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Abstract
The objectives of this work are to review, investigate and model the microwave planar
filters of the modern wireless communication system. The recent main stream of
microwave filters are classified and discussed separately. Various microwave filters
with detailed applications are investigated in terms of their geometrical structures and
operational performances. Theoretical

A comprehensive theoretical study of microwave filters is presented. The main types of
microwave filters including the basic low-pass filters such as Butterworth and
Chebyshev filters are fully analysed and described in detail. The transformation from
low-pass prototype filters to high-pass filters, band-pass filters and band-stop filters are
illustrated and introduced. Research work on stepped impedance resonator (SIR) and
asymmetric stepped impedance resonator (ASIR) structure is presented. The
characteristics of λg/4, λg/2 and λg (λg is the guided wavelength of the fundamental
frequency in the free space) type SIR resonators, and the characteristic of asymmetric
SIR resonator are categorized and investigated.

Based on the content mentioned above, novel multi-standard high performance
asymmetric stepped impedance resonator single-wideband and dual-wideband filters
with wide stopbands are proposed. The methodologies to realize wide passband and
wide stop-band filters are detailed. In addition, multi-standard high performance triple-
wideband, quadruple-wideband and quint-wideband filters are suggested and studied.
The measurement results for all prototype filters agree well with the theoretical
predictions and simulated results from Ansoft HFSS software. The featured broad
bandwidths over single/multiple applicable frequency bands and the high performances
of the proposed filters make them very promising for applications in future multi-
standard wireless communication.
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Chapter 1

Introduction

1.1 Background and Motivation

In recent years, wireless communication facilities such as wireless transceivers

have been exerting an increasingly vital impact in the field of microwave and

radio frequency communication. One of the most important modules in wireless

communication systems is the microwave filter [1-7]. Microwave filters play a

critical role in passing desired frequency bands and stopping unwanted ones

including noise interference signals in communication systems. Figure 1.1 shows

the positions of the microwave filters in a generic wireless transceiver system.

Therefore, developing high performance multi-standard filters with compact size,

low in-band insertion loss (IL), and high out-of-band rejection skirts is our goal in

the following steps. Compared to the traditional stepped impedance resonator

(SIR) with two step discontinuities, the asymmetric SIR (ASIR) has only one

discontinuity but still keeps the characteristic of controllable spurious modes.

Thus, it has the advantage of compact size, less loss, and strong design feasibility,

particularly in designing of high-order BPFs such as dual band [8][10], triple band

and quad band[16] BPFs because of its inherently higher order resonant modes.

Therefore, the motive of this thesis is to analyse, design and measure the high

performance single- and multi-band ASIR filters for advanced communication

systems.



Figure 1.1. A generic wireless transceiver

1.2 Thesis Objectives

The currently proposed ASIR filters are mainly about the traditional Anti-Parallel-

Coupled ASIR (APC-ASIR) which consists of two ASIR units with their high

and/or low impedance lines anti-coupled with each other and is usually folded at its

open end. In [13], the high impedance lines of two ASIRs are bent and coupled with

each other to form a signal transmission route, and the first spurious frequency is

utilized to form the second operating band [14]. Because the frequency response

characteristic of the anti-parallel-coupled line is determined by the frequency

response characteristic of the ASIR, the APC-ASIR frequency response is easy to

calculate. However, the bandwidth characteristic of the APC-ASIR structure [12,

13], as with the multi-stage coupled ASIR structure [15, 16], has two disadvantages:

one is its narrow band characteristic within the pass-band range; and another one is

2
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limited number of pass-bands. Therefore, this approach cannot fully meet the multi-

service broad band requirement of current wireless communications.

The objective of this thesis is to develop, design and characterize methodologies for

the proposed wide-band ASIR filters with single- and multi-band characteristics.

Hence, it involves the analysis, design, simulation and fabrication of wide-band

ASIR filters with critical parameters including the desired central frequency, wide-

bandwidth, low loss and small size.

Based on the current single-band ASIR with narrow band disadvantages, single-

wide-band ASIR structures with wide stop-bands are analysed and designed, as

shown in chapter 6 and chapter 7, respectively.

Based on the current dual-band ASIR with narrow band disadvantages, dual-wide-

band ASIR structures with wide stop-bands are analysed and designed, and shown

in chapter 5.

Based on the current ASIR with the disadvantage of limited band numbers,

triple/quad/quint-wide-band ASIR structures are analysed and designed, as shown in

chapter 5, chapter 6 and chapter 7, respectively.

Relevant communication standards includes the Global System for Mobile

Communication(GSM): GSM850 (824-894 MHz), GSM900 (890-960 MHz),

GSM1800 (1710-1880 MHz), GSM1900 (1850-1990 MHz), Universal Mobile

Telecommunications System (UMTS) :1920-2170 MHz, Global Positioning System
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(GPS) :L1 band: 1.57542 GHz, L2 band: 1.22760 GHz, L3 band: 1.38105 GHz, L4

band: 1.84140 GHz, IEEE 802.11a (frequency band centred at 5.2 GHz/5.8 GHz),

IEEE 802. 11b/g/n (2.4-2.6 GHz), Worldwide Interoperability for Microwave

Access (WiMAX): 3.3-3.7 GHz, Long Term Evolution (LTE): LTE2300: 2305-

2400 MHz, LTE2500: 2500-2690 MHz and so on. These wireless communication

standards are followed when analysing and designing the related single-and multi-

wide-band filters.

1.3 Organization of the Thesis

Chapter 1: This chapter gives a brief introduction to microwave filters including

their application fields and main function in wireless communications.

Communication standards and relative operating frequency bands are proposed to

guide the design of microwave filters.

Chapter 2: This chapter covers an introduction to microwave filters and sets out a

comprehensive review of microwave filters, mainly planar microwave filters. The

recent years’ main stream of microwave filters are classified and discussed

separately, which includes: (1) lumped-element LC filters, (2) planar structure filters,

and (3) non-planar structure filters. Planar structure filters including microstrip

filters, coplanar waveguide filters and so on are described especially in detail . In

addition, this chapter introduces new materials, new structures and new technologies

in the microwave filter field, including new materials such as low-temperature co-

fire ceramic technology (LTCC), low-temperature co-fire ferrite (LTCF), liquid

http://en.wikipedia.org/wiki/Microstrip
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crystal polymer (LCP), new structures such as photonic band gap (PBG), ground

plane aperture (GPA), defected ground structure (DGS), substrate integrate

waveguide (SIW), new technologies such as micro electro mechanical systems

(MEMS) or micromachining, high temperature superconducting and so on . All

these new materials, new structures and new technologies have been proposed in

papers to enhance the performance of microwave filters as well as the performance

of microwave systems.

Chapter 3: This chapter presents a comprehensive theoretical study of microwave

filters. It covers the introduction to a diversity of filters including low-pass filters,

high-pass filters, band-pass filters and band-stop filters as well as filter design

parameters including (1) the central frequency, (2) insertion loss, (3) ripple

coefficient, (4) bandwidth, (5) rectangular coefficient, (6) the stop-band rejection.

Three basic classic types of filters including (1) Maximally flat filter (Butterworth

filter), (2) Chebyshev Filter, and (3) Elliptic Filter are explained. Furthermore, filter

frequency transforms are reviewed including: (1) frequency transform between low-

pass filter and low-pass prototype, (2) frequency transform between high-pass filter

and low-pass prototype, (3) frequency transform between band-pass filter and low-

pass prototype, and (4) frequency transform between band-stop filter and low-pass

prototype. All these can give a deeper understanding of the design of microwave

filters.

Chapter 4: This chapter provides a comprehensive study of stepped impedance

resonator (SIR) structures and asymmetric stepped impedance resonator (ASIR)

structures. All three types of λg/4, λg/2 and λg SIR resonator (λg is the guide wave
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length of the resonator’s fundamental frequency in free space) are analysed and fully

explained. The chapter reviews: (1) The basic SIP structure, (2) The characteristics

of SIR including resonating requirements and electrical lengths, (3) Spurious

frequencies, and (4) Equivalent circuits. Moreover, the asymmetric stepped-

impedance resonator, which is a novel SIR structure and has appeared in

publications in recent years, is studied because of its advantages over other

structures including the SIR structure. Traditional anti-parallel coupled ASIR

structures are described, simulated and studied. All these are helpful to the detailed

design of ASIR filters in the next chapter.

Chapter 5: Based on the content mentioned above, a novel parallel-coupled ASIR

structure is proposed and its characteristics are fully analysed and discussed,

showing differences from the characteristics of current anti-parallel coupled ASIR

structures. Based on this novel structure, two novel multi-standard dual-wideband

asymmetric stepped impedance resonator type filters are proposed, in which the

mathematical analyses and descriptions of the characteristic of filter circuit structure

are derived, and the configuration, performance and transmission zero point are

analysed. Novel parallel-coupled asymmetric SIRs with interdigital cross-coupled

line structure are integrated together to realize optimized in-band performance and

realize wide stop-bands by introducing extra transmission zeros. Besides, the novel

parallel-coupled asymmetric SIRs with parallel uncoupled microstrip lines structure

are integrated together to realize optimized in-band performance and realize wide

stopbands by introducing extra transmission zeros. Both types of the proposed dual-

wideband filter have large stop-band bandwidth with sufficient suppression level.

To the author’s knowledge, the proposed structures realize for the first time dual
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wideband and wide stop-band resulting from the restriction of high order harmonic

frequencies.

Chapter 6: This chapter proposes an ASIR coupled structure with a meander

coupled section. The novel structure’s mathematical analysis and filter

characteristics are derived, and the transmission zero point generation condition is

analysed. The even and odd phase velocity compensation technique is also

considered in this novel structure. By using this knowledge, a single-wideband filter

with wide-stopband resulting from the generation of multiple transmission zeros is

proposed. The single-wideband filter has advantages including low insertion loss,

low return loss, simple structure and wide stop-band to suppress undesired signal

interception. Moreover, by tuning the locations of transmission zeros, the quint-

wideband filter can be realized by this novel structure. The quint-wideband filter has

advantages including low insertion loss, low return loss, simple structure and large

fractional bandwidth, indeed the largest fractional bandwidth in currently proposed

quint-band filters.

Chapter 7: This chapter proposes an ASIR spiral and open loop coupled structure

to realize a single-wideband filter and a quint-wideband filter. A spiral and open-

loop structure is used to realize a mixed electric coupling and magnetic coupling

effect and at the same time facilitate the quint-band performance. Based on the

structure, the single-wideband filter is also realized. The Ansoft HFSS software

simulated results and measurement results agree well with the theoretical predictions.

The broad bandwidths over dual applicable frequency bands and the miniaturized
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size of the proposed filter make it very promising for applications in multi-standard

wireless communication.

Chapter 8: This chapter summarizes the thesis findings and looks ahead to future work.
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Chapter 2

Microwave Filters Overview

2.1 Introduction

Most RF and microwave filters are made up of one or more coupled resonators, and the

resonator is the basic unit to realize the filter. According to the different technologies

used in filter realization, filters can be divided into lumped-element LC filters [1]-[5],

planar structure filters such as microstrip transmission line filters [6]-[23],coplanar

waveguide filters [24]-[28] and so on, non-planar structure filters such as waveguide

filters [29]-[32], resonant cavity filters [33] and so on. The books by Cohn [34],

Matthaei, Young and Jones [35], R. J. Cameron, C. M. Kudsia, and R. R. Mansour [36]

provide good references to the concept, design and realization of RF and microwave

filters.

Figure 2.1. Planar structures. Figure2.2. Non-planar structures. (Cavity, non-
(microstrip, CPW, etc.) planar, waveguide etc.)

http://en.wikipedia.org/wiki/Resonators
http://en.wikipedia.org/wiki/RF_and_microwave_filter
http://en.wikipedia.org/wiki/RF_and_microwave_filter
http://en.wikipedia.org/wiki/RF_and_microwave_filter
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2.2 Lumped-Element LC Filters

The simplest resonator structure that can be used in RF and microwave filters is an LC

tank circuit consisting of parallel or series inductors and capacitors. These have the

advantage of being very compact, but the low quality factor of the resonators leads to

relatively poor performance.

Lumped-element LC filters [1]-[5] have both an upper and lower frequency range. As

the frequency gets very low, into the low kHz to Hz range the size of the inductors used

in the tank circuit becomes prohibitively large. Very low frequency filters are often

designed with crystals to overcome this problem. As the frequency gets higher, into the

600 MHz and higher range, the inductors in the tank circuit become too small to be

practical. An inductor of 1 nanoHenry (nH) at 600 MHz isn't even one full turn of wire.

In recent years, miniature lumped element filters have come into use. The structures in

[2], [4] and [5] have the advantages of compact size, light weight, easy for fabrication

and fixing. Miniature lumped element filters are suitable for the use of narrow and

wide-band filters ranges from 10-2000 MHz.

2.3 Planar Structure Filters

2.3.1 Microstrip Filters

The general structure of a microstrip is illustrated in Figure 2.3. A conducting strip

(microstrip line) with a width W and a thickness t is on the top of a dielectric substrate

that has a relative dielectric constant εr and a thickness h. The bottom of the substrate is

http://en.wikipedia.org/wiki/Tank_circuit
http://en.wikipedia.org/wiki/Quality_factor
http://en.wikipedia.org/wiki/Nanohenry
http://en.wikipedia.org/wiki/Microstrip
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Figure 2.3. General microstrip structure Figure 2.4. The basic structure of SIW

a ground (conducting) plane. Microstrip transmission lines can be used to make good

resonators and filters to offer a better compromise in terms of size and performance than

lumped element filters. Microstrip filters can be classified into stepped impedance

resonators (SIRs) [6]-[12], hairpin filters [13]-[17], interdigital filters [18]-[23], parallel

coupled filters and so on. In 1980, Makimoto et al. for the first time derived

approximate design formulas for band-pass filters (BPFs) using parallel-coupled striped

stepped-impedance resonators (SIRs) in ref. [6]. The formulas take into account the

arbitrary coupling length and quarter wavelength coupling. The author showed that this

type of filter had advantages of controlling spurious response and insertion loss by

changing the structure of the resonator. Then two experimental filters are designed by

using the formulas and measured.

In 1997, Sagawa et al. proposed in paper [7] to standardize λg/4 type, λg/2 type, λg type

transmission-line stepped impedance resonators (SIRs) and systematically summarize

their fundamental characteristics, such as resonance conditions, resonator length,

spurious (higher order) responses, and equivalent circuits. Practical applications which

employ features of three types of SIRs are investigated with demonstrations of specific

http://en.wikipedia.org/wiki/Microstrip
http://en.wikipedia.org/wiki/Microstrip
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structures. Original design formulas with respect to λg type dual-mode resonators are

analytically derived.

In [8], the ultra-wide-band (UWB) BPF comprised a cascade of low and high-pass

structures. The concept of multimode resonators (MMR) used for UWB BPF was

initially proposed in [9], where the first three resonant modes of the MMR were utilized

to design the filter. In [10], pseudo interdigital stepped impedance resonators (PI-SIRs)

were proposed to develop a UWB BPF.

In 2010, Qing-Xin Chu et al. presented an ultra-wide-band (UWB) band-pass filter

(BPF) using a stepped-impedance stub-loaded resonator (SISLR) [11]. Characterized by

theoretical analysis, the proposed SISLR is found to have the advantage of providing

more degrees of freedom to adjust the resonant frequencies. Besides, two transmission

zeros can be created at both lower and upper sides of the pass-band. Benefiting from

these features, a UWB BPF is then investigated by incorporating this SISLR and two

aperture-backed interdigital coupled-lines. Figure 2.5 shows the SISLR structure in [11].

In 2013, Liang Chen proposed a compact UWB filter with dual notched bands using

cascaded shorted stub loaded stepped impedance resonators (SIRs) [12]. The basic

UWB filter consists of multi-mode resonator (MMR) loaded with T-shaped stub and

interdigital feed lines, having flat ultra-wideband response and sharp rejection skirt.

Two cascaded shorted-stub loaded SIRs are symmetrically coupled to MMR,

introducing dual notched bands with deep and sharp shirt and providing freedom to

http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=p_Authors:.QT.Qing-Xin%20Chu.QT.&searchWithin=p_Author_Ids:37285768100&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=p_Authors:.QT.Liang%20Chen.QT.&newsearch=true
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adjust the notch frequency. A UWB filter with 5.8Ghz/8.0Ghz notched bands is

designed and fabricated.

Hairpin filters have been previously shown in many works. They have special properties,

advantageous for the design of compact, narrow-band, and band-pass microstrip filters.

