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AABBSSTTRRAACCTT  

 

An increasing demand for electromagnetic spectrum has resulted from the emergence of 

feature-rich and faster throughputs wireless applications. This necessitates the 

developments of dynamic reconfigurable or multifunctional systems to better exploit the 

existing spectrum. 

 

Future wireless devices will be expected to communicate over several bands with various 

other devices in order to fine tune the services they provide to the user. Each band may 

require a separate RF transceiver and such modern wireless multi-band multi-mode 

communication systems call for high performance, highly integrated compact modules. 

Since the Federal Communications Commission (FCC) released the unlicensed frequency 

band 3.1-10.6 GHz for ultra-wideband (UWB) commercial communications, the 

development race for commercialising UWB technology has seen a dramatic increase 

around the world. 

 

The aim of this research is to develop reconfigurable planar microwave filters for ultra-

wideband applications. The project investigates some key design issues of reconfigurable 

filters, which are being observed constantly in the latest development and realisation of 

microwave filters. Both analytical and numerical methods are performed to construct a 

realistic and functional design. Two different types of frequency reconfigurability are 

investigated in this thesis: discrete (e.g. PIN diode, Optical switch) and continuous (e.g. 

varactor diode). Using the equivalent circuits and considering the direct coupled filter 

structure in most cases, several topologies with attractive features are developed for future 

communication systems.  The proposed works may be broadly categorised into three 

sections as follows. 

 

The first section explores a square ring shape close loop resonator along with an open-

circuited stub in the symmetry plane. To realise a reconfigurable frequency states within the 

same spectrum, an innovative approach is developed for this case. An optical or 



photoconductive switch, comprised of a silicon die activated using near infrared light is 

investigated as a substitute of PIN diode and performances are  evaluated to compare the 

feasibilities. In addition, a in-band interference rejection technique via externally coupled T-

shape resonator is shown. However, it is observed that both structures achieve significant 

size reductions by utilising the inner part of the resonators.     

 

To improve the filter selectivity, a convenient design approach generating a pair of 

transmission zeros between both passband edges and a single zero in the stop band for 

harmonic suppression is discussed in the second section. Moreover, the development of 

notched rejection bands are studied and several novel methods to create a single and 

multiple notched bands employing the square ring shape structure are proposed. On 

inspection, it is found that the notch structure can be implemented without deteriorating 

the filter performances. The discussions are supplemented with detailed design examples 

which are accompanied by theoretical, simulated and experimental results in order to 

illustrate the filter development process and showcase practical filter performance.  

 

The third section reveals a novel highly compact planar dual-mode resonator with sharp 

rejections characteristics for UWB applications. A bandwidth reconfiguring technique is 

demonstrated by splitting its even-mode resonance. Filter structure with the dual-mode 

resonator is shown to have a relatively wide tuning range, significantly low insertion loss 

and a constant selectivity along with frequency variations in comparison to similar published 

works. Finally, the earlier dual-mode structure are modified to realise a dual wideband 

behaviour. A detail analysis with comprehensive design procedures is outlined and a 

solution for controlling the frequency bandwidths independently according to the 

application interest is provided. In line with the previous section, experimental verification is 

presented to support and supplement the discussions.       
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11..00  IINNTTRROODDUUCCTTIIOONN  
 

 

With the advancement of modern wireless communication applications, the finite frequency 

spectrum has to accommodate additional systems and thus it is becoming increasingly 

congested. Hence, RF signal must be confined to the assigned spectrum ranges. As a key 

component to restrict signals, filters are required with stringent requirements such as high 

performance, low cost, compact size, and light weight. Generally, a microwave filter 

performs a frequency band limiting operation in the frequency domain which passes 

desirable signals and attenuates unwanted signals of other frequencies. Regardless of their 

applications, filter shape signals in amplitude and phase with respect to the frequency in a 

prescribed aspect to generate a compliant output. This feature makes filters useful in 

wireless communication systems and four main classes filter available based on their 

function of operations: low pass, high pass, band pass and band stop or notched band in 

some cases filter. 

 

More commonly, filters can be implemented with two different types of elements in 

accordance to the wavelength requirement such as lumped elements (inductor, capacitor, 

and resistor) or distributed elements (microstrip, waveguide, or any other transmission line 

medium).  To realise lumped elements with adequate accuracy especially at microwave 

frequencies is extremely difficult due to its inherent parasitic effects. Planar distributed 

filters can be integrated into an IC but the size of a distributed filter is directly proportional 

its operating wavelength, this approach may only applicable on a limited version of filters, 

where the operating frequencies agrees filters to fit into an IC. In addition, the unloaded 

quality factor of a distributed resonator is directly proportional to its physical size. Hence, 

distributed IC filters incur severe losses which may affect the  overall system performance.  

Due to the reason above, planar strip line technology such as microstrip have become 

immensely popular for distributed filters. Although waveguide components can handle 

higher power than the planar transmission line and have low losses but it is not the first 

choice in the communication systems that requires mobility because of their bulk size and 



                                                                                                                                                                               2 
 
 

heavy weight. Moreover, fabrication processes of the waveguide components are more 

expensive than that for strip transmission lines.  

 

Although most microwave filters are built-up with distributed components and characterised 

by the conventional electromagnetic theory, the analysis of the filter structures in practical 

using the proposed theory is very complex and tedious tasks as the theory is the 

mathematical formulation of the propagation of electromagnetic waves and it is concerned 

with interrelated electric and magnetic fields as well as the time varying effects between two 

fields. As a result, lumped elements can be chosen for modelling and demonstrating the 

behaviour of the intended filters. 

 

Over the recent years, advances in modern wireless communication systems are pushing for 

multi-frequency  band and multi-functional operation. This trend has led to the development 

of different kinds of reconfigurable or tunable filters. However, reconfigurable or multiband 

filters are still the subject of intense research due to limitations such as the number of bands 

attainable, bandwidth or centre frequency tuning range, selectivity according to passband 

changes, and linearity in addition to the issues pertaining to fixed filters.  

 

 

A typical filter bank is illustrated in Figure 1-1 as an example of multiband systems which 

consists of a number of fixed filters and each filter is directed for each band; this type of 

system arrangement is not only occupied large space but also requires high loss multi-throw 

switches. To overcome these drawbacks, reconfigurable or tunable filters are emerged as an 

alternate solution which can be tuned or reconfigured according to application 

specifications. These kinds of filters would be directed at supporting multiple wireless 

functions using common hardware hence decreasing the overall system complexity and 

potentially improving its performance and functionality.  
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             (a)            (b) 

Fig. 1-1 (a) A typical filter bank consists of a number of fixed filters, and (b) A reconfigurable 

or tunable filter as an alternate of multiple fixed filters. 

 

Since the Federal Communications Commission (FCC) of the United States released the 

unlicensed frequency band 3.1-10.6 GHz for ultra-wideband (UWB) commercial 

communications, the development race for commercialising UWB technology is heating up 

in Europe and all over the world [1]. Moreover, research on UWB devices has greatly 

accelerated but characterisation of UWB filter such as miniaturisation, high selectivity, flat 

group delay, in-band frequency rejection notch, and low insertion loss over the frequency 

range have always been a challenging task.  

 

This research addresses some of the fundamental challenges experiencing in microwave 

filters. For instance, concerns such as filter size, loss, selectivity and reconfigurability are 

central to the theme of the thesis. The rest of this chapter details the aims and objectives of 

this investigation. This is followed by an overview of some significant contributions and 

developments from past research work particularly in the area of planar microwave filters 

not only to give a survey of the type of solutions available but also to serve as a basis for 

comparison. For better accessibility, an outline of the thesis is illustrated next with a 

summary of each chapter. 
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1.1 Overview of Recent Research 
 

A brief overview of some of the recent developments to distributed planar resonators 

especially on UWB filters, relevant to the set objectives of this investigation is outlined in this 

section. Also over the past few decades, electronically switchable and reconfigurable 

microwave devices such as filters are in great demand for existing wireless communication 

systems, and recent research into reconfigurable  filters using different methodologies and 

structure have been quoted in this discussion. 

 

 1.1.1 UWB Bandpass Filters 

 

UWB devices has greatly accelerated and there are a number of different approaches have 

been reported for the filter realisation. For example, multi-mode resonator (MMR) [2]-[3] 

has been widely used to achieve ultra-wideband passband characteristics. The main 

drawback of MMR-based technique is that it suffers a narrow upper stopband performance 

due to high order harmonics which arises just after the first passband. In [4] demonstrates a 

UWB filter using stepped-impedance stub-loaded resonator (SISLR). The proposed SISLR is 

observed to have advantage of supporting more degrees of freedom to adjust the resonant 

frequencies, but, the stop band edges prompt low attenuation to escalate the possibility of 

signal error rating. 

 

Quasi-lumped element prototype is another technique which has been adopted to build 

UWB bandpass filters [5]-[7]. In [5], a high-pass filter characteristic was realised as part of 

developing UWB filters by employing microstrip-coplanar waveguide (CPW) structure. 

Moreover, to construct a UWB bandpass filters, [6] and [7] used lumped element bandpass 

filter prototype with multilayer liquid-crystal-polymer (LCP) arrangement where the former 

utilised open and short stubs and the latter used stepped impedance resonators (SIR). 

Despite their efforts to introduce a new technique, the resulting filters have a large size and 

complicated in design causing fabricating problems. 

 

Microwave bandpass filters commonly employ a ring resonator with the benefit of compact 

circuit size, split mode, and sharp rejection skirts [8]-[10]. In compare with patch resonator, 
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ring structure facilitates low conductor loss and high power handling capability [11-12]. A 

square ring resonator using two tuning stubs, orthogonal feeders, and dual mode effects 

demonstrated a wide passband, high selectivity, and an increased stopband bandwidth [13]. 

Interdigital coupled feed lines were employed to acquire quintuple resonance in a passband 

[14]. In [15], a bandpass filter with two ring resonators achieves 80% fractional bandwidth. 

But the proposed ring resonator structures in [14]-[15] require direct-tapped feeding 

arrangement between two ports, which causing poor rejection performance in a frequency 

range below the desired passband.  

 

Furthermore, to achieve better selectivity, much effort has been made by generating 

transmission zeros, for example, in [16] reported five short-circuited stub for the evolutions 

of UWB filter with pairs of transmission zeros but the filter experienced poor out-of-band 

performance as well as large size. In [17] addressed the quintuple-mode UWB bandpass 

filter with sharp roll-off and super-wide upper stopband. Although the aperture-backed 

structure can boost the coupling degree of the I/O lines, the fabrication procedure would 

become complexity. 

 

 

 

1.1.2 Reconfigurable Planar Filters 
 

There is growing demand in the wireless communications industry for reconfigurable 

microwave filters as it makes microwave transceivers adaptable to multiple bands of 

operation employing a single filter. Reconfigurable/Tunable filters can substitute the 

necessity of shifting between several filters to get more than a single filter response by 

offering switching elements embedded into a filter structure. Reconfigurable filters can be 

realised in a variety of ways and it can be classified into two different categories, namely, 

filters with  discrete switching or tuning and filters with continuous tuning. Filter topologies 

showing a discrete switching usually use PIN diodes, MEMS switches, or Optical switches. In 

contrast, filter structures using varactor diodes, ferroelectric/magnetic materials, or MEMS 

capacitors are widely used to obtain continuous tuning.  

 

Several design techniques are developed to produce reconfigurable discrete states on a filter 

response, which are drawing attention for low cost implementation [18]-[20]. Recently, the 
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filter in [18] adopts the frequency selective characteristic of a cascade of unit 

electromagnetic gap (EBG) structures that can be reconfigured using MEMS switches to 

exhibit either a bandpass or bandstop reponse with a 3-dB fractional bandwidth (FBW) of 

72% and a mid-band insertion loss 1.96 dB. The drawbacks associated with MEMS switches 

include the need for bias lines and their limited power handling capability as well as poor 

switching speed. In [19] presents a bandpass-to-bandstop filter (17% FBW at 2.45 GHz) with 

a closed ring resonators whose switchability achieves from the perturbation effect on 

degenerate modes. When the perturbation varactor is at series resonance, its reactance dies 

out and a bandstop characteristic is formed, conversely bandpass filter response is attained 

by turning the perturbation varactor to be capacitive. Another technique shows in [20] 

where a banpass to a bandstop transformation attains for ultra wideband applications using 

four PIN diodes as shown in Fig. 1-2. Although the design is innovative but incurs high 

insertion loss (>2 dB) and cost because of using four PIN diodes. 

 

Tuning centre frequency in discrete steps with PIN diode technology has been achieving 

particular attention over continuous tuning element varactor diode due to its low RF losses 

and signal distortion, especially in broad bandwidth case where large tuning is required. In 

addition, a PIN diode offers high power handling capability, quick switching speed as well as 

providing Q > 50 below 10 GHz with reduced cost, easier packaging and a lower bias voltage. 

A filter illustrated in [21], which can generate broad and narrow bandwidths by adapting 

inter-resonator couplings. The filter in [22] proposes a topology where frequency can be 

shifted in four steps ranging from 290 MHz to 600 MHz with 22.1% to 25.3% FBW using ten 

PIN diodes. Due to provide a large tuning steps, a proportionate number of switching 

elements i.e. ten diodes in this case and bias circuits are needed, resulting escalate the 

circuit complexity and parasitic effects.  

 

A reconfigurable bandpass filter is designed in [23] to interchange the centre frequency and 

bandwidth between WiFi and UMTS standards with low loss and power consumption using 

two PIN diodes. A tunable side coupled resonator filter with three centre frequency (f0) 

states (9,10 and 11 GHz) that two possible bandwidths ranging from 7.7% to 14.7% for each 

state can be observed in [24]. A reconfigurable bandwidth which is varied from 4.45% to 

10.5% with a 2:1 tunable passband ratio (f0 =9GHz) utilising a dual mode square resonator 
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can be seen in [25]. Another dual mode filter is shown in [26] where the propose filter 

achieves asymmetrical filter response by tuning its centre frequency and transmission zeros 

position using a modified square resonator. The proposed asymmetrical response is 

obtained by manipulating the size of the dual mode resonator while the overall effect of the 

mode-splitting perturbation is kept constant. A single switch reconfigurable filter using a 

dual mode triangular patch resonator is developed to achieve a tunable passband ratio 

1.9:1. However, the filter is restricted by the finite tuning ratio [27] at 10 GHz (f0) with a 3-dB 

FBW of 4.5% in the narrowband case and 8.6% in the wideband state. Additionally, a 

switchable dual-band BPFs (f0 at 0.96 GHz and 1.6 GHz) with four states is proposed by 

loading six PIN blocks in [28], and a dual-band BPFs with only one channel at a time in [29]. 

 

    

Fig. 1-2 Reconfigurable UWB filter with bandpass to a bandstop transformation [20] 

 

Moreover, optical switches are incorporated to this shift method as a substitute of PIN 

diode. The advantages of this approach are high switching speed, immune to 
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electromagnetic interferences, and no external bias circuitry is required. A centre frequency 

switchable filter using a pair of optically operated silicon switches is presented in [30] where 

the design was produced by modifying a single pole parallel-coupled line filter and the 

maximum frequency switching range is approximately 380 MHz with 1.86% variations. A 

frequency tunable antenna using pairs of optically illuminated switches is proposed in [31]. 

The centre frequency is shifted by 40% (from 2.26 GHz to 3.15 GHz) when both switches are 

activated. Also, optically controlled resonators [32] and phase-shifter [33] have been 

presented  recently.  

 

On the other hand, many filters with continuous tuning have been investigated in the past 

where centre frequency is the most common filter parameter to reconfigure [34]-[37]. The 

reason for choosing centre frequency tunability is that it can be attained conveniently by 

using reactive elements whose reactance values  can be altered continuously by varying bias 

voltages. Tunable combline filters were first shown in [34] where a relatively high tuning 

range of 53% has been reported, with mid-band insertion loss in excess of around 5 dB. The 

bandwidth variation was restricted to around 12%. In [38], a tunable third order filter is 

using thin-film Barium Strontium Titanate (BST) is reported where the achievable bandwidth 

of 400 MHz with 16% tuning range and passband insertion loss ranging between 3 and 5 dB. 

Generally, varactor diode is being found the most popular controllable tuning element 

among other switching types, namely, Barium Strontium Titanate (BST) [38],[39], 

piezoelectric [40]. However, the use of varactor diodes has many disadvantages including 

high insertion loss and unacceptable distortion (IIP3 around 6 dBm ~ 24 dBm) [41].  

 

On inspection of the research literature, it is clear that most of the proposed methods of 

bandwidth and frequency reconfigurability are for narrowband applications. Because a 

proportionate number of switches and bias circuit are required to achieve a large number of 

tuning or switching steps. This escalates circuit complexity and detrimental parasitic effects 

can become an issue. Also, variation in bandwidth as centre frequency is tuned is a common 

problem as the resonator coupling coefficients may vary with the tuning frequency. 

Furthermore, most of the reported filters offering reconfigurable feature either has larger 

size, high insertion loss or the control range is not wide enough to satisfy the major services 

and standard. These issues form the main focus of this research project. 
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1.1.3 UWB Bandpass Filters with Notched-Band 
 

The increasing deployment of wireless networking technology as well as other wireless 

technologies in the same spectrum is rapidly increasing radio frequency interference, 

threatening the data throughput performance. This is particularly true for UWB which covers 

a very wide frequency band and is overlapped with WiMAX (3.5 GHz) in the lower band and 

with WLAN (5.8 GHz) in the upper band. An ideal solution in such circumstances is a 

bandpass filter with a rejection notched band that can be switched or fixed within the 

passband. Hence, some of the suggested UWB bandpass filters in the previous section are 

constructed with one or more rejection bands. However, designing UWB bandpass filters 

with notched band structures is found not to be straight forward and the challenges are 

include strong harmonic response, decrease in frequency-utilising efficiency, large circuit 

size, or high fabrication cost.  

 

For filters adopting multi-mode resonators (MMRs) with parallel coupled structure, the 

rejection band is implemented by embedding a slotted quarter wavelength open-circuited 

stub within the MMRs [42]. UWB bandpass filter in microstrip technology based on open-

short transmission line is shown a notched band using two quarter wavelength open-

circuited stub and the proposed notch frequency can be reconfigured by turning the PIN 

diode on/off states as in Fig. 1-3 [43]. However, the notch provides relatively narrowband 

tuning and it is not possible to completely block the entire passband. Also, UWB bandpass 

filters consist of multi-mode resonators which are aligned with coupled feeding ports and 

produced a single or multiple rejection bands via folding transmission line length [44]-[45]. 

