                    

 

5.3.3 Predicted S-parameters 

From the analysis above, the input impedances at all ports are varied when the PDR is changed, 

because they are all related to Cv1 and Cv2. However, the influence of Cv1 and Cv2 is minor, which 

means the matching properties are not greatly affected, resulting in acceptable return loss at all ports.  

Fig 5.5 gives the variation of input impedance of Port 1 across a wideband frequency range from 

0.8 GHz to 2.2 GHz. It can be observed that the deviation range of Zin,1 is from 30 Ω to 60 Ω, which 

is quite stable at Z0 and leading to a satisfactory return loss (more than 10 dB). The matching 

property will deteriorate when the operating frequency moves away from f0 to higher or lower 

frequencies, as shown in Fig 5.5 (a). 
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(a)                                                                    (b) 

          

(a)                                                                     (b) 

Fig 5. 5 Calculated results of (a) characteristic impedance at port 1 and port 2; (b) |S21| and |S31|; (c) |S11|; (d) |S22| and 

|S32|. 

 

     

                     (a)                                                                         (b) 

Fig 5. 6 (a) Layout and (b) photograph of the fabricated prototype.  

 

A wide range of power division ratio (PDR) can be realised by varying the values of two varactors 

across a very wideband frequency range. Fig 5.5 displays the variation of output power against 

capacitance Cv1 and Cv2, as well as the return loss at all ports and isolation between two output ports. 

Fig 5.5 (b) shows different output power of four cases with different PDRs of 1:1, 1.5:1, 2:1 and 3:1. 

The operating frequency band is up to more than 80% from 0.8 GHz to 2.2 GHz with very small 

deviation. In Figs 5.6 (c) and (d), good matching at all ports and isolation between Port 2 and Port 3 

are predicted. It is noted that the power division of Port 2 and Port 3 can be reversed. In other words, 
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when the value of Cv2 is larger than Cv1, smaller PDRs such as 0.7:1, 0.5:1 and 0.3:1 can also be 

realised by reversing values of Cv1 and Cv2 in Fig 5.5. 

     

        (a)                                                         (b)                                                                (c)      

Fig 5. 7 Simulated and measured results: (a) |S21| and |S31|; (b) |S11|; and (c) |S22| and |S32|. 

 

5.3.4 Experimental Verifications 

Following the analysis above, a 3D electromagnetic model is built in EM simulation tool ADS, and 

full-wave simulation has been done to validate the idea of wideband PDR tunability. The proposed 

tunable PD based on TLCS is designed on the substrate with dielectric constant of 10.2 and 

thickness of 1.27 mm. The layout of the structure is shown in Fig 5.6. Two varactors, which are 

connected between the centreline and sidelines, are realised by Skyworks SMV-1283. The value of 

the isolation resistor R is set to be 100 Ω. To build a biasing circuit for the varactors and block the 

DC current, a RF choke of 10 μH inductors and 100 pF capacitors are added.  

Figs 5.7 (a), (b) and (c) show the simulated and measured S-parameters of the fabricated prototype 

of the tunable PD. Power division ratio of 1:1, 1.5:1, and 2:1 are realised, with more than 10 dB 

return loss at Port 1, Port 2 and Port 3. The measured insertion loss at Port 2 and Port 3 are 2.4 

dB/2.9 dB/3.6 dB and 5.8 dB/4.6 dB/3.8 dB, compared with simulated ones of 2.0 dB/2.6 dB/3.2 dB 

and 5.5 dB/4.4 dB/3.2 dB. The isolation between Port 2 and Port 3 is better than 11 dB. The 

operating band range is from 1.06 GHz to 2.1 GHz (65.8% bandwidth), which is slightly shifted to 

higher frequencies compared with the design objective. Some differences between the experimental 

results with the predicted ones are due to some errors during the fabrication and testing process. 
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5.4 Design Filtering Power Divider with Tunable Power Division 

Ratio 

This section will present a filtering power divider with tunable power division ratio. As we all know, 

the cascaded structure of devices lead to bulky circuit size and large insertion loss. To avoid these 

shortcomings, it is favourable to have power dividers with filtering responses, in other words, to 

integrate filtering response with power dividers as shown in Fig 5.1 (b). Therefore, a pair of 

stepped-impedance open stubs is loaded with the proposed tunable power divider based on TLCS, 

to fulfil the design objective. 
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Fig 5. 8 Configuration of the tunable power divider with tuning power division ratio and filtering response. 

 

     

(a)                                                                        (b) 

Fig 5. 9 (a) Position of ftz1 and ftz2 against impedance ratio of Z2 and Z1; (b) The input impedance at the input/output 

ports with different values of Cv1 and Cv2 (Unit: pF). 
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5.4.1 Configuration and Analysis 

Fig 5.8 displays the configuration of the proposed filtering tunable power divider. It consists of a 

varactor-loaded three-line structure and two shunted stepped-impedance stubs. Two varactors     

and     are located at the central position of the structure between the centreline and two sidelines. 

The terminations of the two sidelines are connected together with a resistor R between them. The 

stepped-impedance stubs have two sets of transmission lines of   ,    and   ,   .  

The design is also able to achieve a tunable power division ratio. Since the electrical parameters are 

selected as the same as the last design presented in Section 5.3, the achievable PDR also follows the 

distribution displayed in Fig 5.3. The matching properties are also the same with the last design, for 

the reason that the shunted stubs have infinite impedance at the operating band, which can be seen 

as open circuit and thus have no effect on Zin,2 and Zin,3. Meanwhile, the shunted stepped-impedance 

stubs help to generate two transmission zeros (     and     ) at the edges of the passband. The input 

impedance of the shunted stubs can be expressed as 

            

               

               
                                                        

To obtain symmetric locations of the zeros at    and flat response within the passband range, the 

electrical lengths of the stub is fixed as           at   . In this case, the locations of the 

normalized      and      are determined by the impedance ratio of    and   , as indicated in the 

following equations: 

           √    ⁄         

             √    ⁄
                                                                  

Fig 5.9 (a) depicts the variance trend of      and      against     ⁄ . When     ⁄  is equal to 1,      

and      are located at 0.5   and 1.5   (point P and P‟ in Fig 5.9[a]). Due to the discontinuity of the 

step,      and      will move away from    or move close to    when     ⁄  is smaller or larger than 

1, as indicated as Area 1 and Area 2 in Fig 5.9 (a), respectively. In this design, the impedance of    

and    are chosen as 105 Ω and 42 Ω, and thus      and      are located at 0.38   and 1.62  . 

The input impedance at all three ports are studied with the selected parameters above. It is noted 

that the          equals to infinity at   , which means the shunted stubs have no effect on      ,       

and      . As revealed in Fig 5.9 (b), when different values of     and     are used and the power 

division ratio varies from 1:1 to 1.5:1 and 2:1,      ,       and       are all constant within the range 

from 30 Ω to 68 Ω, indicating satisfactory matching properties at two output ports with better than 
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10 dB return loss regardless of the value of PDR. Therefore, it is possible to achieve ideal matching, 

isolation, and continuous tunability of power division ratio. 

      

                    (a)                                                                     (b) 

Fig 5. 10 (a) Layout and (b) photograph of the fabricated prototype.  

 

  

        (a)                                                                                     (b) 

Fig 5. 11 Simulated and measured results of the proposed device (Unit: V): (a) |S11|, |S21| and |S31|; (b) |S22| and |S32|. 

 

5.4.2 Simulation and Measurement 

To verify the design approach, a prototype model is built and simulated with SPICE model of 

varactors in Agilent‟s Advanced Design System (ADS). The layout of the proposed design is shown 

in Fig 5.10. The substrate used here has dielectric constant of 10.2 and thickness of 1.27 mm. The 

varactors are adopted as Skyworks SMV2019-219. To provide decent power to the varactors, a 

biasing network composed of 10 μH RF choke and 100 pF DC block capacitors is built. The 

isolating resistor is selected as 100 Ω. The related electrical parameters of the three-line structure 

and stepped-impedance stubs are the same as discussed above. The final dimensions of the structure 

are (all in mm): l1=19.4, l2=16.6, l3=19.8, l4=12.2, l5=2.8, w1=0.9, w2=0.2, w3=0.15, w4=3.5, w5=3.5 

and s1=0.4.  
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Figs 5.11 (a) and (b) show the simulated and measured results of the fabricated prototype of the 

proposed tunable power divider. Two different states are displayed in Fig 5.11 with different power 

divisions of 1:1 and 2:1. Filtering responses are realised due to the existence of transmission zeros 

created by the shunted stubs. Compared with the simulated S21 and S31 of 3.2 dB and 3.2 dB (PDR 

= 1:1), 2.2 dB and 5 dB (PDR = 2:1), the measured S21 and S31 are found to be 3.8 dB (PDR = 1:1), 

3 dB and 6 dB (PDR = 2:1), as given in Fig 5.11 (a). Two poles are located within the passband, 

and acceptable input return loss (more than 10 dB) across a wide band range from 0.8 GHz to 2.05 

GHz. Besides, the upper- and lower-stopband have more than 10 dB rejections. Fig 5.11 (b) 

demonstrates the proposed design has excellent matching (better than 12 dB) at Port 2 and 3, and 

perfect wideband isolation (better than 15 dB) between Port 2 and Port 3. The operating passband 

range is from 1.02 GHz to 1.96 GHz (63% bandwidth). The measured differential phase between 

Port 2 and Port 3 is 2.5˚ and 7.5˚ when PDR equals to 1:1 and 2:1, compared with the simulated 

ones of 1˚ and 4.5˚. The proposed device has a compact size of 0.26 λg × 0.24 λg, which is favoured 

in miniaturization of circuit and systems. 
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Fig 5. 12 Configuration of the tunable power divider with tuning power division ratio and controllable filtering response. 

 

5.5 Design of Tunable Power Divider with Controllable Filtering 

Response 

Last section presented a tunable power divider with integrated characteristics of bandpass filters. To 

make the filtering response controllable, a new design of tunable power divider is presented in this 

section, which has the function shown in Fig 5.1 (c).  The detailed theoretical analysis and a design 

procedure are given. For verification of the proposed concept, a prototype is simulated, fabricated 

and successfully tested.  



81 
 

5.5.1 Design Configuration 

In this design, a kind of three-line coupled structure with tunable coupling factor is adopted in the 

proposed design, so as to achieve the desired power division across wideband frequency range. To 

integrate a controllable filtering feature, varactor-loaded short-ended stubs are shunted at the output 

ports, leading to a controllable filtering response. Multiple transmission zeros are created by the 

stubs at both edges of the passband as well as in the upper-stopband resulting in sharp cut-off 

selectivity of the filtering band and wide harmonic suppressions. 

The configuration of the proposed tunable power divider is shown in Fig 5.12. It is composed of a 

varactor-loaded three-line coupled structure (as marked in dotted circle) and two shunted varactor-

loaded stubs (as marked in dashed block) in the form of coupled lines. The input port is located at 

one side of the centreline of the three-line coupled structure, whereas the output ports are at the far 

ends of the two sidelines. The other ends of the two sidelines are connected together with an 

isolation resistor R. Two varactors with capacitance values of Cv1 and Cv2 are connected between 

the centreline and the two sidelines at the centre position to control the coupling factor and thus 

output power division ratio. Two short-ended stubs, which are in the form of coupled lines loaded 

with varactors of capacitances Cv3 and Cv4, are shunted to the output ports. 

5.5.2 Controllable Filtering Response 

To investigate the filtering property of the proposed device, the loaded varactors Cv1 and Cv2 are 

fixed at equal values (1 pF) so that equal power division can be obtained. The shunted varactor-

loaded stub is shown in the blue dashed boxes in Fig 5.13. Here, two varactors with variable 

capacitance Cv3 and Cv4 are added at middle as well as the end of the coupled-line section (Zes, Zos, 

θs). In this example, the electrical lengths of coupled-line section    and stubs    are set equal to 

quarter wave-length at the centre operating frequency   . 

The ABCD-matrix approach is used for analysis to depict the filtering performance of the stub. For 

the shunted varactor-loaded stub, the coupled-line section with can be calculated using 

[ ]   [
    

    
]  [

      ⁄     
     

     ⁄

    ⁄       ⁄
]                                      

where 

     
    [                       ]
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    [                       ]

                                      
  

           ⁄

 
                               

The input impedance of the loaded stub can be written as 

         
             

             
                                                                

where A2, B2, C2 and D2 can be found from (5.18)-(5.20). The ABCD-matrix of the shunted stub can 

be written as 

[ ]  [
   

         ⁄  ]                                                                     

Due to the shunted stubs, multiple transmission zeros are produced when the following equation is 

satisfied 

                                                                                               

Considering that the microstrip technique is adopted for verification in this design, the impedance 

should be selected within the range of 140 Ω to 180 Ω and 60 Ω to 80 Ω for Zes and Zos, 

respectively. In this design as an example, the related parameters of the shunted stubs are selected 

as Zes = 168 Ω and Zos = 74 Ω in the calculations.  

      

(a)                                                                                             (b) 

Fig 5. 13 Position of first three transmission zeros (ftz1, ftz2 and ftz3) with (a) Cv3; (b) Cv4. 

 

 

A series transmission zeros located at 2  , 4  , …,      are created due to the three-line coupled 

structure. On the other hand, by solving Equation (5.23), multiple transmission zeros are produced 

by the loaded short-ended stubs. In the frequency range of 0 to 4  , six transmission zeros are 

created, among which two are generated by the three-line coupled structure at 2   and 4   (named 



83 
 

ftz3 and ftz6), while the other four TZs (named ftz1, ftz2, ftz4 and ftz5) are produced by the loaded short-

ended stubs. Since ftz1 and ftz2 are located at the two edges of the filtering band, sharp cut-off skirts 

of the passband can be obtained.  

Fig 5.13 shows the changing tendency of the first three multiple transmission zeros (ftz1, ftz2, ftz3) 

against Cv3 and Cv4, since ftz1 and ftz2 are located at the lower- and upper-edge of the passband, 

contributing to a sharp passband cut-offs selectivity. As mentioned above, ftz3 is produced by the 

three-line coupled structure, which is not affected by Cv3 and Cv4. It is observed that ftz1 and ftz2 are 

affected by Cv3, while ftz1 is affected only by Cv4. Therefore, ftz1 can be adjusted by tuning Cv3 and 

Cv4 at the same time, while ftz2 can be controlled independently by tuning Cv3. In this way, the 

lower- and upper-edge of the passband can be controlled to be relocated independently by selecting 

appropriate Cv3 and Cv4.  

Since the fractional bandwidth (FBW) and centre frequency of the tunable filtering band are closely 

related to the position of TZs, it can be easily predicted that the FBW and centre can be varied using 

Cv3 and Cv4. The FBW is calculated here using the two side frequencies (fL and fH) at which there is 

a 3-dB drop compared to the maximum value of S21.  

    
        

       
                                                                       

Fig 5.14 shows the effect of Cv3 and Cv4 on the FBW and centre frequency of the filtering band. It is 

observed that the FBW can be varied from 0.25 to 0.75, while the normalized operating centre 

frequency can be shifted from 0.9 to 1.2. When Cv3 increases and Cv4 is fixed, larger FBW can be 

obtained and the centre frequency of the band moves to lower frequencies. Similar phenomenon can 

be found when Cv3 and Cv4 are reversed: when Cv4 increases and Cv3 is fixed, larger FBW can be 

obtained and the centre frequency of the band moves to lower frequencies. To sum up, the value of 

Cv3 and Cv4 can be chosen according to the desired target of FBW and centre frequency according 

to Fig 5.15. 
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     (a)                                                                               (b)                                     

   

   (c)                                                                                  (d) 

Fig 5. 14 Effect of Cv3 and Cv4 on the filtering response of the proposed tunable power divider: Effect of Cv3 on the 

tunability of (a) FBW and (b) normalized centre frequency. Effect of Cv4 on the tunability of the (c) FBW, and (d) 

normalized centre frequency. 