Figure 2.5. The SISLR structure in [11] Figure 2.6. Multi-layer folded inter-digital
resonators in [19]

In 2003, George L. Matthaei introduced a new “zig-zag” form of hairpin-comb filter

[13], which is shown to have additional important advantages for designing compact

narrow-band filters. Examples with computed responses and the measured results from

high-temperature superconductor trial designs are presented. The considerable

flexibility available in the design of band-pass filters of this sort is shown to be helpful

in the design of tuneable band-pass filters having nearly constant bandwidth and pass-

band shape as they are tuned. Measured results for tuning over nearly an octave range

are presented.

In 2007, Vargas, J. M et al. proposed a superconductor circuit based on series Micro-

Electro-Mechanical (MEM) switches to switch between two band-pass hairpin filters

with 200 MHz bandwidth and nominal center frequencies of 2.1 GHz and 2.6 GHz [14].
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This is accomplished using 4 switches actuated in pairs, one pair at a time. When one

pair is actuated the first band-pass filter is coupled to the input and output ports. When

the other pair is actuated the second band-pass filter is coupled to the input and output

ports, thus corresponding output responses are obtained. The device is made of

YBa2Cu3O7 thin film deposited on a 20 mm by 20 mm LaAlO3 substrate by pulsed laser

deposition. BaTiO3 deposited by RF magnetron sputtering is utilized as the insulation

layer at the switching points of contact.

In 1995, J. S.Hong et al. proposed a new type of miniaturized microstrip band-pass

filters with pseudo-interdigital structure without via hole grounded resonators [18] . A

very compact filter of this type, having a size smaller than a quarter-wavelength by

quarter-wavelength at a mid-band frequency of 1.1 GHz was designed and fabricated.

This filter gains its compactness from the fact that it has a size similar to that of the

conventional inter-digital band-pass filter. It gains its simplicity from the fact that no

short-circuit connections are required so the structure is fully compatible with planar

fabrication techniques.

In 2005, Yani Mu et al. proposed a novel compact cross-coupled inter-digital band-pass

filter (BPF) [19]. (See in Figure. 2.6.) By using multilayer folded quarter-wavelength

resonators, the size of the filter is reduced greatly, meanwhile a cross-coupling is

introduced to produce transmission zeros and thereby improve the stop-band

characteristics of the filter. As an example, a four-pole BPF centred at 2. 25 GHz with a

fractional bandwidth of 31% is designed, fabricated, and measured. In the same year, G.

Q. Wang et al. proposed a compact interdigital stripline band-pass filter embedded in

low temperature co-fired ceramic for 5GHz wireless LAN applications, including

http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=p_Authors:.QT.Yani%20Mu.QT.&searchWithin=p_Author_Ids:37561894600&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=p_Authors:.QT.Gangqiang%20Wang.QT.&searchWithin=p_Author_Ids:37335727100&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=p_Authors:.QT.Gangqiang%20Wang.QT.&searchWithin=p_Author_Ids:37335727100&newsearch=true
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design, simulation, fabrication, and measurements [20]. The filter measures 8mm, by

7mm, by 1.1 mm and exhibits an insertion loss of 3.6 dB, a return loss of 20 dB, and a

212MHz pass-band with the midband frequency at 5.28 GHz. The filter is highly

reproducible with good tolerance. A low noise amplifier (LNA) built on the top of the

LTCC substrate with an embedded filter has the same bandwidth and midband

frequency as those of the filter.

In 2012, S. W. Wong et al. proposed an interdigital microstrip coupled-line band-pass

filter for millimetre-wave application [21]. A quadruple-mode microstrip-line resonator

is designed to constitute the pass-band. The interdigital coupled-line sections are

designed as the input/output network of the resonator. The measured results show that

the filter achieves a pass-band insertion loss of 1.07dB at 40GHz, the lower- and upper-

stop-band rejections are larger than 18 dB and 3 dB fractional bandwidth is 20%.

2.3.2 Coplanar Waveguide Filters

A coplanar waveguide (CPW) structure is used for the filter design since it can be well

integrated into existing RFICs on Si substrates without the need to incorporate via-holes.

For the design of microwave components, the CPW structure is less sensitive to the

substrate thickness and substrate dielectric constant than microstrip structures.

In the case of coplanar waveguide based stub designs, crosstalk and parasitic radiation

can be minimized by using series stubs which are patterned in the centre conductor, as

opposed to a shunt stub configuration. At low frequencies or on low permittivity

substrates, however, they tend to occupy considerable amounts of space since they are

often designed to be a quarter-wavelength long. As a solution to this problem, the

concept of folded series stubs is introduced in [24]. At the resonant frequency, these
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inner slots are a quarter wavelength long and thus the short- circuit at point A is

transferred to an open-circuit at point B, resulting in a band-stop response (see in Figure

2.7(a)). Using the new approach, the inner slots are simply folded back upon themselves

two times (see in Figure 2.7(b)). This effectively reduces the stub length from λg/4 to

λg/12, while achieving the same open-circuit effect at the input port. What’s more, the

bandwidth has reduced the use of lumped elementcapacitors integrated with distributed

element, series stubs.

(a) (b)

Figure 2.7. (a) Folded series stubs, (b) Folded short-end stubs.

In 2002, K.T.Chan proposed a filter which has only 3.4 dB loss at peak transmission of

40GHz with a broad 9GHz bandwidth [26]. This was achieved using an optimized

proton implantation process that converts the standard low-resistivity Si to a semi-

insulating state to improve the filter performance. The filter shows a great potential for

compact, low loss, and low-cost passive circuits in the future applications at high

frequencies. This is the first demonstration of high performance filter at millimetre-

wave regime on Si with process compatible to current VLSI technology. In 2003, K. T.

Chan proposed a set of filters over the range from 22-91 GHz [27]. The bandpass filter

consists of coupled lines to form a series resonator, of which a photographic image is

shown in Figure 2.8 (a), while the band-stop filter was designed in a double-folded

short-end stub structure, whose photographic image is shown in Figure 2.8(b), where
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the dark area in the photograph is the metal pattern. At resonant frequencies, the inner

slots transfer the equivalent open circuit to a short circuit, thus, a band-stop response

was obtained [24], [25]. The band-stop filter has a double-folded short-end stub form,

which reduces the filter size by folding stubs and slots in the filter structure.

(a) (b)

Figure 2.8 (a). Image of the fabricated band-pass filters designed for the W-band of 94GHz.

(b) Image of the fabricated band-stop filters for 52 GHz.

In the Figure 2.8, the values of the equivalent capacitance and inductance depend on the

gap spacing between the coplanar couple lines and the width of the central line. The two

parallel coupled-lines microstrip coplanar waveguide filter is one of the most common

microwave filters in many practical wireless systems [28]. This kind of filters have a

high order to produce a sharp transition band (TB). Therefore, one predicts the filter

would be larger and have more insertion loss (IL) . In paper [29], the author used the

bended stub with novel folded technology to improve the three parallel coupled-lines

structure of BPF for N =1. This creates a sharp transition band (TB) and reduces the

dimension of the circuit by 66.67% at 2.45 GHz. Its centre frequency can be shifted

easily by adjusting the interfaces simultaneously.
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2.4 Non-Planar Structure Filters

Non-planar structure filters include waveguide filters and dielectric resonator filters.

The rectangular waveguide filter, which is shown in Figure 2.2, is widely used in

microwave and millimetre-wave such as in communications, electronic warfare (EW),

automatic test equipment (ATE), microwave subsystems and radar systems [30]. They

are required for high-power applications and preferred for precision performance. At

low signal levels, they are primarily used at frequencies from 8 to more than 100 GHz.

This waveguide filter also provides a high Q factor, high selectivity and low insertion

loss [31]. Meanwhile, the waveguide filter has a relatively bulky size, higher cost and is

not easy to integrate between planar and non-planar circuits. In 2012, X. H. Zhao

proposed a silicon micro-machined band-pass rectangular waveguide filter which is

firstly fabricated by the deep reactivation etching (DRIE) processes for sub-millimetre

wave applications. The filter circuit structure is formed using an ICP reactive ion etcher

to etch through the full thickness of the silicon wafer, and is then bonded together with

two metallized glass covers to form the waveguide cavity. The measured results show

bandwidth of 21.2 GHz and 14.5 GHz centred at 140 GHz with 3-pole and 5-pole filters

while the loaded quality factors are Q=139 and 163, respectively. In 2010, Q. F. Zhang

proposed a four-pole waveguide band-pass filter with about 6% fractional bandwidth

[32]. The filter is based on non-resonating ‘T’ junctions and the measured results agree

well with the calculated results and show good in-band equal ripple performance and

sharp rejection performance.

In 2009, paper [33] introduced a dual-band filter using dielectric resonator (DR)

technology, based on the half-cut cylinder resonator shown in Figure 2.9. Two
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Figure 2.9. Structure of the dual-band 2-cavity (2x2-poles) filter in [33]

orthogonal modes of the resonator are used to carry the two operating pass-bands of the

filter. It is shown that full control over the two pass-bands is achieved, through the

independent control of the centre frequencies, inter-cavity couplings, and input/output

couplings of each band. Filter design is simple and is carried out separately for each

band, owing to the orthogonal modes. Various improvement techniques are also

discussed.

2.5 NewMaterials, New Structures and New Technologies in Modern

Microwave Filters

In recent years, there have been several new concepts applied to distributed microwave

circuits in order to meet the requirement of high performance, compact size, low

cost ,and so on. For example, some new materials such as low-temperature co-fire

ceramic technology (LTCC) [37]-[42], low-temperature co-fire ferrite (LTCF) [43]-[44],

liquid crystal polymer (LCP) [45]-[48], new technologies such as micro electro-

mechanical systems (MEMS) or micromachining [49]-[55], high temperature

superconducting and some new structures such as photonic band gap (PBG) [56]-[59],
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ground plane aperture (GPA) [60]-[62], defected ground structure (DGS) [63]-[76],

substrate integrated waveguide (SIW) [77]-[79], and others are proposed in papers to

enhance the performance of microwave filters as well as whole microwave systems.

Liquid crystal polymer (LCP) is a new and promising thermoplastic material which can

be used as both substrate and package material. Two types of liquid crystal polymer

films, bonding film and core film, are available with different melting temperatures.

Besides, the cost of LCP is comparable to that of conventional printed circuit board

material and is much cheaper than that of low temperature co-fired ceramic (LTCC). In

general, LCP is a good choice for developing devices with low cost, low loss, light

weight, multilayer integration and packaging compatibility.

Photonic band gap (PBG) structure is a periodic structure which has been known as

providing rejection of a certain frequency band. However, it is difficult to use a PBG

structure for the design of the microwave or millimetre-wave components due to the

difficulties of modelling.

A novel ground plane aperture structure (GPA) technique simply incorporates the

microstrip line with a centred slot at the ground plane.The use of GPA has attractive

applications in 3 dB edge coupler for tight coupling and band-pass filters for spurious

band suppression and enhanced coupling. DGS based on GPA focuses not only on its

application but also on its own characteristics and its ground plane metal of a microstrip

(or stripline, or coplanar waveguide) circuit is intentionally modified to enhance

performance [69]. For example, there are slot structures, slot variations, meander lines,
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drum bell structures and so on [70]. Besides, additional applications of DGS can also be

seen in delay lines, antennas [71] [72], and dividers [73]. The basic element of DGS is a

resonant gap or slot in the ground metal, placed directly under a transmission line and

aligned for efficient coupling to the line. DGS can change characteristics of the

transmission line such as the line capacitance and line inductance. Besides, it can

increase the characteristic impedance of the microstrip, achieve reduction in size and

improve the performance of the microstrip components. Figure 2.10 shows various DGS

structures. In 2003, a single resonator with the “notch” size DGS is proposed[64],

which is shown in Figure 2.11 (a). This one-pole “notch” in frequency response can be

used to provide additional rejection at the edges of a filter pass-band, or at an out-of-

band frequency such as a harmonic, mixer image, or any frequency where the filter

structure has poor rejection due to re-entry or moding effects. Moreover, DGS allows

the designer to place a notch (zero in the transfer function) almost anywhere. When

placed just outside a band-pass filter’s pass-band, the steepness of the roll-off and the

close-in stop-band are both improved.

Figure 2. 10. Various DGSs: (a) Spiral head, (b) Arrowhead-slot, (c) “H” shape slots,(d) A
square open-loop with a slot in middle section, (e) Open-loop dumbbell and (f) Inter-digital
DGS.
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(a)

(b)

Figure 2.11 (a) Structure of a specific DGS type and its frequency response, obtained by
electromagnetic simulation in paper [64]. (b) Layout, simulation and measurements of a
coupled-line band-pass filter at 3.0 GHz. The filter includes two 3.92 GHz DGS elements,

located adjacent to the input and output in paper [64].

The filter’s centre frequency is 3.0 GHz, while the DGS resonators are designed for a

notch at 3.92 GHz. The plot of Figure 2.11 (b) shows a fast roll-off on the high

frequency side of the pass-band, which is much greater than that of the basic coupled

line filter [64].

In 2010, Y.C.Guo published a paper containing an improved equivalent circuit

parameters extraction method for the dumbbell-shaped defected ground structure [74].

The new extraction parameters equations are obtained in closed-form expressions,

which contain S11 and S21. Compared with conventional methods, the proposed
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method can give more accurate frequency response curves, and can be widely used in

the design and analysis of DGS.

In 2013, Abdalla Abdulhadi published a paper named Combined Shaped Microstrip

Line and DGS Techniques for Compact Low-pass Filter Design [75]. Inset feed and

stub matching techniques are used to enhance the filter characteristics. The proposed

filter is composed of double U-shaped DGS units at the ground plane and a shaped

microstrip line on the top.

In the same year, Abdalla Abdulhadi published another paper “Combined Shaped

Microstrip Line and DGS” [76] and its structure shown in Figure 2.12. The DGS is

composed of two equilateral U-shaped DGS and one inverted U-shaped DGS unit,

which provide higher attenuation for the high frequency harmonics. The shaped

microstrip line consists of two sections of microstrip line of different widths and three

parallel double stub sections of different widths, which provide impedance matching

control for the input and output ports in order to obtain higher attenuation in the stop-

band.

Fig 2.12. Description of the (a) DGS unit and (b) the transmission line dimensions in [76].
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Because of the similarity between substrate integrated waveguide (SIW) structures and

classical rectangular waveguides, most planar (H-plane) waveguide components are

implemented in SIW technology. This solution usually permits a substantial reduction

in size and in weight of components compared to classical waveguides. Moreover,

losses of SIW components are lower than the corresponding microstrip devices and

there are no radiation and packaging problems. SIW components are a good

compromise between air-filled rectangular waveguides and microstrip lines.

In recent years, SIW technology was vastly explored to overcome the problems. Ke Wu

introduced the substrate integrated circuit in 2003, which is the new concept for high-

frequency electronics and optoelectronics [80]. In addition to SIW, Substrate Integrated

Slab Waveguide (SISW) and Substrate Integrated Non Radiating Dielectric (SINRD)

guide circuits are also included in this concept. The SIW structure is based on planar

dielectric substrates with top and bottom layers perforated with arrays of metalized via

holes. SIW provides low-cost waveguide filters by using standard printed circuit board

(PCB) processes [80]-[82]. In terms of size, SIW is more compact and easy to integrate

with other microwave and millimetre-wave circuits in the same substrate compared to

conventional waveguides. Figure 2.2 shows the structure of an SIW, which consists of

the top and bottom metal planes of a substrate and two parallel arrays of via holes, also

known as via fence, in the substrate.

There are several designs of SIW band-pass filter for X-band applications is being

introduced by researchers in the past years based on a different method. In 2005, Y. L.

Zhang developed the compact band-pass filter with SIW triangular cavities [83]. The

design filter was based on the coupling matrix synthesis method with a centre frequency
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of 2.4 GHz. In 2010, Shahvirdi used the contour integral method to design a four pole

Chebyshev X-band dual inductive post SIW filter based upon the discretization of the

boundary of some structure [84]. It needs less memory than the full wave method. To

decrease the computation time, circular vias were replaced by square ones. The centres

of these square vias are the same as for the circulars.

In 2011, X.Zou suggests the transforming a band-pass filter to the equivalent

conventional rectangular wave guide band-pass filter [85]. The designed waveguide

filter has a sharp skirt characteristic. The symmetrical window SIW filter is designed

with a 3 dB bandwidth of 5% from 9.77-10.27 GHz. The insertion loss is about 1.4 dB

and return loss is more than 20dB.
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Chapter 3

The Basic Theory of Filters

3.1 Introduction

The rapid development of wireless communication systems has greatly promoted the

development of filters. In order to achieve modern communication system development,

filter design and realization methods have undergone tremendous changes, and new

technologies have been proposed.

In this chapter, a brief introduction to filter design theory including the classification of

the four basic types of filter according to their attenuation characteristics, design

parameters of filters, three classical types of filter, four common filter frequency

conversion mechanisms, and other related knowledge, is presented.