 

In [46], compact defected ground structures are used to create the notch. A third-order 

suspended strip line (SSL) filter is included to achieve the band rejection. Unfortunately, this 

configuration consumes a large size. UWB filter based on coplanar wave guide (CPW) 

technology is demonstrated a technique in which a rejection band frequency is allocated by 

placing slotted dual quarter wavelength open-circuited stubs in the ground plane [47]. 
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Fig. 1-3 UWB BPF filter with switchable notch frequency [43] 

 

UWB filter with multiple notched bands using multilayer nonuniform periodical structure has 

been  proposed in [48], where filter with single, double, and triple notch bands are 

implemented on the liquid crystal polymer (LCP) substrate. Although the design techniques 

are effective but the design methodologies are very complex and not suitable for existing 

microwave integrated circuits. 

 

UWB filter with multiple notch bands frequency using asymmetric coupling strip is achieved 

by diverting signals into two paths, which makes it possible to create multiple transmission 

zeros [49]. The two desired rejection bands were generated using simplified composite 

right/left-handed resonator, which is coupled capacitively to the filter resonator. UWB filter 

based on MMR are constructed with notch frequency using SIR structure coupled with filter 
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resonator through coupling gap [50]. However, these techniques seriously increase the 

circuit size of the filter. 

 

 

1.2 Objectives of Research and Review of the Thesis 
 

 

1.2.1 Objectives of Research 
 

The primary purpose of the proposed research is concerned with analysis and development 

of wideband reconfigurable filters using microstrip technology for ultra-wideband bandpass 

(UWB) applications include several key challenges related to bandpass filters such as 

selectivity, harmonic suppression, miniaturisation, and in-band rejection. Also, the feasibility 

of switches (i.e. optical switch, PIN diode, and varactor diode) are investigated so as to 

highlight their potential on reconfiguring resonators. These objectives have been taken up in 

the following steps.  

 

The main focus of the project is the development of a novel miniaturised resonator structure 

which has the ability to suppress spurious harmonics, can be reconfigured electronically or 

optically in various states such as switching frequency (e.g. bandpass to bandstop), notched 

band or bandwidth, and also be able to attain high selectivity, low insertion loss. Due to this 

regard, several resonators structures has been chosen for investigation including circular or 

square ring, and open loop based configurations. Quarter or half wave length stub type 

resonators are given particular attention due to achieve wideband response in a convenient 

way and to avoid fabrication complexities. Common ground section and folded resonator by 

bending inward is employed to attain compactness. The proposed structure may be 

modelled by an equivalent circuit, which can be useful to analyse inherent features such as 

sharpening the selectivity or improving wide stopband by employing transmission zero. 

 

In the next stage of this work, the developed structure is studied to realise reconfigurable 

frequency states which can switch form a bandpass to a bandstop response for the lower 

UWB band (3.1-5.2 GHz) applications. The resonator equivalent circuit may be used as a 

basis for developing a filter design procedure as well as to be realized with relative ease. An 
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optical or photoconductive switch, comprised of a silicon die activated using near infrared 

light is investigated as an alternative of PIN diode switch. The equivalent circuit parameters 

of both switches may be extracted using electromagnetic simulator and linearity validation 

studies can be performed to compare feasibilities.    

 

To extend the analysis further, several other issues pertaining to filters such as improving 

passband selectivity or suppressing harmonics by introducing transmission zeros are 

considered for developing a commercially viable resonator structure. Due to the possibility 

of the interference of signals generated by some other wireless services like as WiMax, 

wireless local area networks (WLAN) or WiFi systems with the UWB signals. UWB bandpass 

filters should be designed with the notched band structure so that it could suppress in-band 

interferences. Theoretical analysis may be derived in order to establish the behaviour of 

notch structure, which also provides a solution to be controlled notched band electronically 

without effecting the filter response. Moreover, the development of bandpass filters with 

multi notched band is taken account part of this investigation. 

 

 

The investigation then focuses on constructing a novel structure to implement dual 

wideband behaviour by using a single resonator. The proposed structure also develops a 

solution by which frequency bandwidths can be controlled independently according to 

applications interest. Additionally, stepped impedance based techniques are utilised in order 

to further reduce the resonator footprint and the dual-mode feature is incorporated varying 

filter bandwidth. Finally, another new compact CPW fed reconfigurable UWB bandpass filter 

using DML lines concept is discussed as a substitute of direct coupled feeding line, which has 

high selectivity filtering characteristics and relatively small size. 
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1.2.2 Review of the Thesis 

 

This section summarizes the contents of the subsequent chapters to provide the reader with 

a quick glance at the material covered, where the conclusions are presented in chapter 

seven.  

 

Chapter two of the thesis outlines background theory relevant to the research work 

undertaken. The characterization of microstrip lines and their associate discontinuities 

properties are discussed. Coupled line theory is also illustrated here as coupled lines are 

employed later in generating transmission zeros. A highlight of lowpass to bandpass filters 

design procedure is presented since these synthesis formulas are convenient for microwave 

bandpass filter implementation. 

 

Chapter three of the report presents the ring shape microstrip structure based on stub type 

resonators for miniaturisation of UWB filter. The background theory and a simplified design 

procedure relevant to the  work is discussed. Also, the filter with reconfiguring technique 

using PIN diode and Optical switch is developed where the proposed design behaves as a 

bandpass filter with a passband between 3.1 GHz to 5.0 GHz while in the other mode, it 

behaves as a bandstop filter in the same band . Furthermore, the ring shape microstrip 

structure with switchable band rejection option is considered to eliminate undesired signal 

frequencies and an embedded T-shape structure is analysed for this purpose. avoids 

enlarging the size problem of the filter structure. 

 

Chapter four of the dissertation focuses on the developing of miniaturised high selectivity 

UWB bandpass filters using open loop resonator with deep attenuations at lower and upper 

bands. A technique is introduced to attain filter with second harmonic suppression. This 

methodology is shown to be very effective for the improvement of the stopband of the filter. 

Moreover, several novel approaches are developed for reconfiguring filter states such as 

bandpass to bandstop frequency states within the same bandwidth, switchable single or 

multiple notch frequencies. Various configurations are studied and samples are fabricated in 

order to validate the design concept. 
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Chapter five of the report firstly explores a highly compact dual-mode ring resonator 

configuration for the design of planar RF and microwave bandpass filters. The structure 

based on stepped impedance resonator (SIR) is analysed and the existence of two unique 

modes of resonance is substantiated. A design approach for microwave bandpass filter with 

bandwidth reconfigurability is developed using dual mode feature. The presented approach 

aims to achieve relatively wide tuning range with low in-band insertion loss and without 

affecting the filter selectivity while the fractional bandwidth varies. Finally, a CPW-fed 

reconfigurable filter is examined as a substitute of direct coupled feeding line structure in 

order to achieve further miniaturisation. 

 

Chapter six of the report presents a novel structure to implement dual-wideband behaviour 

using single ring resonator, in which a dual band inverter is adopted without enlarging circuit 

size. The second half of the chapter investigates bandpass filters with independently 

controlled frequency bandwidths. Comparisons of simulated and measured results of the 

designed filters are presented to verify the arguments.  

 

Chapter seven of the thesis concludes some remarks from the research and provides 

suggestion for possible future work. 
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22..00  MMIICCRROOSSTTRRIIPP  LLIINNEE  

DDIISSCCOONNTTIINNUUIITTYY  AANNDD  FFIILLTTEERR  

TTHHEEOORRYY  
 

 

Microstrip line is one of the most popular types of planar transmission lines, primarily 

because it can be fabricated by photolithographic processes and is easily integrated with 

other active and passive microwave devices. In addition, the characterization of 

discontinuity reactance is essential in the case of microstrip lines. Most of the discontinuities 

contribute to parasitic reactance. Discontinuities in microstrip lines involve an abrupt change 

in dimensions of the conductor, giving rise to a change in the electric and the magnetic field 

distributions. Firstly, this chapter presents a brief background and design equations for 

microstrip lines, discontinuities useful for design of filters. Later, the basic filter theory 

behind the work undertaken in this research is illustrated. 

 

 

 

2.1 The Microstrip Line 
 

Microstrip transmission lines consist of a conductor printed on top of thin, grounded 

dielectric substrate as it is illustrated in Fig. 2-1. The property of the conductor associates 

with the dielectric filling dictate the signal transmission characteristics of the line.    

 

Due to the exposed characteristics of the microstrip line, the electromagnetic fields subsist 

not only within the dielectric but also enhance into the air above. The relative permittivity of  
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Fig. 2-1: Side on view of excited microstrip line with corresponding electric (solid lines) and 

magnetic (dashed lines) fields. 

 

the material εr is almost always greater than unity resulting the fields in air propagate faster 

than the fields within the dielectric hence microstrip lines, cannot support a pure transverse 

electromagnetic wave.   

 

The comparably weak longitudinal field elements allow a quasi-static approximation to be 

applied in characterizing the line up to a few giga hertz [1]. This method considers the 

propagation of a pure TEM mode which greatly cut down the related calculations. Once the 

capacitance per unit length with and without the dielectric, Cd and C0 respectively are 

decided, the effective relative dielectric constant, εeff, the characteristic impedance in the 

free space, Z0, phase constant, β, angular frequency ω and phase velocity, Vp, may be 

computed using (2.1) - (2.4) respectively, where c is the speed of light in free space. 
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The closed form expression that provide accuracy better than one percent are given as 

follows, 

 For narrow microstrip lines, 1
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where =120 ohms is the wave impedance in the free space. 

 

2.1.1 Synthesis Formulas 
 

Approximate expressions for W/h in terms of characteristic impedance Zc and relative 

permittivity r, are derived by [2] as follows 
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Fig. 2-2 Microstrip characteristic impedance as a function of W/h [3] 
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Fig. 2-3 Effective dielectric constant of the microstrip line as a fuction of  

W/h for different dielectric constants [3] 

 

Full wave electromagnetic analysis methods have become the standard nowadays due to the 

widespread availability of powerful computers as well as full wave electromagnetic software 

packages. These techniques solve Maxwell’s equations, employing advanced numerical 

methods, for the corresponding line parameters by utilising the given boundary conditions. 

While taking into consideration all longitudinal field components as well, these calculations 

are usually performed over a number of frequencies and therefore are capable to account 

for dispersive effects of the line. All in all, the full wave analysis techniques are able to 

provide significantly more accurate results by exploiting modern computing power.    

 

Microstrip lines have relatively high loss arising from conductor loss, dielectric loss and 

radiation loss. Conductors dissipate power as heat due to the finite conductance of the 

metal trace. Dielectric loss is due to the heating effect caused by the movement of atoms 

within the substrate as a result of the applied field. In addition, since the microstrip is a semi 

open structure, any radiation is either free to propagate away or to induce currents on the 

metallic vicinity, causing the radiation or the commonly named housing loss. Out of these 

three loss mechanisms, the conductor and dielectric loss are the most significant.   
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Conductor loss is generally the most dominant contributor to the overall loss and is 

exacerbated at high frequencies due to the skin effect [4]. At RF and microwave frequencies, 

current is no longer uniformly distributed across the cross section of the signal trace. Due to 

eddy currents induced within the trace, signal current vanishes in the centre of the 

conductor and concentrates near the trace edges. This effectively reduces the cross-

sectional area of the trace at high frequencies, increases the trace resistance and therefore 

also the attenuation constant of the line. Even though the attenuation constant may be 

determined with accuracy given the exact knowledge of the trace geometry as well as the 

field distribution [5], the computation is complicated. On the other hand, methods such as 

the perturbation method [1] and Wheel’s incremental inductance formula [5], given by 

(2.13), may be used to determine conductor attenuation constant, αc, approximately,  where 

x is the distance into the conductor trace, W is the trace width and the surface resistance, Rs, 

is given by (2.14).  
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With the widespread availability of full wave electromagnetic software, it is possible to 

extract the attenuation constants from a matched line, one at a time, from simulations using 

equation (2.15). For example, when the conductor attenuation constant is to be determined, 

the condition that the loss tangent of the dielectric substrate, tan δ = 0, is imposed and to 

determine the dielectric attenuation constant, the metal conductivity, σ, is assumed to be 

infinite. The overall attenuation constant may be found by the summation of these 

attenuation constants. The net attenuation is required to determine the unloaded quality 

factors of distributed resonators as described in the next section.  
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2.2 Microstrip Discontinuities 
 

Microstrip discontinuities generally incurred in the layout of the practical filters include 

steps, open-ends, gaps, bends, and junctions as in Fig. 2-4. Discontinuities create parasitic 

reactances, which effect  the transmission line field distributions. The altered electric field 

distribution can be represented by an equivalent capacitance, and the changed magnetic 

field distribution can be expressed in terms of an equivalent inductance. The equivalent 

circuit model of the discontinuity region can be modelled accurately by extrapolating the 

effective dimensions and taken into account in the filter design with full-wave 

electromagnetic (EM) simulations.   

 

 

2.2.1 Steps in Width 

 
The junction of two lines having different widths forms this type of discontinuity. The 

equivalent circuit consists of a shunt capacitance C in the plane of junction and series 

inductors L1 and L2 on either side of it as shown in Fig. 2-4(a). For a symmetrical step, the 

capacitance and inductance may be approximated by using the following formulas [2] 
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(a) 

 

(b) 

 

(c) 

 

(d) 

Fig. 2-4 Microstrip discontinuities: (a) step, (b) open-end, (c) gap, and (d) bend [4] 
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2.2.2 Open-ends 
 

The closed form expression for apparent increase Δl in line length due to the open-end 

capacitance  as in Fig. 2-4(b) is given below [2] 
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Where εre is the effective dielectric constant. For W/h ≥0.2 and 2≤εr≤50, yields results which 

are within 4 percent of the numerical results.  

 

The open-circuit capacitance Cp may be obtained from the value of Δl/h by using the 

following equation  
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Where c is the velocity of light in free space and εre is the effective dielectric constant 

corresponding to the impedance Z0. 

 

 2.2.3 Gaps 
 

Corresponding susceptances as demonstrated in Fig. 2-4(c) can be obtained from the 

equivalent circuit capacitances Cg and Cp. If the two transmission lines are identical, then a 

plane of  circuit symmetry exists and it can be analysed using odd/even mode analysis. The 

incident wave along the transmission lines are opposite (equal magnitude but 1800 out of 

phase) in the odd mode namely anti-symmetrical and equal (equal magnitude and equal 

phase) in the even mode so-called symmetrical. These are expressed in terms of Ceven and 

Codd as follows  [2] 
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Where Ceven and Codd are the equivalent circuit parameters for the gap when it is excited 

symmetrically and anti-symmetrically by creating virtually open and ground plane at the 

plane of circuit symmetry, respectively. 

 

 The closed form expressions for Ceven (Ce) and Codd (Co) for εr=9.6 and 0.5≤ W/h ≤2 are  

)exp(/)/(/ 00 KmWsmpFWCo   

 

)exp(/)/(/ eee KmWsmpFWC   
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The values of Ce and Co for other values of εr in the range 2.5≤ εr ≤15 can be calculated by 

using the following scaling relations  

 

                                        Ce(εr)=Ce(9.6) (εr/9.6)0.9                                                      (2.22)

        

 

                                       Co(εr)=Co(9.6) (εr/9.6)0.8                                          (2.23) 

 

 

2.2.4 Bends 
 

Microstrip right-angle band may be designed by an equivalent T-network as illustrated in Fig. 

2-4(d). The closed form equations are given in [4] as follows 
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2.3 Microstrip Coupled Lines 
 

When a pair of parallel microstrip lines are placed in close proximity, microwave signal may 

be coupled from one line to another. The cross section of a coupled microstrip line with the 

corresponding electromagnetic fields in the even and odd mode is shown in Fig. 2-5.  

 

 
(a)                                                                                         (b) 

Fig. 2-5: Side on view of field distribution of microstrip coupled lines of (a) even mode (b) 

odd mode excitation. 

 

Conventionally, any voltage or current excitation on the lines may be dissolved into even and 

odd components. In the even mode, signal coupling incurs through the magnetic field and in 

the odd mode this appears via the electric field. Even though both types of field contribute 

towards coupling, they may merge in either a constructive or destructive mood depending 

on lines excitation [4]. Hence, the coupling strength noticed is due to an interaction of these 

two effects. In microstrip coupled lines, the even and odd mode propagate at marginally 

different phase velocities due to the different field distributions.  

 

An equivalent lumped element model of a pair of coupled transmission lines is presented in 

Fig. 2-6, where L1, C1, L2 and C2 are the self inductance and shunt capacitance per unit length 

of line 1 and line 2 respectively and Lm and Cm are the mutual inductance and capacitance 

per unit length between the two lines. The terminal voltages and currents in general are 

described by the differential equations (2.26)-(2.29).  

 

 
(2.26) 



                                                                                                                                                                               32 
 
 

 
(2.27) 

 
(2.28) 

 
(2.29) 

 

 
 

 

Fig. 2-6: Lumped element circuit model of coupled transmission lines 

 

For an even mode excitation, the terminal voltages V1 = V2 = V and currents I1 = I2 = I are 

assumed. By applying these conditions to the above equations give (2.30)-(2.35), where C1 = 

C1g + Cm and C2 = C2g + Cm are the self capacitances per unit length of the lines 1 and 2 

respectively.  

 

 
(2.30) 

 
(2.31) 

 
(2.32) 

 
(2.33) 

 

 

The equations in the following state that the even mode equivalent inductance is L1+Lm 

and L2+Lm while the related capacitance is C1-Cm and C2-Cm for line 1 and 2 respectively. 
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Hence, the even mode characteristic impedance of line 1 may be defined by (2.34) and 

the corresponding impedance of line 2 can be derived by using similar approach.  

 

 

(2.34) 

 

In a similar argument for the odd mode where the applied conditions are V1 = - V2 and 

currents I1 = -I2 yields the odd mode equivalent inductance as L1-Lm and L2-Lm and 

corresponding capacitance as C1+Cm and C2+Cm for line 1 and 2 respectively. Therefore, 

the odd mode characteristic impedance of line 1 may be defined by (2.35) and the 

corresponding impedance of line 2 may be defined likewise.  