 

   

(a)                                                                      (b) 

Fig 5. 15 The input impedance with varied Cv1 and Cv2 at (a) input port (Port 1), and (b) output ports (Port 2 and Port 3). 

 



85 
 

      

(a)                                                       (b)                                                       (c)                 

       

 (d)                                                          (e)                                                   (f)  

Fig 5. 16 Circuit simulation of S-parameters of the device: (a) |S11|, |S21| and |S31|; (b) |S22|, |S33| and |S32|; (c) |S21|; and 

controllability of (d) bandwidth; (e) centre frequency, and (f) cut-off edge. 

 

5.5.3 Matching Property 

From Fig 5.12 one can find that the input impedance can be expressed as 

           
            ,            

                                                          

Since the input impedance of the stub is extremely high, and thus can be assumed to be open circuit 

at the centre frequency            ), we can assume that  

     
        ,       

                                                                            

The expression of       and       are given in Equations (5.10) and (5.11). To achieve perfect 

matching at output ports, it is required to have 

                                                                                           

From the analysis above, one can find that the input impedances at all ports are varied when the 

PDR is changed because they are all related to Cv1 and Cv2. The question here is whether that 

variation is significant to cause degraded matching. Figs 5.15 (a) and (b) depict the variation of the 

input impedances of Port 1, Port 2 and Port 3 across a wideband frequency range from 0.8 GHz to 

2.0 GHz. For the input port, the characteristic impedance is stable around 50 Ω (42 Ω to 66 Ω) with 

limited effect from Cv1 and Cv2. Similarly, it can be observed from Fig 5.15 (b) that the range of 
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variation of Zin,2 and Zin,3 is from 35 Ω to 70 Ω, which is quite stable around Zo across the wide 

frequency range. These features indicate that excellent wideband impedance matching can be 

achieved at all the ports.  

5.5.4 Tunability Analysis of Tunable Power Divider with Controllable Band 

Based on the previous analysis and discussion, it is possible to predict the performance of the 

proposed tunable power divider presented in Fig 5.12. The centre frequency fo in this design is 

selected as 1.5 GHz.  Let us assume the design objectives as: (1) tunable power division ratios of 

1:1, 2:1, and 3:1; (2) controllable bandwidth from 50% to 70%, and centre frequency tunability 

from 0.9   to 1.1  ; (3) sharp selectivity and relocatable cut-offs at edges of the passband and 

harmonic-suppression in the upper-stopband to 4  ; (4) equal phase at the two output ports within 

the operating band. 

Fig 5.16 shows all the investigated cases of the tunable power division as well as tunable filtering 

feature of the proposed power divider using circuit simulation in Agilent‟s Advanced Design 

System (ADS). For the first goal, Figs 5.16 (a)-(c) show the tunability of the power division ratio 

with fixed filtering response. Since the power division is controlled by Cv1 and Cv2, whereas Cv3 and 

Cv4 are fixed as 5 pF and 12 pF, the shaping of the filtering passband is flat and stable. Different 

PDRs of 1:1, 2:1 and 3:1 (the ideal insertion loss of S21 and S31 are 3.01 and 3.01 dB, 1.76 and 4.77 

dB, and 1.25 and 6.02 dB, respectively) are investigated with around 60% bandwidth at centre 

frequency of 1.5 GHz. The isolation and output port matching are also excellent across a wideband 

frequency range as indicated in Fig 5.16 (b). When changing the value of Cv1 and Cv2, tunable 

power division is realised with flat insertion loss. The return loss at the input port is more than 15 

dB, while the isolation and output return losses are more than 12 dB. Fig 5.16 (c) indicates wide 

range of upper-stopband with more than 10-dB rejection is achieved under different power division 

ratios. 

Meanwhile, to investigate the tunability of the filtering band, Cv3 and Cv4 are now varied while Cv1 

and Cv2 are fixed at 1.2 pF, as shown in Figs 5.16 (d) - (f). The achievable bandwidth in this 

example can be tuned from 50% to around 75%. Besides, the centre frequency can be shifted by 

around 200 MHz without affecting the bandwidth, as shown in Fig 5.16 (e). Two edges of the 

passband can be shifted independently by controlling Cv3 and Cv4. Fig 5.16 (f) shows the 

reconfigurability of the lower-edge of the passband. It is notable that when Cv1 and Cv2 are changed 

(from equal to unequal power division), the tunability of the band is still the same, which indicates 

independent tunability of the power division ratio and filtering response. There is some slight 

variation in |S11| as can be found in Fig 5.16 (e) due to the influence of the loaded varactor on the 
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input impedance of Port 1. However, a satisfactory return loss of more than 10 dB across filtering 

bandwidth is maintained. 

    

(a)                                                                       (b) 

Fig 5. 17 The differential phase for different (a) PDRs (variable Cv1 and Cv2 & constant Cv3 and Cv4), and (b) filtering 

response (variable Cv3 and Cv4  & constant Cv1 and Cv2). 

 

      

                 (a)                                                                       (b) 

Fig 5. 18 (a) Layout the proposed device; (b) Photograph of the device. 

 

Moreover, the differential phase between the two output ports is critical to maintain the linearity of 

systems using the proposed power divider. Here, the effect of the utilized varactors on the 

differential phase (∠S21 – ∠S31) is investigated and shown in Fig 5.17 under two different scenarios. 

Firstly, Fig 5.17 (a) shows that when the PDR is changed from 1:1 (blue line) to 2:1 (red line) and 

3:1 (black line) by changing Cv1 and Cv2, the differential phase slightly increases due to the effect of 

Cv1 and Cv2 on the slope of S21 and S31. For the second scenario shown in Fig 5.17 (b), when Cv3 and 

Cv4 are changed while Cv1 and Cv2 are fixed, the differential phase only changes slightly as the 

varactors only changes the filtering response and have no effect on the amplitude or phase 

performance of the power divider within the passband. To sum up, although some fluctuation may 

be introduced by Cv1 and Cv2 at some frequencies, the differential phase between the two output 
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ports is still very small and the device can be regarded as an in-phase power divider operating at a 

wideband range. 

5.5.5 Design Procedure 

To make the design approach more practical, a general design procedure is given below. Assuming 

that it is required to design a tunable power divider with certain centre frequency, PDR and desired 

filtering bandwidth and frequency range, the designer can proceed with the following steps: 

1. Find the mode impedances of the three-line coupled structure under ee-mode, oe-mode and oo-

mod:             ,            ,             ,            , and             ; and 

then find the corresponding physical dimensions after selecting a suitable substrate; find the value 

of resistor R using (5.15); 

2. Select the electrical lengths of the three-line coupled structure and shunted stubs as quarter-

wavelength at fo.  relative parameters of the stub can be selected within the range of 140 Ω to 180 Ω 

and 60 Ω to 80 Ω for Zes and Zos (Zes = 168 Ω and Zos = 74 Ω in this design);  

3. Once the initial physical dimensions of the structure are fixed, find the required values for Cv1 

and Cv2 from Fig 5.3 based on the desired PDR; select appropriate values for Cv3 and Cv4 from Fig 

5.14 to get the objective FBW, centre frequency and position of cut-off zeros. 

4. Build the electromagnetic model in full-wave simulation tool with biasing circuit and SPICE 

models of tuning elements, and do the simulation. The selection voltages should be based on the 

analysed results from Sections 5.5.3 and 5.5.4. Finally, tuning and optimization the whole structure 

is required. 

5.5.6 Experimental Results and Discussions 

To verify the proposed design, full-wave simulation is used with SPICE model of varactors in 

Agilent‟s Advanced Design System (ADS). Fig 5.18 (a) shows the layout and the biasing circuit of 

the prototype. The adopted substrate for fabrication is Rogers RO3010, which has a dielectric 

constant of 10.2 and height of 1.27 mm. Two varactors Cv1 and Cv2, which are connected between 

the centreline and each sideline, are realised by Skyworks SMV2019-219 (Ls=0.7 nH, Rs=4.8 Ω, 

capacitance tuning range from 0.16 pF to 2.25 pF). Meanwhile, another two varactors are loaded on 

each stub: Cv3 is laid across the coupled-line at centre position of the stub, and Cv4 is loaded 

between the end of the coupled conductor and ground. The type of the varactors of Cv3 and Cv4 is 

adopted as Skyworks SMV1283-011LF (Ls=1.7 nH, Rs=2.4 Ω, capacitance tuning range from 0.52 

pF to 14.2 pF). Due to the existence of several active elements, a biasing network which is 
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composed of 10 μH RF choke and 100 pF DC block capacitors is used. The dimensions (in mm) are 

optimized to be: l1=16.8, l2=18.7, l3=17.8, w1=0.35, w2=0.7, w3=0.45, w4=0.45, w5=3.5, s2=0.45 and 

s2=0.25. The overall size of the proposed power divider design is 0.3 λg × 0.21 λg (λg is the guided-

wavelength at the centre frequency 1.5 GHz). 

A prototype of the tunable power divider is fabricated (a photo is shown in Fig 5.18[b]) and tested. 

To verify the tunability, different voltages of the biasing sources are used. The selection of voltages 

is based on the required value of the capacitance first using the data sheet of the varactors [110]. 

The detailed testing procedure is described as follows: Firstly, the power division ratio is studied by 

controlling the voltage of V1 and V2. Here V3 and V4 are fixed as 5 V and 0 V in all the cases with 

different PDRs. Figs 5.19 (a) and (b) depict the simulated and measured results for this case. Two 

different states are tested and given in Fig 5.19 with different power divisions of 1:1 and 2:1 within 

the passband range. Compared with the simulated S21 and S31 of 3.2 dB and 3.2 dB (PDR = 1:1), 2.2 

dB and 5 dB (PDR = 2:1), the measured S21 and S31 are 3.8 dB (PDR = 1:1), and 2.8 dB and 5.8 dB 

(PDR = 2:1), respectively, as given in Fig 5.19 (a). Two resonant poles are located within the 

passband, indicating good return loss at the input port across a wide band range from 1.05 GHz to 

1.9 GHz. Besides, the upper- and lower-stopband have more than 10 dB rejections. Fig 5.19 (b) 

demonstrates satisfactory matching (more than 11 dB) at the output ports, and perfect wideband 

output ports isolation which is more than 15 dB. The operating passband range is from 1.02 GHz to 

1.85 GHz (58% FBW) compared with design objective from 1.05 GHz to 1.95 GHz (60% FBW).  

    

(a)                                                                            (b) 

Fig 5. 19 Simulated and measured results of the proposed tunable power divider with different PDRs: (a) |S11|, |S21| and 

|S31|; (b) |S22| and |S32|; 
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(a)                                                      (b)                                                     (c)  

      

(d)                                                    (e)                                                     (f)  

     

(g)                                                       (h)                                                  (i)  

Fig 5. 20 Simulated and measured results of the proposed tunable power divider with (1) Bandwidth tunability of (a) 

|S11|, |S21| and |S31|; (b) |S22| and |S32|, and (c) |S21| from 0 to 6 GHz, and in-band differential phase; (2) centre frequency 

tunability of (d) |S11|, |S21| and |S31|; (e) |S22| and |S32|, and (f) |S21| from 0 to 6 GHz, and in-band differential phase;  and 

(3) cut-off edge tunability of (g) |S11|, |S21| and |S31|; (h) |S22| and |S32|, and (i) |S21| from 0 to 6 GHz, and in-band 

differential phase. 

 

On the other hand, for the tunability of filtering response, the voltages of V3 and V4 are tuned while 

V1 and V2 are set as 8V in all cases. Fig 5.20 shows all the investigated cases of the design 

revealing that the proposed design has the tunability of bandwidth, centre frequency, and cut-off 

edge. In Figs 5.20 (a), (b) and (c), the bandwidth of the filtering response is varied from 35% (1.25 

GHz to 1.78 GHz) to 63.2% (1.05 GHz-2.02 GHz), compared with the simulated band from 48% 

(1.22 GHz to 2.0 GHz) 70.6% (0.98 GHz-2.05 GHz). Figs 5.20 (d), (e) and (f) illustrate the shifting 

feature of passband. The measured centre operating frequency is shifted from 1.3 GHz to 1.48 GHz, 

with fixed 60% fractional bandwidth, compared with the simulated shifting range from 1.28 GHz to 

1.45 GHz. Figs 5.20 (g), (h) and (i) depict the tunability of the cut-off edge, since the cut-off 
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selectivity of filtering passband are very critical. The lower-edge transmission zero can be tuned 

from 0.8 GHz to 1.08 GHz, without affecting the upper-edge zero. Similarly, the upper-edge zero 

can also be controlled without affecting the lower-edge of the passband. The measured in-band 

insertion loss for all cases is from 4.2 dB to 4.8 dB, compared with the simulation values (3.5 dB to 

3.8 dB). Moreover, multiple transmission zeros are located in the upper-stopband, and thus wide 

stopband frequency range (from upper-edge of the passband up to 6 GHz) of more than 10 dB 

harmonic rejection can be observed. Besides, as seen from Figs 5.20 (b), (e) and (h), excellent 

matching (more than 12 dB) at Port 2 and Port 3 as well as perfect wideband isolation (more than 

14 dB) are observed in all investigated cases. Lastly, the differential phase between the two output 

ports is maintained to be less than ±4.5˚ within specific filtering band ranges in all of the 

investigated cases. This verifies that the differential phase is not affected when the filtering 

response is tuned. This feature ensures the linearity of the proposed device. 

The experimental performance is slightly different from the simulated one due to the nonlinearity of 

the tuning elements, as well as some losses in the fabrication process and the testing environment. 

Better results can be obtained if other kinds of varactors with smaller resistance and wider 

achievable capacitance range are used. It is worthy to note that although several works have 

previously been reported on tunable power dividers with filtering responses, it is the first time to 

present a filtering power divider with controllable operating band and centre frequency. Compared 

with other recently presented works, the proposed design has obtained the tunability of power 

division ratio, bandwidth, centre frequency, relocation of cut-off, and harmonic suppression. 

Moreover, compared with the cascading of tunable wideband filtering response with a power 

divider, the proposed design has much smaller insertion loss and reduced circuit size, which is 

favourable in miniaturized microwave systems. 
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Fig 5. 21 Schematic diagrams of the proposed four-way filtering power divider. 
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Fig 5. 22 (a) Even- and (b) odd-mode equivalent circuit of the filtering PD; (c) even- and (d) odd-mode circuit of the 

looped coupled-line structure. 

 

5.6 Design of Wideband Four-way Filtering Power Divider 

In the last few sections, tunable power division ratios and filtering responses were realised. In some 

cases, it is demanded to have multiple output ports for power dividers for feeding antenna arrays 

with multiple elements. Therefore, the target of this section is to introduce a four-way wideband 

filtering power divider (FPD) with wide bandwidth, sharp passband skirt selectivity and wide 

upper-stopband rejection with high attenuation. The power division into four output ports with 

wideband performance is realised using two looped coupled-line structures. Moreover, short-ended 

coupled-line stubs are loaded on the input of the looped coupled lines to introduce multiple 

transmission zeros for stopband rejection. The structure is analysed using even- and odd-mode 

methods. A detailed design procedure is introduced, followed by verification of the design using 

both simulation and experiment. 

5.6.1 Configuration and Analysis 

Fig 5.21 gives the basic configuration of the proposed four-way FPD. It is composed of two short- 

ended coupled-lines stubs (   ,    ,   ), two looped coupled-line structures (   ,    ,   ), and two 

connecting lines (  ,   ). An isolation resistor R1 is loaded between the two connecting lines, 

whereas another two resistors R2 connect the open-ends of the looped coupled-line sections. The 

short-ended coupled-line stubs (shown in dotted boxes) work as multi-mode resonators and 

generates multiple transmission poles as well as transmission zeros. The looped coupled-line 

sections (shown in dashed boxes) are utilized to divide the power to four output ports with the 

required matching and isolation.  
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Since the proposed structure is fully symmetric, it can be synthesized by using even-/odd-mode 

analysis method. Figs 5.22 (a) and (b) depict the even-mode and odd-mode equivalent circuits. 