According to the attenuation characteristics of different filters, filters can be divided

into four basic types: low pass filters (LPF), high pass filters (HPF), band-pass filters

(BPF) and band-stop filters (BSF). The relationship between the attenuation coefficient

and the normalized angular frequency is shown in Figure 3.1. Here we take parameter

Ω= ω/ωc as the normalized frequency of angular frequency ωc. For the low-pass and
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high-pass filter, ωc is the cut-off frequency of the filter, for the band-pass and band-

stop filter ωc is the centre frequency of the filter.

Figure 3.1. The relationship between the attenuation coefficient and the
normalized angular frequency in four types of filters.

When we are comprehensively analysing filters, the design parameters below need to be

considered [1]:

(a). The centre frequency: the working frequency of the filter.

(b). Insertion loss: in ideal situations, the filter has no power loss in its pass-band. But in

the practical engineering application, we cannot eliminate the filter power loss, due to

conductor loss, dielectric loss and radiation loss. Insertion loss LA quantitatively

describes the difference between the response amplitude and the 0 dB benchmark[1]:

LA=10log(Pin/PL) = -10log(1-│Γin│2) (3.1)

where PL is the filter load output power, Pin is the input power from the signal source.

Γin is the reflection coefficient observed from the signal source to the filter.
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(c) Ripple coefficient: reflecting the flatness in bandwidth.

(d) Bandwidth: for the band-pass filter, bandwidth is defined as the difference in

frequency between 3 dB attenuation of upper-side frequency fU3dB and 3 dB attenuation

of lower-side frequency fL3dB:

BW3dB =fU3dB-fL3dB (3.2)

(e) Rectangular coefficient: Rectangular coefficient is defined as the ratio of 60 dB

bandwidth to 3 dB bandwidth. It describes the steepness degree of the filter frequency

response curve nearby the cut-off frequency.

SF= BW60dB/BW3dB = (fU60dB-fL60dB)/(fU3dB-fL3dB) (3.3)

(f) The stop-band rejection: in an ideal situation, a filter has infinite attenuation within

the stop-band but in real situations the filter can only offer finite attenuation which is

associated with the filter element number. Thus, in actual situations, engineers usually

adopt 60 dB as the stop-band rejection design value.

Figure 3.2. The filter design parameters



43

The above mentioned parameters can be illustrated by the typical band-pass attenuation

curve, which is shown in Figure 3.2.

In addition, the quality factor Q can describe the filter frequency selectivity, usually

defined as the ratio of average energy storage to average energy consumption in one

period.
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where lossP is the energy consumption in unit time.

3.2 Three Types of Basic Filter

3.2.1 Maximally flat filter (Butterworth filter)

Since there is no ripple in the attenuation curve of this kind of filter, it is called

maximally flat. For the low-pass filter, the insertion loss can be determined by the

formula [1]:

LA (Ω) =-10 log (1-│Γin│2) =10 log {1+a2Ω 2N} (3.5)

where Ω is the normalized frequency, N is the number of stages of the filter. The

frequency response curve can be shown in Figure 3.3. When Ω=0, LA (Ω) =0, when Ω

increases, LA (Ω) increases monotonically. When Ω<1, LA (Ω) increases slowly, LA (Ω)

increases fast when Ω >1. a is determined by maximum attenuation LA (Ω=1), and:

110 10  ArLa (3.6)
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where N is determined by out-of-band minimum attenuation LA (Ω=ΩS), that is LA(Ω)

=10 log {1+a2Ωs2N}, and:
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In (3.7), [ ] means integer values from s

L

a

Ar


 log2/)110log( 2

10

.

Figure 3.3. Frequency response the maximally flat low-pass prototype filter

Generally, normalized low-pass filters can be illustrated by Figure 3.4, where RG=1, and

all the values of gi (i=0, 1, 2. . . N+1) can be found in reference [2].

Figure 3.4. The equivalent circuits of two type multi-stage low-pass

filters with normalized components.
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3.2.2 Chebyshev Filter

In a Chebyshev filter, the insertion loss characteristic function is described by

Chebyshev polynomials can be written as follows[2]:

LA (Ω) =log {LF} =10 log {1+a2T2N (Ω)} (3.8)

The frequency response curve can be shown in Figure 3.5, TN (Ω) is the first class of

Chebyshev polynomial, that is:
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  
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Figure 3.5. Frequency response of the Chebyshev low-pass prototype filter

In the frequency range -1<Ω<1, the minimum attenuation caused by the filter is 0 dB

and the maximum one is LAr=10 log (1+a2), which is also the peak value of all the

ripples in the band of the filter. Assume the peak value of the ripple is PLRdb, and

110 10 dBRPLa . When Ω>1, TN (Ω) is hyperbolic cosine function, hence the

attenuation would increase monotonically with the increase of Ω. Assume at the stop-

band frequency Ωs, stop-band attenuation is LAS, there is:
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LA (Ω) =10 log [1+a2TN2 (Ωs)] (3.10)

The number of reactance components n is:
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Compared to the maximally flat filter, this filter has steeper pass-band stop-band step

response. For the relatively high normalized frequency Ω>>1, TN(Ω) can be

approximated by (2Ω) N/2. This means that Chebyshev filter attenuation characteristic is

22N/4 times better than that of the Butterworth filter. When the value of a and n are

detailed, similar to Butterworth filter network analysis we can get the ladder circuit and

nominalized values[2]:
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Where gi(i=1 to N) is the inductance of series inductors or capacitance of shunt
capacitors. β, ak bk are relarive parameters to calculate the parameter gi.

3.2.3 Elliptic Filter

The middle parts of the pass-band and stop-band are flat in the frequency response of

the Butterworth filter. In Chebyshev filters, the frequency response shows equal ripples

in the pass-band while are maximally flat in the stop-band. Another kind of filter is the
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elliptic filter. It is realized by elliptic functions and shows equal ripple in both pass-band

and stop-band. Its response curve is shown in Figure 3.6, which shows that the

attenuation poles are not located at infinite points, this means that we can get very high

cut-off rate.

Figure 3.6. Frequency response the elliptic low-pass prototype filter

In Figure 3.6, LAr is the maximized attenuation in the pass-band, LAs is the minimum

attenuation in stop-band and Ωs is the border frequency of the stop-band.

The N stage elliptic function low-pass filter attenuation characteristic is[2]:

LA (Ω) =10lg [1+a2F2N (Ω)] (3.14)

when N is an odd number, and :

FN (Ω) =sn [NK1sn-1(Ω, k)/K, k1] (3.15)

when N is an even number:

FN (Ω) =sn [K1+N K1sn-1(Ω, k)/K, k1] (3.16)

where

K1 =K (k1) (3.17)
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K=K (k) (3.18)

Here K1 and K are complete elliptic integral functions whose modulus is k1 and k,

respectively. sn-1(u,k) means the inversely elliptic function which is defined as: if

y=sn(u,k), then u=sn-1(y,k). Real parameters a, k1 and k are all between 0 and 1, and

they are decided by technical specifications. The relationship between parameter a, k1

and k is shown below:
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where K1’and K’ are the complementary moduli of K1 and K.

3.3 Frequency Transform from the Low-pass Prototype

Frequency conversion is bi-directional. A practical filter may be a low-pass, high-pass,

band-pass or band-stop filter. By the means of frequency conversion, it can be

transformed into a low-pass prototype. By the comprehensive designs, we can get

normalized component values of low-pass filter, and then by the second time frequency

conversion, we can get normalized component values of the practical filter. Because

only the horizontal ordinate which describes the frequency value is transformed while
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vertical ordinate which describes the attenuation value is not transformed, this transform

is a frequency transform under the condition of equal attenuation.

3.3.1 Frequency transform between low-pass filter and low-pass prototype

Assume the frequency variable of practical and prototype low-pass filter is ω’ and ω

respectively, with attenuation characteristics as illustrated in Figure 3.7. Frequency

transforming requires the points at frequencies ω=0, ω, ωs, ∞ should correspond to the

points at the frequencies ω’ =0, 1, ωs’, ∞ and the attenuation remain equal. The

frequency transform equation is:

c ' (3.22)

Figure 3.7. Practical/prototype low-pass filter frequency response curve

Using equal attenuation conditions and inversely normalized internal resistance Rg of

signal source, the real values of the components are[1]:
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Figure 3.8 shows an inductive input low-pass prototype filter and its corresponding

practical low-pass filter. The above mentioned analyses can also be applied to the

analyses of capacitive input circuits.

Figure 3.8. An inductive input low-pass prototype filter and its corresponding practical low-pass

filter

3.3.2 Frequency transform between the high-pass filter and the low-pass prototype

Assume the frequency variable of practical high-pass filter and prototype low-pass filter

is ω’ and ω respectively, their attenuation characteristics are illustrated in Figure

3.9.Frequency transform requires the points at the frequency ω =0, ωc, ωs, ∞ should

corresponds to the points at the frequency ω’ =-∞,-1, -ωs, 0 and the attenuations are

equal. The frequency transform equation is:

 c' (3.24)

Use equal attenuation conditions and inversely normalized internal resistance Rg of

signal source, the real values of the components are:
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Figure 3.9. Practical/prototype high-pass filter frequency response curve

Figure 3.10 shows an inductive input high-pass prototype filter and its corresponding

practical high-pass filter, the above mentioned analyses can also be applied into the

analyses of capacitive input circuits.

Figure 3.10. An inductive input low-pass prototype filter and its corresponding practical high-
pass filter

3.3.3 Frequency transform between band-pass filter and low-pass prototype

Assume the frequency variable of practical band-pass filter and prototype low-pass filter

is ω’ and ω respectively, their attenuation characteristics are illustrated in Figure 3.11.

The frequency transform equation is:
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In (3. 26), W is the relative bandwidth and is equal to (ωc2- ωc1)/2, 0 is the central

frequency and is equal to 21 cc .

For the series-connected branch:
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Figure 3.11. Practical/prototype band-pass filter frequency response curve

For the parallel-connected branch:
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(3.28)

The normalized circuit of the band-pass filter is shown in Figure 3.12.

Figure 3.12. The normalized circuit of the band-pass filter
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3.3.4 Frequency transform between band-stop filter and low-pass prototype

Assume the frequency variable of practical band-stop filter and prototype low-pass filter

is ω’ and ω respectively. The frequency transform equation is:


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0
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
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
W (3.29)

The ω’ and ω attenuation characteristics are illustrated in Figure 3.13.

Figure 3.13. Practical/prototype high stop filter frequency response curve

In (3.29), W is the relative bandwidth and is equal to (ωs2-ωs1)/ω0, ω0 is the central

frequency and is equal to 21 cc ，for the series-connected branch:
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For the parallel-connected branch:
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(3.31)

The normalized circuit of the band-stop filter is shown in Figure 3.14.
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Figure 3.14. The normalized circuit of the band-stop filter

3.4 References

[1] Reinhold Ludwig, Pavel Bretchko. RF Circuit Design: Theory and Applications,

Prentice-Hall, 2000.

[2] David M. Pozar. Microwave Engineering, 3rd Edition. Wiley India Pvt. Limited, 1

Sep 2009.

http://www.google.co.uk/search?tbo=p&tbm=bks&q=inauthor:
http://www.google.co.uk/search?tbo=p&tbm=bks&q=inauthor:
http://www.google.co.uk/search?tbo=p&tbm=bks&q=inauthor:


55

CHAPTER 4

A Comprehensive Study
Of The Stepped Impedance
Resonator (SIR) and the Asymmetric
Stepped Impedance Resonator (ASIR)

4.1 The Basic Structure of the Stepped Impedance Resonator

In the field of microwave and radio frequency engineering, different resonators are

utilized for different applications. Generally speaking, the stripeline or coaxial cable

resonator is used as the resonator for quasi transverse electromagnetic wave or

transverse electromagnetic wave.

Figure 4.1. (a) UIR (b) Capacitor loaded UIR (c) SIR
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Figure 4.1 (a) shows a half wave uniform impedance resonator (UIR), its substrate has

the characteristic of low loss, high dielectric constant and high temperature stability.

The uniform impedance resonator (UIR) has the advantage of relatively easily

calculated electrical properties and is widely used. But it has just one degree of freedom

to adjust when designing. Besides, spurious frequencies appear at the frequencies which

are multiples of the fundamental resonance frequency. To solve the above mentioned

problems, engineers use lumped element capacitor to replace the transmission lines

whose electrical lengths are θ1 at both ends of the UIR and a capacitor loaded UIR is

generated. By this means, spurious frequencies of the resonator are moved to further

places and the dimension of the resonator is reduced. Therefore, capacitor loaded UIR

has the advantage of smaller size and spurious frequency restriction.

In Figure 4.1 (b), the characteristic impedance of UIR is Z1, electrical length is 2θ1, half-

wavelength resonator resonating frequency is, the loading capacitor is expressed as[1]:

021 tan YC  (4.1)

where Y1=1/Z1, θ2=π/4-θ1.

As for the capacitor loaded UIR, circuit loss would increase considerably with the

change of resonance frequency. Thus the frequency is needed to be adjusted in order to

reduce loss. This disadvantage makes the capacitor loaded UIR hardly be used in

frequencies higher than 1 GHz. To solve these problems, open circuit transmission line

is used to replace the loading capacitor, which is shown in Figure 4.1(c).

Based on the above mentioned discussion, M. Makimoto and S. Yamashita proposed the
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step impedance resonator (SIR) ,as shown in Figure 4.12.The step impedance resonator

is composed of two or even more transmission lines with different characteristics and

has the mode of quasi transverse electromagnetic wave or transverse electromagnetic

wave. Until now, a tremendous amount of work related with step impedance resonators

has been performed. The basic structure of SIR is shown in Figure 4.2.

The SIR shown in Figure 4.2 (a) contains open circuit end, short circuit end and the step

impedance surface between them.

Figure 4.2. The basic structure of SIR: (a) λg /4 type SIR resonator.

(b) λg /2 type SIR resonator (c) λg type SIR resonator.

It is composed of two sections of transmission lines of different characteristic

impedance Z1, Z2 and electrical length θ1, θ2. We define two basic parameters for

simplicity:
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K=Z2/Z1 (4.2)

α= θ2/(θ1+θ2) (4.3)

where K is defined as the impedance ratio, α is defined as the electrical length ratio.

4.2 The characteristics of SIR

4.2.1 The resonance requirements of SIR

When the transmission line characteristic impedance is Z0 with electrical length is θ0, its

load characteristic impedance is ZL. According to the distributed parameter impedance

theory of loss less uniform transmission line, the input impedance at the input end of the

uniform transmission line is:

00

00
0 tan

tan



L

L
in jZZ

jZZZZ



 (4.4)

The SIR unit is shown in Figure 4.3, suppose the input impedance of the step impedance

surface between open circuit end and short circuit end is Zr, according to the above

mentioned equation, there is:

11
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11
1 tan

tan
tan 


 jZ

jYZZ
jZZZZ

L

L
r 




 (4.5)

Figure 4.3. The λg /4 SIR Unit
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If we ignore the inconsistence on the step impedance surface and the capacitor effect on

the open circuit surface, the Zr can be seen as the load of loss-less uniform transmission

line whose characteristic impedance Z2 and equivalent electrical length θ2, therefore:

22

22
2 tan

tan



r

r
in jZZ

jZZZZ



 (4.6)

That is:

2112

2211
2 tantan

tantan



ZZ
ZZjZZin 


 (4.7)

The SIR will resonate when Y0=1/Z0=0, that is:

Z2-Z1tanθ1tanθ2=0 (4.8)

Z2/Z1=tanθ1tanθ2=K (4.9)

From the above mentioned equations, the resonance condition of SIR is determined by

the ratio of impedance of two sections of transmission lines and their equivalent

electrical lengths. This means that the SIR has more freedom compared to traditional

UIR.

4.2.2 Electrical lengths of SIR

Assume two section line equivalent electrical lengths are θ1 and θ2, total equivalent

electrical length is θTA= θ1+θ2:

 1121 tanarctan  KTA  (4.10)

The corresponding UIR electrical length is 2/ , so the normalized electrical length of

SIR is:
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  2/22// TATAnL   (4.11)

The relationship between normalized SIR electrical length Ln and electrical length θ1

with the variable value impedance ratio K is shown in Figure 4.4. From Figure 4.4, we

know that when impedance ratio K>1, normalized SIR electrical length Ln can achieve

maximum value, when K<1, normalized SIR electrical length Ln can achieve minimum

value, when K=1, SIR is equal to UIR.

Ln

Figure 4. 4. The

.