 

 

 

(2.35) 

 

Another important factor particularly for filter design is the coupling coefficient as it 

characterises interaction of two resonators and offers a fairly accurate value for a direct 

synthesis of narrow-band filters and provide initial estimate structure parameters for 

optimisation synthesis of wideband filters. the coupling coefficient can be defined by the 

ratio of the coupled energy to the stored energy. The normalized electric and magnetic 

coupling coefficients KE and KM are given by (2.36) and (2.37) respectively. 

 

 
(2.36) 

 
(2.37) 
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2.4 Filter Design Theories  
 

Filter design is generally begin with the lowpass prototype filter, which later can be 

transformed  into any other form of filters, namely bandpass, highpass, and bandstop filters 

as in Fig. 2-7. The lowpass prototype may have various form of representation, depending on 

filter topology and characteristics as shown in Fig. 2-8. This section covers only lowpass to 

bandpass transformation theories, which are pertinent to the key objective of this research. 

 

   

Fig. 2-7 Frequency behaviour of four basic types of filter 

 

 

 

Fig. 2-8 Lowpass filter with degree of n 
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To obtain the prototype element values in Fig. 2-8 and transform to a lowpass to a bandpass 

state, an convenient synthesis formulas are derived in the following: 

 

The design procedure for a filter with given specifications, such as cutoff frequency, 

passband return loss or passband ripple factor in few cases, stopband attenuation at 

frequency fs, 

 

1) The passband ripple level should be found from the expression for minimum passband 

return loss: 
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or the expression for passband ripple factor can be used to find the passband ripple level: 
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2) The number of the element should be found at designated stopband frequency fs from the 

expression for insertion loss: )]'(1log[10 22  nI TL                                                       (2.40) 

  

In this expression the Tn(ω’) is the nth degree Chebyshev polynomial of the first kind which is 

defined by the expression: 
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where the normalised cutoff frequency can be found from the expression: 
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3) The prototype element values should be defined form the provided table or using 

expressions:  
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4) The lumped elements values should be determined using prototype element values from 

equation: 

The inductance for series inductors: 
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The capacitance for shunt capacitors:  
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Where the prototype element value gi can be defined by using (2.43) and Z0 is arbitrary 

characteristic impedance. 

 

5) Frequency transformation are needed to map the response in the lowpass filter prototype 

frequency domain, Ω, to that in the frequency domain, ω. By which a practical filter response 

such as bandpass, bandstop, and highpass characteristics can be obtained. The frequency 

transformation may have an effect on the reactive elements but no effect on the resistive 

elements. The required frequency transformation with having a passband ω2- ω1, where ω1 

and ω2 indicate the passband-edge angular frequency can be derived by following 

expression 
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The above frequency transformation may be applied to the reactive element of the lowpass 

prototype by using below derivation 
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The above expression (2.47) implies that an inductive/capacitive element g in the lowpass 

prototype in Fig. 2-8 is transformed to a series/parallel LC resonant circuit in the bandpass 

filter as shown in Fig. 2-9. 
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Fig. 2-9 Lowpass to Bandpass element transformation 

 

The elements for the series LC resonator in the bandpass filter can be defined by 
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where g representing prototype element value and 0 is impedance scaling factor. 

 

and the elements for the parallel LC resonator in the bandpass filter are expressed as follows 
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6) The lengths of microstrip line (lL) to replace inductors should be determined using 

expression: 
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The lengths of microstrip line (lC) to replace capacitors should be determined using 

expression: 
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7) The width (w) of microstrip line for chosen characteristic impedance Z0L for inductive 

transmission line and Z0C for capacitive transmission line. By using the expressions (2.6) and 

(2.8), the effective dielectric constant and a width of narrow and wide mictrostip line for 

inductor and capacitor can be derived. 
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      33..00  CCOOMMPPAACCTT  RREECCOONNFFIIGGUURRAABBLLEE  

UUWWBB  BBAANNDDPPAASSSS  FFIILLTTEERRSS  
 

 

 

Ultra wideband (UWB) filters have seen a sharp rise in demand recently due to the 

commercialisation of the 3.1 GHz – 10.6 GHz band. However, this band is divided into a 

lower and upper band of 3.1 GHz - 5 GHz and 6.2 GHz – 10.6 GHz respectively to avoid the 

5.0 GHz – 6.0 GHz band used by IEEE 802.11a. UWB filters is one of the essential 

components in different kinds of communication applications, for instance, indoor and 

handheld systems such as wireless peripheral interfaces, position tracking, radar, sensors 

etc. Currently extensive research and development efforts have been put into utilizing ultra-

wideband (UWB) technology and linear broader bandwidth reconfigurable filters are in 

increasing demand for developing modern microwave communication systems. For filter 

realisation, planar circuits such as microstrip filter structures have become popular due to 

ease in integration and manufacture. Bandpass filters comprised of quarter wavelength 

(λg/4) or half wavelength (λg/2) stubs are quite alluring owing to the advantages of obtaining 

relatively wide bandwidth and less insertion loss around passband. For instance, quarter 

wavelength (λg/4) resonators have been adopted to implement the interdigital and combline 

filters [1]-[4].  

 

Recently reconfigurable UWB filter based on stub-types resonators has been proposed in 

[5] where four PIN diodes have been incorporated in order to switch between a bandpass 

and bandstop response. However, the filter experiences comparatively high loss and signal 

distortion due to nonlinear characteristics of the diode. Another quarter wavelength (λg/4) 

open-circuited stub approach is employed in [6], where reconfigurability has been achieved 

by using a switchable notch in the passband. However, the filter circuit consumes a large 

space and the notch provides relatively narrowband in nature so that it is not possible to 

completely block the entire passband. 
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Various techniques are used recently for tuning include varactor diodes, RF MEMs, 

ferroelectrics, liquid crystals and optical switches. The use of varactor diodes has many 

disadvantages including high insertion loss and unacceptable distortion. RF MEMs offer low 

loss, high Q and good linearity but have very poor switching speeds. Ferroelectric materials 

also introduce high dielectric losses although they are readily tuned. Liquid crystals have 

high linearity, require low tuning voltages but very have slow switching times [7]. In contrast, 

the PIN diode provides lower losses and limits the degradation in the passband width and 

filter operation [8]. In addition, a PIN diode offers high power handling capability, quick 

switching speed as well as providing Q > 50 below 10 GHz with reduced cost, easier 

packaging and a lower bias voltage. On the other hand, optically controlled silicon switches 

offer high power handling capability, immunity to electromagnetic interference, excellent 

isolation between the microwave and switch control circuits and very low distortion. 

Optically controlled resonators [9], couplers [10] and antennas [11] have already been 

demonstrated.  

 

Although there is extensive literature on reconfigurable filters for wireless applications, the 

following important issues need to be addressed: 

 Explore in depth to arrive at an equivalent circuit model, which is used as the basis 

for filter design.  

 Small and low profile structures to suite modern communication systems. 

 Independent control of switching frequency states within the same spectrum without 

affecting the filter characteristics.    

 Filters performance in its operating environment by altering switches. 

 

This chapter addresses the above issues with some novel concepts. 

The aim of the section 3.1 is to introduce the filter topologies used in this research along 

with respective design equations and theories. This derivation can be used for acquiring the 

physical parameters of the resonator from the prototype networks values.  

 

Then, in section 3.1.1, a novel reconfigurable filter is proposed, which can be switched from 

a bandpass to a bandstop state using PIN diode and Optical switch. The feasibility of the 

switches have been explored and the linearity of the filters using switches are evaluated.  



                                                                                                                                                                               41 
 
 

 

Finally, in section 3.2, a filter based on similar transmission line prototype is coupled with T-

shape resonator implemented in order to eliminate the unwanted interferences within the 

specified band limit (e.g. W-LAN, Bluetooth, UMTS for UWB). The proposed notch structure 

is analysed to conceive the resonator behaviour and realise the switches best locations. In 

this case, a significant size reduction and notched band operation has been achieved with 

small T-shaped structure.  

 

The independent control concept that was discussed as above is achieved in all filters 

presented in this chapter and hence the filters response can be controlled over a wide 

frequency range. This feature provides an additional level of freedom for the filter designer 

to design the filters to any other band of interests.    

 

 

3.1 Analysis and Equivalent Circuit 
 

The topology described in Fig. 3-1 is heavily used in current and later chapters; therefore this 

section describes the structure in great detail with all theory, design equations and circuits 

clearly illustrated. The proposed filter is a third-order bandpass filter composed of a single 

half wavelength (λg/2) resonator, which is placed between a pair of quarter wavelength 

(λg/4) short circuited resonators shown in Fig. 3-1. The electrical length of the λg/4 length 

and the λg/2 resonators have been calculated at a centre frequency of the filter. For a given 

filter degree, the stub bandpass filter characteristics will then depends on the characteristic 

admittances of the stub lines denoted and the characteristic impedance of the connecting 

line. Since quarter wavelength (λg/4) short circuited stubs look like parallel resonant circuit 

[12], they can be used as the shunt parallel LC resonators for bandpass filters. In contrast, 

the half wavelength (λg/2) transmission line behaves as series resonant circuit, consists of 

series LC components. 
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Fig. 3-1 Equivalent transmission line model of the proposed filter 

 

As shown in Fig. 3-1, the equivalent circuit of the proposed filter where a series LC resonator 

is used to realise the connecting transmission line (λg/2) between two shunt stubs, the shunt 

LC resonators connect in parallel are used to realise quarter wavelength short circuited 

(λg/4) stubs. The design equations are derived for the connecting transmission line and stubs 

characteristic impedances, in terms of the element values of a low-pass prototype having 

the desired response. This can be accomplished by using equivalent circuits for the resonant 

stubs and connecting line, and equating the response to that of a lumped element bandpass 

filter.  

  

The characteristic impedance of the connecting transmission line and admittance of the two 

shunt short-circuited stubs can be defined by using the following equations (3.1)-(3.6), 

 

 

    (a)          (b) 

 

Fig. 3-2 Equivalent circuits of (a) Quarter wavelength (λg/4) and Half wavelength (λg/2) 

transmission line. 
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If Xin and Xa are the input reactance of the transmission line and the series LC resonator, 

respectively, then, 
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and the impedance near resonance of the series LC network can be approximated as 
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Let the reactance slope parameter of Xin and Xa equals to each other at 0 = √1/LC, we get, 
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On the other hand, If Bin and Ba are the input susceptance of the transmission line and the 

shunt LC resonator, respectively, then, 
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and the admittance near resonance of the shunt LC network can be approximated as 
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Let the susceptance slope parameter of Bin and Ba equals to each other at 0 , we get, 
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The lumped elements values in Fig. 3-2 should be determined using prototype element 

values from equation (3.7): 

For series tuned series elements: 
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          Fig. 3-3 Calculated filter frequency response. 

 

For shunt tuned shunt elements:                                      
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where gi is the prototype element values and Z0 is arbitrary characteristic impedance. 

 

The frequency response as in Fig. 3-3 of the stubs filter circuit can be calculated using the 

equivalent circuit in Fig. 3-1. The ABCD matrix of the filter circuit is 
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Finally, the scattering matrix can be derived by, 
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In Fig. 3-3 shows that in terms of the return loss |S11| dB, three reflection zeros appear at f0, 

f1 and f2, where f0 is the filter resonator centre frequency and f1 and f2 can be derived from 

(3.10) and (3.11) with  Za/ Z0 and Zb/ Z0, as Z0 is the system impedance,  
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where Za, Zb is the line impedance of λg/2, λg/4 and k = Za/Zb. 

 

In contrast, wireless applications require bandstop filters (BSFs) to block unwanted signals 

while allowing desired signals to pass through. Over the recent years, several techniques 

have been proposed to generate a bandstop operation such as 

 

 Combine a quarter wavelength line with a coupled line section [12] 

 Connect two quarter wavelength coupled line sections where one short-circuited and 

the other open-circuited [13] 

 Signal Interference technique using two signal paths [14] 

 

A typical bandstop arrangement is shown below in Fig. 3-4, which is a cascade of 900 open 

circuit stub connecting with 900 transmission line [15]: 
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Fig. 3-4 Transmission line network of the bandstop filter 

 

In order to design such a filter, the section is synthesized using the following transfer 

function:  
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in which t is the Richard's transform variable 
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Finally, for a given reference Z0 the line impedances are determined by, 
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3.1.1 Reconfigurable UWB Filter (Bandpass to Bandstop) 

 

Based on the discussion in section 3.0, this section tackles the following points: 

 Reduce the size of the filter. 

 Independent control of the frequency bands (Bandpass to Bandstop) with less 

complexity. 

 Studying the effect of the altering switches (PIN diode and Optical Switch) in the filter 

response.  

 Reduce the number of switches to improve the filter linearity. 

 

Hence, the filter proposed in this section is focused on using stub-based ring shape to 

introduce reconfigurable frequency states and to minimise the size of the filter. The 

proposed design was optimised to operate at single band for use in lower UWB (3.1-5.2 GHz) 

applications. Alternative frequency can be attained by changing key dimensions of the filter. 

  

This section presents a simple third order UWB reconfigurable filter. First, start with a third 

pole (n=3) Chebyshev lowpass prototype with a 0.1 dB passband ripple. The prototype 

parameter are g0 = g4 = 1, g1 = 1.1468, g2 = 1.3712, g3 = 1.9750. By following the design 

equations, the lumped element values in Fig. 3-2 are determined by using equations from 

(3.7) and the corresponding element values are Lseries= 5.6 nH, Lparallel= 0.403 nH, and 

Cseries=0.322 pF, Cparallel= C3=4.5 pF. The presented design equations are extremely useful in 

filter design as it allows prototype parameters to be estimated relatively accurately from the 

given filter specifications. 

 

Due to the wideband passband response and its simple design structure, the stub-type ring 

shape topology is chosen. As depicted in Fig. 3-1, the electrical length of the two λg/4 lengths 

and the λg/2 resonators have been calculated at a centre frequency of 4.15 GHz (lower band 

of UWB) using the microstrip design equations described in chapter 2 and the line 

impedance was found 58.8 Ω, which corresponded to lines of width 1.2 mm. 
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(a) 

 

(b) 

Fig. 3-5 (a) Layout of the proposed UWB filter (dimensions in millimetres), (b) Equivalent 
transmission line model. 

 

A sample filter is designed with an specifications of 3-dB passband from 3.1–5.2 GHz with a 

mid-band frequency of 4.15 GHz and 50 Ω terminal impedance. In one setting, the filter 

behaves as a bandpass filter with a passband between 3.1 GHz to 5.2 GHz while in the other 

mode, it behaves as a bandstop filter in the same band. The layout of the proposed filter and 

the corresponding transmission line model is illustrated in Fig. 3-5 where the filter is 

inductively coupled to the source and load as illustrated. Folding both short circuited 

resonators inwards allowed the use of a common ground via to be utilised, which makes the 

structure compact in size. In addition, slow wave technique which can be obtained by 
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retarding the phase velocity on a transmission line either increasing the series L or the shunt 

C, is utilised to shrink the resonator wavelength further down. 

 

 

For the bandpass case, the response is developed by constructing filter structure with a 

single λg/2 resonator, which is placed between a pair of λg/4 short circuited resonators in Fig. 

3-5(b). As discussed in the previous section, the stub bandpass filter characteristics will 

depend on the characteristics admittance of the stub lines and the characteristics impedance 

of the connecting line. Hence, with properly selected transmission line impedances, 

wideband bandpass response can be achieved. In Fig. 3-6(a) indicates that with increasing 

the impedance of the the Zb, while keeping the Za is 50 Ω, the broader the bandwidth and 

higher the attenuation level can be achieved. In contrast, in Fig. 3-6(b) shows by changing 

the Za to the higher impedance with constant Zb= 50 Ω, the narrower the bandwidth can be 

obtained. 

 

 

 

(a) 
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(b) 

Fig. 3-6 Bandwidth of the proposed filter is influenced by (a) changing impedance of Zb, 

changing impedance of Za 

 

On the other hand, as in Fig. 3-5(b) depicts a transmission line network of a bandstop filter 

with open-circuited stub, where the shunt quarter wavelength (λg/4) open-circuited stub is 

separated by connecting lines that are quarter wavelength (λg/4) at the mid band frequency. 

This section is synthesized using equations (3.12)-(3.15) and extract the impedance value of 

the open-circuited stub is 36.8 Ω at a centre frequency 4.15 GHz, which is leading to 2.4 mm 

wide. The open-circuited stub is placed in the symmetry plane of the filter in order to 

reconfigure the frequency response. With the switch in the OFF state, the open-circuited 

stub presents a short circuit at the main transmission line and generates a transmission zero 

when its electrical length is about 900 at the filter mid-band frequency and the filter operates 

as a bandstop filter. In the ON state, the length of the stub is increased and the transmission 

zero is shifted to 2.2 GHz. The transmission zero and its first harmonic at 3f0 improve the 

attenuation and selectivity of the bandpass filter in the lower and upper stopbands. 
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3.1.2 Switching Elements 
 

Microwave switches consists of Pin and Varactor diodes, MEMS switches and optically 

controlled photoconductive switches are widely being researched to reconfigure wireless 

communication systems. Optical switches are seen as an attractive option as there is a high 

isolation between the controlling optical beam and the RF input signal. In the application of 

reconfigurable filters this may allow improved insertion loss pattern by eliminating 

interference from metallic biasing lines used to control circuit. In addition, due to the 

absence of a junction in a photoconductive silicon die switch, the voltage at which the switch 

experiences breakdown is considerably higher, and hence there is potential for greater 

power handling capability. 

 

The optical switch consists of a 1 x 3 mm n-type doped silicon wafer whose conductivity may 

be altered with illumination. It may be modelled with an equivalent circuit as shown Fig. 3-7 

(a) and the response is in the 'ON' state given in Fig. 3-7(b). Experimental data suggests that 

RG and RS decrease when the optical switch is ON while CG and CS increase [11]. In [10], the 

performance of a single optical switch was evaluated and was found to have an overall 

insertion-loss of around 0.68 dB in the ON state (under 200 mW of optical power). In the OFF 

state, the total series resistance increased significantly while CG and CS decreased. The EM 

simulations however were conducted with an open gap to model the switch in the OFF state 

and a bridged gap to model the switch in the ON state.  