When the even-mode excitation is applied, the termination at port two is characterized as    , and 

the corresponding input impedance of       ,       and        can be expressed as 

         

            

            
                                                                          

      
 

 
 
         

           
       

                   
                                        

       
           

            
                                                                                    

Similarly, when the odd-mode excitation is applied, the corresponding input impedance of        

and        can be expressed as 

                                                                                              

       
             

                            
                                                     

To achieve perfect matching at Port 1 and isolation between Port 2 (or Port 3) and Port 4 (or Port 5), 

the following relation should be satisfied: 

                                                                                             

Then, the value of    can be found from Equations (5.30) and (5.32) in (5.33) 

   
             

             
                                                                           

To prevent producing harmonics, the electrical lengths of the connecting lines of the coupled-lines 

are fixed as quarter-wavelength at the centre frequency, which is 1.5 GHz in this design. Combining 

Equations (5.28) to (5.34), it can be found that       equals to infinite,       √ , and       at 

the centre frequency, regardless of the values of     and    .  

To achieve perfect matching at all output ports and high isolation between Port 2 and Port 3 (or Port 

4 and Port 5), a second-order even- and odd-mode analysis is applied on all the looped coupled-line 
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sections, as shown in Figs 5.22 (c) and (d). Then the input impedance of the output terminations 

under even- and odd-mode excitations can be characterized and equated to   : 

       
            

            
                                                                  

       
        

        
                                                                       

Here,   ,   ,    and    are the elements of ABCD-matrix for the two-port network I shown in Fig 

5.23 (c), and   ,   ,    and    are the elements of ABCD-matrix for the two-port network II shown 

in Fig 5.22 (d). Then, the value of    is found to be 

   
          

       
                                                                         

It is found from equation (5.37) that        is required for output matching regardless of the 

values of     and    .  

5.6.2 Transmission Zeros and Matching Properties 

Once the matching and isolation requirements of the power divider are satisfied, the filtering 

response can be characterized by determining the positions of transmission zeros (TZs) and 

transmission poles (TPs), which are produced by the loaded short-ended coupled-line stubs. By 

Equating (5.36) to zero, the positions of four TZs (ftz1, ftz2, ftz3 and ftz4) can be found at: 

           
       

       
               

                                               

                                           

      

(a)                                                                        (b) 

Fig 5. 23 (a) Variations of transmission poles (TPs) and zeros (TZs) with Zes and Zos; (b) S-parameters with and 

without short-ended coupled-line stubs. 
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The positions of TPs (ftp1 and ftp2) defined by the short-ended coupled-lines stubs and connecting 

lines can be found at: 

           √
       

                     
        

             √
       

                     

                                           

The locations of two TZs (ftz1 and ftz2) and TPs (ftp1 and ftp2) as a function of the characteristic 

impedance of     and     are shown in Fig 5.23 (a) using Equations (5.38) and (5.39). As a design 

example, ftp1 and ftp2 are selected at 1.0 GHz, 2.0 GHz, 1.03 GHz, and 1.97 GHz, respectively, to 

obtain around 60% bandwidth, and therefore     and     are selected as 108 Ω and 35 Ω. To 

provide a sufficient coupling at all output ports, the coupling coefficient of the looed-coupled 

structure is selected as 0.75 (          and           ). Fig 5.23 (b) depicts the S-parameters 

of the proposed filtering divider (with and without the loaded short-ended coupled-line stubs) as 

well as the S-parameters of the bandpass filter prototype composed of coupled-line and a shunted 

short-ended coupled-lines stub. It is observed that compared with the case without loaded short-

ended coupled-line stubs, multiple TZs appear at the upper-stopband resulting in sharp selectivity of 

the passband and wide upper-stopband rejection. 

     

              (a)                                                                  (b) 

Fig 5. 24 (a) Layout of the fabricated filtering PD; (b) Photograph. 
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    (a)                                                                                  (b) 

 

       (c) 

       

(d)                                                                      (e) 

Fig 5. 25 Simulated and measured S-parameters of the proposed FPD: (a) insertion loss and input port return loss; (b) 

output ports return loss; (c) isolation; (d) magnitude imbalance, and (e) phase difference between all output ports. 
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5.6.3 Results and Discussions 

To validate the proposed method, an example design with about 60% target fractional bandwidth 

centred at 1.5 GHz is simulated, fabricated and tested. The layout of the device is shown in Fig 5.25 

(a). The initial electrical parameters used are derived from the analysis above, which are:    

          ,        ,          ,         ,          ,           ,        , 

and         . Grounded slots on the ground layer shown in Fig 5.24 are used to realise the 

required mode impedances without using narrow gaps or thin lines in the coupled-line structure. 

The full-wave simulator HFSS v.14 is used to verify the theoretical results. The substrate used in 

the design is Rogers RT6010 (dielectric = 10.2, h = 1.27 mm). The theoretical parameters are 

optimized using HFSS and the final design dimensions (in mm) are:   =14.5,   =7.1,   =10,   =10, 

  =9.2,    =9.2,   =10.9,   =11.3,   =2.0,   =2.4,   =2.2,   =0.2,   =0.2,   =0.2,   =0.2, 

       , and         . 

A photograph of the fabricated prototype is given in Fig 5.24 (b). Figs 5.25 (a) - (c) show the 

simulated and measured S-parameters of the fabricated FPD. From Fig 5.25 (a), one can observe 

that the measured reflection coefficient at the input port is less than -10 dB across the band from 

1.08 to 1.93 GHz, whereas the transmission coefficients for all the output ports (|S21|, |S31|, |S41|, and 

|S51|) are larger than -6.4 dB in the simulations and -6.8 dB in the measurements (the ideal value for 

four-way power divider should be -6 dB) across the same band range, indicating that a fractional 

bandwidth of 56.5% is achieved. Due to multiple transmission zeros, sharp skirt selectivity and 

more than 15 dB upper-stopband rejection up to 4.15 GHz are achieved. From Figs 5.25 (b) and (c), 

it is seen that the reflection coefficients at all output ports are less than -15 dB and the isolation 

between any two output ports is larger than 13 dB, demonstrating that excellent output matching 

and isolation are satisfied. The measured amplitude and phase imbalance of all the output ports are 

less than 0.3 dB and 4˚ respectively, as shown in Figs 5.25 (e) and (f). Some slight differences 

between the simulation and measurement are due to errors in the fabrication process.  

 

5.7 Summary 

In this chapter, a new concept of tunable power divider which can tune the output power division 

has been presented. The function is based on a kind of varactor-loaded three-line coupled structure. 

When the loaded capacitance is varied, the power distribution on the sidelines can be easily changed. 

Therefore, when two sidelines are connected with output terminations, tunable power division ratio 

can be realised. Moreover, the proposed tunable power dividers have wide operating bandwidth, 
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and the tunable power division ratio is constant across the same bandwidth, due to the frequency-

independent characteristics of the three-line coupled structure. 

To satisfy the design objectives of circuit miniaturization and multi-functionality, filtering 

responses have been integrated in the proposed tunable power dividers. As a result, two designs of 

tunable power divider with integrated filtering response have been proposed. One design have fixed 

filtering characteristics with around more than 60% bandwidth and multiple transmission zeros. The 

other design has the tunability of the power division ratio and controllability of the filtering band, 

which is realised by varactor-loaded shunted stubs. The testing results have demonstrated that the 

presented design has the tunability of power division ratio from 0.5:1 to 2:1, controllable filtering 

bandwidth from 48% to 71%, tunable centre frequency from 1.3 GHz to 1.48 GHz, sharp cut-off 

with transmission zeros, and upper-stopband harmonic suppressions up to more than 6 GHz. 

Besides, to feed a four-element antenna array with filtering response, a four-way filtering power 

divider with high selectivity and upper-stopband rejection has been reported. The proposed design 

uses two short-ended coupled-line stubs and two looped coupled-line structures. To verify the 

theory and design procedure, a filtering power divider prototype has been fabricated and tested. The 

tested results indicate that 56.5% bandwidth filtering response centred at 1.5 GHz with sharp 

passband selectivity and wide upper-stopband rejection has been achieved. Compared with other 

existing designs, the proposed design is the most compact one with the widest bandwidth, sharpest 

skirt selectivity and greatest upper-stopband suppression with excellent output matching and 

isolation, indicating that it has great potential to be used in wireless microwave communication 

systems. 
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Chapter 6 Development of Multi-port Tunable 

Microwave Devices 

6.1 Introduction 

The last two chapters have introduced the importance of tunable microwave devices in RF front-

ends, and presented a few of novel ideas and designs of tunable filters, tunable power dividers and 

filtering power dividers [137]. In addition to power dividers, there are other kinds of multi-port 

microwave devices which are also critical and commonly used for constructing microwave systems, 

such as directional couplers, hybrids, baluns, and crossovers. It is also extremely demanded to have 

tunable characteristics and multi-functionality within one component. Tunable power dividers with 

tunable power division ratio have been investigated in the last chapter. For other multi-port devices 

like couplers and baluns, it is also favourable to have tunable power division at output terminations. 

Therefore, a new design of tunable balun and tunable quadrature coupler will be presented in this 

chapter. 

Power

divider

Phase shifter

Ref. line

Phase-tuned

power divider

 

(a) 

Directional

coupler

Phase shifter

Ref. line

Phase-tuned

directional

coupler

 

(b) 

Fig 6. 1 Concept of the proposed structures: (a) phase-tuned power divider; (b) phased-tuned directional coupler. 

 

On the other hand, in some cases, the differential phase is more concerned about than the amplitude. 

Under such circumstances, it is desired to achieve variable or arbitrary differential phase rather than 

the fixed one. For example, multi-port microwave devices are usually connected with phase shifters 

in many cases especially for development of feeding network of phased arrays. In this case, to 

introduce a differential phase between two elements, a phase shifter and a reference line are 

required to be connected with the output of a power divider using traditional method. This kind of 

configuration will definitely result in bulky size and large loss. To overcome these shortcomings, a 

kind of phase-tuned power divider is presented here, which is able to have controlled output phase 

at two output ports. In this case, the functions of power dividing and phase shifting can be 
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integrated into one component as indicated in Fig 6.1 (a). Similarly, a certain differential phase is 

also wanted between two output ports of directional couplers. In traditional configurations, the 

through port and coupling port are required to connect with a phase shifter and a reference line. In 

this chapter, a new kind of directional coupler with tunable differential phase will be presented. As 

shown in Fig 6.1 (b), this design is able to have the functionality of a directional coupler and phase 

shifters. Thorough theoretical analysis will be given, followed by full-wave simulation and 

experimental verifications. 
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Fig 6. 2 Configuration of the proposed tunable balun. 

 

6.2 Design of Wideband Marchand Balun with Tunable Power 

Division Ratio 

Baluns are crucial passive microwave components which is able to transform balanced signals to 

the unbalanced ones. Therefore, baluns are widely used as antennas‟ feeders to avoid pattern 

degradation due to unbalanced signals from the feedline. In wireless communication systems, 

broadband baluns are used to feed dual-polarized antennas for better isolation and cross-polarization 

suppression. The most well-known and widely used design is Marchand balun due to its simplicity 

and wide bandwidth performance.  

In many antenna systems, especially dipole-based or dual-polarized antennas, different feeding 

power levels with constant phase difference of 180˚ are required to control the direction of the 

radiation pattern.  In such cases, tunable baluns with tunable power division and constant 

differential phase at 180˚ are necessary. In this case, a tunable balun based on a modified Marchand 

balun is proposed in this paper, for the first time, to realise the function of continuous tunability of 

power division at two output ports with constant differential phase across a wide band. 

6.2.1 Configuration and Analysis 

Fig 6.2 shows the configuration of the proposed tunable balun. It is based on the traditional 

Marchand balun, in which two coupled-line sections that are short-ended on one side and open-
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ended on the other side are used. The even- and odd-mode impedances and electrical length of each 

coupled-line section are Zoe, Zoo and θo, respectively. The electrical length θo is quarter-wavelength 

at the centre frequency fo, which is chosen here as 2 GHz. Different from the varactor-loaded three-

line coupled structure [136], a centrally loaded structure is used to get tunable output signals: a 

varactor with capacitance of Cv and a series resistor Rs are loaded at the central point of the two 

coupled-line sections. The coupled-line sections that are enclosed by dashed line in Fig 6.2 can be 

considered as two four-port backward couplers with one terminal short-ended and the other one 

open-ended, while the rest two terminals are connected together.  

To determine the parameters of coupled-line sections, we initially assume the structure without the 

shunt loading of the series varactor and resistor, and odd-even mode analysis of the balun can be 

used to find the transmission (S21 and S31) and reflection (S11) coefficients of the balun [139]:    

             √                                                     ⁄     

                 ⁄                                                                   

where K is the coupling factor K, which is expressed as  

                    ⁄                                                                                    

The even- and odd-mode impedances Zoe, Zoo are related to the characteristic impedance Zo (50 Ω) 

as follows 

           
                                                                                

Fig 6.3 shows the calculated transmission coefficients of the circuit for different values of K using 

Equations (6.1) – (6.4). To achieve more than 80% fractional bandwidth with regard to both the 

transmission and reflection coefficients, K is selected to be 0.67. Hence, based on this fact and using 

(6.3) and (6.4), the mode impedances of the coupled sections should be Zoe = 112.4 Ω, and Zoo = 

22.2 Ω in this design.  

After Zoe and Zoo are determined, a shunt load composed of a series combination of a varactor with 

capacitance Cv and a resistor Rs is then attached between the centre point of the two coupled-line 

sections and ground, as depicted in Fig 6.2. Following the procedure explained in [140], it is 

possible to prove that the power division ratio (PDR) between two output ports has the following 

relation with design parameters:   

          
   

   
 [      

   
     

 ⁄      
 ]⁄                                     
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Meanwhile, the differential phase of two output ports    can be expressed using the same 

procedure as 

                    ⁄    ⁄                                                  

It is clear from (6.5) that the cases Cv = 0 and Rs → ∞ result in PDR = 1, which is the equal power 

division achieved using the traditional design. Other values for Cv and Rs can be used to realise 

different PDR. However, it is to be noted from Equation (6.5) that the tuning element Cv is 

multiplied by the radian frequency, and thus the PDR might not be stable across a wide band 

especially if a wide PDR tuning range is required. Therefore, Cv and Rs need to be selected properly 

for a stable PDR with wide tuning range values across wide frequency bandwidth. 

 

Fig 6. 3 S-parameters for different values of the coupling factor K. 

 

 

Fig 6. 4 Power division ratio for the indicated values of Cv and following values of Rs: 10 Ω (dashed lines); 20 Ω (solid 

lines); 30 Ω (dotted lines). 

 

Based on (6.5) with K = 0.67, the variation of PDR for different values of Cv and Rs are shown in 

Fig 6.4. When Rs equals 10 Ω, 20 Ω, or 30 Ω and Cv is changed across the reasonable values from 

0.2 to 15 pF, the maximum range for the achievable PDR at the centre frequency fo are 10:1, 5:1 and 
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3.3:1, respectively. While using small values for Rs enables realizing wide tunable range for the 

PDR (in this case PDR = 10.5 when Rs = 10 Ω), the covered frequency band is limited, as depicted 

in Fig 6.4. On the other hand, using large values for Rs allows tuning the PDR across a limited range 

(maximum PDR is only 3.3 when Rs = 30 Ω) even if large range of values for Cv is used, but the 

fractional operating bandwidth can be up to 100%. Thus a compromise is needed between the 

desired tuning range of PDR and operating frequency band when selecting the loaded elements.  