Figure 4.4. Relationship between normalized SIR electrical length Ln and

electrical length θ1 with the variable value impedance ratio K

Suppose λg/2 and λg type SIR resonator total equivalent electrical length is θTB and θTC,

there are:

θTB=2θTA (4.12)

θTB=4θTA (4.13)
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The θTB and θTC corresponding UIR electrical lengths is π and 2π, so the normalized

electrical length of SIR is:

LnB=θTB/π =2θTA/π (4.14)

LnC=θTC/π =2θTA/π (4.15)

From the above mentioned expressions, three types of SIR resonance conditions can be

shown by one expression, substitute θ2=θTA-θ1 into Equ. (4.9), the following can be

expressed:
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tantantan
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(4.16)

When 0<K<1, 0<θTA<π/2,
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Thus, 1
2tan K (4.18)

Thus, Karctan1  (4.19)

Now θTA can get the minimum value:
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When 0<K<1, π /2<θTA< π,

������������������������������
1

2

tan
tan

1

tan
tan

1
1tan

1

1

1
1

K
K

K
KK

K

K
KTA






































(4.21)

,
tan

tanWhen�
1

1


 K
K

 equation（4. 21）gets equality sign.

Thus, 1
2tan K (4.22)

Thus, Karctan1  (4.23)

Now TA can get the maximum value:

 
K
K

TA 

1
2tan max (4.24)

 
K
K

TA 


1
2arctanmax (4.25)

Equation (4.20) and (4.25) are obtained under the condition of θ1=θ2, they show the

maximum/minimum value of SIR. Figure 4.5 shows the relationship between

normalized SIR electrical length Ln0 and impedance ratio K when electrical length θ1=

θ2=θ0. Ln0 is expressed as:

   /arctan4/4/2 00 KL ATn  (4.26)
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From Figure 4.5, we can use a relatively small value impedance ratio K to reduce the

length of SIR resonator. The maximum length of SIR is restricted as twice of length of

UIR.

Ln0

Impedance ratio K

Figure 4.5. The relationship between normalized SIR electrical length Ln0 and
impedance ratio K when electrical length θ1= θ2=θ0.

4.3 Spurious frequency of SIR

Spurious frequencies appear at the frequencies which are multiples of the fundamental

frequency in UIR. Spurious frequency locations can be tuned by adjusting the

impedance ratio in SIR. Suppose the fundamental frequency of SIR is f0, the first

spurious frequency of λg/4, λg/2 and λg type SIR is fSA, fSB, fSC, and corresponding

electrical length θSA, θSB and θSC, respectively. From (4.19), we can get:

  KSA  0tantan  (4.27)

That is:

KSA arctan (4.28)
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From the equation below, we can get λg/2 and λg type SIR resonance condition:

   0tantantantan 2121   KK (4.29)

Because θ1= θ2=θ0, there is:

    0tantan1 0
2

0   KK (4.30)

By solving the above equation, we get:

Karctan0  (4.31)

2/  SCSB (4.32)

From (4.9) and (4.24), we get the spurious frequency:
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 (4.34)

Figure 4.6 shows the relationship between impedance ratio K and normalized spurious

frequency fs/f0. This shows that it is better to use a relatively small K value for λg/4 type

SIR in order to move the spurious frequency far away from the fundamental frequency.

Besides, the dimension of the resonator can be smaller. As for λg/2 and λg type SIRs, it is

also better to use a relatively small K value to keep the spurious frequency far away

from the fundamental frequency.

Therefore, in the design of dual-band filters, the spurious frequency is usually used to

realize dual band characteristic.
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fs/f0

Impedance ratio K

Figure 4.6. The relationship between impedance ratio K and normalized spurious frequency
fs/f0[1].

4.4 Equivalent circuit of SIR

In practical microwave circuits, distributed parameter elements are used to realize all

kinds of components while the lumped parameter elements are also used largely because

of its convenience in analyses. Practical filter designs are all based on the lumped

parameter elements. In the resonance condition, distributed parameter element resonator

can all be described by approximated equivalent LCR resonators.

Define the susceptibility slope parameter bs as[1]:
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d
dBb s

s (4.35)
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where Bs(ω) is the susceptibility of the resonator, ω0 is the angular resonance frequency.

Assume the magnetic susceptibility of the λg/4 type resonator is BSA and the

corresponding susceptibility slope parameter is bsa. From (4.4) and (4.35), we get:
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Where θ01 is the value of θ1 when resonating, l1 and l2 are the dimensions of the

resonator.

When θ01= θ02=θ0, which is l1=l2, from (4. 21):

K0
2tan  (4.38)

 KK  1sin 0
2 (4.39)
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KYYbSB arctan22 2020   (4.41)

KYYbSC arctan44 2020   (4.42)
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When the circuit is under the condition of resonance, the slope parameter of resonator

can be expressed by the lumped element L0, C0, G0, that is:

L0=1/ω0bs (4.43)

C0=bs/ω0 (4.44)

G0=bs/Q0 (4.45)

where Q0 is the quality factor of the resonator.

Figure 4.7 is the equivalent circuit of a resonating SIR, where the unloaded Q value of

resonator is determined by material and the dimensions of the resonator. Actually, any

resonator can be described in the form of Figure 4.7.

This resonator equivalent is useful for circuit calculations including the magnetic wall

(or an open circuit) resonant frequency and electric wall (or a short circuit) for the

condition of magnetic coupling or the condition of electric coupling, which can lead to

the calculation of the magnetic coupling or the electric coupling coefficient. In Figure

4.7, R0=1/G0. Former work related to this can be seen in [2].

Figure 4.7. The equivalent circuit of resonating SIR
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4.5 The asymmetric stepped impedance resonator (ASIR)

4.5.1. Characteristics of the Asymmetric SIR Unit

The asymmetric SIR shown in Figure 4.8 consists of sections with low and high

characteristic impedance Z1 and Z2. The physical lengths L1 and L2, physical widths W1

and W2, and electrical lengths θ1 and θ2 are shown for the two sections with Z1 and Z2,

respectively.

Figure 4.8. Structure of an asymmetric SIR.

The characteristic impedance ratio K and the length ratio α are defined as follows:

1
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Z
ZK  (4.46)
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where α is located in the range of (0, 1).

The input admittance Yin of the proposed asymmetric SIR unit is derived as:

21

21

2 tantan1
tantan




K
K

Z
jYin 




(4.48)
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Figure 4.9. fs1 (the first spurious frequency) and fs2 (the second spurious frequency) normalized

by f0 (the fundamental frequency) for the asymmetric SIR in Figure 4.8.

It is known that the resonance of the proposed asymmetric SIR occurs when Yin = 0.

Based on (4. 48), this resonance happens when

0
tantan1
tantan

21

21 
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

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K
K

(4.49)

By using the solution to (4.49), Figure 4.9 plots the first and second spurious frequency

fs1 and fs2, respectively, normalized by the fundamental frequency against α under

different values of K. It is noted that when α is more than 0.5, normalized frequency

fs1/f0 is greater than 2 and fs2/f0 is greater than 3, respectively. Also smaller K can result

in greater normalized frequency when α is fixed.When α is greater than 0.5, normalized

frequency fs1/f0 is less than 2 and fs2/f0 is less than 3. Smaller K can result in lower

normalized frequency for a fixed α.When K=1, fs1/f0 is equal to 2 and fs2/f0 is equal to 3,

respectively. This means that, in this limit, a uniform impedance resonator is realized
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and high order resonant frequency is an integer multiple of the fundamental frequency f0.

Therefore, the higher order spurious resonant modes, which depend on the choice of the

characteristic impedance ratio K and the electric length ratio α, can be found by

combining (4. 47) and (4. 49).

Compared to the traditional stepped impedance resonator (SIR) with two step

discontinuities, the asymmetric SIR has only one discontinuity but still keeps the

characteristic of controllable spurious modes. Thus, it owns the advantage of compact

size, less loss, and strong design feasibility, particularly in designing of high-order BPFs

such as dual band [3], triple band and quad band [4] BPFs because of its inherently

higher order resonant modes.

4.5.2. The Anti-Parallel Asymmetric SIR Unit

Currently, the presented coupled line asymmetric SIR structures can be classified into

two types: one type is anti-parallel coupled asymmetric SIR structure. The anti-parallel

coupled asymmetric SIR structure, composing of two asymmetric SIR units with their

high and/or low impedance lines anti-coupled with each other, is usually folded at its

open end. The high impedance lines of two asymmetric SIRs can be bent and coupled

with each other to form a signal transmission route[3]. The first spurious frequency is

utilized to form the second operating band by analysing the ASIR unit [5]. Because the

frequency response characteristic of anti-parallel coupled line in ASIR structure is

directly related with and decided by the frequency response characteristic of the ASIR

unit, APC-ASIR frequency response is relative easy to get by analysing the ASIR unit.

Figure 4.10 shows the anti-parallel structure formed by two ASIRs. In this structure,
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two ASIRs high impedance lines are coupled with each other to realize capacitive

coupling, and the resonant points can be found by using the normalized frequency plot

which is similar to Figure 4.9. Figure 4.10 shows the anti-parallel structure formed by

two ASIRs with the partly coupling structure in [4].

The anti-parallel structure formed by two ASIRs with tap feeding and its frequency

response is shown in Figure 4.11 and Figure 4.12, respectively. It is seen from Figure

4.12 that harmonic frequencies fs1, fs2, fs3 and fs4 are generated with the fundamental

frequency f0 by using HFSS . These harmonic frequencies are not integer multiples of

the fundamental frequency f0 and can be studied by using the normalized frequency plot

shown in Figure 4.9.

Therefore, the harmonic frequencies can be placed to the desired frequencies and

generate the multiband frequency response performance, which is different from the

frequency characteristic of traditional λg/4, λg/2 and λg stepped impedance resonator

structure and has more freedom to design the needed frequency.

Figure 4.10. The anti-parallel structure formed by two ASIRs with the capacitor

coupling shown in [3].
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Figure 4.11. The anti-parallel structure formed by two ASIRs with tap feeding.

Figure 4.12. The frequency response of the anti-parallel two ASIR

structure with tap feeding.
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Figure 4.13. The anti-parallel structure formed by two ASIRs, for the partly coupling structure
shown in [6]. (a) The configuration. (b) The frequency response with variable lTR. (c) The

optimized frequency response.
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CHAPTER 5

Novel Multi-standard

Dual-Wideband and Quad-Wideband

Asymmetric Step Impedance Resonator

(ASIR) Filters with Wide Stop-band

Restriction

5.1 Overview of Dual-Band Filters and Design Background

With the requirements in the current increasingly stringent frequency spectrum

resources and the development of advanced multi-standard wireless communication

systems, dual-band filters have gradually become a good candidate to meet these

demands. Therefore, it is highly desirable to develop high performance dual band BPFs

with compact size, low in-band insertion loss (IL), and high out-of-band rejection skirts.

For this purpose, a lot of research work has been performed and design has been

proposed to satisfy such stringent requirements [1-31]. Among them the most

straightforward method to implement a dual-band filter is to combine two BPFs with

individual pass-bands using additional impedance-matching networks [1].
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Generally speaking, dual band BPFs can be classified into (1) the stepped-impedance

resonator (SIR) filter [2-8], (2) loaded stub filter [9-14], (3) defected grounded

structures (DGS) filter [15-18],(4) dual-mode filter [19-29], (5) dual resonator filter, (6)

imbedded structure filter,etc.

As mentioned in chapter 4, the stepped-impedance resonator (SIR) can generate a

tuneable first spurious frequency which can be used as the second pass-band in dual-

band band-pass filters and this structure has been found in various dual-band filter

designs. In 2008, paper [2] proposed a novel defected stepped impedance resonator

(DSIR) structure the resonant frequency of the DSIR is found to be much lower than

that of the conventional microstrip stepped impedance resonator (SIR). Besides, the

circuit size can be reduced effectively by using this unit structure. By combining two

designed filters together, a dual-band filter with a common input/output feed line is

achieved. In the same year, paper [3] also proposed a novel stepped impedance

resonator (SIR) structure to realize a dual band filter.

In 2011, paper [5] proposed an analytical method to design a dual-band filter using the

short circuit terminated half-wavelength stepped impedance resonator (SIR). In the

proposed method, the structural parameters of the SIR are obtained analytically

according to the two pass-band centre frequencies and bandwidths of the filter. As a

result, the achievable specifications of the dual-band filter can be rapidly determined.

The coupling between adjacent SIRs is realized by a short-circuited stub, which is

characterized as an inverter network. The dual-frequency transformer incorporated with

the tapped-line input/output structure is used for the external coupling. Applying the

analytical equations in the design process, a dual-band filter can be easily and quickly



77

realized. In 2013, paper [6] proposes a class of dual-band band-pass filters with stepped-

impedance resonators (SIRs) and presents a rigorous synthesis method for these

compact filters. Firstly, SIRs are designed to generate their first two resonant modes in

the two specified pass-bands, and they are sequentially cascaded by alternative and

inverters. In design, SIRs need to be chosen not only to satisfy the prescribed dual-band

central frequencies, but also to compensate for the deficient values of inverters at these

two frequencies. Following that, a generalized synthesis method is extensively

described for design and exploration of novel dual-band filters on the microstrip-line

topology. The two types of second-order dual-band Chebyshev band-pass filters with

dual pass-bands are at 5.8 and 1.8 GHz (large frequency ratio), as well as 5.8 and 2.4

GHz (small frequency ratio), respectively.

Apart from the stepped-impedance resonator (SIR) structure, the dual-band filter can

also be realized by using the resonators consisting of the open- or short-circuited stubs,

which are placed in series or in parallel to create transmission zeros in the middle pass-

band of a wideband BPF [9]-[14]. In 2007 and 2008, papers [9] and [10] employed

simple stub loaded dual-mode resonators for the dual-band filter design and enjoy some

advantages in in band performance. However, they have disadvantages of being difficult

to synthesize the corresponding dual-band coupling degrees.

In 2013, paper [11] presented a novel dual-band band-pass filter with controllable

frequencies and bandwidths as well as a high out-of-band rejection level. The proposed

filter utilizes a novel stub-loaded quad-mode resonator. Every two modes, which can be

flexibly controlled, are utilized to form a pass-band with controllable frequency and

bandwidth. Source-load coupling and hook-shape feed lines are also introduced in the
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paper. In the same year, paper [12] introduced the stub-to-stub coupling structure to

split two identical odd-modes. Meanwhile, these two coupling stubs are folded inward,

and a new transmission zero is produced, which separates four modes into two parts

corresponding to two pass-bands: the first one is formed by even-modes, and the second

one is composed by odd-modes. The centre frequency and bandwidth of each pass-band

can be controlled by the corresponding physical dimensions. The paper [13] presented a

new class of dual-, tri- and quad-band BPF by using proposed open stub-loaded shorted

stepped-impedance resonator (OSLSSIR). The OSLSSIR consists of a two-end-shorted

three-section stepped-impedance resonator (SIR) with two identical open stubs loaded at

its impedance junctions. Two 50 Ω tapped lines are directly connected to two shorted

sections of the SIR to serve as I/O ports. As the electrical lengths of two identical open

stubs increase, many more transmission poles (TPs) and transmission zeros (TZs) can

be shifted or excited within the interested frequency range of interest. The TZs

introduced by open stubs divide the TPs into multiple groups, which can be applied to

design a multiple-band band-pass filter (BPF). In order to increase many more design

freedoms for tuning filter performance, a high-impedance open stub and the

narrow/broad side coupling are introduced as perturbations in all filters design, which

can tune the even- and odd-mode TPs separately.

In 2014, Paper [14] proposed a band-pass filter in which the frequency space between

two pass-bands and bandwidths of two pass-bands can be controlled by the shorted

stubs. Wide out-of-band rejection can be achieved by selecting the desired impedance

and length ratios and suitable feeding point to suppress some spurious resonant

frequencies. A prototype filter centred at 1.395 and 1.825 GHz is designed with the first
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spurious response occurring at 7.84 GHz or 5.7 f01 (f01 is the centre frequency of the first

pass-band).

As mentioned in chapter 2, various kinds of defected grounded structures in the new

technology have been presented and found their applications in the design of low-pass,

band-pass, and band-stop filters [15]-[17]. In 2005, paper [18] proposed an alternative

approach in which the DGS themselves are considered as the building blocks of the

device and the dual of the split-ring microstrip resonators. In 2008, letter [2] proposed a

novel dual-band filter based on defected stepped impedance resonator (DSIR). The

resonant property of DSIR is studied and compared with traditional microstrip SIR. The

former is found to have a much lower resonant frequency than the latter one, which

means there is a great reduction of circuit size. Making use of DSIR as the basic

resonant unit, two kinds of DSIR filter operating at 1.85 and 2.35 GHz, respectively, are

well designed.