 

In contrast, pin diodes are popular switching elements, especially in MIC designs, where in 

addition to high switching speed, they offer ruggedness. Equivalent circuits of the pin diode 

in the ON and OFF states are given in Fig. 3-8(a) and the response is in the 'ON' state given in 

Fig. 3-8(b). In the ON state, the pin diode is essentially a current controlled resistor, whose 

resistance may be described by (3.16), 

F

S
l

k
R


                      (3.16) 

 where k is a device constant, IF is the forward bias current and τ is the minority carrier 

lifetime. In the OFF state, there is a large series resistance in parallel with a capacitance CP, 

which degrades the high frequency isolation of the device. 
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(a) 

 

 
(b) 

Figure 3-7 (a) Equivalent circuit of optical switch, and (b) corresponding response in the 'ON' 

state using 50 Ω transmission line. 

 

 

   
 

 

          (a)           (b) 
   

 

 

Table  R, L, C values as a function of laser 

power (Optical Switch ) 

 

 

ON (200 mW) 

 LB = 41 nH       CG = 23 pF 

RS = 50 Ω         RG = 50 Ω 

 CP = 23 pF        CS = 23 pF 

 

OFF (0 mW) 

LB = 1 nH         CG = 1 pF 

  RS = 800 Ω       RG = 800 Ω 

         CP = 1 pF           CS = 1 pF 

 

 Table  (Pin switch)  

 

ON OFF 

Rs= 0.9 Ω 

L = 0.6 nH 

CP = 0.8 pF 

RP= 10 KΩ 

L = 0.9 nH 
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(C) 

Figure 3-8  Equivalent circuit of PIN diode, (a) in Forward bias or 'ON', (b) in Reverse bias or 

'OFF', and (C) corresponding response in 'ON' state using 50 Ω transmission line. 

 

 

3.1.3 Simulated and Experimental Results 

 

In order to validate the argument, the filter was fabricated on RT Duroid 5880 substrate 

with εr = 2.2 and h = 1.575 mm. The overall filter size was 20.4 mm x 16.2 mm. In order to 

realise the switching performance in simulation, the S-parameters of the Optical switch and 

the PIN diode are measured  first in a 50Ω  line at 4.15 GHz and the lumped element values 

are then created to match the S-parameters. The 0.3 mm gap labelled in Fig. 3-5(a) is 

overlaid with Optical and PIN diode switch (BAP65-02). 

 

3.1.3.1 Using Optical Switch 

 

A 1 mm × 3 mm Silicon switch was fixed in place using a conducting silver epoxy. Two 1mm 

diameter glass fibre optic cables were positioned over the silicon wafer as shown in Fig. 3-9 

(a). The simulated results for the filter in both ON and OFF states are depicted in Fig. 3-9(b). 

In measurement, under the ON state each cable delivered 200mW of optical power in the 

980 nm near infra-red range. If a smaller switch was used, activation could be performed 

with just one fibre optic cable. The S-parameters of the filter with the optical switch in ON 

and OFF states were measured with an Anritsu Lightning 37397D Vector Network Analyzer 

and are shown in Fig. 3-9(c). The group delay of the filter in the ON state is given in Fig. 3-

9(d), where the filter performs a flat group delay within the passband of about 0.45-0.65 ns 
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between 3-4.8 GHz but a sharp peak has been noticed at around 5 GHz due to poor 

conductivity of the optical switch. 

 

With the switch in the ON state, the measurements show the notch at a slightly lower 

frequency (3.4 GHz) than expected. Even in the OFF state, the silicon wafer acts as a 

dielectric causing CG to be larger. As a result, the length of the stub is effectively elongated 

slightly and therefore, the transmission zero is not quite at the desired frequency. This can 

be corrected by increasing the width of the gap to compensate for the increase in 

capacitance. Measurements show that a rejection of better than 30 dB can be obtained at 

the centre frequency and a minimum of 10 dB rejection can be achieved across the desired 

band, which is an improvement to [5], where the minimum rejection was around 5 dB. The 

measured passband insertion-loss of the bandpass filter was 0.84 dB with fractional 

bandwidth 48.2% and minimum passband return loss of 15 dB is observed. 

 

(a) 

 

(b) 
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(c) 

 

(d) 

Fig. 3-9 (a) Photograph of fabricated filter with optical switch, (b) Simulated response of 

filter with the gap in the ON and OFF states, (c) Measured response of the fabricated filter 

with the optical switch in the ON and OFF states, and (d) Measured group delay of bandpass 

filter in the ON state. 
 

3.1.3.2 Using PIN Diode 

 

In this experiment, the PIN diode NXP BAP65-02 SOD523 is chosen in order to match with 

the switching circuit parameters which has typical value of 0.9 Ω  resistance, 0.6 nH 

inductance and 0.8 pF of capacitance [16]. To turn on the diodes, the external dc voltage is 

3V, and the current is 1mA. The dc blocking capacitance is 33 pF and the resistor 1kΩ is used 
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for biasing. A photograph of the fabricated filter is shown in Fig. 3-10(a). The S-parameters of 

filter with the PIN diode (BAP65-02) in ON and OFF position were measured with a vector 

network analyzer and are shown in Fig. 3-10 (b)-(c). When the PIN diode is ON, results from 

both circuits are in agreement. The measured passband insertion-loss of the bandpass filter 

was 0.15 dB and a minimum return loss of 20 dB is observed. A slight deviation from 

specifications and less return loss are observed between the simulated and measured results 

and this may be attributed to the various fabrication errors involved such as finite 

inductances of via hole, parasitic capacitances in PIN diode. The group delay of the filter in 

the ON state is given in Fig. 3-10(d) in which the filter experiences fluctuated group delay of 

about 0.55-0.75 ns between 3-5 GHz because of inherent non linearity of the PIN diode. 

 

(a) 

 

(b) 
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(c) 

 

(d) 

Fig. 3-10 (a) Photograph of fabricated filter with PIN diode, (b) Simulated response of filter 

with the gap in the bridged and open states, (c) Measured response of the fabricated filter 

with the PIN diode in the ON and OFF states, and (d) Measured group delay of bandpass 

filter in ON state. 

 

3.1.3.3 Linearity 

 

A key performance indicator of the filter was its linearity. The use of the filter lies in 

applications where presence of nonlinear elements can distort the output spectrum 

considerably due to other interfering unwanted signals. For linearity validation purposes, the 

linearity characteristics of the optical switch are assessed using Quadrature Phase Shift 
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Keying (QPSK) modulation schemes as input signals. Input power (Pin) ranging from -10 dBm 

to 10 dBm produced excellent linearity performance for the signal at 4.1 GHz, as shown in 

Fig. 3-11. The distortion levels are only measured for the filter with optical switch in the ON 

state and this measurements were taken with the switch under illumination of 200 mW. An 

experimental setup was created using a signal generator for QPSK signal with the filter under 

discussion as Device Under Test (DUT). As expected the distortions measured at higher 

power levels are more in comparison to lower values of input power and in this case the 

proposed filter using optical switch was achieved  a good linearity with IIP3 of 63 dBm at 4.1 

GHz. 

 

 

Fig. 3-11  Pout vs Pin and IMD vs Pin for QPSK digitally modulated Signal for 4.1 GHz 
Frequency in the ON state. 

 

 

(a) 
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(b) 

Figure 3-12 (a) Two-tone test setup, (b) Measured power of fundamental tones and thrid-

order intermodulation product (IM3) plotted against input power for pin switch. 

 

In contrast, for the pin switch, the third order intermodulation performance was assessed by 

the two-tone test setup illustrated above in Fig. 3-12(a). The test was conducted with the 

two tones at 3.99 GHz and 4.01 GHz, with a forward bias voltage of 30V with a DC isolation 

resistance of 1 kΩ to prevent RF leakage into the DC supply. The input and output referred 

third-order intercept points were measured at 47 dBm and 42 dBm, respectively, as shown 

in Fig. 3-12(b). 

 

3.1.4 Summary 

 

A  linear reconfigurable microstrip UWB filter is demonstrated. The outlined filter design 

procedure allows bandpass filters to be realized from lowpass prototype networks. Given 

the lowpass prototype element values, the equations presented allow the physical 

parameters of the resonators to be attained quickly, with accuracy especially for wideband 

filter designs. The proposed filter achieves over 50% size reduction relative to the filters in 

[5] and higher stopband attenuation level. 

 

A single PIN diode (BAP65-02) and an optical switch is shown to reconfigure the structure 

as either a bandpass or a bandstop filter. In this experiment, the overall simulation results 

are in good agreement to the measurements for both the optical and pin reconfigurable 
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filters. The linearity of the optical switch and the PIN based filters are evaluated 

experimentally at various passband frequencies and excellent linearity performances have 

been observed e.g. 63 dBm for an Optical switch and 47 dBm for PIN diode. From this 

investigation, it has been observed that an Optical switch could be a better alternative of a 

PIN diode due to having additional feature such as they do not require bias circuit, easier 

fabrication, good linearity and group delay characteristics. Moreover, this highly linear 

reconfigurable filter has great potential in UWB based applications in terms of cost saving 

and easier fabrication. 

 

 

 

3.2 UWB Bandpass Filters with Reconfigurable 

Notched Band  
 

UWB band (3.1 GHz - 10.6 GHz) covers a very wide frequency and is overlapped with range 

of other wireless services (e.g. WLAN band). These services potentially interfere with UWB 

signals and therefore causing signal distortion as well as loss of sensitivity. In order to best 

use that frequency band, filtering is essential. One of the possible and effective solutions for 

this problem is to realize narrow rejection bands (notches) within the passband of a UWB 

bandpass filters. Many efforts have been carried out to produce a UWB bandpss filters with 

notch and some of these techniques are as follows:  

 

 Using defected ground structure (DGS) [17] 

 An embedded open-circuited stub [18] 

 Asymmetric parallel coupled line [19]  

 

In [17], compact defected ground structures are used to create the notch. A third-order 

suspended strip line (SSL) filter was added to achieve the band rejection. Unfortunately, this 

configuration consumes a large size. UWB filter which consists of five short-circuit stubs 

along with embedded open-circuit stubs in the first and the last connecting lines is 

presented to reject the undesired signal [18]. However, the lower band (3.1-5 GHz) and the 

upper band (6-10.6 GHz) cannot be suppressed satisfactory. In contrast, notch 
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implementation using asymmetric parallel coupled line in UWB filters is both simple and 

flexible [19]. However, the proposed notch bandwidth is not wide enough to block 

unwanted radio signals. 

 

To address these issues, this section discuss the following points: 

 The overall size of the filter integrated with notch structure and investigates the 

properties of notch structure. 

 Interference suppression technique with reconfiguring feature. 

 Study the coupling between filter resonator and notch topology. 

 

Therefore, a new compact UWB bandpass filter is presented, which has moderate selectivity 

(skirts selectivity <40 dB) filtering characteristics and relatively small size, within which a 

switchable narrow notch band is introduced by an external coupled T-shaped resonator. The 

proposed filter is designed to have a 3 dB passband from 3.1-10.6 GHz with a mid-band 

frequency of 6.85 GHz. As shown in Fig. 3-1, the configuration of the bandpass filter is also 

comprised of a folded single λg/2 resonator, which is positioned between a pair of common 

grouned  λg/4 resonators. The layout of the proposed UWB filter with reconfigurable notch 

structure and the corresponding EM simulation of the bandpass filter is presented in Fig 3-

11. The proposed notch structure is analysed for the purpose of theoretical design. In 

addition, the miniaturisation is obtained through coupling the T-shaped inward using the 

inner circuit area. Simulation and experimental results have been presented to support the 

discussion. 

 

(a) 
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(b) 

Fig. 3-11 (a) Layout of the proposed UWB filter with reconfigurable notch structure, (b) EM 

simulated response of the proposed UWB filter without reconfigurable notch structure. 

 

3.2.1 Design of External Notch Structure    

 

The proposed notch band can be achieved by simply combining the T-shaped resonator and 

the design scheme of T-shaped resonator will be discussed step by step. The proposed notch 

structure is designed with basic structure T-shape stepped impedance resonator as 

illustrated in Fig 3-12. The structure is comprised of four segments where ZA, ZB and ZC are 

the impedances and A, B and C are corresponding to their electrical lengths, respectively. 

 

 

Fig. 3-12 Layout of the switchable notch structure 
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The input impedance of each transmission line can be analysed by the basic transmission 
line equation,  

ljZZ

ljZZ

Z

Z

L

Lin





tan

tan

0

0

0 


            (3.17) 

where l= and Zin, ZL, Z0 are the input impedance, load impedance and characteristic 
impedance.  
 

As sections A and B are terminated by open circuit, ZL= ∞, this leads to, 
 

AAA jZZ  cot      (3.18) 

                                      BBB jZZ cot  

 
ZAB is a combination of two sections ZA and ZB, hence 
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From the equation (3.18) and (3.19), it can be found that the effect of transmission line A 

and B are capacitive. The impedance looking into transmission line section C is given by, 
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where Z0c  is the line impedance of section C. In the final part, section D consists of a coupled 

line and can be modeled like [17] as a capacitive π-network which couples via the gap 

between the transmission line and the resonant elements: 
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where C11, C22 represent the capacitor to ground and C12 is the capacitance between the two 

lines without any ground plane. 
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In the expression for calculating S-parameters from ABCD matrix all line impedances are 

normalised by characteristic impedance of the network Z0. 

 

The ABCD matrix for T-network which consists of section A, B and C is equals:  
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where ZA, ZB, and ZC are impedances as it is shown in the Figure 3-14.  

 

For transmission line of section D’s ABCD matrix is equal:  
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The overall ABCD matrix of two networks is equal: 
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Finally, the scattering matrix S11 and S21 can be derived as equation (3.8). The intended notch 
frequency or transmission zero occurs when S21 =0. 
 
 

 

Fig. 3-13 Transmission response of the reconfigurable notch structure. 
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The PIN diode is placed as shown in Fig 3-12. When the PIN diode is in the forward bias or 

ON state, the sections A and B generate capacitive effect form equations (3.19) and the 

proposed section is formed a series LC resonator, which presents a short circuit at the main 

transmission line and creates a transmission zero at 5.8 GHz within the UWB passband as 

shown in Fig 3-14(a). On the other hand, in reverse bias or OFF state, there is no connection 

between sections A,B and section C, which turns the section C ineffective by cutting the 

length less than λg/4, provides an all pass response as shown in Fig 3-14(c). 

 

To validate the circuit concept, the filter is designed and fabricated on Taconic RF-35 

substrate with εr = 3.5 and h = 0.76 mm and tested with a single PIN diode (BAP65-02) for 

switching the notch in the passband. In our experiment, The PIN diode was modelled by 

using a capacitor of value 0.8 pF in the OFF state and a resistor value of 0.9 Ω in the ON 

state. The full wave simulated S-parameters of the filter in ON/OFF states together with the 

corresponding measurements, taken with Agilent vector network analyzer E38361A, are 

shown in as shown in Fig 3-14(b).  

 

The measured passband insertion-loss of the bandpass filter is < 1.3 dB. The notch rejection 

at 5.8 GHz in the ON state was observed at approximately 15 dB with fractional bandwidth 

5.3%. The small discrepancies between the simulated and measured responses may be 

attributed to the various fabrication errors involved.  

 

In addition, the existence of sections A and B induce further tuning features by varying the 

length of both sections A and B the notched band can be easily set at the desired frequency. 

Also, notched band bandwidth can be varied (over 26%) with the change of section C width. 

This feature provides extra degree of freedom in the design as shown in Fig. 3-15. Also, the 

filter group delay is presented in Fig. 3-16. 
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(a) 

 

(b) 

 

(c) 

 

Fig. 3-14 (a) Simulated s-parameter response of filter in the ON states (b) Measured s-

parameter response of the fabricated filter in the ON states, (c) Measured s-parameter 

response of the fabricated filter in the OFF states. 
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(a) 

 

(b) 

Fig 3-15 Simulated S-parameter responses [insertion loss (S21)] of the proposed notch 

frequency with varying (a) length (LAB) of section A, B and (b) width of section C. 

 

Fig 3-16 Measured Group delay response using PIN diode OFF 
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3.2.2 Summary 

  

A compact reconfigurable UWB bandpass filter with external coupled T-shaped resonator 

has been presented. The desired notched band is introduced by a predesigned external 

coupled structure, which produces sharp rejection at the desired band. Also, the notch 

frequency can be controlled by the properly selection of the parameters of T-shape 

structure. Furthermore, it was shown that a switching element may be inserted within the 

notch structure in order to allow the notch band to be made reconfigurable. Design 

procedure is supplemented with simulated and experimental results to show the 

performance and highlight the compactness achieved with these configurations especially in 

comparison to other research work. 

 

In this experiment, the proposed reconfigurable filter using a PIN diode has shown good 

agreement with simulations. A PIN diode is used instead of other switching elements to 

achieve compactness, high switching speed and easier fabrication. The obtained results 

indicate that the proposed reconfigurable filter is suitable to be applied in the modern UWB 

systems. 
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44..00  HHIIGGHHLLYY  SSEELLEECCTTIIVVEE  

RREECCOONNFFIIGGUURRAABBLLEE  UUWWBB  FFIILLTTEERRSS  
 

 

 

In recent years, there are increasing demands for broader bandwidth, research on UWB 

devices has greatly accelerated but characterisation, design, and fabrication of UWB filter 

have been a challenging task compared to narrow-band filters such as high selectivity and 

low insertion loss over the frequency range is important to minimise distortions of the 

signal. To achieve better selectivity, much effort has been made by generating transmission 

zeros, for example, in [1] reported five short-circuited stub for the developments of UWB 

filter with pairs of transmission zeros but the filter suffered poor out-of-band performance 

as well as large size. In [2] reported the quintuple-mode UWB bandpass filter with sharp roll-

off and super-wide upper stopband. Although the aperture-backed structure can raise the 

coupling degree of the I/O lines, the fabrication procedure would become complexity. On 

inspection, it is clear that designing miniaturized high selectivity UWB bandpass filters with 

attenuation at lower and upper is found a great  hurdle to filter designer and most of the 

UWB bandpass filter designs basically cover the entire passband range but very few address 

the techniques to mitigate interference with other wireless systems.  

 

Moreover, bandpass filters utilising distributed elements suffer from spurious passbands due 

to the periodicity of the distributed elements. Because of having the presence of spurious 

bands, such bandpass filters fail to enclose the entire signal within the assigned spectrum 

and therefore they are not appropriate for certain applications. Hence, Several techniques 

have been proposed to restrict spurious passband. For example, step-impedance resonators 

are used to shift the second harmonic passband to higher frequency [3] and changes of the 

input and output tapping could have extra transmission zeros in the stopband [4]. 