The introduction of the series resistance Rs results in some power loss. To explore that effect, Fig 

6.5 (a) shows the relation between value of Rs (10 Ω and 20 Ω) and additional loss compared with 

zero power loss cases, including no series resistance and equal power division cases. The maximum 

loss in total within the band 1.2-2.8 GHz is 0.75 dB.   

      

(a)                                                                                  (b) 

Fig 6. 5 (a) Power consumption by Rs for different power division ratios, and (b) phase difference with different 

bandwidths and power ratios. 

 

       

(a)                                                      (b)                                                  (c) 

        

(d)                                          (e) 

Fig 6. 6 Layout of the proposed balun: (a) top layer; (b) middle layer; (c) bottom layer; photograph of the fabricated 

prototype: (d) top layer; (e) bottom layer. 
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For all the investigated cases,    can be verified using Equation (6.6), which is almost stable at 

180˚ and has a second term with small value. Fig 6.5 (b) depicts the phase difference between the 

two output ports. It can be seen that the phase imbalance is only ±5˚ for 35% fractional bandwidth 

(BW 1 in Fig 6.5[b]), whereas it is ±7˚ and ±9˚ for 60% and 80% bandwidth (BW 2 and BW 3 in 

Fig 6.5 [b]).  

      

(a)                                                                                   (b) 

 

(c) 

Fig 6. 7 Experimental and simulated performance of the proposed tunable balun: (a) |S21| and |S31|; (b) |S11|; and (c) 

differential phase 

 

6.2.2 Design and Results 

To verify the proposed design approach, an electromagnetic (EM) model is built in the full-wave 

electromagnetic simulator HFSS and co-simulated in ADS using SPICE model of varactors. To 

achieve the required tight coupling (K = 0.67) for the balun across a wide band, a multilayer 

structure is utilized. The input port is located at the top layer, which is coupled to the two output 

ports at the bottom layer via a slot on the middle layer. Figs 6.6 (a)-(c) show the layout of the three 

layers of the proposed tunable balun. Substrate with dielectric constant of 3 and thickness of 0.76 

mm is used here. The initial dimensions are found based on the aforementioned design parameter 

values (K = 0.67, Rs = 20) using the method presented in [141]. The utilized varactor in the design is 

the hyper abrupt junction SMV2202 with capacitance tuning range from 0.3 to 3.2 pF and parasitic 
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resistor of 3 Ω. The biasing circuit for the varactor diode is realised using an inductor Lbias of 1 μH 

and DC block capacitor Cblock of 100 pF. After optimizations in HFSS, the final dimensions (in mm) 

are determined as follows: L1 = L2 = Ls = 21.5, L3 = 12.8, L4 = 10.2, W1 = 5.4, W2 = W3 = 1.9, W4 = 

2.3, W5 = 1.9, W6 = 5.4, and Ws = 10.2. The optimized value for the series resistor Rs is found to be 

22 Ω, which is used in the form of a chip resistor.   

A prototype, which is shown in Figs 6.6 (d) and (e), is fabricated and tested. The simulated and 

measured results are displayed in Fig 6.7 for the output power division tunability, input port 

matching and output ports phase variation. When the biasing voltage Vc is decreased from 20 V to 0, 

the measured S21 are -3.6 dB, -3.4 dB, -3.1 dB and -2.6 dB, compared with the simulated ones of -

3.5 dB, -3.3 dB, -2.9 dB and -2.3 dB. Correspondingly, the measured S31 are -3.5 dB, -4.7 dB, -5.8 

dB, and -7.2 dB. Thus, the achieved power division ratios are1:1, 1.4:1, 2:1, and 3.5:1, respectively. 

Under such PDRs, the measured amplitude imbalances are 0.6 dB, 0.4 dB, 0.3 dB, and 0.8 dB, 

respectively. More than 10 dB input port return loss is achieved in all the cases across the band 

from 1.2 GHz to 2.8 GHz. The differential phase of the output ports is nearly constant with a 

deviation of 7˚ within 60% bandwidth, and about 9˚ within 80% bandwidth, as shown in Fig 6.7 (c). 

The proposed design can work across wide band of 80%, with PDR up to 3.5:1 (or 5.5 dB) and 

relatively stable 180˚ differential phase between two output ports.  

In using the proposed device within systems, it is important to verify the packaging and temperature 

effect issues. To that end, the device is simulated in HFSS and ADS by including the metallic 

enclosure, which is the cavity needed to suspend the multilayer structure of the device, and the 

temperature coefficient of the varactors. It was found that for a temperature range of -55 C˚ to 125 

C˚ and cavity clearance of 1.5 cm or more, the performance is quite stable with only less than 5% 

variations in the power division ratio. 

Since the literature doesn‟t include any paper on baluns with tunable power ratio, the comparison is 

performed with tunable couplers, power dividers and phase-tuned baluns. The proposed design can 

work across much wider band of 80%, with PDR of 5.5 dB and 180˚ ± 9˚ differential phase. For low 

phase imbalance applications, the device can still achieve wider band and better return loss with 

larger power ratio range compared with recent works. 
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6.3 Design of Tunable Quadrature Coupler with Wide Range of 

Controlled Coupling Coefficient 

Couplers are common devices that are widely used in various microwave systems, such as mixers, 

phase shifters, balanced power amplifiers, feeding networks for antennas, and soft-defined radars to 

name a few. Tunable couplers have the capability to realise multiple functions or working states 

using one single device. One of the main tunable aspects of couplers is the operational band. By 

loading varactor diodes on branch-line structure, the narrow operating band of a 3-dB coupler can 

be shifted [142]-[145]. In [146], a tunable directional coupler was implemented in CMOS to 

achieve a wide operating frequency tuning range from 2 to 6 GHz. In many cases, such as 

measurement systems or antenna array feeding networks, tunable coupling coefficient is much more 

favourable. In [147], a lumped-element-based directional coupler was integrated onto a MMIC to 

get electronic control over the coupling coefficient from 1.4 to 7.1 dB. Broadside coupled-line 

sections were connected with varactors in [148] without degrading the directivity, achieving tunable 

coupling range from 3 dB to 11 dB. Based on the aforementioned review, it is clear that there is still 

a great demand for tunable couplers with wide range of coupling factor tunability across a wide 

band. 

In this section, a tunable quadrature coupler aiming at full tuning range of coupling coefficient is 

presented. The structure is based on two sets of coupled-line sections loaded with varactors. The 

analysis of the structure is given to enable selecting the circuit design parameters. The design is 

validated via full-wave electromagnetic simulations and experiments.    
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Fig 6. 8 Configuration of the proposed tunable quadrature coupler. 
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(a)                                  (b)                                           (c)                                (d)  

Fig 6. 9 Equivalent circuit of the proposed structure using even-/odd –mode analysis: (a) even-even mode; (b) even-odd 

mode; (c) odd-even mode; (d) odd-odd mode. 

  

6.3.1 Proposed Structure and Analysis 

The objective of this work is to build a quadrature coupler with a tunable coupling coefficient k as 

well as stable quadrature differential phase between the two output ports.  Fig 6.8 shows the 

configuration of the proposed device. It is composed of two pairs of coupled-line sections, indicated 

as section 1 in dashed blocks (Ze1, Zo1, θ1) and section 2 in dotted blocks (Ze2, Zo2, θ2). Section 1 

includes the four ports of the device, whereas section 2 is used to load section 1 at the connection 

point of the two parts of that section. The even- and odd-mode electrical lengths of all of the 

coupled-line sections are assumed to be equal. Two sets of varactors (C1 and C2) are used to load 

section 1 at the connection point of its two parts and section 2 at its two open ends, respectively. By 

controlling the capacitances of C1 and C2, the coupling factor can be tuned.  

Due to the symmetry along the plane OO‟ and PP‟, the proposed structure can be analysed using 

twofold even- and odd-mode analysis. By applying electrical wall (E-wall) or magnetic wall (H-

wall) on plane OO‟ and PP‟, four different combinations appear as even-even (ee), even-odd (eo), 

odd-even (oe), and odd-odd (oo) mode conditions. Fig 6.9 shows the equivalent circuits under ee-, 

eo-, oe-, and oo-mode excitations. For the ee-mode, the input impedance        can be expressed as 

          

                   

                      
                                          

For the eo-mode, the input impedance        can be expressed as 

          

   
           

        
      

                                                           

where 

   
  

 
     

          

      
 

     
      

                                                            

For the oe-mode, the input impedance        is written as 
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where 

   
  

 
     

             

 
     

             
                                                        

Similarly, for the oo-mode, the input impedance        is  

          

   
           

        
      

                                                          

where 

   
  

 
     

    
  

 
     

    
  

 

 
     

    
 

 
     

    
 

                                                 

   
      

                                                                          

    To calculate the S-parameters of the structure, the following equations [150] are adopted: 

    
               

 
                                                        

    
               

 
                                                        

    
               

 
                                                       

    
               

 
                                                       

Here,    ,    ,    , and     are the corresponding reflection coefficients under the four modes, 

which have the following relations with the one-port input impedances:  

    
         

         
                                                                  

    
         

         
                                                                 

    
         

         
                                                                 

    
         

         
                                                                 

For a quadrature coupler, ideal matching and isolation are required so that the following equation 

should be satisfied: 

                                                                               

Combing (6.23) with (6.15)-(6.22), it is possible to find that 
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To investigate the relations between    ,    ,     and    , the electrical lengths and capacitances 

can be prescribed with specific values.  Assuming C1 is open-circuited (to emulate no varactor), C2 

is short-circuited (to emulate short-ended coupled lines) and           at the centre frequency 

fo, equation (6.23) is satisfied, if the following equations are met: 

    
    

    
  

  
 

                                                                      

  
   

   
 

   
    

 

  
 

                                                                     

    
       

      
  

                                                                       

Based on the relations between    ,    ,     and     listed in (6.25)-(6.27), Fig 6.10 is plotted to 

help finding the mentioned design parameters. On the other hand, to investigate the coupling 

coefficient k (defined as             ⁄ ) between the coupling port and the through port, the 

following equations can be derived from (6.24) 

               
                                                                             

               
                                                                            

Combining (6.23) and (6.28)-(6.29), one can find that the coupling coefficient k and one-port mode-

impedance have following relations: 
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(a)                                                                                        (b) 

Fig 6. 10 (a) Ze2 against Zo1 and impedance ratio R with different Ze1; (b) Zo1 against Ze1 with different values of Ze2. 

 

It is found that when the electrical lengths of all of the coupled-line sections are selected as 45˚ at fo, 

the coupling coefficient k can be varied from 0 to infinite by changing C1 and C2. In this design 

electrical lengths of all coupled-line sections are set as 45 ˚ at fo. Therefore, C1 and C2 can be 

expressed in terms of the characteristic impedances of all coupled-line sections and k. In this case, 

the expressions of        and        can be modified as 

           

       

       
                                                                          

           

                   

                   
                                             

       
   

            

           
                                                                      

Substituting Equations (28)-(30) into (26), one can find that the expression of C1 can be given as: 

    
   

   
 
   

   
    

 

      
                                                       

where 

  
    

                         

                                
                                         

Similarly, the input impedance of        and        can be rewritten with           as 
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where 

                                                                                          

Substituting (33)-(35) into (27), one can solve for C2 as 

   
           (   

       )                           

                (    
       )                                

 
 

      
                   

From (6.37) and (6.42), one can find C1 and C2 after fo and k are selected with the given design 

parameters of the coupled-line sections from Fig 6.10.   

6.3.2 Calculated S-parameters 

Based on the analysis above, the S-parameters for different coupling coefficients can be found with 

selected C1 and C2. The centre frequency fo is fixed at 1 GHz in this design. Figs 6.11 (a)-(e) show 

the amplitude and phase responses of all the investigated cases. Fig 6.11 (a) shows the coupling 

power at Port 3, where seven different coupling coefficients are plotted. The coupling coefficient 

moves gradually from 3 dB to 20 dB. Since the analysis is done on a narrow-band basis, some 

deviations appear when the operating frequency extends away from the centre frequency. The 

previous analysis guarantees achieving ideal performance at the centre frequency fo. Outside that 

frequency, |S21| and |S31| show some deviations from the ideal values. When the coupling coefficient 

varies from -6 dB to -20 dB, the deviation is ±1 dB, which is still acceptable, for both of |S21| and 

|S31| across 20% fractional bandwidth. However, when the coupling coefficient is 3 dB, the 

simulated fractional bandwidth is reduced to 14% for ±1 dB deviation.  

 

For the matching and isolation issues, quasi-perfect matching and isolation can be observed from 

Figs 6.11 (c) and (d). The return loss is larger than 12 dB while the isolation is larger than 15 dB 

across a relatively wide bandwidth (from 0.9 GHz to 1.1 GHz, bandwidth = 20%). For a quadrature 

coupler, the differential phase is quite important. As shown in Fig 6.11 (e), within the operating 

band range from 0.9 GHz to 1.1 GHz, the differential phase is between 85˚ to 97˚ (phase deviation 

= ±7˚), which is satisfactory for the wide tunable coupling coefficient and wideband usage. It is 

noted that the phase deviation increases when the coupling coefficient decreases at the upper and 

lower edges of the band. 
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In some cases, no coupled signal is required at Port 3 leading to an all-through state. Under such 

circumstance, all the power goes to Port 2, and thus the power division ratio is 1:0. The S-

parameters for this case are shown in Fig 6.11 (f). A transmission zero with 70 dB attenuation 

appears at Port 3 at fo, which can be assumed that no signal is coupled at this port. Meanwhile, 

perfect matching and isolation are remained at Port 1 and Port 4.  

     

(a)                                                                    (b)                                                    

 

(c)                                                                    (d)                                                      

   

 (e)                                                                      (f) 

Fig 6. 11 Calculated S-parameters with different coupling coefficient (k): (a) |S31|; and (b) |S21|; (c) |S11|; and (d) |S41|; (e) 

differential phase; (f) non-coupling state. 
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To make the design approach more practical and useful, a general design procedure is given below. 

Select the electrical lengths of each coupled-line section as 45˚ at fo; appropriate values of 

characteristic impedance of    ,    ,     and     can be found from Fig 6.10; For any k, use (6.37) 

and (6.42) to find C1 and C2;  Use (6.15) to (6.18) to depict the S-parameters of the proposed 

coupler with certain coupling coefficient k; Build the electromagnetic model in full-wave simulator 

with biasing circuit, simulate the structure with tuning elements, and then optimize the whole 

structure. Finally, experimental test is required, which is discussed in the following section. 

   

Fig 6. 12 Layout and photograph of the proposed device. 

 

6.3.3 Experimental Results and Discussions 

To verify the proposed design, full-wave simulation is used with SPICE model of varactors in 

Agilent‟s Advanced Design System (ADS). Fig 6.12 shows the layout and biasing circuit. Two 

pairs of varactors Cv1 and Cv2, which are connected between the centreline and each sideline, are 

realised by Skyworks SMV2019-219 (capacitance range from 0.16 pF to 2.25 pF, with parasitic 

resistance of 4.8 Ω) and SMV1702-011LF (capacitance range from 12.58 pF to 103.3 pF, with 

parasitic resistance of 0.5 Ω), respectively. The controlling voltages of Cv1 and Cv2 are V1 and V2. 

The RF chokes and DC block capacitors for biasing are chosen as 10 μH and 100 pF. In this design 

as an example, the characteristic impedance of coupled-line sections are selected as         , 

   =    ,          , and           . Accordingly, the optimized dimensions of the structure 

are listed as: l1=13.6, l2=12, w1=0.2, w2=0.2, w3=1.18, s1=0.95 and s2=0.3. The overall size of the 

proposed design is 0.24λg × 0.2λg (λg is the guided-wavelength at the centre frequency 1 GHz).  
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   (a)                                                                                    (b) 

 

  (c)                                                                                      (d) 

 

(e) 

Fig 6. 13 Simulated and measured results of the fabricated prototype: (a) |S31|; and (b) |S21|; (c) |S11|; and (d) |S41|; (e) 

Differential phase. 