Apart from previous mentioned structures, the dual-mode dual-band BPF structure is

also an attractive candidate for dual-band applications due to its relatively compact size,

simple physical layout, and design procedure. In general, these reported dual-mode

dual-band BPF design methods can be mainly classified into two typical categories. The

first one uses two dual-mode resonators, i.e., a square loop resonator [19], [20], a stub-

loaded resonator (SLR) [9], or an E-shaped resonator [22], [23], operating at two

different frequencies to build up a dual-band BPF. The configuration of the filter can be

based on either multilayer [19] or single layer [20-23]. For the SLR presented in [9] and

two different types of E-shaped resonators presented in [22] and [23], no perturbations

are needed because they inherently have dual-mode characteristics. Nevertheless, the



80

proper perturbation is indispensable for the square loop resonator [19], [20] to excite the

other mode. The other category utilizes a single resonator to realize the dual-band

performance. Compared with the first category, the size and the layout complexity of

this topology can be further reduced. Most of the reported dual mode dual-band BPFs

using a single resonator are realized by a ring resonator [24]-[26] or patch resonator

[27]-[29]. It has to be noted that these resonators exhibiting a dual-mode dual-band

characteristic cannot be separated from the perturbations, such as C-sections in [24],

capacitive coupling and loaded open stubs in [25], [26], embedded pair of slots in [27],

cross slot and two sets of loaded stub in [28], and arc- and radial-oriented slots in [29].

With the development of wireless communication systems, multi-standard internal

filters have become a necessity for the state-of-the-art multifunction “smart phones” and

wireless transceivers for the mobile devices. Such filters are generally required to be

capable of covering the frequency bands of Global System for Mobile Communication

(GSM: 1800/1900 MHz, etc.), Universal Mobile Telecommunications System (UMTS:

1710-1880/1850-1990/1920-2170 MHz etc.) and Global Positioning System (GPS)

(frequency bands centred at 1.57 GHz). Furthermore, the ever increasing

implementation of Wireless Local Area Network (WLAN) such as Wi-Fi devices

further increases the IEEE 802.11a bandwidth requirement in order to cover the bands

centred at 5.8 GHz.

In the above mentioned dual-band filters, most of them with a miniaturized size fail to

cover the required frequency bands, especially at the lower frequency band due to the

narrower dual bandwidth [2], [6], [11], [12], [24]-[29] or require a considerable filter
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size or thickness, which usually makes them difficult to integrate within mobile devices

or portable wireless modules [6], [7], [14], [24].

In this chapter, we present new applications of microstrip hairpin resonators which lead

to a new class of cross-coupled microstrip bandpass filters. The cross-coupled filters are

so attractive because they exhibit ripples in both passband and stopband, which

according to the early work on filter synthesis [30] can improve both frequency

selectivity and bandpass loss. For instance, they are able to place transmission zeros

near cut-off frequencies of a passband so that higher selectivity with less resonators can

be obtained. This property is of much interest in narrow-band filters where the passband

insertion loss is strongly related to the number of resonators. The cross-coupled filters,

depending on the phasing of cross-coupled signals, may also flatten the group delay.

Owing to the difficulty in arranging and controlling the cross couplings in planar

transmission-line resonators, only a few types of cross-coupled planar filters have been

developed [31]-[34]. The new cross-coupled microstrip hairpin-resonator filters offer

alternative designs. They are not only simple and compact in configurations, but also

have great flexibility to shape filters into different sizes. The latter is mainly due to the

great freedom in choosing asymmetric impedance stepped resonator-resonator shapes.

The proposed novel multi-standard filter has a size of only 4.6 mm×41.65 mm and a

thickness of 0.635 mm. This filter is capable of generating two wide operating bands

that effectively cover the GSM/UMTS/GPS/IEEE 802.11a operations in mobile devices,

which include GSM1800 (1710-1880 MHz), GSM1900 (1850-1990 MHz), UMTS

(1920-2170 MHz), GPS (frequency band centered at 5.75 GHz) and IEEE 802.11a

(frequency band centered at 5.8 GHz) bands. The proposed multi-standard filter’s wide
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bandwidths at the low and high frequency are attributed to the mutual coupling of the

modified SIR resonators. Meanwhile, in-band and out-of-band performances of the

proposed filter are enhanced by its novel folded structure and even and odd phase

velocity compensation technique using shifted coupled lines. Because there is no via

hole or defect ground structure included in the filter structure, the structure is relatively

simple and easily realized. The theory study of the multi-standard filter and

configuration performance with simulation results are described in 5.2, and the

conclusion of this chapter is given in 5.3.

5.2 Filter Coupling and Configuration

5.2.1 The types of coupling

Figure 5.1. The coupling types of the resonators (a) Electric coupling. (b) Magnetic coupling. (c)
Mixed coupling.
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The coupling can be considered as the transfer of electrical and magnetic energy from

one circuit segment to another. Figure 5.2 shows the general coupling types of the

resonators. It is obvious that any coupling in those coupling structures is that of the

proximity coupling, which is, basically, through fringe fields. The nature and the extent

of the fringe fields determine the nature and the strength of the coupling. It can be

shown that at resonance, each of the folded stepped impedance resonators (this also

applies to the open-loop resonators) has the maximum electric field density at the side

with an open-gap, and the maximum magnetic field density at the opposite side.

Because the fringe field exhibits an exponentially decaying character outside the region,

the electric fringe field is stronger near the side having the maximum electric field

distribution, while the magnetic fringe field is stronger near the side having the

maximum magnetic field distribution. It follows that the electric coupling can be

obtained if the open sides of two coupled resonators are approximately placed as Figure

5.1 (a) shows, while the magnetic coupling can be obtained if the sides with the

maximum magnetic field of two coupled resonators are approximately placed as Figure

5.1(b) shows. Mixed electric and magnetic coupling would occur when two coupled

resonators are approximately placed as Figure 5.1(c) shows.

5.2.2 The Novel Skew-Symmetrical Asymmetric SIR Couple Pair

The configuration of the presented multiband filter is illustrated in Figure 5.1. The

modified stepped impedance resonators (SIRs) of the proposed filter are improved from

a traditional quarter wavelength SIR, which is shown in Figure 5.2. Because traditional

a quarter wavelength SIR can generate a tuneable first spurious frequency, the proposed

filter utilizes a pair of SIRs to form dual wide-bands which are composed of a
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fundamental resonance frequency band and the first spurious frequency band. Because

the traditional quarter wavelength SIR has the disadvantage of generating high order

spurious frequency response, which would deteriorate filter out of band performance.

To overcome this disadvantage, we propose a novel structure using folded meander

couple lines instead of traditional quarter wavelength SIR coupled lines to suppress high

order spurious frequency and improve out of band performance. In this work, the

modified stepped impedance strips are fed by two 50 Ω microstrip feed lines. The width

(W1) and length of the 50 Ω feed line are 0.6 mm and 1.2 mm, respectively.

Figure 5.2. Structure of a skew-symmetrical asymmetric SIR couple pair

By tuning the value of impedance ratio, the first spurious frequency can be tuned. In this

chapter, the fundamental resonant frequency and the first spurious frequency of the

dual-wide-band filter is set at 1.9 GHz and 5.8 GHz, respectively. By careful

calculations, the width and length of the high characteristic impedance part is set as 1.7

mm and 11.2 mm, respectively. The width and length of the low characteristic

impedance part is set as 0.4 mm and 16.5 mm, respectively.

5.2.3 The Coupling Characteristic of Skew-Symmetrical Asymmetric SIR Couple

Pair

In order to realize the desired values for the coupling coefficients, there are differing
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coupling configurations. In each of these configurations, the coupling coefficients may

be extracted using the pole-splitting method in conjunction with full-wave simulations.

The coupling coefficients k can be obtained from[35]:

22

22

LH

LH

ff
ffk




 (5.1)

where fH and fL are the higher and lower frequencies of the splitting pole, respectively.

5.2.4. The Characteristic of electric length ratio α and of impedance ratio K in

Skew Symmetrical Asymmetric SIR Couple Pair

The coupling matrix referring to [35] will not be discussed in this paper because of its

non-wideband limitation [35] [36].The coupling between two ASIRs can be represented

by a J-inverter susceptance J1, 2, where subscript 1 and 2 denotes the first and second

passband. A larger value of
2,1J means a stronger coupling strength between two ASIRs.

The normalized 2,1J can be determined by [35]

02,12,1 ZJJ  (5.2)

where Z0 represents the referred port impedance. The external quality factor Qex1, 2 and

the normalized J-inverter susceptance 2,1J can be related by:
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For a single resonator load, the external quality factor Qex1, 2 can be extracted as:
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where fc1,2, ,
2,1)

2
( 


 represents the central frequency and the frequency bandwidth of

phase curve changing )2(


 with respect to fc1,2, respectively.

For a dual resonator coupling load, the external quality factor Qex1, 2 can be extracted by

2,1

2,1
2,1 
 c

ex

f
Q (5.5)

where fc1,2, 2,1 represents the central frequency, -3-dB bandwidths, respectively.

From (5.3) and (5.5), 2,1J can be calculated by substituting the extracted Qex1, 2 into

equations in the coupling structure. Based on the quantitative analysis mentioned above,

Figure 5.3 is derived and shows the extracted qualitative frequency response analysis of

the skew-symmetrical asymmetric SIR coupled pair compared to the asymmetric SIR

unit. It can be seen that when asymmetric SIR’s electric length ratio α ranges from 0.4

to 0.5, the frequency response at frequency f0, fs3 and fs4 enhances significantly in SS-

ASIR coupled structure, while it does not change much or degrades at fs1 and fs3. When

α=0.6, the frequency response at f0, fs1 and fs3 enhances greatly, but it does not vary

much or degrade at fs2 and fs4. The transformation table is useful to analysis and

transform frequency bands where the performance-enhanced frequency response

appears into desired pass-bands by considering the asymmetric SIR unit characteristic.

It is also useful to analyse and transform frequency bands where the performance-

degraded frequency response appears into stop-bands or excite it to become a pass-band

by modifying SS-ASIR coupled structure.

(1)The influence of electric length ratio α in SS-ASIRs
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An inherent property of the skew-symmetrical asymmetric SIR (SS-ASIR) coupled pair

is that the resonant frequency location and bandwidth performance are mainly

influenced by the electric length ratio α when length L1 is fixed at a certain value, and is

little influenced by the impedance ratio K. This invariance characteristic is totally

different from its counterparts of asymmetric SIR unit, where the normalized frequency

(this also applied to the resonant frequency) is closely related with K value. This

characteristic of α=0.42 is shown in Figure 5.3. In Figure 5.3, resonant frequency

locations and their bandwidths are nearly fixed when α is set at 0.42, and these two

parameters are little influenced by K. A similar phenomenon can be observed when α is

fixed at other values. This means α is the main factor to influence the horizontal

frequency response performance such as resonant frequency locations and bandwidths

in SS-ASIR coupled structure.

(2) The influence of impedance ratio K in SS-ASIRs

From another aspect, the return loss and insertion loss performance of enhanced f0 and

fs2 (seen in Table 5.1 and Figure 5.3) becomes better when K varies from 0.3 to 0.6.

Meanwhile, the return loss and insertion loss performance of degraded fs1 and fs3 (see

Table 5.1 and Figure 5.3) become better and forms two spurious peaking. Similar

phenomenon can be observed when K has other values. Therefore, the impedance ratio

K is a main factor to influence the vertical frequency response performance such as

return coefficients of fo and fsi versus α when K is fixed , as seen in Figure 5.3. Figure

5.4 shows the coupling coefficients of fo and fsi versus α when K is fixed. By realizing

the dual band characteristic of SS-ASIR coupled pair, α=0.42 and K=0.48 are extracted

to design the proposed dual band filters. The strong coupled frequency bands at f0 and
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fs2 are used to form the first and second pass-band. The weak coupled frequency band at

fs3 as well as frequency band at fs4 are undesired in the proposed dual-band filters.

However, they can be used to form the third and fourth pass-band in the proposed quad-

band filter.

Figure 5.3. Frequency characteristic curves of SS-ASIR coupled pair

when α=0.42, L1=11 mm and K=0.3, 0.4, 0.48 and 0.6.

Figure 5.4. The coupling coefficients of fo and fsi versus α when K is fixed.
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Table 5.1
THE EXTRACTED QUALITATIVE FREQUENCY RESPONSE ANALYSIS OF THE SKEW-

SYMMETRICAL ASYMMETRIC SIR COUPLED PAIR COMPARED TO THE ASYMMETRIC SIR
UNIT. ‘‘IMPROVED’’ MEANS SIGNIFICANT ENHANCEMENT OF PERFORMANCE AT

RELATIVE FREQUENCY,
‘‘NC/DE’’ MEANS NO SIGNIFICANT CHANGE OR DEGRADATION OF PERFORMANCE AT

RELATIVE FREQUENCY POINT, WHEN α RANGES FROM 0.3 TO 0.7.

f

α

The

Fundamental

Frequency f0

The First

spurious

Frequency fs1

The Second

spurious

Frequency fs2

The Third

Spurious

Frequency fs3

The Fourth

Spurious

Frequency fs4

0.3 NC/DE Improved NC/DE Improved NC/DE

0.4 Improved NC/DE Improved NC/DE Improved

0.42 Improved NC/DE Improved NC/DE Improved

0.5 Improved NC/DE Improved NC/DE Improved

0.55 Improved NC/DE NC/DE Improved NC/DE

0.6 Improved Improved NC/DE Improved NC/DE

0.65 Improved Improved NC/DE NC/DE Improved

0.7 Improved Improved NC/DE NC/DE NC/DE

5.3. THE MODIFIED SKEW-SYMMETRICAL

ASYMMETRIC SIR FILTER

5.3.1 SS-ASIR Filter with Open Stub and Folded Coupled Lines

In the skew-symmetrical asymmetric SIR filter, open stubs can be added to the low

impedance lines, and the high impedance coupled lines can be folded, to achieve
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optimized performance. This geometry and its equivalent circuit are shown in Figure 5.5

and Figure 5.6, respectively. When two open stubs are moved from point A to C, the

suppression performance of fs3 and fs4 becomes continuously better while the return loss

performance of fs2 becomes worse from A to B and better from B to C. Meanwhile, the

insertion loss and return loss performance of fundamental frequency fo remains almost

the same in this process. Therefore, two open stubs are placed at point C. Figure 5.7

shows the open stub effect on the frequency response of SS-ASIR filter. The high

impedance lines are also folded to form the section of length H1 between the high and

low impedance lines. Compared to conventional coupled lines that are not folded, the

suppression of unwanted transmission at frequency fs4 is greatly improved when the

interval H1 varies from 0.5 mm to 0.9 mm. The change in the frequency response for

this variation of H1 is plotted in Figure 5.8.

Figure 5.5 The geometry of an SS-ASIR filter with open stubs and folded coupled lines.

Figure 5.6. The equivalent circuit of an SS-ASIR filter with open stubs and folded coupled
lines.



91

Figure 5.7. The open stub effect on the frequency response of an SS-ASIR filter.

Figure 5.8. The frequency response of a modified SS-ASIR filter versus frequency

when H1 varies from 0.5 mm to 0.9mm.

5.3.2. The Modified SS-ASIR Filter with Interdigital Cross-Coupled Line (ICCL)

To further optimize the in-band and out of band performance of the proposed dual-band

filter, auxiliary interdigital cross-coupled lines whose width and length are W5 and L5
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are utilized to realize the multi-path coupling effect between two modified ASIRs

(MASIRs), as seen in Figure 5.9 (a). Compared to the single coupling route of A-C, at

least two extra coupling routes including A-D and B-C are created by the inclusion of

the auxiliary coupled lines. This interdigital multi-path coupling scheme of the modified

SS-ASIR filter is shown in Figure 5.9(b). Moreover, because of the small distance

between the main and auxiliary coupled lines, mutual coupling of A-B and C-D exists at

the same time. This kind of mutual coupling is illustrated as dashed grey lines in Figure

5.9 (b).

(a)

(b)

Figure 5.9. Schematic diagram of the modified SS-ASIR coupled pair with interdigital cross
coupled lines. (a)Structure. (b) Coupling routing scheme. A, B denotes the main coupling line

and auxiliary cross coupling in MASIR1, respectively.
C, D denotes the main coupling line and auxiliary cross coupling in MASIR2, respectively.

By including auxiliary coupled lines, the filter’s out-of-band spurious frequency

suppression performance and passband selectivity is considerably improved. The
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designed dual-band band-pass filter (BPF) adopting an interdigital cross-coupled

configuration produces a transmission zero (TZ) to approach fs3 and fs4. The

transmission zero occurs because of the cancellation of the transmitted signals passing

through different routes. As seen in Figure 5.10, when the length of auxiliary coupled

line L5 ranges from 1.4-1.8 mm, the optimized suppression performance of fs3 and fs4 is

achieved. Also a wide stop-band ranging from 6.3-12 GHz at the upper side of the

second pass-band is realized simultaneously. Besides, the second pass-band upper side’s

selectivity is improved with the two pass-bands’ return losses and insertion losses

performance not being influenced. Figure 5.11 plots Qex1, Qex2, fs2/f0 and Qex2/Qex1

versus varying S5, which is the gap between the auxiliary-coupled and main-coupled line

in the interdigital cross-coupled SS-ASIR filter.