Furthermore, the EBG/DGS-based filter structure has over 20 dB restriction at the second 

harmonic [5]-[6]. The shunt quarter wavelength stubs were introduced to produce 
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transmission zeros at the stopband [7]. Another method to restrict harmonics is to using 

asymmetric parallel-coupled units [8]. However, these methods are still accompanied by 

complicated design or process limitation. Additionally, some of them would also affect the 

insertion loss in the passband and increase the overall circuit size. Also, in modern wireless 

communication systems, a single filter cannot executes the requisites for all operating bands 

and use of multiple filters consume a large space as well as incur extra cost. Hence, 

reconfigurable and switchable filter constitute a  lucrative solution to resolve this problem. 

Recent research into UWB BPFs with notched band and Bandpass to Bandstop state have 

been quoted in [3]-[5]. But to date, filter with compact in size, highly selective, 

reconfigurable feature associates with a switchable notched band option at the same time 

have not been reported. 

 

To base on the aforementioned studies in the previous and current section, the issues can be 

summarised as:  

 

 Proposed filters experience low selectivity and poor out of band rejection level; In 

addition, most designs are based on complex geometry, causes difficulties in 

fabrication and circuit board mounting.  

 Mostly provide single function whereas multiple functions are demanding in the 

future wireless systems. Also, the filter can offer additional features when using more 

than one switch. However, the switches will add complexity to the systems as the 

biasing will be more complicated. Hence, reconfigurable filters with less switches is 

desirable.  

 The number of services increases with the increase in size. The challenges is not only 

to reduce the circuit size but also to make the filter capable of operating in various 

wireless applications.  

 

To address all these drawbacks, in section 4.1 discusses the design theories of the proposed 

filter structure with wide out of band suppression technique. The equivalent circuit model 

parameters can be obtained by using the derived equations.  

Then, in section 4.2 reveals a novel miniaturized, highly selective stub resonator based UWB 

bandpass filter with dual functional capabilities such as at one setting the filter performs 
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reconfigurable feature from a bandpass to a bandstop state within the same spectrum and  

at the another setting it behaves bandpass filter with a switchable notched band for UWB 

applications. 

 

Later, a new L-shape notched structure is proposed, which can be reconfigured using PIN 

diode and Optical switch. The suggested notch topology is achieved significant size reduction 

(25%) and required a lesser switching conductivity in compare with T-shape structure in 

section 3.2, which is compatible with Optical switch. Finally, the proposed L-shape structure 

is extended further in section 4.3 and it has been shown that this resonator can be used for 

obtaining multi-notched characteristics without enlarging circuit size, which is suitable for 

UWB applications because of having other multiple wireless services (e.g. WLAN, WiMAX, 

WiFi) within the specified bandwidth. 

 

 

 

4.1 Analysis of the Proposed Filter Resonator 
 

The proposed stub based resonator in its most simple form, consists of a single λg/2 

resonator, which is placed initially between a pair of λg/4 short circuited resonators. To 

sharpen the out-of-band rejection skirt, the shunt short-circuited stubs are stretched by two 

times, i.e., from λg/4 to 2λg/4 which turns  the section from short to open-circuited stub and 

as shown in Fig. 4-1, which contributes two attenuation poles on each side of the passband. 

To verify the origination of transmission zeros, three states are selected and simulated 

results are presented in Fig. 4-2. Also, corresponding transmission line model is shown in Fig. 

4-3. 

 

For a given filter degree n, the stub bandpass filter characteristics will then depends on the 

characteristic admittances of the stub lines denoted by Yia, Yib and the characteristic 

impedance of the connecting line between two shunt stubs.  
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          (a)        (b) 

Fig. 4-1 (a) Initial configuration of the UWB bandpass filter with shunt short-circuited stubs,  

(b) Replacing short-circuited stubs with two sections of open- circuited stubs for generating 

transmission zeros. 
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Fig. 4-2 Comparison between conventional and modified BPF. 
 
 

 

Fig. 4-3 Transmission line model of short to open-circuited stub configuration 
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Equivalence of the two input admittance Yin1 and Yin2 in Fig. 4-3 can be expressed by the 

below equation with an assumption Yia= αiYib, 
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where the parameter i is given by, 
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where f1 is the low band-edge frequency of the passband, f0 is the centre frequency and fzi is 

a frequency at which the shunt open-circuited stub presents a short circuit to the main 

transmission line and causes a transmission zero. 

 

In order to verify the design equation, a sample filter can be designed with the given design 

equations. Using the equations (4.1)-(4.3) yields the characteristics admittance and length of 
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the open-circuited stubs and (4.5) yields the characteristics impedance and length of the 

connecting line. 

2

2 0 g

in when
L

Z






 (4.5) 

Furthermore, the proposed filter schematic and the equivalent circuit is presented in Fig. 4-4 

and the corresponding circuit model response is shown in Fig. 4-5. The lumped element 

values in Fig. 4-4(b) are determined by using equations from (3.7);  

 

 

(a) 

 

(b) 
Fig. 4-4  (a) Schematic layout (dimensions in mm) and (b) Equivalent circuit (L1= L3=0.2 nH, 

L2=5.6 nH, L4= L5=0.403 nH, L6=0.524 nH, L7=0.202 nH, C1=0.322 pF, C2= C3=4.5 pF, C4=8.4 pF, 

C5=6.0 pF) of the proposed UWB bandpass filter. 
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Fig. 4-5 Equivalent circuit model response of the proposed filter. 

 

 

 

 

4.1.1 Filter with Improved Stopband  
 

In this section, a convenient method for wide out of band suppression is proposed without 

effecting the filter response. A drawback of this type of filter structure will have an 

additional passband in the vicinity of 2f0. To restrict the spurious band in the stopband 

without increase the overall size, this section proposes a shunt open-circuited stubs as 

shown in Fig. 4-6(a) which are placed in between the outer λg/4 stubs and the lengths are 

assigned to be 450 at the fundamental frequency. Therefore, at the second harmonic, the 

electrical length of the shunt stubs would be 900, and the stubs behave like a bandstop filter 

to suppress the second harmonics. The open stub lines has great attenuation in its resonant 

frequency but has small insertion loss (<0.3 dB) within other frequency band as in Fig. 4-6(b). 

From the figure it is observed that the characteristic of passband is almost not affected by 

the substitution while the stopband is greatly optimised.   
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(a) 

 

(b) 

Fig. 4-6 (a) Series transmission line is replaced by open stub T-shaped and (b) Transmission 

response of conventional and modified filter with T-shaped structure 

 

An equivalent transmission line model for the proposed structure as in Fig. 4-6(a) is analysed 

to find its design parameter: 

Suppose the characteristic impedance of transmission line is Z0 and its electrical length is 0. 

The characteristic impedance of the connected line and the open stub line are respectively 

Z1 and Z2 and their electrical lengths are 1 and 2. 
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The ABCD matrix of the normal transmission line is 
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The proposed structure consists of two side connected line and one open stub and their 

ABCD matrix respectively,  

 


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            (4.7) 

 

Considering the cascading of these two networks with respect to ignore discontinuity and 

open end effect, the equivalent ABCD matrix of the proposed structure, 

 

121 MMMMT    (4.8) 

If we substitute the open stub line for the series transmission line, the following equation 

must hold true, 

 

        0MMT     (4.9) 

With (4.6)-(4.9),  
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                                      (4.10) 

 

Equation (4.10) is the design relation between the normal transmission line and the open 

stub line, when 1= ∏/4, Z1= Z0 and Z2 ∞, which is equivalent to open circuit. 
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4.2 Reconfigurable and Switchable Notched Band UWB 

Filter  
 

 

This section discusses the following points: 

 

 Derives an accurate lumped element and the corresponding transmission line model 

to facilitate the filter design with the proposed stub resonator. The model can be 

used to accelerate the conversion of a lumped network to a distributed filter. 

 The multiplicity of services generated from one filter so that the filter can serve more 

than one application. A novel switchable notched band technique through 

mismatching coupled lines, followed by a reconfigurable frequency states (bandpass 

to bandstop) without compromising filter performances is introduced. 

 The simplicity of the resonator to reduce the size and fabrication cost. 

 

The proposed filter is a third-order bandpass filter composed of a single λg/2 resonator (1) 

shown in Fig 4-7 and a pair of λg/4 short circuited resonators (2 and3). The electrical length 

of the λg/4 length and the λg/2 resonators have been calculated at a centre frequency of 

4.15 GHz and the corresponding line impedance for both lengths is 68.4 Ω. The proposed 

filter layout integrate with notched band and harmonic suppression structure and the 

equivalent lumped elements model is shown in Fig. 4-8. To sharpen the out-of-band 

rejection skirt, the shunt short-circuited stubs (2,3) are stretched by two times, i.e., from 

λg/4 to 2λg/4 which turns the section from short to open- circuited stub (2+4)  and (3+5)  

which contributes two attenuation poles on each side of the passband as shown in Fig. 4-9. 

Additionally, two shunt open-circuited stubs (6,7) are designed to have rejection at the 

second harmonic of the filter as both lengths (6,7) are assigned to be 450 at the 

fundamental frequency and the relevant transmission line response with modified structure 

is presented in Fig. 4-6(b). 
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Fig. 4-7 Equivalent transmission line model of the proposed filter where 1-n are the 

electrical lengths of transmission lines, inductance (L) and capacitance (C) are the parasitic 

elements (bending circuit), and capacitance  jBT1-n are the T-junction parasitic elements 

between connecting transmission lines. 

 

 

(a) 
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(b) 

Fig. 4-8 Schematic of the proposed reconfigurable UWB bandpass filter  (l1=11, l2=4.5, l3=4.5, 

l4=4.1, l5=6.5, l6=1.5, l7=5.2, l8=5.1, l9=0.9, l10=0.9, W1=0.9, W2=1.0, W3=1.6, W4=2.0, W5=1.0, 

g1=0.5, g2=0.5, g3=0.6 (dimensions in mm)), (b) Circuit schematic for the filter prototype (L1= 

L3=0.2 nH, L2=5.6 nH, L4= L5=0.403 nH, L6=0.524 nH, L7=0.202 nH, L8=0.508 nH, L9=0.404 nH, 

L10=0.303 nH, L10=0.508 nH, C1=0.322 pF, C2= C3=4.5 pF, C4=2.4 pF, C5=2.0 pF, C6=2.7 pF, 

Cbypass=33 pF). 

 

 

(a) 
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(b) 

Fig. 4-9 (a) Conventional and (b) Modified Bandpass transmission response. 

 

4.2.1 UWB Filter with a Switchable Notched Band 

 

In this section, a novel switchable notched band technique is introduced, which bypassed 

the signal traffic without affecting the original BPF characteristics and creates a phase 

mismatch between two couple lines, therefore, a narrow notch is generated. An analysis of 

the structure is illustrated to describe comprehensively the operation of the unit. To reject 

the undesired WiMAX signal (3.4-3.6 GHz, 5.71% FBW) at 3.5 GHz, a section of diode loaded 

(PIN1) transmission line (8 +9) is placed between a pair of shunt open-circuited stub (6,7)  

as shown in Fig. 4-7. A bypass capacitor Cbypass in Fig. 4-8 is used to avoid a short circuit for 

the dc bias applied to the PIN diode. The equivalent circuit of the notch structure is 

presented in Fig. 4-10. 

 

Fig. 4-10 Equivalent circuit of the notch structure 
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The equivalent element values can be derived from [9], 

 sin00 jZLj      (4.11) 

 

 tan
2

00
0

eO YY
jCj


               (4.12) 

 

                                          
2

tan00


 jYCj a                    (4.13)      

 

                                        tan00 eb jYCj                  (4.14) 

 

where Z0 characteristic impedance of the transmission line, Z0o & Z0e even and odd mode 

impedance of coupled line, β is the propagation constant, and φ is electrical length of 

coupled line.  

 

In the forward bias or on state, the PIN diode behaves like a small resistance so that this 

section (8 +9) creates an alternate path (1 +2+3 +8+9) to propagate the main signal. 

Hence the signal paths along the two coupling lines (2,4) become out-of-phase and equal 

magnitude in which transmission signal is cancelled, thus generating a notch band at 3.5 GHz 

without affecting the original BPF characteristics as illustrated in Fig 4-11(a). Conversely, in 

the zero bias or off state, the alternate pathway is broken and the filter structure reinstates 

to its position, provides full passband response as shown in Fig 4-11(b);  Also the 

corresponding coupling coefficient with respect to vary the section (8 +9) position is 

demonstrated in Fig. 4-12. 
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(a) 

 

 

(b) 

Fig. 4-11  Simulated and measured response of the fabricated filter with the pin switch (a) 

Bandpass filter with a notched band at 3.5 GHz in the PIN1 ON state and PIN2 OFF state, (b) 

Bandpass filter with full passband in the PIN1 OFF state and PIN2 OFF state. 
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Fig. 4-12 Coupling coefficient (k) with respect to vary the section (8 +9) position 

 

 

4.2.2 UWB Filter with Reconfigurable Frequency States 

 

To achieve reconfigurability, a single PIN diode (PIN2) is inserted at one end of the first shunt 

open-circuited stub (6) as shown in Fig. 4-7. With the PIN diode in the forward bias or on 

state, the open stub joined to the main transmission line. In this case, the lines (1,2,6) are 

connected at their two ends. When a signal is applied at one end of the structure, it is 

divided into two components. After propagating through these lines, the signals interfere at 

the other end with different phases and magnitudes due to the lengths and characteristic 

impedances of the lines. In this state, the structure operates as a bandstop filter as shown in 

Fig. 4-13 and transmission zero is created because of destructive interference of the signals 

propagating through the two paths. In contrast, in zero bias or off state, there is no 

connection between the open stub and the main transmission line so that the section gives a 

bandpass response as shown in Fig 4-11(b). 
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Fig. 4-13 Bandstop filter in the PIN1 OFF state and PIN2 ON state 
 

To validate the circuit concept, the filter is designed and fabricated on Taconic RF35 

substrate with εr = 3.5 and h = 0.76 mm. The overall filter dimension is approximately 

0.15g× 0.13g (excluding feed lines), where g is the microstrip guided wavelength on the 

substrate at centre frequency. The filter is optimised by EM Sonnet software as the EM 

Sonnet use method of moments (MoM) numerical computational method to solve 

electromagnetic problem, which is based on reducing the operator equations to a system of 

linear equation that is written in matrix form. The corresponding measurements are taken 

with Agilent vector network analyzer E38361A. In order to realise the electronic switching, 

the S-parameters of the PIN diode are measured  first in a 50Ω  line at 3.5 GHz and the 

lumped element values are then created to match the S-parameters, which is equivalent to 

0.9 Ω forward resistance, 0.6 nH parasitic inductance in the forward bias case; In contrast, 

the reverse bias circuit is equivalent to 0.9 nH parasitic inductance, 0.8 pF capacitance with 

10 kΩ parallel resistance. In this experiment, the PIN diode NXP BAP65-02 SOD523 is chosen 

in order to match with the switching circuit parameters which has typical value of 0.9 Ω  

resistance, 0.6 nH inductance and 0.8 pF of capacitance [10]. To turn on the diodes, the 

external dc voltage is 3V, and the current is 1mA. The dc blocking capacitance is 33 pF and 

the resistor 1kΩ is used for biasing. A photograph of the fabricated filter is shown in Fig. 4-

14. 
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Fig. 4-14 Photograph of the fabricated filter 

 

Table 1 Comparison of various Reconfigurable BPFs 

Ref. No. of  

Zeros 

Upper 

passband 

Category & Switch Size reduction 

[1]  None <2f0 Dual-functional & 

04 

40% 

[2] Two <3.5f0 Single- functional 

& 01 

15.7% 

[3]  One >1.6f0 Single- functional 

& 02 

57% 

[4] Two >2.5f0 Single- functional 85% 

[5] One <1.7f0 Single- functional 

& 01 

89% 

This 

work 

Five ≈2f0 Dual- functional & 

02 

 

 

In the switchable notched band case shown in Fig. 4-11(a), the notched band centred at 3.56 

GHz has 5-dB rejection fractional bandwidth of about 5.2% and the attenuation at the centre 

of the notched band is around 16 dB. In contrast, the case for reconfigurable filter, the 

attenuation in most of the passband has been observed approximately 35 dB in the 

bandstop state. Also, in Fig. 4-13, the measured passband of the bandpass state centred at 

4.15 GHz has 3-dB fractional bandwidth of 2.6 GHz (2.8-5.4 GHz) and measured minimum 

insertion and return loss of 0.9 & 17 dB. Moreover, the filter performs a flat group delay 

within the passband of about 0.27-0.38 ns in both cases. The small discrepancies between 
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the simulated and measured responses may be attributed to the various fabrication 

tolerances, parasitic of pin diode, and capacitor.  

 

 

4.2.3  Summary 
 

A reconfigurable microstrip filter associates with a novel switchable notched band technique 

has been presented for the lower UWB band (3.1-5.2 GHz) application. A comprehensive 

analysis of the proposed filter resonator and the relevant circuit model is shown to verify the 

calculations. An approach is displayed by which harmonic can be suppressed without 

effecting filter response and enlarging circuit diameter. Considering the inaccuracies 

involved in practical realization of the proposed pin based UWB filter, the agreement 

between simulation and measurement is very good. In addition, this filter has achieved 

significant size reduction via folding both open-circuited resonators inward avoids enlarging 

the size problem of the filter structure and also eliminates the need for ground connection 

with the circuit. The obtained results indicate that the proposed reconfigurable filter is 

promising for modern UWB systems as well as solving the problem of WiMAX interferences 

allocated in the UWB spectrum. 
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4.3 Single and Multi-Notched Band Technique 
 

UWB communication spectrum covers a very wide frequency band and is overlapped with 

WiMAX (3.5 GHz) in the lower band and with WLAN (5.8 GHz) in the upper band. These 

services potentially interfere with UWB signals and therefore may cause signal distortion. 

One of the possible and effective solutions for this problem is to realize narrow rejection 

bands within the passband of a UWB bandpass filter. The reason tends to focus on 

reconfigurable notch features in order to avoid possibility of interferences on the 

increasingly crowded spectrum and achieve multi-functionality using a single filter. 

 

To overcome these interferences, this section explores the following features: 

 A rejection band technique utilising capacitively coupled short-circuited L-shape stub 

to the  main filter structure. 