 

A prototype of the proposed tunable coupler is built and tested for verification. Fig 6.13 (a) shows 

the accomplished coupling signals at Port 3 from simulation and measurement. It can be seen that 

the coupling coefficient of the coupler can be varied from 3 dB to 6 dB, 10 dB, 20 dB, and 0, which 

is non-coupling state. The responses are quite stable with small deviation (smaller than 1.5 dB) 
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across a wide band range from 0.9 GHz to 1.1 GHz. Correspondingly, the signals at the through 

port are shown in Fig 6.13 (b). The measured through signals at 1 GHz are around 1.2 dB, 1.5 dB, 

2.4 dB, 3 dB, and 4.4 dB, compared with the simulated ones of 0.2 dB, 0.3 dB, 1.2 dB, 2 dB and 3.2 

dB, across the same band range. At 3-dB coupling, the measured deviation is larger than other 

coupling coefficients, and thus the band in this specific case is reduced to 16% (0.9 GHz to 1.06 

GHz). 

Figs 6.13 (c) and (d) depict the return loss at any port (due to the fully symmetrical property, only 

Port 1 is shown here) and isolation between the input port and isolated one. The measured return 

loss is larger than 10 dB across the band range from 0.9 GHz to 1.1 GHz. The reflection poles in the 

measurement shift slightly to lower frequencies compared with the simulated ones, which might be 

caused by some errors in fabrication. From Fig 6.13(d) one can find that perfect isolation between 

Port 1 and Port 4 existing regardless of the coupling coefficient. The measured isolation is always 

larger than 15 dB in the band from 0.9 GHz to 1.1 GHz.  

The phase performance is displayed in Fig 6.13 (e) for different coupling coefficients.  The overall 

differential phase varies between from 82° and 98° (±8°) in the measurements and from 81° to 97° 

in the simulations. Considering that the proposed design operates at 20% bandwidth, the overall 

phase difference is acceptable. It is to be noted that for the non-coupling state, the differential phase 

is not applicable and thus not given here. The experimental performance is slightly different from 

the simulated one due to the nonlinearity of the tuning elements, errors in the fabrication process 

and losses in the testing environment. 

Port 1

Port 2

Port 322,Z
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Fig 6. 14 Configuration of the proposed reconfigurable power divider. 

 

6.4 Design of Power Divider with Reconfigurable Phase 

Last chapter and previous sections of this chapter have introduced several novel ideas on tunable 

power division ratio in development of multi-port devices such as power dividers, couplers and 
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balun [149]. However, in some cases, it is more demanded to have reconfigurable differential phase 

between two output signals. The thorough review of the literature indicates that although the in-

phase and out-of-phase PDs were heavily investigated as individual devices, the combination of 

these two types of PDs in a single structure has never been researched. In this chapter, a 

reconfigurable power divider which can be reconfigured to be either an in-phase or out-of-phase is 

proposed. The theory, simulations and measurements will be presented, indicating that two states 

can be achieved from the proposed design with in-phase and out-of-phase reconfiguration. 

6.4.1 Configuration and Theoretical Analysis 

Fig 6.14 illustrates the configuration of the proposed reconfigurable power divider. The structure 

includes two variable-length TLs, with variable electrical length    and    and fixed characteristic 

impedance    and   , one fixed transmission line with length    and impedance   , and one 

isolation resistor  . The port impedances of the device are   . The output power division ratio is 

expressed as        ⁄ , assuming Ports 2 and 3 are  the output ports. The analysis aims to satisfy 

the following conditions: 

                                                                                                      

Using the even-odd mode analysis method, four conditions with regard to the structure parameters 

can be derived: 

                                    

{
 
 

 
          √                                                                         

                                                                                                    

   
 
                                                                                            

   
 
                                                                                                  

 

Another important property of the power divider is the phase difference at the two output ports (Port 

2 and Port 3). The phase difference between the two output ports can be expressed as: 

                                  (
√ 

     
)       (√      )                                          
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(a)                                                                                          (b) 

Fig 6. 15 S-parameters and phase difference between the two output ports for the (a) 180° (out-of-phase) case when 

                               , and        , and (b) 0° (in-phase) case when          

                    , and        . 

 

Combining the conditions (6.44)-(6.47) and (6.48), two important scenarios can be realised: 

(1) When         and        , 180° phase difference at the two output ports can be achieved 

with equal power division ratio (k=1). 

(2) When         and        , a 0° phase difference at two output ports can be achieved with 

equal power division ratio (k=1). 

These two scenarios are simulated and the results are shown in Fig 6.15. It can be seen from Fig 

6.15 that the two states (out-of-phase and in-phase) with satisfied S-parameters and phase 

differences can be achieved over the band 0.9-1.1 GHz by using different lengths for    and    

when                ,         and          . These conclusions imply that a 

reconfigurable PD with these two states can be constructed by tuning the values of    and   . To 

realise that target, tunable phase shifters (PS) are used to emulate variable length transmission lines. 

The PS should fulfil the need of achieving different lengths (180°, 270°, 360° and 450°) with 

acceptable return and insertion losses and characteristic impedance of 70.7 Ω. 
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Fig 6. 16 Schematic diagram of the reconfigurable PD. 

 

6.4.2 Tunable Phase Shifting Unit and Modified Circuit 

The schematic diagram of utilizing two tunable phase shifting (PS) units to emulate the two 

variable-length transmission lines is shown in Fig 6.16. The tunable PSs are reflection type phase 

shifters using one section of loaded coupled line and a pair of varactors and inductors at the end of 

the coupled line. To analyze the possibility of using tunable phase shifting units to approximate the 

transmission lines with different lengths, the PS unit is analyzed using ABCD matrix: 
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In Equations (6.50)-(6.53),    is the load impedance of the coupled line and from Fig 6.16, it can be 

expressed as         
 

    
. It is well known that the ABCD matrix of a section of transmission 

line is: 

                            [
      

      
]  [

                

                
]                                           

where            is the characteristic impedance of the transmission line,     is the admittance, 

and     is the electrical length. Thus, to design the PS, which can emulate a section of transmission 

line, the expression in (6.49) should be equated to (6.57). Since the maximum phase tuning range 

for one section of PS is less than 270°, two PSs with different parameters need to be designed to 

cover different range of phase (equivalent to different lengths of the transmission line). In this paper, 

PS-I is used to cover the phase range from 180° to 360° which can be used to emulate the 

transmission line with length   , whereas PS-II is used to cover the phase range from 270° to 450° 

which can be used to emulate the transmission line with length   .  

By equating (6.49) to (6.57), several conditions for PS-I and PS-II need to be satisfied as shown in 

Table 6.1. Combining (6.50)-(5.56) with the conditions shown in Table I, the required parameters 

for PS-I and-II can be iteratively solved using MATLAB. The calculated parameters for PS-I and II 

are shown in Table 6.2 and the required values of capacitor    for different length of transmission 

lines are shown in Table 6.3. The values of                                   and    are 

determined based on Table II. The sets of values for     and     under the two states (in-phase and 

out-of-phase) are optimized and have the following values: For the in-phase state,     

                    and for the out-of-phase state,                        . 

Table 6. 1 CONDITIONS  TO BE SATISFIED FOR PS-I AND II 

             

PS-I 

180° -1 0  
 

  

 -1 

270°   
   

  

         
   

  
   

 

   

   
   

  

 

360° 1 0 
 

  

 1 
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PS-II 

270°   
   

  

         
   

  
   

 

   

   
   

  

 

360° 1 0 
 

  

 1 

450°  
   

  

       
   

  
   

 

   

  
   

  

 

 

Table 6. 2 THE CALCULATED PARAMETERS FOR THE TWO TUNABLE PHASE SHIFTERS 

     (Ω)     (Ω)       (nH) 

PS-I 180 31 90° 13 

PS-II 225 27 126° 20 

 

Table 6. 3 THE REQUIRED VALUES OF    (PF) TO EMULATE DIFFERENT LENGTHS OF TRANSMISSION LINES 

 180° 270° 360° 450° 

PS-I 1.02 1.954 20 N/A 

PS-II N/A 1 1.614 20 

 

                

                     (a)                                                           (b) 

Fig 6. 17 (a) Layout of the proposed reconfigurable power divider, and (b) the manufactured device. 

 

6.4.3 Experimental Results and Discussions 

To validate the proposed theory, a reconfigurable power divider is designed and built using 

microstrip line technology based on the layout shown in Fig 6.17 (a). Since a low odd-mode 

impedance of the coupled lines is required in the design, two chip capacitors are connected between 

the middle point of the coupled lines to increase the equivalent odd-mode capacitance of the 

coupled line and thus decrease the odd-mode impedance. Four SMV1283-011LF varactor diodes 

are used to realise the variable capacitors (    and    ). Four chip inductors of 50    are used as 

the radio frequency chokes (RFC) and four chip capacitors of 100 pF are used as the DC blocks. 
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The substrate used in the design is Rogers 3010 with dielectric constant of 10.2 and thickness of 

1.27 mm. The optimum dimensions for the structure after using HFSS are:           , 

          ,           ,            ,            ,            ,            

and         . The values of the used capacitors (    and    ) and inductors (   and   ) after 

the optimization are:         ,         ,         and        .  

    

(a)                                                                                   (b) 

Fig 6. 18 S-parameters and differential phase for the (a) out-of-phase state, and (b) in-phase state. For in-phase state: 

         and       , for out-of-phase state:         and          

 

The final device is manufactured as shown in Fig 6.17 (b), and the full-wave simulation and 

measurement results of the two different states are shown in Fig 6.18. It can be that when the 

biasing voltage is         and        , the out-of-phase state can be achieved with return loss 

at all of the three ports and the isolation between the two output ports are more than 12 dB across 

the frequency range from 0.9 to 1.1 GHz. A stable phase difference with 180° 5° between the two 

output ports can be achieved with 3.7±0.6 dB transmission coefficient. When the biasing voltage is 

         and       , the in-phase state can be achieved with more than 12 dB return losses at 

the three ports and more than 15 dB isolation between the two output ports. A stable phase 

difference of 0°  5° between the two output ports can also be achieved with 3.6±0.4 dB 

transmission coefficient. In this case, it is verified that the proposed design is able to realise 

reconfiguration of in-phase and out-of-phase states, which has great potential in microwave wireless 

communication systems. 
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Fig 6. 19 Configuration of the proposed structure. 

 

6.5 Design of Tunable Hybrid Coupler with Variable Phase-

Difference 

Directional couplers are commonly used in microwave wireless systems due to their ability to equal 

provide power division and constant phase. In some cases, arbitrary differential phase between two 

output ports is more favoured than constant one, which leads to new designs presented in [151] - 

[154]. However, fixed couplers are not able to be adapted in multi-functional systems which require 

variable differential phase. This section will present a new design of tunable hybrid coupler with 

variable phase difference.  

6.5.1 Configuration and Theoretical Analysis 

Fig 6.19 shows the proposed structure which is composed of two transmission lines with electrical 

length of θ2 and θ3 and characteristic impedance of Z2 and Z3, and two fixed transmission line with 

length and impedance θ1 and Z1. For a hybrid coupler with arbitrary phase, the general S-parameters 

can be expressed as 

[ ]   
 

√ 
[

    

    

       
       

      
      

    

    

]                                                       

Where   and   represent the phase differences at two output terminations respectively. Due to the 

hybrid characteristics, the following equation is always satisfied 

                                                                                    

Normally if        , the structure turns to be a quadrature couple; while if   (or  ) equals to 

    , it will work as a Rat-Race coupler. In this work, the objective is to realise arbitrary 
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differential phase using tuning elements. To that end, the even- and odd-mode analysis approach is 

adopted to investigate the transmission characteristics of the network. Due to the symmetrical 

property of the structure, the circuit can be divided into two parts along the symmetrical plane 

indicated in Fig 6.19. For the even-mode/odd-mode circuit, the transmission coefficient and 

reflection coefficient are noted as S11e, S21e, S11o and S21o. Therefore, the general S-parameters of 

the whole structure can be expressed as follows [155]: 

    
         

 
                                                                     

    
         

 
                                                                     

    
         

 
                                                                     

    
         

 
                                                                     

In order to have perfect matching at all terminations and ideal isolation between output ports, it is 

required that           and       have to be satisfied. In this case, the following conditions 

can be derived: 

                                                                                    

                                                                                    

With the transformation from S-parameters to ABCD-matrix and equations above, one can obtain 

the following relations regarded the electrical lengths and characteristic impedances [154]: 
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To make the design compact and simple, the electrical length and characteristics impedance of    is 

set to be     , and meanwhile      . Besides, the summation of    and    should meet    

          , where n is a positive integer.  

From Equation (6.68) one can find that the differential phase is affected, and only affected by the 

electrical length of    when    is fixed. This indicates that a tunable coupler with reconfigurable 

differential phase can be realised by tuning the values of   . To realise such kind of tunable phase 

of   , a tunable phase shifting element is adopted to replace the original transmission lines of    
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and   . It is noted that since the summation of     and    should be        , the summation of 

shifting phases of two tunable units should also satisfy the principle. 

6.5.2 Tunable Differential Phase 

The schematic diagram and calculation of ABCD-matrix of utilizing two tunable phase shifting 

units have been given in Section 6.4.2. Actually the tunable phase shifting unit is able to provide a 

wide phase tuning range and maintain magnitude with little change, which means it can work as a 

transmission line with variable phase and fixed impedance.  

In this design, our focus is mainly on the differential phase range   between 45˚ and 135˚, due to 

the limitation of unchangeable impedance of the phase shifting unit. Following the discussion in 

[154], when the desired differential phase is given, one can find the required values     and   . In 

other words, the required shifting phase of two units can be found from the following formulas: 

when          ,  

               
      

  
 , and             

      

  
                                               

when           ,   

           
      

  
 , and              

      

  
                                                  

The relation between differential phase and its required shifting phase under different values of    

is displayed in Fig 6.20. It can be found that when Z2 is chosen as different values, the required 

phase shifting range for the tunable phase shifting unit is also not the same. A larger phase shifting 

range 𝜓 is required for a larger impedance ratio of      . On the other hand, to have a minimal 

deviation of the signal power at output terminations, the impedance of Z1 should be chosen as equal 

to Zo. Considering the Equation (6.67), the value of Z2 can be determined as    √ . In this case, the 

phase shifting range is selected as the red line in Fig 6.20, which is from 55˚ to 125˚.  

Table 6. 4 THE REQUIRED VALUES OF    FOR TWO TPSUS  

 STATE 1 STATE 2 STATE 3 STATE 4 

                  

                                    

                                    

 STATE 5 STATE 6 STATE 7  
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Fig 6. 20 Relations between the required phase shifting range against the targeted differential phase. 

 

 

Fig 6. 21 Theoretical differential phase at Port 1 and Port 4 at seven statues.  

 

Therefore, to realise a tunable differential phase at Port 1 from 45˚ to 135˚, two tunable phase 

shifting units should be able to tune the phase from 55˚ to 125˚ to replace the transmission lines of 

(      . Correspondingly, the transmission line         needs a tuning phase range from 125˚ to 

55˚, since               and suppose n = 1. To evaluate the possibility of using the tunable 

phase shifting unit to emulate a transmission line with variable length, the circuit is analysed using 

ABCD matrix. The method is to equate the ABCD matrix of the tunable phase shifting unit with 

that of a transmission line with characteristic impedance of Z2 and electrical length of   . By 

solving the equations, one can find that there might be multiple existing solutions that can cover the 

phase shifting range of 55˚ to 125˚. Following the design procedure presented in [156], the related 
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parameters of the tunable phase shifting unit are found to be:          ,         ,       , 

and          . 