Figure 5.10. The effect of L5 on the interdigital cross-coupled SS-ASIR.

Meanwhile, Qex2 decreases at first and increases a little later, which means that the

bandwidth of fs2 can be controlled and expanded by tuning S5. Therefore, S5 is a factor
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Figure 5.11. Qex1, Qex2, fs2/f0 and Qex2/Qex1 versus S5.

that can tune Qex2 and 2J in SS-ASIRs with interdigital cross coupled line structure.

The proposed filters were fabricated on RO3010 substrate with a relative permittivity of

10.2, and measured using an HP8550 vector network analyser. Firstly, the calibration of

the network analyser is processed. Calibration is done by attaching the various Short,

Open, Load, & Thru standards to your cables and then pressing buttons on the Calibrate

menu. When you push Done, the analyzer calculates the correction coefficients it will

apply to all subsequent measurements. The simulated S-parameters which are obtained

from HFSS simulation and measured S-parameters of the designed dual-wideband SS-

ASIRs with ICCLs are plotted in Figure 5.12. Good agreement is observed between the

simulated and measured results and the slight discrepancies are attributed to the loss,

fabrication errors, and so on. It can be seen that dual wide-bands are realized with good

in-band return loss performance. The first pass-band ranges from 1.47-2.28 GHz with

central frequency of 1.875 GHz, bandwidth of 810 MHz and fractional band width
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(FBW) of 43.2%. It would be applicable to bands for Global Positioning System (GPS:

frequency band centred at 1.57 GHz), Global System for Mobile Communication (GSM:

1800/1900 MHz) and Universal Mobile Telecommunication System (UMTS: 1710-

1880/1850-1990/1920-2170 MHz etc.). The second pass-band ranges from 5.23-5.81

GHz with central frequency of 5.52GHz, bandwidth of 580 MHz and fractional band

width (FBW) of 10.5%. It can be used in IEEE802.11a WLAN applications including

5G Wi-Fi. Moreover, good isolation is achieved between the two pass-bands to

eliminate the signal interference between dual-bands.

The stop-band ranges from 2.56-4.86 GHz with -10 dB suppression level. Due to the

adoption of interdigital cross-coupled line structure, an extra transmission zero

approaching to fs3 and fs4 is created. A wide upper stop-band ranging from 6.05-12.1

GHz with -10 dB suppression level is generated, which can be seen in Figure 5.12. The

photograph of the fabricated dual-wideband SS-ASIRs with ICCLs is Figure 5.13.

(a)
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(b) (c)

Figure 5.12. (a) Simulated and measured results of in SS-ASIRs with ICCLs.

(b) Narrowband view of the first passband. (c) Narrowband view of the second passband.

Figure 5.13. The photograph of the fabricated design.

5.3.3. The Modified SS-ASIR Filter with Parallel Uncoupled Microstrip Lines

(PUMLs)

An uncoupled section located within conventional coupled lines is a useful method to

achieve extra transmission zeros closing to existing zeros, created by the conventional

coupled lines. Therefore, a wider stopband bandwidth with better suppression level can
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be achieved. At the same time, this way can also add the freedom to optimize the in

band performance of the original structure.

Figure 5.14. Schematic diagram of the proposed modified SS-ASIR filter with

parallel uncouple microstrip lines.

Figure 5.14 shows the topological structure of the proposed modified SS-ASIR filter

with parallel uncoupled microstrip lines. These parallel uncoupled microstrip lines are

formed by bending the original coupled lines outwards. The parallel uncoupled

microstrip line’s reference location to the original coupled line open end is Lr. The

parallel uncoupled microstrip line height and inner gap is Lm and Wm, respectively.

Compared to the former modified SS-ASIR filter with interdigital cross-coupled line

structure, the wider second pass-band is achieved by adopting the novel parallel

uncoupled microstrip lines. In the former structure, Qex1, 2 is equal to 2.28 and 9.37 when

S5=0.25 mm (as shown in Figure 11), while Qex1, 2 is equal to 2.71 and 3.48 when

Lm=2.3 mm in this novel filter with PUMLs. This means 2J is improved greatly and a

stronger coupling strength between two modified ASIRs is realized. Figure 5.13 plots

the reference location parameter Lr’s impact on the frequency response of the filter with

parallel uncoupled microstrip lines. It is noted that when Lr changes from 5.6 mm to 7

mm, the second pass-band return loss performance is enhanced considerably and its
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bandwidth becomes wider resulting in forming a wide second pass-band of more than

1.5 GHz. Meanwhile, the frequency response of the first pass-band does not vary much.

Hence, Lr is a vital factor to influence 2J and Qex2. Moreover, the parallel uncoupled

microstrip line structure achieves one extra transmission zero nearby fs3 and fs4, leading

to the extended wide stopband bandwidth with the better suppression level, as seen in

Figure 5.15.

Figures 5.16 and 5.17 show Lm’s impact on the frequency response of the SS-ASIR

filter with PUMLs. In Figure 5.16, when Lm ranges from 0.5 mm to 5 mm, the

fundamental frequency f0 decreases continuously while Qex1 increases slightly at first

and increases dramatically when Lm is greater than 2.5 mm. This represents parallel

uncoupled microstrip line height Lm can increase Qex1 and decrease 1J within a certain

range. Figure 5.17 plots the fs2, Qex2, fs2/f0 and Qex2/Qex1 versus Lm. When Lm ranges

from 0.5 mm to 1.5 mm, the decline speed of Qex2 is much faster than the decline speed

of fs2, which means the bandwidth centred at fs2 is growing rapidly. When Lm ranges

from 1.5 mm to 2.5 mm, the decline speed of Qex2 is almost the same as the decline

speed of fs2, which means wide-band width centred at fs2 is formed and changes not

much. When Lm ranges from 2.5 mm to 5 mm, Qex2 increases as fs2 decreases, which

means which means the band centred at fs2 becomes narrower. In the whole process, fs2

moves from 5.6 GHz to 3.8 GHz with the second pass-band being expanded to more

than 1.5 GHz. Hence, Lm is also a factor to influence Qex2 and strengthen 2J .

The reason for this can be explained by the analysis of the parallel uncoupled microstrip

line unit, whose topological structure and frequency response are plotted in Figure 5.18.
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Figure 5.15. Lr’s impact on the frequency response of the SS-ASIR filter with PUMLs.

Figure 5.16. f0 and Qex1 versus Lm.

As seen in the Figure, the PUML unit forms a wide pass-band of more than 1 GHz when

Lm changes from 1 mm to 3 mm. Lm. This result proves the advantage of the PUML

structure to optimize the in-band performance of the filter. As for out-of-band
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performance, the PUML unit generates three transmission zeros (TZs) at both sides of

the pass-band, as plotted in Figure 5.18. These three TZs can improve the isolation

performance between two pass-bands and the suppression level of undesired fs3 and fs4.

The simulated and measured S-parameters of the designed dual-wideband SS-ASIRs

with PUMLs are plotted in Figure 5.19. Good agreement can be observed between the

simulated and measured results and the slight discrepancies are attributed to the loss,

fabricated errors and so on.

It can be seen that dual wide-bands are realized with good in-band return loss

performance. The first pass-band ranges from 1.37-1.89 GHz with a central frequency

of 1.63 GHz, bandwidth of 520 MHz and fractional band width (FBW) of 31.9%. It can

be applied to the Global Positioning System (GPS: frequency band centred at 1.57 GHz),

Global System for Mobile Communication (GSM: 1800 MHz) and Universal Mobile

Figure 5.17. fs2, Qex2, fs2/ f0 and Qex2/ Qex1 versus Lm.



101

Figure 5.18. The analysis of the PUML unit.

Figure 5.19. Simulated and measured results of SS-ASIRs with PUMLs.
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Figure 5.20. The photograph of the fabricated SS-ASIRs with PUMLs.

Telecommunication System (UMTS: 1710-1880 MHz etc.). The second pass-band

ranges from 3.66-5.46 GHz with central frequency of 4.46 GHz, bandwidth of 1.8 GHz

and fractional band width (FBW) of 33.0%. It can be used in IEEE802.11a WLAN

applications including 5G Wi-Fi. Moreover, good isolation is achieved between two

pass-bands to eliminate the signal interference between dual-bands. The stop-band

ranges from 2.12-3.5 GHz with -10 dB suppression level. Due to the adoption of

parallel uncoupled microstrip lines, extra transmission zero approaching to fs3 and fs4 is

realized. A wide upper stop-band ranging from 5.83-9.35 GHz with -10 dB suppression

level is generated, which can be seen in Figure 5.18. The photograph of the fabricated

dual-wideband SS-ASIRs with PUMLs is shown in Figure 5.20.

The parameters of modified SS-ASIR with parallel uncoupled microstrip lines are

shown in Table 5.2. The modified SS-ASIR filter with ICCLs and PUMLs performance

comparison to previously proposed works are shown in Table 5.3. It can be seen that the

proposed structures have the advantages of big fractional bandwidths,the fractional
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bandwidths are higher than 30%, which are better than the published works. The tw

Table5. 2

PARAMETERS OF THE PROPOSED

FOUR TYPES OF MODIFIED SS-ASIR FILTERS.

ALL DIMENSIONS ARE IN MILLIMETRES.

Filter

Type

parameter

The Modified

SS-ASIR Filter

The Modified

SS-ASIR

Filter with

ICCLs

The Modified

SS-ASIR

Filter with

PUMLs

The

Modified

SS-ASIR

Filter with

DRS

L1 11 11 11 11

L2 15. 6 15. 6 15. 6 15. 6

W1 1. 6 1. 6 1. 6 1. 6

W3 0. 4 0. 4 0. 4 0. 4

L5 1. 81

S5 0. 25

W5 0. 42

Lr 7. 05

Lm 2. 32

Wm 0. 07

Rd 0. 6

Wd 4. 65

Hd 1. 2
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Table 5.3

#PERFORMANCE COMPARISON OF THE MODIFIED

SS-ASIR FILTERWITH (A) ICCLS AND (B) PUMLS.

CF

( GHz)

-3dB

FBW

IL

at CF(dB)
Size

Wide

stop-

band

Restrict

ion

Extra

structur

e

[28] 2.4/5.26 13.7/6.3 0.6/1.4

0.46 λg

×

0.42 λg

NO NONE

[29] 2.43/3.73 4.5/6.1 2.5/1.3

0.43 λg

×

0.69 λg

NO NONE

[37] 2.4/3.5 6.88/8.57 <0.3

0.25 λg

×

0.4 λg

NO HTS

[21]

Filter

B

1.65/5.25 35.1/7.2 0.41/1.1

0.33 λg

×

0.03 λg

NO
VIA

HOLE

This

work
(A)

1.875/5.52 43.2/10.5 0.39/0.87

0.05 λg

×

0.56 λg

YES NONE

This

work
(B)

1.63/4.46 31.9/33.0 0.70/0.12

0.09 λg

×

0.56 λg

YES NONE
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pass band insertion losses are less than 1dB, there is a wide stop band and no extra

structures.

The design procedures are listed:

The simulations use HFSS software and optimization is set to achieve an insertion loss

of less than 2dB with a return loss better than -10dB.

1) Decide the total length of the ASIR structure according to the fundamental frequency;

2) For the ICCL structure, decide the dimension of the high impedance line according to

the second pass band;

3) For the PUML structure, decide the parameter Lr according to the return loss, and

decide the parameter Lm according to the the second pass band.

5.3.4 The Modified SS-ASIR Filter with Defected Rectangular Structure (DRS)

The topological structure of the proposed modified skew-symmetrical asymmetric SIR

Filter with defected structure is shown in Figure 5.21 (a). In contrast to the original

skew-symmetrical asymmetric SIR filter, the proposed modified SS-ASIR Filter has a

defected rectangular structure (DRS) in each low impedance line.

The defected rectangular structure’s width and length is Wd and Hd, respectively. Its

relative distance to the end of feed line is Rd.
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(a)

(b)

Figure 5.21. Schematic diagram of the modified SS-ASIR filter with DRS: (a) structure

(b) The frequency response comparison of SS-ASIR filter with and without DRS.

By utilizing the defected rectangular structure, the performance-degraded frequency

response at fs3 can be transformed into performance-enhanced frequency response and

new wide pass-band can be excited centred at fs3. The frequency response comparison

between the cases when modified SS-ASIR filter with and without DRS is plotted in

Figure 5.21 (b).
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By this means, the quad-band filter can be formed by adopting the defected rectangular

structure in the SS-ASIR filter.

Figure 5.22 plots Wd’s effect on the SS-ASIR filter with DRS. In (a), when Wd varies

from 2.5 to 6 mm, fs2/f0 decreases while Qex1 remains almost the same. And Qex2 and

Qex2/Qex1 fluctuates in this process. This means fs2 does not follow the rules of invariance

of resonant frequency location in the SS-ASIR coupled structure any more. In (b), Qex3

varies from 12.1 to 26.8 and Qex4 varies from 18.1 to 16 when Wd ranges from 2.5 to 6

mm. Qex3/Qex1 increases continuously in this process.

From EM simulations, it is noted that all fs2, fs3 and fs4 does not obey the rules of

invariance of resonant frequency location in SS-ASIR coupled structure with DRS. And

the frequency shifting exists among all four pass-bands compared to the occasion when

there is no DRS. This is because the basic structure of SS-ASIR coupled pair is

modified by the defected rectangular structure.

The simulated S-parameters and measured S-parameters of the designed quad-wideband

SS-ASIR filter with DMS are plotted in Figure 5.23. Good agreement can be observed

between the simulated and measured results and the discrepancies are attributed to the

loss, fabricated errors and so on. It can be seen that dual wide-bands are realized with

good in-band return loss performance. The first pass-band ranges from 1.64GHz-2.62

GHz with a central frequency of 2.13GHz, bandwidth of 980MHz and fractional

bandwidth (FBW) of 46.0%. It can be used in the application of Global System for

Mobile Communication (GSM: 1800 MHz/1900 MHz), Universal Mobile

Telecommunication System (UMTS: 1710-1880MHz/1850-1990MHz/1920-2170 MHz

http://www.baidu.com/link?url=cHuca3fjpawg_C7NdjtOSero02w8GUYuPAOmN3rOU2Xx68OH2ZNaPdyWGkwYMr2DZCxSFK_0g4EkdU2nX2PAd2MKBCjFZRNeEFR2KHKfBryaUU8Q7XgC9HhGfEq9Obdp
http://www.baidu.com/link?url=cHuca3fjpawg_C7NdjtOSero02w8GUYuPAOmN3rOU2Xx68OH2ZNaPdyWGkwYMr2DZCxSFK_0g4EkdU2nX2PAd2MKBCjFZRNeEFR2KHKfBryaUU8Q7XgC9HhGfEq9Obdp
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(a)

(b)

Figure 5.22. Wd’s effect on SS-ASIR filter with DRS. (a) Qex1, Qex2, fs2/f0 and Qex2/Qex1

Versus Wd. (b) Qex3, Qex4, Qex3/Qex1 and Qex4/Qex1 versus against Wd.
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etc.), ISM (Industry Science Medicine: 2.4GHz. The second pass-band ranges from

4.95GHz-5.55GHz with a central frequency of 5.25GHz, bandwidth of 600MHz and

fractional band width (FBW) of 11.4%. It can be used in IEEE802.11a WLAN

applications.

The third pass-band ranges from 7.51GHz-7.86 GHz with a central frequency of

7.685GHz, bandwidth of 350MHz FBW of 4.6%. It can be used in

electronic countermeasure applications. The fourth pass-band ranges from 9.06GHz-

9.56 GHz with a central frequency of 9.31 GHz, bandwidth of 500MHz and FBW of

5.4%.It can be used in X-band applications.

Moreover, good isolation is achieved between four pass-bands to eliminate the signal

interference among quad-bands. The -10 dB suppression level stop-bands which ranges

from 3.05GHz-4.78 GHz between the first and second pass-band,5.77GHz-7.20GHz

between the second and third pass-band, 8.04GHz-8.889GHz between the third and

fourth pass-band are realized.

What is more, two transmission zeroes located at 4.26GHz and 8.46GHz are formed to

further enhance frequency selectivity, which are illustrated in Figure 5.23.

The parameters of modified SS-ASIR with DMS are shown in Table 5.2. The size of the

modified SS-ASIRs with DMS is 0.09λg×0.56λg, where λg is the guided wavelength.

The photograph of the fabricated quad-wideband SS-ASIR filter with DMS is plotted in

Figure 5.24.
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Figure 5.23. Simulated and measured of the modified SS-ASIRs with DMS.