 Independent control of the notched band structure with different switching elements 

(Optical switch and PIN diode). 

 Multi-notched bands characteristic using L-shape topology without occupying 

additional circuit space.  

 

4.3.1 Single Switchable Notched Band for UWB Filter 
 

The design of rejection filters in this work is based on the configuration of coupled 

transmission line bandstop filter. As illustrated in Fig. 4-15, the first order notch filter is 

attained by loading a pair of coupled transmission lines with a gap in between for switch 

insertion.  

 

 (a) 
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(b) 

 

Fig. 4- 15 Notch structure (a) Notch equivalent circuit, (b) Notch layout 

 

If the impedances of coupled line such as the even-mode and odd-mode (Z0o, Z0e) are 

matched with port impedance Z0= 50 Ω, then 

eO ZZZ 000      (4.15) 

 

In Fig. 4-15, port 3 is grounded and port 4 is terminated by load ZL. With these terminations 

on ports 3 and 4, the coupled line become a two-port  with S-parameters  

              
4

2

2

11
1 L

S






                          (4.16) 

 

                              













4

2

4

2

21
1

1
L

LS



                (4.17)         

 

where   sincos1/1 22 jCC   

                tan1/tan 2 jCjC            (4.18) 

                 
0

Z
L

Z

0
Z

L
Z

  





L4  

Coupling coefficient C in is defined as, 
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   The resonant frequency is given by, 
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To reject the undesired WiMAX signal at 3.5 GHz, a section of L-shaped parallel coupled 

transmission line with a grounded end is added as illustrated in Fig 4-15 (b). The electrical 

length of the stub is chosen 900 at 3.5 GHz in order to create a transmission zero at this 

frequency as coupled lines coupling maximize at l= λg/4. The switch is placed as shown in 

Fig 4-15 (b). When the switch (either pin diode or optical switch) is in the on state, the joined 

section length is equivalent to λg/4 and it reaches at maximum coupling stage which 

contributes a narrow reject band within the filter passband at 3.5 GHz as in Fig. 4-16(a). 

Conversely, in the off state presents in Fig. 4-16(b), there is no connection between the 

open-stub and the L-shaped section provides full passband response due to low coupling 

between two coupled lines. 

 

      

 

Fig. 4-16 Simulated response of the reconfigurable notch structure (a) With switch ON (b) 
With switch OFF. 

 

The 0.3 mm gap is overlaid with a PIN diode switch (BAP65-02) as shown above in Fig. 4-15 

(b) in one filter circuit and the other is overlaid with a 1 x 3 mm silicon dice. The PIN diode 

was modelled by using a capacitor of value 0.8 pF in the OFF state and a resistor value of 0.9 

Ω in the ON state. The silicon wafer has a conductivity of 16.7 mS/m in the dark which 

increases to 150 S/m when illuminated by 200mW of 980 nm wavelength laser light. 
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(a) 

 

(b) 

 

Fig. 4-17  Simulated and measured results (a) with pin diode and (b) with optical switch 

 

To validate the circuit concept, the filter is designed and fabricated on Taconic RF35 

substrate with εr = 3.5 and h = 0.76 mm and tested with a pin/optical switch. The overall 

filter dimension is approximately 0.25g x 0.23g, where g is the microstrip guided 
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wavelength on the substrate at centre frequency. The full wave simulated S-parameters of 

the filter with pin diode in ON & OFF states with the corresponding measurements, are 

taken with Agilent vector network analyzer E38361A and presented in Fig. 4-17(a) while filter 

with the optical switch are measured using an Anritsu Lightning 37397D Vector Network 

Analyzer and demonstrated in Fig. 4-17(b).  

 

In the switchable notched band case with pin diode, the notched band centered at 3.52 GHz 

has 5-dB rejection fractional bandwidth of about 3.2% and the attenuation at the centre of 

the notched band is around 16 dB, also measured minimum insertion loss of 0.7 dB as shown 

in Fig. 4-17(a). In contrast, using optical switch, the notch rejections were observed at 3.54 

GHz at approximately 12 dB and passband insertion-loss of the bandpass filter was 1.0 dB as 

illustrated in Fig. 4-17(b). The proposed L-shape notch structure shows significance 

improvement filter performances such as less insertion loss (<0.6 dB) in compare with T-

shape topology that was discussed in chapter 3 and requires less switching conductivity (σ 

<500 s/m) than the aforementioned shape, which is suitable for optical switch. A photograph 

of the fabricated filter is shown in Fig. 4-18. Moreover, the filter performs a flat group delay 

within the passband of about 0.2-0.35 ns in both cases. The small discrepancies between the 

simulated and measured responses may be attributed to the various fabrication errors 

involved and poor conductivity of switches especially for optical switch. 

 

 

(a) 
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Fig. 4-18 (a) Coupling co-efficient (k) between coupled transmission lines vs gap, and (b) A 

photograph of the fabricated filter 
 

4.3.2 Multi-Notched Band for UWB Filter  
 

The technique presented in section 4.2.1 can be generalised in order to create multi-

rejection bands in the band of a UWB filter. In this section, a similar third order filter 

employing the stub based square ring-shape structure is constructed with a desirable multi-

notched bands. In Fig. 4-19 represents the proposed bandpass filter integrates with multi-

notched structure. The concept of composite right/left handed as in Fig. 4-19(a) is used to 

develop the dual-notch structure and the third notch is created by following the similar 

procedure as explained in section 4.2.1, the notched band is generated employing quarter 

wavelength short-circuited resonator capacitively coupled to the main filter structure.  

 

 

(a) 
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(b) 

Fig. 4-19 (a) Geometry and equivalent circuit of the multi-notched structure and (b)UWB 

filter integrates with multi-notched structure 

 

 

In accordance to [9], the composite right/left handed resonator posses inherent dual mode 

property and the two resonant frequencies are described by 

CLB

1
1                                   (4.21) 

CL

LL

B

AB /41
2


              (4.22) 

 

where LA is the series inductance realised by short-circuited high impedance line, LB is the 

shunt inductance obtained by the grounded stub, and the capacitance C is added via open-

end section. A simulated response using the composite right/left handed resonator is 

presented in Fig. 4-20 and in Fig. 4-21 shows the complete triple notch structure with 

corresponding measured results. 
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Fig. 4-20 UWB bandpass filter with dual notch using composite right/left handed resonator 

 

 

 

 

 

(a) 
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(b) 

 

Fig. 4-21 UWB bandpass filter with triple notch using composite right/left handed resonator 

and a quarter wavelength short-circuited coupled resonator (a) Simulation, (b) Measured. 

 

 

 

The filter is designed and fabricated on Taconic RF35 substrate with εr = 3.5 and h = 0.76 

mm. The overall filter dimension is approximately 0.25g x 0.23g. The filter is simulated by 

EM Sonnet software and the relevant measurements are taken with Agilent vector network 

analyzer E38361A. From the measured results in Fig. 3-21(b), the first notched band centred 

at 3.48 GHz has 5-dB rejection fractional bandwidth (FBW) of about 3.4% and the 

attenuation at 4.58 GHz with around 15 dB and 3.8% fractional bandwidth, and the third or 

final notched band centred at 5.82 GHz with around 33 dB rejection. The FBW of the 

proposed notched bands can be controlled by varying the coupling coefficients as in Fig. 4-

18(a) between resonators as well the width of the structures. The measured minimum 

insertion loss is <1.2 dB but it can be improved by selecting proper line impedances as 

shown in chapter 3. 
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4.3.3 Summary 

 

First, for the first time, a microstrip filter with a reconfigurable notched band has been 

presented. A single pin diode and an optical switch have been used to reconfigure the notch 

at 3.5 GHz within the passbands of the UWB filter. In this experiment, the proposed filter has 

shown good agreement with simulations. Also promising features of optical switch have 

been shown as  an alternative of pin diode. In addition, this filter has the merit of compact 

size and easier fabrication. The obtained results indicate that the proposed reconfigurable 

filter is promising for modern UWB systems solving the problem of WiMAX interferences 

allocated in the UWB spectrum. 

 

Next, a technique for generating rejection notches in the passband of UWB filter using stub 

based square ring-shape structure is presented. The technique is effective and can be 

conveniently integrated with the proposed filter resonator, the single notch frequency is 

achieved by using short-circuited quarter wavelength and multiple notches are attained by 

the composite right/left handed resonator. In all cases, the results from the simulation and 

measurement are in good agreement. 
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55..00  MMIINNIIAATTUURRIISSEEDD  UUWWBB  FFIILLTTEERRSS  

WWIITTHH  RREECCOONNFFIIGGUURRAABBLLEE  

BBAANNDDWWIIDDTTHH  AANNDD  FFRREEQQUUEENNCCYY  
 

 

Recent advances in modern wireless communication applications demand high performance, 

reconfigurability, and compact RF subsystems. Reconfigurable Microwave filters are often 

used to obtain wide-band coverage with the advantage of minimizing overall hardware size. 

These kinds of filters would be directed at supporting multiple wireless functions using 

common hardware hence decreasing the overall system complexity. The filter demonstrated 

in [1] can produce broad and narrow bandwidths by modifying inter-resonator couplings. A 

dual mode resonator can be found in [2], the filter employs a triangular patch resonator to 

achieve a two state reconfigurable bandwidths. In [3], the filter uses an interdigital capacitor 

with an open end gap and a rectangular ground plane below the interdigital capacitor or 

etched slots to achieve bandwidth reconfigurability.   

 

In addition, the filter of adjustable fractional bandwidth or a constant bandwidth with varied 

centre frequency have been reported [4]-[8]. For instance, the reconfigurable filters with 

fractional bandwidth control were presented [4]-[5]. Also, the reconfigurable filters for 

transmission zeros reconfiguration and asymmetric frequency response were demonstrated 

in [6]-[7]. The varactor loaded combline design for the BPF with a tunable bandwidth was 

reported in [8]. However, the reconfigurable/tunable filters suffer from high in-band 

insertion loss, which limits the frequency tuning range.  

 

In addition, several UWB bandpass filter (BPF) design techniques have been proposed such 

as the multi-mode resonators (MMR) [9]-[10], multilayer aperture-coupled patches [11] to 

achieve compactness. Moreover, to realise better selectivity, much effort has been made by 

generating transmission zeros, for example, in [12] demonstrated five short-circuited stub 

for the developments of UWB filter with pairs of transmission zeros but the filter 
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experienced poor out-of-band performance and consumed large size. In [13] reported the 

quintuple-mode UWB bandpass filter with sharp roll-off and super-wide upper stopband. 

Although the aperture-backed structure can raise the coupling degree of the I/O lines, it 

increases the fabrication complexity.  

 

On the other hand, currently Microstrip-to-CPW (coplanar waveguide) transition or 

interconnects without bonding wires have been arousing endless interest due to several 

exclusive features of microstrip and CPW lines such as it facilitates easy shunt or series 

surface mounting of active and passive devices, eliminates the need for via holes as well as 

reduces radiation loss [14]-[16]. DML (doubly metalized line) has demonstrated a good 

medium for CPW and microstrip filters as it offers a wide range of advantages such as 

allowing use of both sides of the substrate, able to achieve high coupling factors and also 

easily integrate with CPW and microstrip circuits [17]-[18]. Reconfigurable UWB (3.1-5.0 

GHz) filter using EBG structure has been proposed in [19] to switch between a bandpass and 

band-stop response. Another planar approach is employed in [20] where four Pin diodes 

have been utilised to switch between a bandpass and bandstop response. Both filters 

however suffer from relatively high loss as well as signal distortion due to the non-linear 

characteristics of the diode. 

 

On inspection of the literatures, the following points can be observed: 

 Most of the reported methods of bandwidth and centre frequency tunability are for 

narrowband applications. 

 Less effort has been made in reconfigurability of bandwidth due to the lack of 

methods to vary the inter-resonator couplings. 

 To achieve wide range tunability, additional bias circuits are used and this increases 

circuit complexity and incurs high losses. 

   Most of the circuits occupies large space because of having excitation feeding line 

on the same plan.  

 

Therefore, to address these issues, in section 5.1 presents a novel design approach using 

dual-mode resonator, which shows very low passband insertion loss and a wider fractional 

bandwidth (FBW) tuning range with almost unchanged selectivity. The proposed design 
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utilises stepped impedance resonator (SIR) for realization of bandpass  filter (BPF) and 

employs a single varactor diode (BB135-NXP) for the purpose of reconfiguring bandwidth. 

Additionally, to improve the selectivity between passband edges, a cross-coupling between 

I/O feed lines is introduced which generated pairs of attenuation poles at each side of the 

passband.  

 

Later, in section 5.2, a new compact CPW-fed reconfigurable UWB bandpass filter using DML 

lines concept is proposed, which has high selectivity filtering characteristics and relatively 

small size. An optical switch model is used in order achieve reconfigurability. The proposed 

filters are able to achieve significant size reduction as compared to the conventional 

bandpass filters with reconfigurable bandwidth and frequency states. 

 

 

5.1 Proposed Filter Structure 
 

This section focuses the following topics: 

 A technique to analyse the filter topology in order to obtain equivalent circuit 

parameters conveniently. 

 A method to attain high selectivity between passband edges without compromising 

filter performances. 

 Independent control of the filter bandwidth over a wide range.  

 Investigate a miniaturisation approach using dual mode resonator. 

 

The proposed filter is a third-order BPF which is inductively coupled to the source and load 

shown in Fig. 5-1 and is excited via ports 1 and 2, where Z0=50 Ω. The resonator consists of a 

single stepped impedance based ring resonator and a shorted stubs is loaded with at the 

symmetry plane as shown above to achieve dual-mode performance. 
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Fig. 5-1 Layout of the proposed bandpass filter with a reconfigurable notched band structure 

(L0=5.1, L1=1.1, L2=2.4, L3=8.2, L4=4.7, L5=2.7, L6=1.7, L7=1.2, L8=4.8, W1=0.6, W2=0.9, W3=0.4, 

W4=1.1, W5=0.6, W6=0.6, W7=1.6, g1=0.4, g2=0.6, g3=0.5, g4=0.3, g5=0.3, and via diameter = 

0.7   (Dimensions in mm)) 

 

 

5.1.1 Analysis of the Filter Unit 

 

In order to gain a better insight into this resonator, excluding the bias circuitry, Fig. 5-2(a) 

shows the equivalent transmission line model for the proposed resonator BPF. Since the 

resonator is symmetrical, one can use even and odd-mode technique to analyse it. Odd and 

even-mode equivalents circuits are shown in Fig. 5-2(b). 
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(a) 

 

(b) 

Fig. 5-2 (a) Equivalent filter transmission line model, (b) Equivalent odd-mode and even-

mode circuit. 
 

In the odd-mode excitation, the input admittance is,  
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and Ѳ1 and  Ѳ2 can be derived by using the following derivation, 
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when Yin odd= 0, the odd-mode resonance as in Fig. 5-3 will occur and the conditions are,                     
 

0tan 1123  jYYin ,  0)tantan( 6655   YYj , 0tan 44 jY        (5.2) 

 

 
 

Fig. 5-3 Odd-mode resonance without the grounded L7 effect 
 
 

Similarly, in the even-mode excitation, the input admittance is,  
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and the even-mode resonance as shown in Fig. 5-4 occur at Yin even= 0 with the conditions are 

where the odd-mode resonance still exists by default due to sharing common structure, 

0tan123  jYYin , 0)tantan2( 4488   YYj , 0tan 665  jYYin     (5.4) 

 

The S21 parameters can be derived from (5.1) and (5.3), 
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Fig. 5-4 Even-mode resonance with the grounded L7 effect 

where i (i= 1,2,3,...,etc) are the electrical lengths of the transmission line sections and Yi (i= 

1,2,3,...,etc) are the characteristic admittance of the corresponding electrical length 

respectively.  

The design steps are as following: 

1. Choose centre frequency (4.9 GHz), fractional bandwidth (69%), and frequency response 

(Chebyshev with 0.1 dB ripple). 

2. Calculate the frequencies of the three transmission poles in the passband [8]. Choose 

Table І parameters such that the pole frequencies are 3.25 GHz, 4.9 GHz, and 6.5GHz. 

3. Using the formulation given above (5.1)-(5.5), the frequency response of this filter can be 

computed. 

4. Final optimization in full-wave simulator such EM Sonnet (space mapping technique) in 

this case. 

 

Table І Filter dimensions (f0=4.9 GHz) 

Electrical length in Transmission line 
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5.1.2 Attainment of transmission zeros  

 

In order to produce transmission zeros at desired frequencies to improve filter selectivity, 

two techniques have been adopted, firstly, a broadband bandstop section is developed by 

stretching two shunt stubs (1 & 13)  as shown in Fig. 5-2(a) to achieve one wavelength (λg) 

electrical length (1+4, 13+14 & 8) which parallels with a with a half-wavelength (λg/2) 

transmission line (5+6 & 9+10) for contributing transmission zeros as in Fig. 5-5 at the 

upper stopband. 

 

(a) 

 

degree impedance (Ω) 

1=13= 25.90 

2=12= 29.60  

4=14= 28.70  

5=9= 9.260  

6=10= 26.60 

7 = 14.80 

8= 46.250  

3=11= 89.370 

Z1=Z13= 81.7 Ω  

Z2=Z12= 81.7 Ω  

Z4=Z14= 81.7 Ω 

Z5=Z9= 81.7 Ω  

Z6=10= 47.0 Ω 

Z7= 81.7 Ω  

Z8= 54.4 Ω  

Z3=Z11= 81.7 Ω 
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(b) 

Fig. 5-5 Modified Dual-Mode Resonator with Improved Upper Stopband using bandstop 
structure (a) Pole response, (b) Transmission response  

 

Later, two quarter-wavelength (λg/4) open stubs (2 & 12) are employed to increase the 

insertion loss of the bandstop filter. The electrical length of the λg, λg/4 length and the λg/2 

resonators have been calculated at a centre frequency of 7.8 GHz. Furthermore, secondly, a 

cross coupling between the I/O feedlines has been introduced by placing a section of U-

shaped (L2+L5+L9) transmission line as shown in Fig. 5-1 on the two shunt open-circuited stub 

which generates pairs of transmission zeros between lower as in Fig. 5-6 and upper 

passband edges as well as provide wideband rejection in the stopband. The complete filter 

response using both techniques and the effect of stepped impedance resonator in the ring 

circuit is presented in Fig. 5-7. 