Using the proposed tunable phase shifting units with loaded values of     and     to replace    and 

  , it is now possible to predict the transmission property of the proposed design with tuning 

elements. Fig 6.21 depicts the theoretical response of the differential phase at Port 1 and Port 4. It is 

clearly seen that when   (∠21-∠31) moves gradually from 45˚ to 135˚ at Port 1, the differential 

phase of -θ (∠21-∠31) at Port 4 also varies from -135˚ to -45˚. The adopted values for the tuning 

elements are given in Table 6.4. The operating bandwidth is around 20 percent. Within this range, 

the structure is able to have ideal matching at all terminations and isolation between output ports.  

     

Fig 6. 22 Layout and photograph of the prototype. 

 

6.5.3 Design and Results 

To demonstrate the proposed design approach, full-wave simulation is done in Agilent‟s Advanced 

Design System by building an electromagnetic model and co-simulating with SPICE model of 

varactors. The tuning elements are selected as Skyworks SMV2019-219 (capacitance range from 

0.16 pF to 2.25 pF, with parasitic resistance of 4.8 Ω). To provide a proper biasing voltage, a 

biasing circuit is built with DC blocking capacitors of 100 pF and RF chokes of 10 μH. Fig 6.22 

shows the layout of the structure on the substrate of Rogers 3010 (dielectric constant of 10.2 and 

thickness of 1.27 mm) with biasing circuit. The optimized dimensions for the structure are: 

          ,           ,          ,           ,           ,          , 

        , and          . 

Fig 6.23 depicts the differential phase (∠21-∠31) from full-wave simulation and measurement when 

the signal is excited at Port 1. Different operating states are tested in which the biasing voltages are 
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found from the data sheet of the varactors according to the required capacitance in Table 6.4. It is 

clearly seen that a tunable differential phase is realised from 45˚ to 135˚ across a bandwidth of 20%. 

Ideal matching at all ports and isolation between Port 1 and Port 4 are realised in all the investigated 

cases, due to the transmission zeros generated at the centre frequency. The transmission and 

coupling coefficient at Port 2 and Port 3 are quite constant within the operating frequency range, 

though some small deviations existing in the tuning process. The proposed concept and design 

achieve the functions of hybrid couplers and tunable phase shifters, which reduce the circuit size 

and losses caused by connection of multiple devices. 

 

Fig 6. 23 Measured and simulated differential phase between Port 2 and Port 3 (Biasing voltages for V1/V2: 45˚-

15V/1.2V, 60˚-8V/2V, 75˚-5.5V/2.5V, 90˚-3.6V/3.6V, 105˚-2.5V/5.5V, 120˚-2V/82V, and 135˚-1.2V/15V). 

 

6.6 Summary 

This chapter is aimed at developing multi-functional multi-port microwave devices, including 

tunable balun with tunable power division ratio, power divider with reconfigurable phase, tunable 

coupler with tunable coupling coefficient and tunable coupler with tunable differential phase. For 

the tunable balun and the tunable coupler with tunable coupling coefficient, the purpose of both 

designs is to have controllable signal power at two output ports. This concept is in line with the 

design of tunable power dividers with tunable power division ratio presented in the last chapter. The 

reconfigurable phase from the in-phase to out-of-phase state enables the switch of the differential 

phase between these two states. The propsed design realised this function by tuning the varactors 

within the structure. Compared with other reconfigurable power dividers designs using PIN diodes, 
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no extra matching circuits are loaded in the presented design. For the tunable hybrid coupler with 

tunable differential phase, the proposed concept and design have achieved the functions of both of 

hybrid couplers and tunable phase shifters, which reduce the circuit size and losses caused by 

connection of multiple devices.  
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Chapter 7: Reconfigurable Beam-forming 

Networks and their Applications on Phased 

Arrays 

7.1 Introduction 

Antenna arrays are essential parts of microwave systems since they can be working as transducers 

to convert guided waves to radiated waves so that signals can be transmitted or received. Feeding 

networks are critical sub-systems that can provide appropriate excitation or feeding power for 

antenna arrays. Usually when an array is installed, the radiation pattern will be fixed and 

unchangeable, including its beam direction, beamwidth, side-lobe level, nulls, and gains. However, 

to make the antenna arrays more flexible and adaptable, reconfigurable antenna arrays are 

investigated here. The purpose is to control the radiation pattern so as to adapt it to different 

scenarios. To that end, a kind of reconfigurable beam-forming network is demanded. Some 

techniques have been developed to provide the reconfigurability of the array‟s pattern including its 

spatial direction, the position of its nulls and its side-lobe levels [2], [157]-[158]. 

In most of the existing designs of beam-forming techniques, the main mechanism is to use a 

programmable chip to control the phase amplitude of each element. However, this method has many 

drawbacks, such as limited bandwidth and low power capacity. By using electrical control of the 

tunable beam-forming network, it is possible to have continuous, agile and flexible control of the 

array pattern. To build such a kind of reconfigurable sub-system, tunable microwave components 

are vitally important, especially tunable power dividers and tunable phase shifters. In Chapter 5, a 

novel concept of tunable power dividers with a tunable power division ratio was presented, which is 

favoured in building a tunable beam-forming network to control the power distribution at the output 

terminations. 

In this research project, the objective is to have a tunable feeding network able to tune the signal 

amplitude at output terminations. The purpose of the design is to provide tunable or controllable 

feeding power to feed each element of the array, as depicted in Fig 7.1. When an antenna array is 

fed by unequal feeding power, the radiation pattern of the array, such as the side-lobe level and 

beamwidth, can be reconfigured and reshaped. Therefore, it is easy and quite feasible to achieve a 

desired beamwidth and side-lobe levels of antenna arrays by controlling the proposed tunable 

feeding network. 
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Tunable feeding network

for antenna arrays

 

Fig 7. 1 Configuration of a subsystem composed of a tunable feeding network feeding a linear antenna array. 

 

In some wireless systems, a steerable beam direction is very much required. To that end, traditional 

methods have been investigated like adding tuning elements or PIN diodes on radiators. These 

methods, however, have the major drawback that the tuning elements will deteriorate the radiation 

pattern and overall gain of arrays when the radiation angle is steered. Therefore, researchers started 

to focus on the controllability of the feeding network, which has been complemented by the work in 

this research. In this project, a new concept for a tunable feeding network with tunable phase 

shifters for beam steering has been proposed. As shown in Fig 7.2, tunable phase shifters are 

designed to be cascaded with the output terminations and each element of the antenna array. With 

controllability of beamwidth and side-lobe level, tunable phase shifters with certain differential 

phases can steer the beam direction.  

Tunable feeding network

for antenna arrays

 

Fig 7. 2 Configuration of the tunable feeding network with tunable phase shifters for steerable beam. 

 

In this chapter, a novel concept for tunable beam-forming networks is established using the 

proposed tunable power dividers with and without cascaded tunable phase shifters. Following this, a 

new kind of tunable phase shifter is presented. Finally, an antenna array is connected with the 

constructed feeding networks to verify the controllability of the array‟s radiation pattern and beam 

direction.  
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7.2 Design of Wideband Phase Shifters 

Phase shifters are widely used in microwave systems, such as phased arrays, modulators, 

microwave instrumentation and measurement systems. For example, in a 4 × 4 Butler matrix, 45˚ 

phase shifters are needed to introduce a differential phase at output terminations. Similarly, in an 8 

× 8 Butler matrix, 22.5˚ and 67.5˚ phase shifters are required. This section describes a wideband 

phase shifter with a wide range of phase shift using an open-ended parallel-coupled line. A novel L-

shape network is adopted to improve the return loss at the input/output ports across a 100% 

fractional bandwidth. An 180˚ phase shifter across the band range of 1-3 GHz is built and then 

verified via theory, simulations, and measurements.   

 

Fig 7. 3 Schematic diagram of the proposed phase shifter. 

 

 

Fig 7. 4 Optimum values of             for the required phase. 

 

7.2.1 Parallel Coupled-line and L-shape Networks 

The schematic diagram of the proposed device is shown in Fig 7.3. It is essentially a pair of L-

shaped networks, which include a short-ended stub and a section of transmission line, and one 

section of quarter-wavelength (       , where   is the effective wavelength at the centre 

frequency) open-ended coupled line. It is well known that a single section of quarter-wavelength 

coupled line can provide a         phase shift across a wide bandwidth. This coupled-line 

structure also has the potential to achieve a wide phase shift range at the cost of a low return loss at 
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the input/output ports. Therefore, two L-shaped networks are connected in the proposed design to 

the open-ended coupled line to improve the return loss, while the coupled-line section provides the 

required phase shift value.  

The structure shown in Fig 7.4 can be analyzed using an ABCD matrix and S-parameters. The 

ABCD matrix of the L-shape network [ ]  and the quarter-wavelength open-ended coupled line 

[ ]   are given as: 

   [ ]  [

             

                       

    

                    

  

]                      

                                             [ ]    [
 

  

 
  

 
 

]                                                                        

  ,    and   ,    are the characteristic impedance and electrical length of the L-shaped network 

transmission line and short-ended stub, respectively,           where      and     are the 

even- and odd-mode impedances of the open-ended coupled line. For perfect matching at the 

input/output ports, two conditions should be satisfied: 

                                                                                                                                           

                                                                                                                                           

Based on Equations (7.1)-(7.4) and using the ABCD parameters to S-parameters transfer functions, 

two conditions can be derived: 

                               
                         

    
                                

                         
                              

  
                                        

7.2.2 Analysis of Wideband Phase Shifters 

Using the cascaded structure of a coupled-line section and two L-shape networks, a wideband phase 

shifter with a wide phase shift range and operating bandwidth can be realised. In addition to the 

matching property for this phase shifter design, two other conditions with regard to the phase shift 

value and phase deviation also need to be satisfied: 

   ∠        ∠                                                                                                   
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where    is the characteristic impedance of the system port and    is the electrical length of the 

reference line. Based on the required phase shift, the coupling coefficient C of the coupled-line and 

its characteristic impedances (    and    ) are calculated as follows: 

                               √
   

   
                  √

   

   
                                           

    

(a)                                                                                      (b) 

Fig 7. 5 (a) The performance of 180  phase shifter using one section of quarter-wavelength open-ended coupled line 

with and without an L-shaped network; (b) The calculated reflection of the differential phases for seven phase shifters 

(45 ~180 , with 22.5  intervals) using the proposed structure. 

 

Based on the required phase shift,   ,   ,    and    are determined using Fig 7.4. The reference line 

is a 50    microstrip line whose length    can be determined using Equation (7.7) with    

      as:  

                         (|∠     
  ∠    

   )                                                

To verify the design principle concerning the effect of the L-shaped networks, a 180  phase shifter 

is initially designed here to have a centre frequency of 2.5 GHz and band 1-3 GHz. In this case, the 

calculated design parameters are     =106  ,    =26  ,   =20  ,   =17 ,   =77  , and   =51 . 

The performance is shown in Fig 7.5 (a) using the full-wave simulation tool HFSS.  

It can be seen that when only the quarter-wavelength coupled line is used, the required phase is 

achieved but with a return loss that is less than 10 dB across the band of interest. When the L-
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shaped networks are added to the structure, the phase shift performance is kept and the return loss is 

improved to be more than 10 dB across the whole band. Therefore, this approach enables increasing 

the achievable phase range while maintaining the wideband performance (at more than 100% 

fractional bandwidth).  

The calculation results of the S-parameters and differential phase using the design procedure for the 

seven phase shifters covering the range from     to 180  are shown in Fig 7.5(b). It can be 

observed that the theoretical values of the differential phase possess the wide range of      to      

and the phase deviations are within     across the band 1-3 GHz. 

 

Fig 7. 6 Layout and photograph of the proposed phase shifter. 

 

7.2.3 Simulation and Experimental Results 

To validate the proposed method, one phase shifter with 180° differential phase shift is fabricated 

and tested. The layout and photo of the device are shown in Fig 7.6.  The ground slot and patch at 

the ground layer shown in Fig 7.6 are used to realise the required mode impedances in the coupled 

structure. The substrate used in the design is Rogers RO6010 with a dielectric constant of 10.2 and 

thickness of 1.24 mm. The theoretical parameters are optimized using HFSS and the final design 

dimensions (mm) are:   =0.6,   =2.8,   =1.9,   =5.4,   =1.2,   =0.9,  =0.4,   =11.4,   =1.6, 

  =13.7,   =15.5, and   =15. The 180  phase shifter is manufactured based on these dimensions and 

then tested.  

The simulated and measured S-parameters of the device are shown in Fig 7.7 (a). The reflection 

coefficient is below -10 dB and the transmission coefficient is above -1.3 dB over the chosen band 

of 1 GHz to 3 GHz, which is equivalent to 100% fractional bandwidth. Fig 7.7 (b) indicates that the 

achieved differential phases for the designed phase shifter is equal to the nominated value (180°) 

with a phase deviation of less than     across the band 1-3 GHz.  
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(a) 

 

(b) 

Fig 7. 7 Simulated and measured differential phase shift: (a) S-parameters; (b) Differential phase. 

 

It can be seen that the simulation results agree well with the measured results. It is to be noted that 

due to the need for tight coupling for low phase shift designs, the gap between the coupled lines 

could be less than 0.1 mm, which requires using sophisticated manufacturing tools or other 

configurations, such as broad-side coupled structures. Compared with other existing works, the 

proposed design [159] possesses the widest phase range using a single layer structure with 

reasonable phase deviation and insertion loss across 100% bandwidth, which is extremely favorable 

in wideband microwave systems.  

 

7.3 Design of Wideband Tunable Phase Shifters 

Tunable phase shifters are critical in beam-forming sub-systems for the reason that they are able to 

change the phase of each signal so that the beam direction can be steered. As shown in Fig 7.2, after 

the division of power in the power divider, the input signal needs to be endued with a certain phase 
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to realise a steerable beam. Meanwhile, a wide bandwidth and a constantly variable phase are 

required for the tunable phase shifter design. After reviewing the state-of-the-art reported works, it 

was found that there is still a gap in designing tunable phase shifters with a wide operating band, 

full-360˚ phase shift, and low insertion loss.  

In this section, a complete theoretical analysis of the four-port network and its effect on the phase 

shifter performance is firstly given, and then based on the design requirement for the desired 

performance, a new kind of four-port network is proposed, followed by a tunable phase shifter 

design with excellent matching properties and a wide operating bandwidth. 

C
v

L
x

C
v

L
x

1 2

34

Port 1

Port 2

Four-port network Loaded lumped

terminations
 

Fig 7. 8 Configuration of the proposed wideband tunable reflection-type phase shifter. 

 

7.3.1 Analysis of Tunable Reflection-type Phase Shifters 

Fig 7.8 displays the basic concept of the proposed wideband reflective phase shifter. It adopts the 

traditional method to build a reflection-type phase shifter (RTPS), which is composed of a four-port 

network (for example, directional couplers) and two reflective elements. Our target in undertaking 

this work includes exploring three aspects: (1) wideband performance; (2) full range of phase tuning; 

(3) low insertion loss. In order to make the differential phase stable and all ports matched across a 

wide band range, some specifications for the four-port network and reflective elements should be 

satisfied. This section is organised in the following order: firstly the relation between reflective 

phase shifters and four-port networks is introduced; a four-port coupler is proposed to fulfil the 

requirement of the specification for the phase shifter; finally a wideband tunable phase shifter is 

presented, and full-wave simulation and experimentation have been performed based on the 

proposed configuration, a discussion of which concludes this section. 