Figure 5.24. The photograph of the fabricated modified SS-ASIRs with DMS.

5.4 Conclusion

Multi-standard dual-wideband and quad-wideband filters based on the detailed analysis

of the simple asymmetric SIR unit and of the skew-symmetrical asymmetric SIR
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coupled pair have been presented. By utilizing a novel modified skew-symmetrical

asymmetric SIR coupled pair with ICCLs and PUMLs, the proposed dual-band filters

for the first time realize dual-wideband with wide stop-band restriction among the

recently proposed dual-wideband filters. Their bandwidths are controllable by tuning

relative parameters. By introducing DMS, the frequency band nearby the third spurious

frequency is excited and formed, resulting in a quad-wideband filter. The proposed

dual-wideband and quad-wideband modified SS-ASIR filters cover the communication

applications including GPS, GSM, UMTS, ISM and IEEE 802.11 a/b/g/n/ac. The

filters’ measured results agree well with simulated results and theory predictions. The

good in band and out of band performance, compact size and simple structure make the

proposed filters very promising for applications in future multi-standard wireless

communication.
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CHAPTER 6

Novel Multi-standard

Single-/Tri-/Quint-Wideband

Asymmetric Step Impedance Resonator

Filters with tuneable transmission zeros

6.1 Overview of Single-band Filters and Design Background

Parallel-coupled microstrip lines have been found to be one of the most commonly used

in many practical RF/microwave circuits such as resonators, baluns, amplifiers, couplers,

and filters, due to their design simplicity, planar structure, and relatively wide-

bandwidth [1]. In order to design parallel coupled-line filters with a relatively wide

passband, enhancement to the coupling of the first and last coupled stages is required

which increases the fabrication tolerance. Alternatively, three parallel-coupled line

structures can be utilized to achieve wide-bandwidth with low fabrication tolerance due

to their enhancement of coupling over the conventional two coupled lines. Various

wideband or ultra-wideband bandpass filters (BPFs) using three parallel-coupled

microstrip lines have been developed [2]-[37]. In [2], [3], BPFs are developed based on

spectral domain technique to achieve wide pass-bands with up to 60% fractional

bandwidth (FBW). In [4], a new wideband microstrip BPF with very narrow rejection
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band is introduced using two sections of three coupled lines separated by one

transmission line element. In [5], new configurations have been introduced to develop

wideband BPFs. These types of filters achieve up to 80% FBW with poor out-of-band

rejection level. Recently, three coupled lines have been increasingly implemented to

develop multiple-mode resonator (MMR) filters with very wide pass-band [6]-[13].

Compared to the traditional stepped impedance resonator (SIR) with two step

discontinuities, the asymmetric SIR (ASIR) has only one discontinuity but retains

controllability of spurious modes. Thus, it combines the advantages of compact size,

lower loss, and strong design feasibility, particularly in high-order BPFs such as dual

band [31], triple band and quad band [22], because of its inherent higher order resonant

modes.

Published coupled line ASIR structures can be classified into two types: anti-

parallel-coupled or parallel-coupled ASIRs. The Anti-Parallel-Coupled ASIR (APC-

ASIR), consisting of two ASIR units with their high and/or low impedance lines

anti-coupled with each other, is usually folded at its open end. In [31], the high

impedance lines of two ASIRs are bent and coupled with each other to form a signal

transmission route, and the first spurious frequency is utilized to form the second

operating band [32]. Because the frequency response characteristic of the anti-

parallel-coupled line is determined by the frequency response characteristic of the

ASIR, the APC-ASIR frequency response is easy to calculate. However, the

bandwidth characteristic of the APC-ASIR structure [18, 31], as with the multi-stage

coupled ASIR structure [33, 34], is usually limited within the narrow band
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characteristic range and is not suitable to realize wide-band performance. Therefore,

this approach cannot fully meet the multi-service requirement of current wireless

communication.

The second type, the parallel-coupled ASIR structure, has ASIRs with their high

impedance lines parallel coupled with each other: this is also called the skew-

symmetrical ASIR (SS-ASIR) coupled pair. Using this kind of structure,

characteristics of frequency response performance such as bandwidth, return loss

and insertion loss can be greatly improved at some frequency points, without

changing or degrading the performance generally. This facilitates designs with wide

bandwidth and large fractional bandwidth, which is different from the narrow band

characteristic exhibited in traditional ASIR structures [18, 31-32]. However, until

now, the proposed ASIR structures could only realize narrow band characteristics

[18, 31-34] or dual/quad-wideband characteristics, with the disadvantages of

uncontrollable or limited transmission zeros seriously restricting their application

range.

In this work, we propose novel multi-standard single/tri/quint-wideband rearranged

ASIR filters to solve the problems mentioned above. The proposed filters are

capable of generating wide operating bands which effectively cover the

GPS/GSM/UMTS/IEEE 802.11a application in wireless communication systems,

including GPS (1227 MHz, 1.57 GHZ), GSM1800/1900 (1710-1880 MHz, 1850-

1990 MHz), and UMTS (1920-2170 MHz). These filters share the same original

structure, with their performance optimized by tuning relative transmission zeros.

Therefore, the design enjoys advantages of versatility and simplicity, with reduced
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design complexity and cost. To the best of the authors’ knowledge, the proposed

ASIR filters realize for the first time a single wideband filter with wide stop-band

and a quint-wideband filter at the same time, by using the same structure as in

recently proposed single/multi-band filters [1-34]. Moreover, a quint-wideband filter

can be realized with large fractional bandwidths for all operating bands in

comparison with [25-27].

The proposed filters use the capacitive coupling of only two miniaturized ASIRs to

realize single/tri/quint-wideband operation without adding any extra structure such

as via holes or defected ground structure, which is also novel for single/multi-

wideband filters [14-36].

6.2 The In-Band Performance Enhancement Method and

Transmission Zeros Tuning Method

6.2.1. The In-Band Performance Enhancement Method

To enhance the filter in-band performance, the SS-ASIR structure is used. In the

design, the frequency response transformation relationship between the parallel-

coupled ASIR and the ASIR unit needs to be considered so as to enhance the

performance in the desired frequency band. The transformation relationship table is

shown in Table 6.1. The electrical length ratio α = θ2/ (θ2+θ1), where θ1 and θ2 are

the electrical lengths of section L2 and L1 in the ASIR, respectively. The

characteristic impedance ratio K = Z2/Z1, where Z1 and Z2 is the characteristic

impedance of section L2 and L1 in the ASIR, respectively. ‘‘Improved’’
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meanssignificantly enhanced performance at relative frequency, ‘‘NC/DE’’ means

no significant change or degradation of performance at relative frequency point.

Table 6.1

THE TRANSFORMATION RELATIONSHIP OF IN-BAND PERFORMANCE OF SS-ASIR
COUPLED PAIR AND ASIR UNIT, WHEN α RANGES FROM 0.4 TO 0.7.

f

α

Fundament-

al

Frequency

f0

First

spurious

Frequency

fs1

Second

spurious

Frequency

fs2

Third

Spurious

Frequency

fs4

Fourth

Spurious

Frequency

fs4

0.4 Improved NC/DE Improved NC/DE Improved

0.42 Improved NC/DE Improved NC/DE Improved

0.5 Improved NC/DE Improved NC/DE Improved

0.55 Improved NC/DE NC/DE Improved NC/DE

0.57 Improved NC/DE Improved Improved NC/DE

0.6 Improved Improved NC/DE Improved NC/DE

0.65 Improved Improved NC/DE NC/DE Improved

0.7 Improved Improved NC/DE NC/DE NC/DE

6.2.2. The Transmission Zeros Generating and Tuning Method in the SS-ASIR

Structure

Figure 6.1 (a) shows the topological structure of the SS-ASIR couple pair rearranged by

the meander coupled section (SSMCL-ASIR), which is shown as the grey part with
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width W3 and length L4, respectively. The meander coupled section is added at the open

end of the high impedance coupled line in the SS-ASIR coupled pair. Figure 6.1 (b)

shows the coupling routing scheme of Figure 6.1 (a).

Compared to traditional single coupling route of B-E, at least two extra coupling routes

including A-D and C-F are created by the adoption of meander coupled lines. This

multi-path coupling routing scheme of the modified SSMCL-ASIR filter is shown in

Figure 6.1 (b). Due to the multi-path coupling routing, more transmission zeros (TZs)

are created, which are utilized to suppress high order spurious frequencies or to help

facilitate multi-band performance.

(a)

(b)

Figure 6.1. A SS-ASIR coupled pair with meander coupled section. (a) The
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schematic diagram. (b) Coupling routing scheme: A-D, B-E and C-F denotes

three coupling routes between ASIR1 and ASIR2, respectively.

Figure 6.2. Even or odd mode equivalent circuit of SSMCL-ASIR.

Because the harmonic frequency performance would degrade when using the SS-ASIR

structure, fsi cannot be conveniently deduced by simply analyzing Yin = 0 in the ASIR

unit. However, fzi can still be obtained by setting Zine = Zino, where Zine and Zino are the

input impedances for the even- or odd-mode equivalent circuits, respectively. The

necessary and sufficient condition for Zine and Zino is S21 = 0 and the equivalent Y-

parameter matrix of the even or odd mode equivalent circuit of the proposed structure

can be expressed as
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where
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ZZB
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  . θ01 and θ4 are the electrical lengths of the

original coupled line and of the meander coupled section, respectively. Z0even and Z0odd

are the even and odd mode characteristic impedances for each coupled section,

respectively. Since all elements of the normalized Y-parameters in (6.1) are purely

imaginary, S21 of this coupled line can be expressed as
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Substituting from (6.1) into (6.2), gives equation (6.3). According to equation (6.3),

there are three cases leading to S21 = 0. The first case is Z0even = Z0odd. The meander

coupled section of length L4 can be seen as a shifted coupled line structure which can

suppress the spurious peak by compensating even- mode and odd-mode phase velocities.

where
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The shifted coupled line structure which can suppress the spurious peak by

compensating even-mode and odd-mode phase velocities. When the coupled line

insertion loss is zero, the coupled length for the shifted coupled line/meander coupled

line can be obtained from the following:
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when Z0even = Z0odd, sinβevenL4= sinβoddL4. Also

...),3,2,1,0( 1144  kkLL oddeven  (6.5)

In this design, 0<βevenL4<π and 0<βoddL4<π, thus k1 = 0 and βeven = βodd.Because vp,even =

ωeven/βeven and vp,odd = ωodd/βodd, then vp, even = vp, odd when ωeven = ωodd. vp,even, ωeven and

βeven are even-mode phase velocity, angular frequency and phase constant, respectively.

vp,odd, ωodd and βodd mean odd-mode phase velocity, angular frequency and phase

constant, respectively. When the even-mode and odd-mode phase velocities are equal,

transmission zeros are generated and the spurious peak can be suppressed. Figure 6.3

compares frequency responses with and without a shifted coupled line/meander coupled

section (SCL/MCS). As shown in the Figure 6.3, without a SCL/MCS, the unsuppressed

spurious frequencies fs2 and fs3 exist and seriously limit the stop-band bandwidth. With a

SCL/MCS, fs2 and fs3 are effectively suppressed and a wide stop-band is generated.

Moreover, because the whole coupled line length is extended by the SCL/MCS structure,

both the fundamental and spurious frequencies are shifted to lower frequencies.

The second case is sin (θ01+θ4) = 0, namely

���3)�2,�1,=(����401 kk  (6.6)

The corresponding coupled line physical length can be calculated as

L1+L4=λg/2 (6.7)

where L1 and L4 are the physical lengths corresponding to θ01 and θ4, respectively.

The third case is 0u and 0v . When 0u , there is:
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Equation (6.8) shows the relationship between the whole coupled line electrical length

Figure 6.3. Frequency response comparison with and without SCL/MCS.

and odd-mode and even-mode impedance of the whole coupled lines.

When 0v , sin [2(θ01+θ4)] = 0, and

����3…).�2,�1,=(����
2401 kk  (6.9)

In general, the shortest whole coupled line electrical length to realize S21 = 0 can be got

in the third case when k is equal to 1 and θ01+θ4= π/2. The corresponding coupled line

physical length can then be calculated as

L1+L4 = λg/4 (6.10)

6.3 The Single-Wideband ASIR Filter Design
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According to the frequency response transformation relationship discussed in Section A,

the electrical length ratio α is 0.57 when L2 is 11.4 mm, thus setting the fundamental

frequency to around 1.51 GHz. The in-band performance of the first band, such as the

insertion loss and return loss performance, is improved when the impedance ratio K is

0.48. The dimensions of the resonator are chosen as follows: L1 = 14 mm, L2 = 11.4 mm,

L1+L3 = 15.2 mm, W1 = 0.4 mm and W2 = 1.6 mm. Through the design procedure for the

coupled resonator circuits, the gaps of the whole coupled lines in Fig. 6.1(a) are

determined as S1 = 1.2 mm, S2 = 0.2 mm and S3 = 0.4 mm. The use of different gaps

adds more design freedom for the filter. For simplicity of design, the meander coupled

structure widthW3 is made 0.4 mm, which is the same as the width of coupled lines.

Because the fundamental frequency is 1.51 GHz, the relative λg can be calculated as

77.4 mm. Therefore, the value of (L1+L4) is about 19.4 mm. L1 is 14 mm, so L4 is set at

around 5.4 mm. Although sections L3 and H1 would become coupled parts after adding

the meander coupled section, the effects are small. The influence of these sections to the

overall performance can therefore be disregarded, their coupling being much weaker

than that involving sections L1 and section L4.

To further analyse the influence of the meander coupled section on the resonance

frequency fsm and transmission zero frequencies fzn, the normalized fsm (m = 1, 2, 3, 4)

and normalized fzn (n = 1, 2, 3, 4) versus γ for different values of K, are illustrated in

Figure 4, where γ is the electrical length ratio between the meander coupled section θ4

and whole coupled line (θ1+ θ4) and γ = θ4/ (θ1+ θ4). It can be seen in Fig. 6.4 that for a

fixed K value, the normalized fzn (n = 1, 2, 3, 4) decline continuously and the normalized
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fsm (m = 1, 2, 3, 4) follow an approximate sinusoidal curve when γ ranges from 0.17 to

0.58. Larger K values result in larger normalized fzi and larger normalized fsi for a fixed γ

value. Because the normalized fsi follow an approximate sinusoidal curve and fzi follow a

decreasing curve, they can intersect at a certain γ value. As illustrated, at point A, when

K = 0.30, fz1 approaches fs1, fz2 approaches fs2 and fz3 approaches fs3, respectively. That

means the first spurious frequency, the second spurious frequency and the third spurious

frequency are suppressed successfully when K = 0.30. The corresponding L4 can be

calculated as 5.7 mm, which is close to the theoretical value.

The coupling matrix discussed in reference [36] will not be discussed in this paper

because of its non-wideband limitation [36-37]. The coupling between two ASIRs can

be represented by a J-inverter susceptance J1, 2, where subscript 1 and 2 denotes the first

Figure 6.4. fsi and fzi normalized to f0 versus γ for different values of K in SSMCL-ASIR structure.
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and second passband. A larger value of 2,1J means a stronger coupling strength between

two ASIRs.

The external quality factor Qex1, 2 and the normalized J-inverter susceptance 2,1J can be

related by [35]

2
2,1

2,1
2J

Qex




(6.11)

The external quality factor Qex1, 2 can be further extracted by

2,1

2,1
2,1 
 c

ex

f
Q (6.12)

where fc1,2, 2,1 represent the central frequency and -3 dB bandwidths, respectively.

From (6.11) and (6.12), 2,1J can be calculated by substituting the extracted Qex1,2 into

equation (6.11). Figure 6.5 plots f0 and Qex1 versus L4 for different gap S3 values in an

SSMCL-ASIR single band type filter. In Figure 6.5, when L4 ranges from 2.7 mm to 8.7

mm, the fundamental frequency f0 decreases continuously while Qex1 increases in

general for a fixed S3 value. f0 increases when S3 ranges from 0.1 mm to 0.4 mm and

does not change much when S3 ranges from 0.4 mm to 0.7 mm, and Qex1 decreases

continuously when S3 ranges from 0.1 mm to 0.7 mm in general. Moreover, it is noted

that there are two notches when S3 = 0.1 mm and 0.7 mm, which means the bandwidth

is maximum when L4 = 5.7 mm within the range of L4 from 3.7 mm to 8.7 mm. By

comprehensively considering the bandwidth, resonant frequency location and out-of-

band spurious frequency suppression performance, S3 is set at 0.4 mm, which is shown

as point C in Figure 6.5.
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The proposed filters, fabricated on an RO3210 substrate with a relative dielectric of

10.2 and dielectric loss tangent 0.0027, have been measured using an HP8510 vector

network analyser. The simulated S-parameters, measured S-parameters and zoom in-

band performance of the designed single-wideband SSMCL-ASIRs are plotted in Figure

6.6.