 

Fig. 5-6 Improved filter lower selectivity via I/O coupling. 
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(a) 

 

 

(b) 
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(c) 

Fig. 5-7 (a) Simulated |S21|-parameter with lower and upper skirts, where transmission zeros 

TZ1, TZ2, TZ6, TZ7  are created by I/O coupling and the transmission zeros TZ3, TZ4, TZ5 are by 

bandstop structure (b) Simulated and measured S-parameters of the proposed filter, (c) Effect 

in the main transmission line by varying width of the SIR resonator. 

 

5.1.3 Filter with reconfigurable bandwidth  

It is known that the frequency response of a filter is able to be reconfigured with the 

relocation of transmission zeros and poles with the filter structure. Practically, the zero/pole 

relocation can be realised with the traditionally microwave resonator loaded with varactor. 

To study the proposed filter resonance properties, a full-wave em simulator (em SonnetTM) is 

used and the relationship between the resonant frequencies and the central loading shorted 

stub L7 is shown in Fig. 5-6. As shown in Fig. 5-8(b), by changing L7 while keeping the other 

size of the resonator fixed, the fundamental even-mode resonant frequency can be adjusted, 

whereas the odd-mode resonant frequency keeps basically unchanged. Therefore, the 

proposed filter resonator can support two degenerate modes and this feature has been 

utilised to achieve bandwidth reconfigurability. A single varactor diode is inserted for this 

purpose as illustrated in Fig. 5-8(a). 
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(a) 

 

(b) 

Fig. 5-8 (a) Filter layout with loading varactor diode, (b)  Simulated |S21| of the proposed 

resonator under weak coupling with varied L7. 

5.1.3.1 Experimental Results  
 

To validate the circuit concept, the filter is designed and fabricated on Taconic RF35 

substrate with εr = 3.5 and h = 0.76 mm and tested with a single varactor diode (BP135-NXP) 

for tuning the FBW bandwidth. This filter is designed to have a 3-dB passband from 3.1–6.6 

GHz with a mid-band frequency of 4.85 GHz. The overall filter dimension is approximately 

0.14g x 0.12g (excluding the two feed lines), where g is the microstrip guided wavelength 

on the substrate at centre frequency. In this experiment, the varactor bias voltage was 

varied from 0V to 30V, which varied capacitance from around 21 pF to approximately 2 pF 

[21]. In Fig. 5-9 and 5-10, the simulated and measured |S21| and |S11| under different 

reverse bias are demonstrated, respectively. As a result, the measured data are in excellent 
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agreement with the simulated data. Table ІІ listed the 3 dB fractional bandwidth (FBW) and 

the maximum passband insertion loss (IL) at different bias for simulation and measurement. 

From the obtained results, the passband insertion loss is less than 1.1 dB and the return loss 

is greater than 12 dB. Most importantly, the FBW has a relatively high reconfigurability 

ranging from 53.8% (at 5.5 GHz) to 84.2% (at 5.1 GHz). Furthermore, the skirt selectivity 

remains almost unchanged, which is crucial to eliminate undesired interferences. The 

photograph of the proposed filter is shown in Fig. 5-11. 

 

(a) 

 

(b) 

Fig. 5-9 (a) Simulated S-parameter (|S21|) of the proposed filter under different loading 

capacitance, (b) Simulated S-parameter (|S11|) of the proposed filter under different loading 

capacitance 
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(a) 

 

 

(b) 

 

Fig. 5-10 (a) Simulated and measured S-parameter (|S21|) of the proposed filter under 

different biasing voltages, (b) Simulated and measured S-parameter (|S11|) of the proposed 

filter under different  biasing voltages. 

 

 

Table ІІ Filter Performances 
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Reverse 
Bias (V) 

0 8 25 

FBW 
(Simulated) 

86.2% 74.4% 55.8% 

FBW 
(Measured) 

84.2% 72.3% 53.8% 

IL 
(Simulated) 

0.6 dB 0.7 dB 0.8 dB 

IL 
(Measured) 

0.9 dB 1.0 dB 1.1 dB 

 

 

Fig. 5-11 Photograph of the proposed filter 

 

5.1.3.2 Summary 

 

A miniaturised sharp rejection microstrip bandpass filter based on dual-mode resonator with 

reconfigurable bandwidth for the lower UWB band (3.1-6.6 GHz) applications has been 

presented. Simulation based extraction allows the calculation of the complicated structure 

relatively quickly and thus greatly expediting the filter design process. A single varactor 

diode was used to reconfigure the fractional bandwidth of the filter. The demonstrated BPF 

has a relatively low insertion loss and a wider FBW tuning range with almost unchanged 

selectivity. In order to illustrate the accuracy of the design procedure, filter has been 

fabricated and tested. The proposed reconfigurable filter has shown good agreement 

(insertion loss difference ≈ 0.3 dB and FBW <3%) between simulated and measured results. 

The obtained results indicate that the proposed reconfigurable filter is promising filter 

solution for modern UWB systems. 
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5.2 CPW-fed Reconfigurable Filter  
 

This section describes the following issues: 

 A new concept using DML (doubly metalized line) to achieve highly compactness. 

 A simple and convenient approach to attain frequency reconfigurability. 

 A method to create stop band attenuation in the lower band. 

 

Hence, a new compact CPW fed reconfigurable UWB bandpass filter using DML (doubly 

metalized line) lines is presented. A cross section of doubly metalized line is viewed in Fig. 5-

12. The CPW-fed third-order microstrip reconfigurable UWB bandpass filter is build on both 

sides of the substrate in which the ground metallization is placed on the top side for CPW in 

Fig. 5-13(a) and filter resonators are on the rear side as in Fig. 5-13(b).  

 

The layout of the proposed filter in Fig. 5-13(c) is a third-order bandpass filter composed of a 

single λg/2 wavelength resonator at 4 GHz, which is placed between a pair of λg/4 

wavelength resonators at 4 GHz. On the top layer, two ports 50Ω CPW feeding lines are 

placed to feed the microstrip UWB filter. These feeding lines are capacitively coupled with 

filter resonators as in Fig. 5-13(d). In addition, from the analysis of the circuit, it has been 

observed that the structure has a stop-band attenuation at the upper stopband as shown in 

Fig. 5-14 (a). Therefore, a transmission zero is needed to achieve lower attenuation at the 

stop-band. This can be obtained by linking the CPW feeding lines with an inductive strip as in 

Fig. 5-13(a) and the corresponding response is shown in Fig. 5-14. 

 

 

Fig. 5-12 Cross section of a doubly metalized line 
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(a) 

 

 

(b) 

 

 

(c) 
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(d) 

Figure 5-13 (a) Top side (CPW feeding lines), (b) Back side (filter resonators) layout of 

reconfigurable filter with CPW feeding lines, and (c) Layout of the proposed UWB bandpass 

filter with optical switch model (dimensions in mm), and (d) Equivalent circuit of the 

proposed filter. 

 

  

(a) 

 



                                                                                                                                                                               120 
 
 

(b) 

 

(c) 

Fig. 5-14  Transmission response (a) no connection between CPW ports, (b) a single CPW 

port is connected through ground, and (c) both CPW ports are connected through ground.    

 

This filter is designed to have a 3 dB passband from 3.1 GHz – 5.0 GHz with a mid-band 

frequency of 4 GHz. To achieve reconfigurability, an optical switch model in Fig. 5-13(c) is 

overlaid in between two g/4 resonators. The model is generated by Agilent ADS simulator 

at ON/OFF state using values from Table- and the measured S-parameters are incorporated 

to EM Sonnet simulator through data file option. The switch has a conductivity of 35.2 mS/m 

in the dark state (OFF) and a conductivity of 150.4 S/m when optically activated (ON). 

 

A third order reconfigurable band notch UWB bandpass filter is designed on both sides of 

the Rogers substrate (RO6010) with a thickness of 0.635 mm, relative dielectric constant of 

10.8, and optimized by em sonnetTM simulator. The overall filter dimension in millimetres is 

8.2 x 6.0 mm. Simulation results for the filter in the ON-state (200W) and OFF-state (0W) are 

shown in Fig. 5-15. The simulation results show that for bandpass filter the insertion loss is 

0.4 dB and return loss is > 15 dB and for bandstop filter, the rejection level is > 40 dB and the 

insertion loss in the passband is 0.3 dB. 
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(a) 

 

 

 

 

 

(b) 
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(C) 

 

Fig. 5-15 (a) 3-D filter layout generated by EM sonnet software and transmission response of the 

reconfigurable filter with optical switch  model in the (b) ON, and (c) OFF states 

  

 

5.2.1 Summary 

 

This section proposed a very compact reconfigurable filter for CPW and microstrip 

applications. The stub based filter is designed using doubly metalized technique and an 

innovative transmission zero creation method is shown without increasing the circuit 

complexity or the size of the filter. Also, to achieve reconfiguration, an optical switch model 

has been used in the ON state (200W) and in the OFF state (0W). The proposed filter 

example is highlighted the compactness achieved with these configurations especially in 

comparison to other research work. The design procedure is also relatively simple and 

inexpensive to fabricate compared to other popular multilayer approaches. 
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66..00  DDUUAALL  WWIIDDEEBBAANNDD  BBAANNDDPPAASSSS  

FFIILLTTEERR  WWIITTHH  IINNDDEEPPEENNDDEENNTTLLYY  

CCOONNTTRROOLLLLEEDD  FFRREEQQUUEENNCCYY  

BBAANNDDWWIIDDTTHH    
 

 

Electronically switchable and reconfigurable microwave devices such as filters are in great 

demand for existing wireless communication systems, and this trend will continue for future 

systems. To meet the increasing  requirement of modern multifunctional systems, bandpass 

filters should have multi-frequency response. Reconfigurable bandpass filters (BPFs) can be 

used to control the spectrum of proposed signals and support multiple information channels 

[1]-[2]. Recently, dual-band BPFs have drawn a lot of attention and this topic has been 

intensively researched [3]-[8]. Combination of a BPF filter and a bandstop filter in series [3], 

or two bandpass filters which have individual passband in parallel [4], can construct a dual-

band filter. But this type of filters has drawbacks in relatively large filter size. The defected 

stepped impedance resonators [5] or meander open-loop resonators [6] are introduced in 

the dual-band filter design to reduce the filter size; while they have a relatively large number 

of resonators. Dual-band filters using the stepped impedance resonators [7]-[8], dual-mode 

resonators [9]-[10], or embedded resonators [11]-[12], which coupled each other have less 

resonators and compact size. However, the design procedure is very complicated because 

the coupling co-efficiencies of the resonators at two separate passbands are difficult to be 

fulfilled simultaneously.  

 

Furthermore, much concentration has been given to electrical tunability as one of the 

diverse features of BPFs [13]-[16]. A tunable upper passband has been realised by using 

controllable even mode resonant frequencies [13], and harmonic suppressed tunable filters 

with two transmission zeros have been demonstrated [14]. In [17], a single-band switchable 

microstrip BPFs with dissimilar stepped impedance resonators (SIRs) and PIN diodes were 

reported to develop good selectivity and stopband rejection simultaneously. Also a 
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switchable dual-band BPFs with four states is proposed in [18], and dual-band BPFs with only 

one channel at a time [19]. 

 

Most of the aforementioned filters, the following issues are to be addressed: 

 Analysis of the filter structure to shed light as to the design rules for higher order 

filters. 

 A wide frequency range ratio of the dual passbands and filters with wide bandwidth. 

 Independent control of switching dual frequency states without effecting other 

performance parameters pertaining to filters design. 

 A continuing challenge in circuit size and complex fabrication procedure. 

 

This chapter covered all the above issues using the extension of previous structure that was 

presented in chapter 5. The proposed dual band filter exhibits similar dual mode features 

and its fractional bandwidths can be tuned to a wide range by exploiting even mode 

characteristics as in chapter 5.     

 

 

6.1 Characteristics of the Proposed Filter 
 

This section discusses the following points: 

 A comprehensive design approach using even-odd mode analysis as to highlight 

design steps. 

 Methods to sharpen the out-of-band rejection skirts between dual passband edges. 

 Miniaturisation techniques using a stepped impedance based ring resonator because 

a ring resonator owns the advantages of compact size and high quality (Q) factor; 

also the resonant frequencies of the ring resonator can be adjusted by using stepped 

impedance topology with a variable impedance ratio.   

 

Hence, the proposed dual-wideband bandpass filter is designed at the centre frequencies at 

4.9 GHz and 9.6 GHz and is excited via ports 1 and 2, where Z0=50 Ω. Fig. 6-1 depicts the 

schematic layout of the type of UWB filter, which consists of the proposed novel dual-mode 

ring resonator and a pair of I/O feeders. The proposed ring resonator is composed of a 
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stepped impedance based resonators and a centrally loaded inductive short-circuited stub; 

the resonator has a length of 2(l1+l2+l3+l4) and characteristic admittance Yi, electrical length 

i= βLi , while the short-circuited stub, acting as a perturbation, has a length of l5< λg even/4. 

Since the ring resonator is symmetrical to the A-A' plane, the odd-even mode can be 

adopted to characterize it. In order to maintain the symmetry of the circuit, the stub is 

divided into two parts with the same characteristic admittance 2Y5. 

 

 

Fig. 6-1 Schematic layout of the proposed filter 

 

For odd-mode excitation, there is a voltage null or short-circuited which is considered as a 

electric wall along the symmetry lane, the resulting input admittance for odd-mode can be 

expressed as  

 

oloweroupperoddin YYY ,,                                          (6.1) 
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According to the resonance condition Yin odd= 0, there must be 
 

         0tan 2121  YY             (6.4) 

 

                                             0tan 4343  YY         (6.5) 
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From the formula (6.4) and (6.5), the total electrical lengths of odd can be deduced as 
 

                                    oloweroupperodd ,,                               (6.6)   
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where RZ1= Y2/Y1 and RZ2= Y4/Y3 are the impedance ratios in (6.7) and (6.8). Using (6.7), the 

relationship between the normalized total electrical length odd and 2=∏- c/4fodd√Ԑeff is 

plotted in Fig. 6-2, which shows that compact size may be obtained by having an appropriate 

and small impedance ratio RZ. 

 

 

Fig. 6-2 The normalised resonator length against θ2 for various impedance ratios RZ to 

visualize the effect of the stepped impedance on the length of the resonator. 

 

The even-mode circuit is achieved by adding a magnetic wall along the symmetrical plane, 

therefore the even-mode input admittance can be deduced as 

          elowereupperevenin YYY ,,                                            (6.9) 
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According to the resonance condition Yin even = 0, there must be 

0tan2tan 5225   YY              (6.12) 
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According to the formulas (6.12) and (6.13), the specific effect of the length l5 is investigated 

and the resonant-mode frequencies with varied l5. As shown in Fig. 6-3, by changing the stub 

length l5 while keeping the other lengths are fixed, the fundamental even-mode resonant 

frequency can be shifted within a wide range, whereas the fundamental resonant frequency 

is preserved.    

 

Fig. 6-3 Simulated values of the degenerate modes' frequencies against the length of l5 

when (l1+ l2 + l3+ l4) are fixed 
By solving the equations (6.4)-(6.5) and (6.12)-(6.13), the fundamental resonant frequency 

can be determined as follows: 

                     
eff

odd
llll

c
f

)(4 4321 
  

eff

even
lllll

c
f

)2(4 54321 
                                                            (6.14) 



                                                                                                                                                                               131 
 
 

where βLi = i (i=1,2,3,4,5) and β is the propagation constant. 

 

In order to produce transmission zeros at desired frequencies to improve filter selectivity, 

two techniques have been adopted, firstly, to sharpen the first passband band out-of-band 

rejection skirt, the shunt stubs 2(l6) are stretched as illustrates in Fig. 6-4 , i.e., from λg/4 to 

2λg/4 which turns the section from short to open-circuited stub which contributes two 

attenuation poles on each side of the passband. The electrical length λg/2  have been 

calculated at a centre frequency of 4.9 GHz. Various design approaches for selectivity 

improvement have been discussed in [20], from which one appropriate half-wavelength 

open-circuited stubs topology has been chosen to design the proposed stub characteristics 

admittances denoted by Yia, Yib.  The design equations for determining these characteristic 

admittances are given by, 

 

Fig. 6-4 Schematic layout with open stubs and source-load coupling 
 

A shunt λg/2, open-circuited stub having an inner λg/4 portion with a characteristic 

admittance can be written from [20] 
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where Yi is described in [20] and  has been defined by, 
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and an outer λg/4 portion characteristic admittance can be defined by 

baiib YY             (6.17) 

where the parameter i is given by, 
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where f1 is the low band-edge frequency of the passband, and fzi is a frequency at which the 

shunt open-circuited stub presents a short circuit to the main transmission line and causes a 

transmission zero. 

 

Furthermore, secondly, a cross coupling between the I/O feedlines has been introduced by 

placing a section of U-shaped (l8) transmission line to improve the selectivity of the second 

passband as shown in Fig. 6-4 on the two shunt open-circuited stub 8. For the case where 

there is no capacitive coupling between two extensions means the gap is large, the 

transmission zero simply occurs at the frequency where 8 =900. However, when there is a 

coupling between the two sections, the transmission zero will split. The even-mode zero 

condition is still 8 =900 and the odd-mode zero condition may be approximately summarised 

as 
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where C0 is the capacitance associated with the gap. To realise zero in lower stopband, the 

line length 8 keeps slight longer. For our discussion, we may define a source-load coupling 

as 
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6.2 Dual Band Inverter 
 

Dual band filters require dual band resonators to create two different passbands and  a 

separate coupling structure or inverter between resonators is needed to establish the 

bandwidth for each band. This arrangement increases the circuit size and combines 

additional networks. To overcome this issue, a single dual band inverter comprises of two 

open stubs is proposed, which can be easily merged with adjacent resonators to reduce the 
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circuit size and provided coupling supports to both passband without any adjustments.  The 

design procedure of dual band inverter is then follow the classical synthesis rules.    

 

Therefore, a simple quarter-wavelength transmission line or inductively loaded short-

circuited stub is used as a inverter. To investigate further, the ABCD parameters, given by 

(6.21), of the mid-section of the resonator, illustrated in Fig. 6-5(a), may be equated to that 

of its lumped equivalent network from where it is possible to define the model parameters K 

and LB as (6.22) and (6.23). Since the model assumes frequency invariance of its parameters, 

an exact match may only be expected at the centre frequency of the resonator.  