The four-port network is set to be a directional coupler. The S-parameters of a directional coupler 

can be summarized with the following equations: 
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Here R, T, C, and I refer to the reflection, transmission, coupling and isolation coefficients of a 

directional coupler.  If Port 2 and Port 3 are connected with some reflective elements, while Port 1 

and Port 4 of the four-port network become the input and output of the phase shifter, it is possible to 

achieve consistent tuning of the differential phase. Suppose that the reflection coefficient of the 

reflective elements is Γ, the S-parameters of the phase shifter can be expressed using those of the 

directional couplers as below: 

   
  

     
                           

                        
 
 

                           

                        
 
             

   
  

     
                           

                        
 
 

                           

                        
 
             

 

Combining (7.15) and (7.16) one can get simplified expressions: 

   
     

                    

            
                                           

   
     

                    

            
                                           

where  

  
      

      
                                                                            

        
 

    
                                                                     

  and    represent the reflection coefficient and the reactance of the loaded lumped termination, 

which is composed of a fixed inductance and a variable capacitance. For design of phase shifters, 

the transmission of signals needs to satisfy the conditions of    
     and    

    . Usually 

directional couplers are favoured for use as the four-port network due to their ideal isolation, 

matching and equal power splitting, and 90˚ differential phase at output ports. Meanwhile, the 

differential phase of the loaded elements and the RTPS can be expressed as: 

∠         
      

  
    

                                                                       

 ∠   
   ∠    ∠           
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In order to achieve the maximum differential phase of the RTPS, it is critical to get a larger value of 

∠  , which is determined by the variation of the capacitance. Generally, the loaded lumped 

termination is able to realise more than a 360˚ phase shift tuning with typical values for narrowband 

range, since narrowband does not have high requirements in terms of phase deviation and 

transmission of signals.  

For wideband purposes, problems will arise, including how to maintain satisfactory    
  

 and    
  

 at 

an acceptable level or how to make sure that 
  

  
 is equal to 0 for all  . A fine design of the 

wideband four-port network can definitely lead to a wide operating bandwidth, large phase shift 

range and stable phase deviation. 

               

Port 1 Port 2

Port 3 Port 4

co kZ ,,
co kZ ,,

toZ ,

toZ ,

Coupled-line

directional coupler

 

Fig 7. 9 Schematic diagram of the four-port network. 

 

7.3.2 Proposed Four-port Network and its Application on the Tunable RTPS 

To fulfil the requirement of high tunability of RTPS, a directional coupler with high directivity is 

needed; therefore, a directional coupler is proposed in this section. Fig 7.9 shows the schematic 

diagram of the proposed four-port network, which is composed of two traditional coupled-line 

directional couplers connected with two transmission lines. Key parameters of the structure include: 

   represents the characteristic impedance,   is the coupling factor of the coupled-line, and   ,    

are the electrical lengths for the coupled-lines and transmission lines. It is well-known that for a 

coupled-line directional coupler, the reflection and isolation is null, and the transmission coefficient 

and coupling coefficient are denoted as t and c, as indicated below: 

  
       

√                

                                                               

  
√    

√                
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In this design, 3-dB coupling is required, rendering          and thus    √ ⁄ . The electrical 

length of the coupled-line section is set to be equal to    . Besides, for the transmission lines the 

transmission coefficient is denoted as:   

                                                                                        

The target is to link the transmission properties of the proposed four-port network with the tunable 

RTPS. Therefore, based on the analysis given in the last section, the overall transmission coefficient 

and coupling coefficient of the four-port network can be expressed with regards to the proposed 

directional coupler as: 

     
                                                                                         

     
                                                                                  

By substituting Equations (7.23)-(7.25) into (7.26) and (7.27), one can find the expression of T and 

C as: 

  
   √                        

(√                )
                                                    

  
              

                 

(√                )
                                              

Meanwhile, the reflection and isolation are ideal         for the proposed four-port network. 

By substituting (7.28) and (7.29) into (7.17) and (7.18), it is easy to depict the S-parameters of the 

tunable RTPS with the proposed directional coupler. Figs 7.10(a) and (b) show the plotted S-

parameters for the 1-stage and 2-stage structure. It can be observed from both results that the S11 is 

lower than -25 dB across more than 80% of the bandwidth from 0.8 GHz to 2.2 GHz.  
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(a) 

 

(b) 

Fig 7. 10 Calculated S-parameters for (a) 1-stage and (b) 2-stage tunable RTPS. 
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Fig 7. 11 Differential phase of the proposed RTPS by tuning Cv from 0.1 pF to 10 pF. 

 

By changing the value of    which affects the reflection of the loaded lumped terminations, a 

tunable differential phase will be realised. The value of    also affects the tuning range of the 

differential phase (  ) as well as the reflection of the phase shifter. As analysed in [156], when a 

larger    is adopted, a wider tuning range of    may be achieved; however, it may lead to larger 

reflection within the operating range and decrease the useful bandwidth of the device. The 

appropriate value for    is set to be 2.2 nH. With the given values, the differential phase is 

calculated by deriving the phase of |   
  

|.  

As shown in Fig 7.11, very steady and constant phases tuned by    from 0.2 pF to 15 pF are given. 

It can be found that the tuning range for the differential phase is more than 200˚ and the operating 

band range is from 1 to 2 GHz. For a two-stage structure, the achievable differential range is more 

than 360˚, which covers the full range of the shifting phase. These responses reveal the great 

potential of the proposed tunable phase shifter to be used in the development of a tunable feeding 

network for wideband phased arrays, which will be presented in the following sections. 

7.3.3 Tested Result of the Tunable RTPS 

Based on the analysis above, a prototype of tunable reflection-type phase shifter is fabricated. The 

prototype is based on a four-port network composed of two coupled-line sections and two 

connecting lines, as shown in Fig 7.9. The structure of the tunable phase shifter is shown in Fig 7.12. 

The inter-section of the coupled-line and connecting line is realised by via-hole transitions from 
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between the microstrip and a slotline on the ground. The lengths of the coupled-line sections and 

connecting lines are set as quarter wavelength and 10 degree at the centre frequency of 1.5 GHz. 

The Skyworks SMV1283-011LF (0.52-14.2 pF, 0-26 V, Rs=2.4 Ω) varactors are adopted as tuning 

elements. The biasing inductor and DC block capacitor are 10 μH and 100 pF, respectively. SPICE 

models of the aforementioned varactors as provided in [110] are used in the co-simulation within 

Advanced Design System (ADS).  

Fig 7.13 depicts the performance of the fabricated prototype. When the biasing voltage is varied 

from 0 to 20 V, the phase of S21 can be gradually tuned within the band range from 0.8 GHz to 2.5 

GHz. The phase tuning range is around 140˚ to 180˚. The phase tuning range can be extended if 

other types of varactors with smaller achievable capacitance are used. Moreover, since the tested 

prototype is one-stage tunable phase shifter, the phase tuning range is somehow limited. A widen 

tuning range of phase shift up to 360˚ can be achieved if a two-stage structure is used. The return 

loss and insertion loss are shown in Figs 13(b) and (c). High reflection between 1.5 GHz to 2 GHz 

is due to the fabrication error and soldering process, and some extra losses are caused by the tuning 

elements as well as the testing environment.      

 

              

Fig 7. 12 Photograph of the fabricated prototype of the tunable RTPS. 
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(a) 

 

        (b)                                                                                       (c) 

Fig 7. 13 Measured results of the fabricated prototype of the tunable RTPS: (a) phase; (b) |S11|; (c) |S21|. 

 

7.4 Eight-way Tunable Feeding Network for Beam-forming 

In this section, a new concept of tunable feeding network for eight-element antenna array will be 

presented. The configuration of the proposed tunable feeding network is firstly introduced, followed 

by verification of the feeding network to control the feeding excitation of a linear array to realise 

reconfigurable side-lobe suppression levels. 
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7.4.1 Construction and Transmission Properties of the Tunable Feeding Network 

Fig 7.14 shows the configuration of the proposed tunable feeding network, which is an 8-way 

power divider with eight output ports. It can be seen that the proposed 8-way power divider consists 

of three sections: Section I is a traditional Wilkinson power divider, which is able to split the input 

signal into two identical parts. In this case, the output power at the eight terminations will be 

symmetrical. Sections II and III are composed of single-stage two-way tunable power dividers, 

which have been presented in Chapter 5. There are 12 tuning elements in total, controlled by six 

different voltages named   ,   ,   ,   ,    and   . Among these voltages,    and    are in charge of 

the first stage of the two-port tunable power dividers, while the other four are related to the second 

stage. Since the voltage distribution is symmetrical along the central line for Ports 2~5 and Ports 

6~9, one can predict that the scattering parameters at the output ports should follow these relations: 

       ,        ,        , and        . When all the voltages are set to be equal, the 

output signals at the eight output ports will be identical as well.  

 

Fig 7. 14 Configuration of the proposed tunable feeding network 

 

Table 7. 1 Power weights and S-parameters for 20-dB Taylor‟s SLL suppression 

Port Power weight Power division 
S-parameter 

(ideal) 

S-parameter (full-

wave) 

Port 2 (Port 9) 0.36 0.14 11.57 dB 12.2 dB 

Port 3 (Port 8) 0.46 0.17 10.61 dB 11.03 dB 

Port 4 (Port 7) 0.77 0.3 8.25 dB 8.64 dB 

Port 5 (Port 6) 1 0.39 7.13 dB 7.46 dB 

 



145 
 

                  

(a) 

              

(b) 

Fig 7. 15 Simulated S-parameters of the proposed feeding network with (a) equal output power; (b) unequal output 

power which follows the Taylor distribution for 20-dB side-lobe suppression. 

 

When the proposed feeding network is connected with an antenna array, different kinds of power 

distribution at eight output terminations can be realised by controlling    ~  . As an example, two 

different states of the feeding networks are investigated to provide equal and unequal feeding power 

for antenna arrays. When all the biasing voltages are set to be equal to 8V, the same amplitude 

(ideally -9 dB) can be found at each output port, as observed in Fig 7.15 (a). For the unequal 

excitation case, the target is to realise 20-dB side-lobe suppression when the feeding network is 

connected to an array. Therefore, the Taylor distribution for 20-dB side-lobe suppression is adopted 

to calculate the feeding power at each output port. To that end, the power weights at the eight output 

ports should be set at 1, 0.77, 0.46, and 0.36, from the centre of the array to the side.  

Therefore, the target power levels at the eight-way power divider is set at -7.13 dB, -8.25 dB, -10.61 

dB, and -11.57 dB, from the centre to side. By tuning    ~   to appropriate values (         , 
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        ,          ,         ,          , and         ), unequal output power can be 

realised. Fig 7.15 (b) reveals that the output power at Port 2 (Port 9), Port 3 (Port 8), Port 4 (Port 7), 

and Port 5 (Port 6) are measured as -12.2 dB, -11.03 dB, -8.64 dB, and -7.46 dB, which are very 

close to the calculated values. It is also noted that in both equal power and unequal power cases, the 

return loss is better than 12 dB across the band range from 0.9 to 2.1 GHz. To verify the 

controllability of the tunable feeding network on antenna arrays, an eight-element array will be 

established and simulated together with the proposed feeding network, which will be elaborated on 

in the next section.   

 

Fig 7. 16 Linear antenna array composed of eight elements. 

 

7.4.2 Linear Antenna Array 

To verify the controllability of antenna arrays of the proposed tunable feeding network, a linear 

antenna array which is composed of eight elements is built. Each element is adopted as a simple 

microstrip patch antenna, and the spacing between elements is set to be equal to half-wavelength, as 

shown in Fig 7.16. As displayed in Fig 7.17 (a), a single patch antenna is constructed with a length 

of    and a width of   based on a substrate with a dielectric constant of    and height of  . To 

calculate the dimensions of a patch antenna, the following formulas are needed: 

  
  

  
√

 

    
                                                                       

  
 

  √      

                                                                     

where 

        
           ⁄        

             ⁄      
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In Equations (7.30) – (7.32),    refers to the effective dielectric constant of a microstrip patch which 

can be calculated using Equation (3.26) and     and   represent the speed of light and resonant 

frequency, respectively. The resonant frequency in this design is set to be 1.5 GHz. An FR4 

substrate with dielectric constant of 4.3 and thickness of 1.6 mm is adopted. After simulation and 

optimization is done in the full-wave simulation software of CST Microwave Studio, one can find 

the optimized dimensions of each element to be:      mm,        mm, and the optimal 

spacing between the two elements is 82 mm. The simulated S11 of each element is shown in Fig 

7.17 (b). The displayed result here shows that the antenna element resonates at 1.5 GHz with about 

2.5% bandwidth. 

  

(a) 

 

(b) 

Fig 7. 17 (a) Layout and (b) |S11|of single patch antenna element in the linear array. 

 

 

7.3.3 Reconfigurable Radiation Pattern and Side-lobe Suppression 

The side-lobe levels (SLLs) of antenna arrays are related to the spacing between elements and the 

feeding power for each element. Since it is difficult to change the spacing distance between 

elements, the only solution is to change the power distribution of feeding networks. When the 

power distribution follows certain rules, desired SLLs can be achieved. For example, there are 
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many types of power distribution that have been studied and applied in antenna arrays, such as 

Dolph-Chebyshev distribution, binomial distribution, Villeneuve distribution, Taylor distribution, 

etc. For different numbers of elements or different power weight, the SLLs are also varied. In this 

work, the Taylor distribution is adopted and used for SLL suppression. To achieve the objective of 

the 20-dB and 30-dB SLL of arrays, the power weight for each element should follow the 

distributions which are shown in Table II. In both cases, the spacing is equal to 0.68   . 

Table 7. 2 Power weight for different SLLs 

Power 

weight 
Port 1 Port 2 Port 3 Port 4 Port 5 Port 6 Port 7 Port 8 

No SLL 1 1 1 1 1 1 1 1 

20-dB SLL 0.36 0.46 0.77 1 1 0.77 0.46 0.36 

30-dB SLL 0.3 0.54 0.82 1 1 0.82 0.54 0.3 

 

       

(a)                                              (b)                                                 (c) 

Fig 7. 18 3D radiation pattern for the linear array using different power distributions for (a) no SLL; (b) 20-dB SLL; 

and (c) 30-dB SLL. 

 

To verify the objective of SLL suppression, the linear array shown in Fig 7.16 is fed with different 

power distributions. Ideal power sources are used in the EM environment of CST Microwave 

Studio. Firstly the feeding powers for eight elements are set to be identical. In this case, the SLL is 

relatively high without any suppression, as seen from the 3D radiation pattern displayed in Fig 7.18 

(a). Then the power distributions of 20-dB and 30-dB SLLs are investigated, as shown in Figs 7.18 

(b) and (c). It can be seen that the side-lobe levels in both cases are suppressed due to the unequal 

power distribution. This is clearer to see from Fig 7.19, where the E-plane radiation patterns 

        for the three investigated cases are shown. The simulated SLLs are 13.5 dB, 21 dB, and 

30.8 dB, respectively. These values are very close to the theoretical ones. Moreover, it is also found 

that the beamwidths of the main lobes are slightly changed. According to the antenna arrays theory, 
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a low SLL may lead to a wider main lobe beamwidth since more energy is concentrated in the 

central area. 

After simulation of the ideal power sources is done, the co-simulation is required by connecting the 

proposed tunable feeding network with the linear antenna array. Only one source power is needed 

for Port 1 of the feeding network, while each output port of the feeding network is connected to 

each element of the array without changing the spacing distance between any two elements. This 

form of connection should follow the rules that Port 2 is connected with the first element, Port 3 is 

connected with the second one, and so on.  

The S11 of the overall sub-system with a tunable feeding network with equal power division and a 

linear array is displayed in Fig 7.20. The bandwidth is about 5% which is close to the ideal case. 

Then, the unequal power for 20-dB SLL that is displayed in Fig 7.15 (b) is adopted to feed the array. 