 

The ABCD matrix of the impedance inverter as shown in Fig. 6-5(a) is obtained as  
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(a) 
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(b) 

 

 

(c) 

Fig. 6-5 (a) Model of resonator mid-section and equivalent lumped element circuit of direct-

coupled dual-mode resonator, (b) Comparison of driving point impedance of direct coupled 

dual-mode resonator mid-section and that of equivalent circuit (c) transfer impedance of 

direct coupled dual-mode resonator mid-section and that of equivalent circuit. 

 

Fig. 6-5(b)-(c) plot the impedance parameters where ZB = Z5 = 80Ω, θB= 210, θ5 = 14.80. The 

corresponding model parameters were calculated to be LB = 2.98 nH and K = 2.32 at the 

centre frequency. There is a reasonably good agreement in the driving point impedances 

over a wide frequency range from which it may be deduced that the frequency dependence 

of LB is fairly small. The relatively strong frequency dependence of the transfer impedance, 

which is equivalent to the inverter impedance, K, is clearly evident. 
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 However, it is understood from the investigation that the aforementioned inverter only 

suitable for single band filter designs. In order to transmission line act as a dual-band 

inverter, additional open stub can be attached to both ends of the transmission line, as 

shown in Fig. 6-6. The proposed dual-band impedance inverter as in Fig. 6-6 consists of open 

stub and a transmission line loaded with short-circuited stub which acts as K-inverter. The 

corresponding electrical lengths which are defined at frequency flower can be summarised as 

follows: 

 

Fig. 6-6 Dual-band resonator with open-circuited stub 

 

 

The total ABCD matrix of the proposed impedance inverter as shown in Fig. 6-6 is obtained 

as 
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The ABCD matrix of the idle impedance inverter can be deduced as 
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For dual-band admittance, the same value of K and phase shift 900 should be given and 

evaluated at two operating frequencies (flower and fupper). The simultaneous equations for 

solving the parameters of dual-band inverter are written by equating ABCD parameters of 

(6.24)-(6.26) and (6.27) to satisfy two frequency bands, 
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where a is the frequency ratio (fupper/ flower) between two frequency bands.  

 

 

 

 

The slope parameter can be deduced as 
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where Δi is the relative bandwidth and Ri is the termination resistance. By solving the 

equations (6.28)-(6.30) and (6.31), the solutions can be found for the dual-band impedance 

inverter as well as the electrical length and characteristic impedance of the open stubs along 

with the inverter.  
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6.3 Design Procedure of the Reconfigurable Dual 

Wideband BPF 
 

The design procedure in section 6.1 and 6.2 is then apply to reconfigurable dual-band filter 

in section 6.3. The proposed ring resonator generate two signal paths where the lower path 

consists of a ring resonator and two open shunt stubs 2(l6) as in Fig. 6-1(a), and the upper 

path is composed of 2(l1 +l7), while the short-circuited stub and  l1 section is common to both 

passband paths.  

 

 

For the given filter specifications, the general design procedure can be summarised as 

follows: 

a)   According to the given centre frequency and bandwidth, determine the total length 

2(l1+l2+l3+l4) of the ring resonator by (6.6). Tune the length l5 of the short-circuited 

stub to meet the desired bandwidth from Fig. 6-3. 

b)  After determining the impedance ratio RZ, the electrical length of SIRs can be derived 

from Fig. 6-2.  

c)   Use the equations (6.15)-(6.16), to determine the characteristics impedance and the 

electrical length of the open stub 2(l6) in order to obtain transmission zeros between 

first passband edges. 

d)  By using the formula (6.28), the electrical length of the resonator (l7) can be derived 

and the impedance ratio between l1 and l7 is determined from Fig. 6-2.  

e)   Solution can be found for the dual-band inverter from the equation (6.29)-(6.30) 

and (6.31).  

f)  To improve selectivity between second passband edges, the proposed source-load 

coupling line length l8 can be derived by (6.19) and the coupling value from (6.20).  
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6.3.1 Reconfigurable Lower Passband 

 

 

Fig. 6-7 Layout of the proposed dual-wideband bandpass filter with a reconfigurable 

frequency states [l1=1.5, l2=1.5, l3=2.1, l4=3.6, l5=2.8, l6=6.4, l7=2.3, l8=2.9, l9=5, l10=.1, W1=0.9, 

W2=1.4, W3=0.4, W4=1.0, W5=1.1, W6=0.5, W7=1.6, g1=0.4, g2=0.6, g3=0.5, g4=0.5, and via 

diameter = 0.7, Cbypass=33 pF (Unit:mm)] 

 

In this section, a novel structure to implement dual-wideband behaviour is proposed, where 

two signal paths are created within the same filter ring resonator to achieve independently 

switched frequency states of both passbands. One path delivers only the signals at the upper 

passband and the other path transfers the signals at the lower passband frequency. By 

turning the PIN diodes state on and off, frequency can be reconfigured into four states. 

 

The schematic layout of the final filter is presented in Fig. 6-7. The proposed lower passband 

was designed to operate between frequencies from 3.2  GHz to 6.6 GHz with centre 

frequency 4.9 GHz and the fractional bandwidth 70%. To realize reconfigurability, a PIN 

diode PIN1 is placed between the gap of l4 as shown in Fig. 6-7. A bypass capacitor Cbypass is 

used to avoid a short circuit for the dc bias applied to the pin diode. In the forward bias or on 

state, the pin diode behaves like a small resistance so that the section l4 creates a path (l1 

+l2+l3 +l4) to propagate the transmission signal; thus generating a passband with 4.9 GHz 
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centre frequency as illustrated in Fig 6-8(a). Also passband location can be controlled by 

varying the section l5 position as illustrated in Fig. 6-3. This state corresponds to the lower 

passband “ON”. Conversely, in the zero bias or off state, the pathway is broken and the 

structure l3 +l4 acts as a open-circuited stub and creates transmission zero at around 6.7 Ghz 

which helps to suppress the lower passband during "OFF" time as shows in Fig. 6-8(b). This 

response corresponds to the channel “OFF”. 

 

 

(a) 

 

(b) 
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Fig. 6-8 Simulated and measured response of the fabricated filter with the pin switch (a) 

Both Channels are on with  at centre frequency at 4.9 and 9.6 GHz in the PIN1 ON state and 

PIN2 ON state [STATE-1], (b) One Channels is on at centre frequency at 9.6 and one is off at 

4.9 GHz in the PIN1 OFF state and PIN2 ON state [STATE-2] 

 

6.3.2 Reconfigurable Upper Passband 

 

 

(a) 

 

(b) 
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Fig. 6-9 Simulated and measured response of the fabricated filter with the pin switch (a) One 

Channels is on at centre frequency at 4.9 and one is off at 9.6 GHz in the PIN1 ON state and 

PIN2 OFF state [STATE-3], (b) Both Channels are off with  at centre frequency at 4.9 and 9.6 

GHz in the PIN1 OFF state and PIN2 OFF state [STATE-4]. 
 

The proposed upper passband was designed to operate between frequencies from 8.9  GHz 

to 10.3 GHz with centre frequency 9.6 GHz and the fractional bandwidth 14.5%. The 

proposed section consists of 2(l5 +l6) and it has been found from (6.28) that the specific 

length is required to generate the upper passband. The stepped impedance based resonator  

is used to achieve the compactness. To realize the switchability, PIN2 and PIN3 diode is 

placed between the gap of l5 and l6 as shown above in Fig. 6-7, which control the line length 

for upper passband without effecting the lower passband. The design procedure of (d)-(e) 

have been used to calculate the proposed structure and the parameter details are: 7= 

20.290, 8= 89.10, Z7=62.04Ω, Z8=68Ω with RZ>1, the coupling co-efficient k is 0.053 under 

Z0e= 85.2 Ω, Z0o= 68.2 Ω  and the calculated slope parameter of the open resonator is 0.0471 

mhos. 

 

The filter is designed and fabricated on Taconic RF35 substrate with εr = 3.5 and h = 0.76 

mm. This dual-wideband band filter is designed to have a 3-dB passband from 3.2–6.6 GHz 

with a mid-band frequency of 4.9 GHz and 8.9–10.3 GHz at 9.6 GHz  mid-band frequency. 

The overall filter dimension is approximately 0.14g x 0.12g (excluding the two 50 Ω feed 

lines), where g is the microstrip guided wavelength on the substrate at centre frequency. 

The filter is optimised by EM Sonnet software and the corresponding measurements are 

taken with Agilent vector network analyzer E38361A. In this experiment, the PIN diode (NXP 

BAP65-02) used in this experiment has a capacitance of 0.8 pF, a parasitic inductance 0.7 nH, 

and a low resistance of 0.9 Ω [21]. To turn on the diodes, the external dc voltage is 3V, and 

the current is 1mA. The dc blocking capacitance is 33 pF and the resistor 1kΩ is used for 

biasing. 

 

In Fig. 6-8 and 6-9, the simulated and measured |S21| and |S11| under the PIN diode ON and 

OFF states are demonstrated, respectively. It can be seen that the proposed filter can 

operate at 4.9 GHz and 9.6 GHz, and the measured FBWs are 68% in the lower passband and 
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13% in the upper passband. Table І listed the insertion loss (IL) at different states, while the 

measured return loss is greater than 12 dB in most cases. Furthermore, the skirt selectivity 

remains almost unchanged, which is crucial to eliminate undesired interferences. The 

photograph of the proposed filter is shown in Fig. 6-10. The small discrepancies between the 

simulated and measured responses may be attributed to the various fabrication errors 

involved. The design procedure especially the circuit model is simulated by employing  a 

MATLAB software, which allowed all of the filter parameters to be determined relatively 

quickly given the prototype element values.  

 

 

Table І Insertion loss for various states of the proposed BPF 
 

4.9 GHz/9.6 
GHz 

4.9 GHz  ON 4.9 GHz  
OFF 

9.6 GHz  ON 1.2 dB/ 1.1 dB 28 dB/ 1.1 
dB 

9.6 GHz  OFF 1.2 dB/ 16.5 dB 19 dB/ 15 
dB 

 
  
 
 
 
 

Table ІІ Comparison of various Reconfigurable BPFs 
 

Ref. No. of  

Zeros 

Isolation ratio 

between 

passbands 

(f2/f1) 

Frequency 

response & 

Switch 

Size (mm) 

 

[22]  

 

Two 

 

2 

 

Four-state  & 

04 

60.84 × 

75.45  

(εr : 3.55) 

[23] None 2.4 Four-state & 

02 

78 × 5.7 

(εr : 3.38) 

[24] One 1.94 Two-state & 02 30 × 30 

(εr : 2.65) 

This 

work 

Six 1.96 Four-state  & 

03 

8.5 × 7.1 

(εr : 3.5) 
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Fig. 6-10 Photograph of the fabricated filter 

 

 

6.3.3 Summary 
 

This section presented a novel, compact, and highly selective reconfigurable bandpass filter 

(BPF) with four-state frequency responses, where dual-band bandpass and single bandpass 

characteristics can be conveniently switched by turning PIN diodes on and off.  The proposed 

design uses stepped impedance resonator (SIR) for realization of bandpass  filter (BPF) and 

employs a short-circuited stub to obtain dual-mode performance and control passband 

bandwidths. Simple filter design techniques are derived using conventional synthesis 

method and the methods of generating transmission zeros are discussed to improve 

passband selectivity. A dual-band inverter is adopted which can be merged with adjacent 

resonators without increasing circuit size. To illustrate the concept, filter samples are 

designed, fabricated and measured. Measurements on a fabricated reconfigurable filter 

confirm the accuracy of the design procedure. Measured responses show good agreement 

with simulation. The proposed filter is able to achieve significant size reduction (8.5 mm × 

7.1 mm excluding the feeding ports) as compared to the conventional dual-band filters and 

bandpass filters with switchable bandwidth.  
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          77..00  CCOONNCCLLUUSSIIOONNSS  AANNDD  

FFUUTTUURREE  WWOORRKK  
 

 
Planar filters are extensively employed in various wireless and radar applications. The 

increasing growth and commercial interest in communication sectors escalate significantly 

the demand for low cost, compact size and high performance multifunctional filters as filters 

play a key role in confined signals. An overview of reconfigurable filters using different 

techniques was discussed in the earlier section where it was apparent that there was a need 

to develop reconfigurable wideband filters with frequency and bandwidth control. The basic 

aim of this research report is the development of miniaturised reconfigurable filters for UWB 

applications. The investigation focuses on several key challenges pertaining to microwave 

filters such as compactness, selectivity, in-band rejection, stopband rejection with deep 

attenuation, and switchability with the proposal of a novel compact stub-type resonator 

configuration. 

 

In this dissertation, the miniaturised square ring shape close and open loop resonators were 

analysed and equivalent circuits for their behaviour were proposed. A convenient design 

procedure was discussed in order to congregate deeper insight into the relationship 

between the physical and electrical parameters. Application of these resonators in filter 

design was implemented in four stages. Firstly, for ultra-wideband filters application, the 

proposed structure was modelled where the bandwidth can be controlled through the 

grounded shunt stubs impedance. An open-circuited stub was placed in the symmetry plane 

of the resonator in order to achieve bandstop characteristics and the feasibility of an optical 

switch as an alternate of common PIN diodes had been observed. The development of a 

complete filter design procedure include lowpass prototype networks to the realization of 

distributed filter parameters, was also explained. 

 

Secondly, in order to increase the filter selectivity, an effective design procedure to generate 

a pair of transmission zeros between passband edges was introduced and a section was built 
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within the proposed filter resonator through which  wide stopband can be attained by 

suppressing the second harmonic. Next, implementation of reconfigurable notched rejection 

band in the propose filter passband was investigated. Hence, several novel design 

techniques to create single and multiple notched bands in the miniaturised UWB filter using 

square ring shape structure were suggested. 

 

Thirdly, a novel highly compact planar dual-mode resonator configuration for UWB 

applications was developed. With the aid of dual mode feature, bandwidth reconfiguring 

technique was demonstrated and an analysis of the dual-mode structure was presented in 

order to prove the existence of two unique modes of resonance. Also, a comprehensive 

design technique to create multiple transmission zeros in the lower and upper stopband was 

developed. Later, a unique coplanar waveguide (CPW) fed reconfigurable filter circuit was 

constructed as a substitute of direct coupled feeding line and discussions were 

supplemented with experimental results. 

 

Finally, the investigation extended to constructing a novel structure in order to implement 

dual wideband behaviour by using a single ring resonator. A detail analysis with design 

procedure was outlined and a solution was presented for controlling frequency bandwidths 

independently according to the application interest. Simulation and experimental results 

were presented to validate the arguments. 

 

  

 

7.1 Research Contributions 
 
The contributions of the research are summarised as follows: 

 

1.       A novel compact reconfigurable filters using ring-shape stub types resonator is 

presented for UWB applications. The proposed resonator is extensively analysed to extract 

the design parameters and characterized reconfiguring behaviour by employing an open-

circuited section leading to a gap, which is overlaid with switches. An electromagnetic 

interference free optical switch performances have been shown as a candidate for future 

generation. Also, a technique is developed to eliminate the unwanted frequency via 
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externally coupled T-shape structure and a solution is provided to minimise the circuit area 

by embedding the proposed structure into inner circuit area. 

 

2.           A new highly selective filter with multifunctional capabilities is demonstrated  for 

future wireless  communication sectors. A technique is introduced by which pairs of 

transmission zeros can be generated between passband edges and a harmonic suppression 

method is produced without enlarging the circuit size. Also, a novel approach is proposed for 

in-band rejection along with several other single and multi-notched band techniques using 

the proposed resonator have been investigated to find an optimum solutions. 

 

3.         A novel highly compact dual-mode ring resonator configuration is explored for the 

design of planar RF and microwave bandpass filters. The structure based on stepped 

impedance resonator (SIR) is characterised and the existence of two unique modes of 

resonance is substantiated. A design approach using dual mode feature is constructed for 

microwave bandpass filter with bandwidth reconfigurability. The presented approach is 

attained relatively wide tuning range with low in-band insertion loss and without effecting 

the filter selectivity while the fractional bandwidth varies. Furthermore, a very compact ring 

shape resonator employing CPW-fed technology has been shown as a substitute of 

conventional direct feeding structure. 

 

4.     A novel super compact prototype is designed to implement the dual band 

characteristics using single ring resonator. A comprehensive filter design procedure is 

outlined to expedite the development process. A dual band inverter is superimposed within 

the resonator without effecting the filter response and an innovative independently 

controlled frequency bandwidth approach is presented. 

 

 

7.2 Future Work 
 

A lot of the sections in this research report contributes rise to further work. Even though 

many features of this resonator were examined within the given time frame, still several 
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interesting issues have not been solved and can be the basis for future investigations. These 

are outlined in the following: 

 

- In this report stub-type resonators were employed in design of wideband bandwidth 

bandpass filters. The stub bandpass filter characteristic depend on the characteristic 

admittance and impedance of the shunt stubs and connecting line. Hence, it may be a 

challenge in realising a filter with narrow bandwidth due to its unrealistically low stub 

admittance requirement.  

 

- The thesis focused on the development of bandpass filters where the input and output 

couplings where exclusively achieved through direct inductively coupled lines. But, 

investigations on orthogonal or parallel feed coupling of the resonator may be performed to 

assess the practicability of employing these resonators in wideband filter design. Also, the 

proposed design procedures and equivalent circuits are approximated mostly for wideband 

structure. A simplified transmission line structures can be extrapolated instead be used. 

 

- In the proposed ring resonator, the dual  mode characteristic is realised through the 

grounded middle stub and the bandwidth reconfigurability has been observed by varying the 

coupling coefficient induced by shorted stub. However, this coupling variation is only 

applicable to wideband filters design. As a result, a new inverter coupling scheme could be 

introduced to obtain narrow and broad bandwidth according to applications interest. 

 

- The proposed filter structure are constructed mostly with single layer, which incorporates 

restriction in miniaturisation as the size of a distributed filter is directly proportional its 

operating wavelength. To achieve further compactness, multi-layer design configurations 

would be a good choice. However, multi-layer structure has different inter-resonator 

coupling mechanisms so that the relation must be conceived prior to dealing with that. 

 

- The materials used in the filter design presented in this dissertation are Rogers 5880 and 

Taconic RF-35, which are considered as a lossy material. Therefore, filter performances can 

be further improved by utilising expensive less loss materials. 

 