In this case, the controlling voltages are set to           ,         ,          ,         , 

         , and         . Fig 7.21 shows the comparison of the 3D radiation patterns between 

the full-wave simulation result using the proposed feeding network and ideal power sources.  

It is clearly seen that two results agree with each other very well, which indicates that the proposed 

tunable feeding network is able to suppress the SLL from 13 dB to 23 dB. Moreover, the proposed 

tunable feeding network can tune the power distribution and SLL to any desired levels within the 

achievable range of power division ratio. 

 

Fig 7. 19 E-plane radiation pattern for the investigated cases of different SLLs. 
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Fig 7. 20 S11 of the overall structure of the feeding network and linear array. 

 

 

Fig 7. 21 Comparison of the 3D radiation patterns between the full-wave simulation result using the proposed feeding 

network and ideal power sources. 

 

7.5 Tunable Feeding Network with Tunable Phase Shifters 

The last section has presented a tunable feeding network which is connected to a linear antenna 

array for beam-forming purposes. The proposed structure managed to achieve arbitrary kinds of 

unequal power distributions that resulted in tuning the side-lobe level flexibly from 13 dB to more 

than 30 dB. In reality, it is also preferable that the beam direction is steerable. Combining the 

proposed tunable feeding network and tunable phase shifters with the linear antenna array, a 

steerable beam is realised and verified. 
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7.5.1 Configuration of the tunable feeding network for steerable beam 

Based on the tunable feeding network presented in the last section, tunable phase shifters are 

cascaded with each output termination for beam steering to construct the beam-forming network in 

Fig 7.2. In this diagram, the tunable feeding network and antenna array are the same as the last 

section, and the eight tunable phase shifters presented previously in this chapter are cascaded 

between each output port of the network and corresponding array element.  

As mentioned in Section 7.3, the proposed two-stage tunable phase shifter is able to achieve more 

than 360˚ (the full range) of phase shift, which is suitable and thus is adopted for the development 

of the tunable feeding network here. In this case, eight different voltage suppliers are required for 

controlling the tuning elements. Additionally, the differential phase interval for each antenna 

element is defined as ∆Φ, which means that the required differential phases for each element should 

be 0, ∆Φ, 2∆Φ, …, 7∆Φ. In this design, three different cases with 15˚, 30˚, and 45˚ are investigated. 

The required differential phases are listed in Table III.  

Table 7. 3 Required ∆Φ at different output ports 

∆Φ Output 1 Output 2 Output 3 Output 4 Output 5 Output 6 Output 7 Output 8 

15˚ 0˚ 15˚ 30˚ 45˚ 60˚ 75˚ 90˚ 105˚ 

30˚ 0˚ 30˚ 60˚ 90˚ 120˚ 150˚ 180˚ 210˚ 

45˚ 0˚ 45˚ 90˚ 135˚ 180˚ 225˚ 270˚ 315˚ 

 

       

      (a)                                                 (b)                                                   (c)  
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      (d)                                                 (e)                                                   (f) 

Fig 7. 22 3D radiation patterns for the tunable feeding network with equal power division and differential phase 

intervals of (a) 15˚; (b) 30˚; (c) 45˚; and 20-dB SLL and differential phase intervals of (d) 15˚; (e) 30˚; and (f) 45˚. 

 

 

7.5.2 Steerable Beam with Side-lobe Suppression 

After setting the differential phase for each phase shifter, co-simulation is done with the association 

of the eight-way tunable power divider (Fig 7.14), antenna array (Fig 7.16), and eight tunable phase 

shifters (introduced in Section 7.3). The function of the tunable power divider is to control the 

amplitude of output power at each output termination. In this simulation, two kinds of power 

distribution are used: equal power division and unequal power division of the 20-dB power 

distribution. The S-parameters of these two states of output signals are shown in Fig 7.15. On the 

other hand, phase shifters are tuned and endowed with specific values listed in Table III.  

 

Fig 7. 23 E-field radiation pattern         for 7 cases with differential phase intervals of 0˚, ±15˚, ±30˚ and ±45˚, 

with the realization of beam steering angles of 0, ±6.5˚, ±11.5, and ±17˚. 

 

When the tunable feeding network is set to be equal power division and the differential phase ∆Φ is 

15˚, the beam direction is tilted slightly (around 6.5˚ deviated away from z-axis) as shown in Fig 

7.22 (a). When ∆Φ is increased to 30˚ and 45˚, the deviation angle is also increased to 11.5˚ and 17˚, 

as shown in Figs 7.22 (b) and (c). It is noted that the SLL is relatively high because no power 

distribution for SLL suppression is used. When the Taylor distribution for 20-dB SLL suppression 

(power weight is listed in Table II) is used to feed eight elements with differential phase intervals of 
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15˚, 30˚ and 45˚, great reduction of SLL suppression can be obtained as displayed in Figs 7.22 (d), 

(e) and (f).  

Comparing Figs 7.22 (a) and (d), one can find that the SLL is suppressed as predicted in the last 

section. A similar phenomenon can be found in comparisons between Figs 7.22 (b) and (e), and 

Figs 7.22 (c) and (f). On the other hand, the steering angles for these three cases are also around 

6.5˚, 11.5˚ and 17˚, which are the same as the equal power division cases without SLL suppression.  

To display the SLL suppression more clearly, the in E-field radiation pattern is plotted in Fig 7.23. 

There are 7 states in total in Fig 7.23, for which the differential phase intervals are set to 0˚, ±15˚, 

±30˚ and ±45˚, and the steering angles of the main beam are 0, ±6.5˚, ±11.5, and ±17˚, respectively. 

The side-lobe levels in all the investigated cases are around 21 dB, which is very close to the 

theoretical one. 

 

7.5 Summary 

In this chapter, tunable feeding networks for a reconfigurable array pattern have been proposed. 

Using the proposed two-way tunable power divider, an eight-way power divider with arbitrary 

amplitude of output power is realised and thus used as a tunable feeding network for antenna arrays. 

By connecting such a network with a linear array and tuning the output power to follow a certain 

kind of power distribution, it is possible to get the desired side-lobe levels for the array. In this 

design, the Taylor distribution for 20-dB SLL is adopted for verification of the concept. As a result, 

the SLL is suppressed from -13 dB to -21 dB.  

To further achieve a steerable beam, tunable phase shifters have been designed and utilized in the 

feeding network. The proposed tunable phase shifter design is able to cover a full phase shifting 

range of 360˚ across a wide band range from 1 GHz to 2 GHz. After applying certain differential 

phases to each element of the array, the beam has been steered to 17˚ maximally. Besides, with the 

unequal power division for the Taylor distribution for 20-dB SLL, the side-lobe also can be 

suppressed with a steerable beam. These features indicate great application potential in the 

development of tunable feeding networks for antenna and phased arrays. 
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Chapter 8: Conclusions and Future Work 

8.1 Conclusions 

In modern society, microwave techniques are used in a variety of areas and microwave-based 

systems can be found everywhere in people‟s daily life. With the coming era of 5G, the connection 

between people and objects is becoming ever closer. Devices with a high-data rate, multiple 

functions and the controllability of objects are in demand. To realise these functions, microwave 

systems are the solution and thus have been focused on heavily. Overall performance and possible 

functions are determined by the composition of these systems, which involve microwave devices as 

such and their sub-systems. Though great efforts have been made to improve devices‟ capability 

and performance, huge drawbacks still exist with respect to issues like extensive losses, high cost, 

shortness of efficiency and flexibility, large circuit volumes, etc. Facing these problems and 

challenges, the innovation of new concept and design approaches as well as the development of 

high-performance devices and sub-systems has been the aim of this thesis, where a thorough study 

of tunable microwave components and sub-systems with multi-functional purposes for wideband 

applications has been provided. Notably, the main contributions of this thesis are: 

1) Development of tunable microwave devices which can be controlled to realise multiple functions 

and become adapted to different microwave environments. 

2) Proposal of new design approaches with multiple functions to reduce the number of devices used 

in building a system so that the volume and cost of systems are reduced. 

3) Proposal, design, and verification of novel concepts of tunable devices with new functions that 

have never been investigated together with a miniaturized circuit size. 

4) Construction of tunable beam-forming networks with a controllable power distribution and 

differential phase in feeding antenna arrays to get a steerable beam and reconfigurable pattern. 

To achieve these targets, tunable microwave devices have been the main focus of this research 

project and several types of designs have been built and evaluated in Chapters 4, 5, 6, and 7.  

Chapter 4 discussed developing new types of tunable bandpass filters with both a high performance 

and miniaturized size. This included the tunability of the operating frequency range, bandwidth, and 

cut-off edge transmission zeros. Coupled-line structures with centre-loaded varactors were adopted 

for controlling bandwidth and cut-off transmission zeros.  

Besides this aspect of flexibility, the sharp selectivity of the passband and upper-stopband harmonic 

suppression is also desired. To that end, a pair of varactor-ended short-circuit stubs was used to 
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control the position of a zero, which can be relocated from one side of the passband to another. The 

presented design was able to realise a maximum bandwidth tuning range from 55 MHz to more than 

300 MHz, and a centre frequency shifting range from 0.52 GHz to 1.48 GHz. Apart from this 

improvement, the overall size of each design is smaller than 0.01 of the   
 , which is extremely 

compact in size. All these merits exceed those in the existing state-of-the-art work in the literature 

reviewed. Last but not the least, based on the coupled-line structure, a compact design of a balanced 

tunable bandpass filter was proposed with a high suppression of common-mode signals. 

Chapter 5 was devoted to the development of multi-functional power dividers, which include 

filtering power dividers, tunable power dividers, and a combination of both. Firstly, a kind of 

varactor-loaded three-line coupled structure was analysed with the result showing that this kind of 

structure is favourable as a design of a tunable power divider since the power division at its two 

sidelines can be varied by tuning the varactors loaded between the centreline and each sideline. In 

addition, the power division ratio is linked with the capacitance distribution of the structure, which 

is not related to the operating frequency. This means the power division ratio can be tuned across a 

wide frequency range, clearly a further improvement. 

With the support of the three-line coupled structure, a tunable power divider was firstly built with 

loaded varactors. By controlling the biasing voltages, a tunable power division ratio from 1:1 to 3:1 

working in the band range of 0.9 to 2.1 GHz has been achieved. To integrate the filtering 

characteristics with the proposed power divider, two kinds of stubs were shunted at the output ports. 

In the first case, a stepped-impedance stub was used to introduce two transmission zeros at the 

passband edges. In the second case, a pair of varactor-loaded coupled-line stubs was used to have a 

controllable passband.  

The experimental result revealed that the proposed design is able to achieve a controllable filtering 

bandwidth from 48% to 71%, tunable centre frequency from 1.3 GHz to 1.48 GHz, sharp cut-off 

with transmission zeros, and upper-stopband harmonic suppressions up to more than 6 GHz. 

Though some work related to this topic has been done before, this research has achieved the first 

thorough study of tunable power dividers with power division and a controllable filtering response. 

Furthermore, a four-way filtering power divider was built. Compared with other existing designs, 

the proposed design has the widest bandwidth, sharpest cut-off selectivity and greatest upper-

stopband suppression with excellent output matching and isolation. 

Chapter 6 aimed to develop new functions in multi-port tunable microwave devices. In Chapter 5, 

power dividers with a tunable power division ratio have been realised. In Chapter 6, the tunability 
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of the power division ratio was applied in wideband balun and couplers, where tunable amplitude at 

output terminations can be obtained. A tunable balun with a wide tuning range of output power 

division across a wide band was presented and described. The utilized structure is based on a 

modified Marchand balun using multi-layer broadside-coupled structure. The proposed 

modification includes using a serially-connected varactor and resistor at the centre of the balun to 

achieve the required tunability in amplitude and stability in phase. The results showed that the 

power division can be tuned from 1:1 to 3.5:1 across the frequency range 1.2-2.8 GHz with a 

relatively stable differential phase of 180±9˚.  

Similarly, a broadband quadrature coupler with a wide range of tunable coupling coefficients was 

presented. The device uses two sets of 45° coupled-line sections that are connected in a cross-

shaped structure and loaded with two pairs of varactors. Based on a thorough analysis using the 

mixed-mode theory, a design procedure was given and a prototype was built and tested. The 

measured results indicated a full tuning range of coupling coefficients from 3 dB to 6 dB, 10 dB, 20 

dB, and a non-coupling state.  

On the other hand, in some cases, a differential phase is more critical in the design of microwave 

systems than the amplitude of signals. Therefore, this chapter also aimed to develop multi-port 

tunable devices with a constant amplitude and tunable differential phase. The first design was a 

phase-tuned power divider with reconfigurable in-phase and out-of-phase states. A novel concept, 

using a tunable phase shifting unit to approximate different lengths of transmission lines, was used. 

The concept was validated by theoretical analysis and, for further verifying the theory, followed by 

the construction and fabrication of a prototype to be tested. The measured results verify that the S-

parameters under each of the states are desirable and the phase deviations of the phase difference 

between the two output ports for in-phase and out-phase states are satisfied. Using the same concept 

of the tunable phase shifting unit, a phase-tuned directional coupler was designed based on a 

modified branch-line coupler. Both simulation and experimentation were conducted to show a 

tunable differential phase is realised from 45˚ to 135˚ across a bandwidth of 20%. All these 

proposed design approaches are the first of their kind to be introduced in the literature. 

Chapter 7 focused on the development of tunable feeding networks for the beam-forming function 

of antenna arrays. The goal was to achieve the tunability of the arrays‟ patterns in the aspects of 

beamwidth, side-lobe level, and beam directions. Instead of the traditional methods of adding PIN 

diodes or tuning elements on radiators, this work aimed to develop controllable feeding networks 

for antenna arrays. This kind of network is able to tune the power amplitude and phase at each 



157 
 

output port. To that end, a multi-port power divider with tunable power division and multiple 

tunable phase shifters are required.  

For the multi-port power divider, the two-port tunable power divider which was presented in 

Chapter 5 is utilized to compose an eight-way power divider. The proposed eight-way power 

divider was able to allocate unequal power at each output port to follow a certain kind of power 

distribution, which can affect the connected arrays and change the side-lobe level. On the other 

hand, to realise arbitrary differential phases between any two elements of an antenna array, tunable 

phase shifters were designed. The proposed design was based on a directional coupler consisting of 

two coupled-line sections connected with two transmission lines. The proposed two-stage phase 

shifter was found to achieve a tunable differential phase range of more than 360˚ which covers the 

full range of the shifting phase. Notably, both the tunable eight-way power divider and the tunable 

phase shifter can operate at a band range from 1 to 2 GHz, which indicates wideband application 

potential for both designs.  

Finally, a linear antenna array using eight patch antennas with equal spacing was adopted to verify 

the controllability of the proposed beam-forming network. The full-wave simulations revealed that 

by tuning the supplying voltages on the varactors, the feeding power to each element is tuned so 

that the array pattern can be reshaped. The side-lobe level can be greatly reduced from -13 dB to 

more than -23 dB. Moreover, the beam direction can be steered from 0˚ to 17˚. It is notable that the 

proposed beam-forming network is able to operate with wideband antenna arrays with 60% of 

bandwidth, which is quite favourable in wideband microwave systems. 

 

8.2 Future Work 

Although promising results have been reported in this thesis, there is still the potential for this line 

of research to be further improved. Therefore, the following work can be done in future: 

1) Building the digital controlling systems of supplying voltages using software programming on 

chips in order to replace the analogue tuning with a digital tuning function.  

2) Implementing the proposed multi-functional microwave components with other circuits to 

construct sub-systems for wideband applications, such as beam-forming networks, measurement 

systems, and RF transceivers. 

3) Designing wideband antenna arrays with a bandwidth of more than 60%, and then applying the 

proposed tunable feeding network to steer the array pattern in experimentation.  
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