Good agreement can be observed between the simulated and measured results and the

slight discrepancies are attributed to loss and fabrication errors. It can be seen that the

single-wideband filter is realized with very low insertion isolation of only 0.36 dB at

central frequency and return loss of better than 25.5 dB. The pass-band ranges from

1.18-1.84 GHz with central frequency 1.51 GHz, bandwidth 660 MHz and fractional

band width (FBW) 43.7%. It can be applied in the Global Positioning System (GPS:

frequency band centred at 1.57 GHz), Global System for Mobile Communication (GSM:

1800 MHz) and Universal Mobile Telecommunication System (UMTS: 1710-1880

MHz, etc.).

Figure 6.5. f0 and Qex1 versus L4 with different values of S3
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Figure 6.6. Simulated, measured results and zoom in-band performance of single-wideband type

SSMCL-ASIRs.

Figure 6.7. (a) fsj and fzk locations of the traditional structure.

(b) The single-wideband type SSMCL-ASIR filter
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Since the tuneable transmission zeros fz1 = 3.38 GHz, fz2 = 5.31 GHz, fz3 = 6.71 GHz

are close to the spurious frequencies, a wide stop-band ranging from 2.1-7.32 GHz is

realized, as shown in Figure 6.6. The parameter are listed:L1+L3=15.2mm, L1=14mm,

L2=11.4mm W1=0.4mm and W2=1.6mm. L4=5.7mm, S1=1.2mm, S2=0.2mm and

S3=0.4mm.

Normalized resonant frequencies fsj and transmission zero frequencies fzk locations with

Table 6.2

PERFORMANCE COMPARISON WITH PROPOSED SINGLE-BAND BPF

CF

( GHz)

-3 dB

FBW

IL

(dB)

STOP-BAND

SUPPRESSION

NUMBER

TZs

SIZE

SINGLE-

/MULTI-

BAND

VERSATI

L-ITY

[5] 2.4 8.4% 2.06 up to 5.5 f0 2
0.36 λg
×0.13 λg

NO

[9] 1.45 57.9% 1 1.45 f0-3.35 f0 4
0.664 λg
×0.133 λg

NO

[10] 5 40% 0.7 1.26 f0-3.52 f0 2
0.294 λg

× 0.162 λg
NO

[11] 2.4 -- 3.3 3.6 f0 2
0.2 λg

× 0.15 λg
NO

This

work
1.51 43.7% 0.36 1.39 f0-4.85 f0 3

0.063 λg

× 0.50 λg
YES
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the traditional structure are plotted in Figure 6.7(a) for comparison. Figure 6.7(b) is a

photograph of the single-wideband type SSMCL-ASIR.and its performance comparison

with proposed single-band BPFs is shown in Table 6.2. From Table 6.2, it is seen that

the proposed structure realizes bigger fractional bandwidth, which is more than 40%.

The insertion loss is less than 0.5dB and is better than most published works. The stop

band ranges from 1.39 f0 to 4.85 f0 and is wider than the published works.

6.4 The Quint-Wideband ASIR Filter Design

As stated in Section 6.2 and Section 6.3, transmission zeros can be created and utilized

to give a multi-band frequency response. At point B in Figure 6.4, fz2 approaches fs1

while fz2, fz3 and fz4 are distinct from fs2, fs3 and fs4, respectively. That means the first

spurious frequency fs1 is suppressed while fs2, fs3 and fs4 can be used to form the second,

third and fourth operating bands respectively. The variation of S11 and S21 for different

values of L4 is shown in Figure 6.8. As shown in the figure, because of the multi-path

coupling routing and transmission zeros tuning method, six transmission zeros (TZ1-TZ6)

are generated, positioned between different pass-bands to widen the pass-bandwidths

and improve the frequency selectivity.

Moreover, the fifth operating band of more than 3.5 GHz, the -3 dB bandwidth is

generated, which is described as fs5 in the figure. Figure 6.9 plots the effect of L4 on a

quint-wideband type SSMCL-ASIR. In (a), when L4 varies from 10.1 to 16.1 mm, f0

decreases while Qex1, normalized fs2 and Qex2/Qex1 fluctuate. In (b), normalized fs3, fs4

and fs5 increase slightly, and Qex3/Qex1 fluctuates slightly. In contrast, Qex4/Qex1 and
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Qex5/Qex1 decrease dramatically from 13 to 5.28 and from 7.1 to 1.2, respectively.

(a)

Figure. 6. 8. Variation of S11 and S21 versus different values of L4
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(b)

Figure 6.9. The effect of L4 on quint-wideband type SSMCL-ASIR,
(a) f0, Qex1, fs2/f0 and Qex2/Qex1 versus L4,

(b) fsi/f0 and Qexi/Qex1 (i = 3, 4, 5) versus L4.

(a)
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Moreover, the notch of each Qexi/Qex1 (i = 2, 3, 4, 5) curve happens near L4 = 13.1 mm,

which means that relatively second, third, fourth and fifth bandwidths of the proposed

quint-band filter can obtained with L4=13.1 mm.

The design procedures for single- and quint-wideband type SSMCL-ASIR BPFs can be

summarized as follows:

1) Choose the suitable electrical length ratio α, thus setting the fundamental

frequency f0, and choose the characteristic impedance ratio K in the ASIR to

realize improved insertion loss and return loss performance.

2) Analyse the transmission zero generating requirement of the meander coupled

section added to the SS-ASIR structure and calculate the approximate

transmission zero equations S21 = 0.

3) According to the calculated results, tune the length of the meander coupled section

to meet S21 = 0 and make fzn approach the resonant frequency fsm to form a wide

(b)

Figure 6.10. (a) Simulated and measured results;(b) photograph of a modified
quint-wideband type SSMCL-ASIR.
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stop-band for the single-wideband type ASIR filter. The gap parameter S1 and S3

are also utilized and tuned to realize optimized results.

4) Tune the length of the meander coupled section to move fzn away from fsm, to

enable a multi-band response with good isolation between operating bands for the

multi-wideband type ASIR filter.

5) Because the non-wideband limitation of coupling matrix, coupling coefficient

are not the vital object to consider when designing, while external quality factor

Qex can be discussed for performance optimization, as mentioned above.

Simulated and measured results and photograph of the quint-wideband type SSMCL-

ASIR filter are shown in Figure 6.10. Good agreement can be observed between the

simulated and measured results, with discrepancies attributable to losses and fabrication

errors. It can be seen that quint wide-bands are realized with good in-band return loss

performance. The first pass band ranges from 1.0 to 1.38 GHz with a central frequency

(CF) of 1.19 GHz, and bandwidth (BW) of 380 MHz. The second pass band ranges

from 3.96 to 4.62 GHz with CF of 4.29 GHz, BW of 660 MHz. The third pass band

ranges from 5.0 to 5.86 GHz with CF of 5.43 GHz and BW of 860 MHz. The fourth

pass band ranges from 6.82 to 7.12 GHz with CF of 6.97 GHz and BW of 300MHz. The

fifth pass band ranges from 7.96 to 11.84 GHz with CF of 9.9GHz, and a large BW of

3.88GHz. In addition, there are five transmission zeros at 1.96GHz, 2.98GHz, 4.89 GHz,

6.68GHz and 7.58GHz, which further enhance the frequency selectivity, as illustrated in

Figure 6.10. The parameter are listed:L1+L3=15.2mm, L1=14mm, L2=11.4mm,

W1=0.4mm and W2=1.6mm. L1=13.1mm, S1=1.2mm, S2=0.2mm and S3=0.4mm.The
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quint-wideband type SSMCL-ASIR performance comparison with alternative quint-

band BPFs is shown in Table 6.3. It can be seen that the proposed structure has the

advantages including bigger fractional bandwidth, among them four fractional

bandwidths are higher than 10%. The insertion loss is lower than published ones. All

the single and quint band insertion losses are less than 2dB. Furthermore, the proposed

two structures are simple and are easily made.

Table 6.3

#PERFORMANCE COMPARISON WITH PROPOSED QUINT-BAND BPF

CF

( GHz)

3 dB

FBW (%)

IL

(dB)
SIZE

SINGLE/

MULTI-

BAND

VERSA-

TILITY

EXTRA

STRUC-

TURE

[12]
0.6/0.9/1.2/

1.5/1.8

5.8/5.2/5.8/

8.2/8.0

2.8/2.9/2.9/

2.6/2.3

0.045 λg

×0.52 λg

NO
VIA

HOLE

[13]
0.63/1.33/2.03/

2.74/3.45

28.8/9.4/2.7/

5.3/5.5

0.47/1.14/1.8/

1.39/1.26

0.043 λg

×0.178 λg
NO

VIA

HOLE

[14]
1.5/2.5/3.5/

4.5/5.8

4.5/4.5/3.6/

4.5/2.7

1.5/1.8/0.9/

1.2/ 2.5

0.24 λg

×0.17 λg

NO
MULTI-

LAYER

This

Work

1.19/4.29/5.43/

6.97/9.9

31.9/15.4/15.8/

4.3/39.2

1.0/0.47/0.50/

1.7/ 0.6

0.05 λg

×0.40 λg

YES NONE
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6.5. Tri-Wideband band-pass SS-ASIR Filter Design Using

Asymmetric Parallel Uncoupled Lines

An uncoupled section located within conventional coupled lines is a useful means to

achieve extra transmission zeros closing to existing zeros, created by the conventional

coupled lines. At the same time, this way can also add the freedom to optimize the in-

band performance of the original structure. The ASIR unit can be further moved

horizontally to the left/right so as to form the extra coupling between the high

characteristic impedance coupled line and the low characteristic impedance line. In this

(a)

(b)

Figure 6.11. A SS-ASIR ASIR coupled pair with asymmetric parallel uncoupled meander

sections. The schematic diagram. (b) Even-mode or odd-mode equivalent circuit.
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chapter, the ASIR coupling structure in vertical direction is further modified and an

asymmetric parallel uncoupling microstrip line structure (APUML) is proposed. As

shown in Figure 6.11 (a), the two ASIR unit impedance line has an extra coupling with

the distance between two vertical symmetry axes of two parallel uncoupling microstrip

line, and this distance is controlled and influenced by the APUML relative distance

parameter Ld, Ld1 to open end and parameter St. The APUML’s height and inner gap is

Lm and Wm, respectively. The relative even- or odd-mode equivalent circuit of the

proposed structure is shown in Figure 6.11 (b). Z1e or Z1o, Z2e or Z2o and Z3e or Z3o are

left, middle and right coupled section’s even or odd-mode impedance, respectively. Z2,

Z3 or Z4 and Z5 are uncoupled sections in two coupled ASIRs, respectively.

Compared to traditional skew-coupled ASIR filters, a wider second pass-band is

achieved and the additional third operating band is generated by adopting the novel

asymmetric parallel uncoupled microstrip lines. This means 2J is improved greatly and

a stronger coupling strength between two ASIRs is realized. Figure 6.12 illustrates the

influence of Wm and Lm on the response of the APUML-ASIR tri-band filter with

different values of St. In (a), when Wm varies from 0.05 mm to 0.25 mm, f0 decreases

slightly and fs2/f0 increases slightly but neither are greatly influenced by varying St.

Meanwhile, fs2/f0 does not change much but does less when St increases. In (b), when

Wm varies from 0.05 mm to 0.25 mm fz1/f0 decreases slightly while fz2, 3/f0 hardly

changes, but when St becomes greater for a fixed Wm, fz1, 2, 3/f0 becomes less. This means

transmission zeros can be controlled by Wm and St. In (c), when Lm varies from 1.7 mm

to 2.9 mm, fs1, 2, 3/f0 decreases slightly. When St varies from 1 mm to 4 mm, f0 and fs2/f0

do not vary but fs1/f0 decreases.
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(a)

(b)

(c)
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In (d), when Lm varies from 1.7 mm to 2.9 mm, Qex1 increases and Qex2, 3/Qex1 decreases,

so that the fundamental bandwidth becomes narrower. When St becomes greater, Qex1

does not change and Qex2, 3/Qex1 decreases. Compared to f0, fs2, fz1 and fz3, the variation of

St has greater influence on the second pass-band central frequency fs1, the second

transmission zero fz2 and the third pass-bandwidth.

Figure 6.13 shows the effect of the reference location parameter Ld on the frequency

response of the proposed tri-band filter. It is noted that when Ld changes from 5 mm to

7.64 mm when Ld1 is fixed at 8.1 mm, the second pass-band return loss performance is

enhanced greatly and its bandwidth becomes wider, providing a wide second pass-band

of more than 3.5 GHz.

(d)

Figure 6.12. The influence of Wm and Lm on the response of the APUML-ASIR Tri-band
filter for variation of St: (a) f0 and normalized fsi (Wm varies):

(b) Normalized fzi:
(c) f0 and normalized fsi, (Lm varies):

(d) Qex1 and normalized Qexi.
When one parameter varies, the others remain unchanged.
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At the same time, a third pass-band is formed and its return loss as well as its insertion

loss performance is improved considerably by varying Ld. Similar phenomenon can be

observed when varying Ld1 with fixed Ld. Therefore, Ld and Ld1 are two important

factors to tune and influence the coupling strength between two modified ASIRs and

external quality factors.

The analysis of the asymmetric parallel uncoupled microstrip line unit (APUML)

further helps to explain the formation of the second and third pass-band. The APUML

topological structure and frequency response are plotted in Figure 6.14. As seen in the

figure, the APUML unit forms two wide pass-bands between 4-6 GHz and 6-8 GHz

when Ld1 changes from 9.1 mm to 7.1 mm. This result proves the advantage of the

Figure 6.13. The impact of Ld impact on the frequency response of the SS-ASIR filter with

APUMLs.
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Figure 6.14. The analysis of the APUML structure

APUML structure to optimize the in-band filter performance. As for out of band

performance, the APUML unit generates four transmission zeros at both sides of the

pass-bands, as plotted in Figure 6.14. These four transmission zeros can improve the

isolation performance between the three pass-bands, and the out of band suppression

performance.

The simulated S-parameters, measured S-parameters and fabricated photograph of the

tri-wideband ASIR filter are shown in Fig.6.15. Good agreement is observed between

the simulated and measured results and the slight discrepancies are attributed to the loss

and fabrication errors. It can be seen that triple wide-bands are realized with good in-

band return loss performance. The first pass-band ranges from 1.46-1.98 GHz with the

(CF) of 1.72 GHz, bandwidth (BW) 520 MHz and fractional band width (FBW) 30.2%.
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It can be applied in the Global Positioning System (GPS: frequency band centred at

1.57 GHz), Global System for Mobile Communication (GSM: 1800 MHz) and

Universal Mobile Telecommunication System (UMTS: 1710-1880 MHz, etc.). The

(a)

Figure 6.15. Simulated and measured results of SS-ASIRs with

APUMLs; (a) Narrowband view of the first passband, (b) Narrowband view

of the second passband, (c) Narrowband view of the third passband.
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second pass-band ranges from 3.90-5.54 GHz with CF 4.72 GHz, BW 1.64 GHz and

FBW 34.7%. It can be applied in IEEE802.11a WLAN applications including 5G Wi-Fi.

The third pass-band, which ranges from 7.32-7.86 GHz with CF 7.59 GHz, BW 0.54

GHz and FBW 7.1%, can be applied in earth-satellite satellite communication.

Moreover, good isolation is achieved between the three pass-bands, to eliminate signal

interference. Three transmission zeros located at 3.02, 6.26 and 9.01 GHz are generated

to enhance frequency selectivity, which can be seen in Figure 6.15. The triple-wideband

type APUML-ASIR filter performance comparison with alternative tri-band BPFs is

Table 6.4

PERFORMANCE COMPARISON WITH PROPOSED TRI-BAND ASIR BPF

CF

( GHz)

3 dB

FBW (%)

IL

(dB)

ISO1,2,
ISO2,3

SIZE EXTRA
STRUC
-TURE

[13] 1.875/3.54/5.91 19.9/14/4.6 0.6/0.75/1.65 >27 / >20
0.206λg

×0.086λg

VIA

HOLE

[15] 1.8/3.5/5.8 7/5/3.5 0.88/1.33/1.77
>40.4 /

>12.78

0.108λg

×0.521λg

VIA

HOLE

[16] 2/3.45/5.8 8.7/13.4/7.2 1.4/0.7/1.7 NA
0.045λg

×0.52λg

VIA

HOLE

[17] 2.4/3.5/5.45 11.6/6.7/17.8 1.1/1.2/1 <40 / <40
0.21λg

×0.11λg

VIA

HOLE

This

work
1.72/4.72/7.59 30.2/34.7/7.1 0.58/0.43/1.3 43.5/39.2

0.09λg

×0.51λg
NONE
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shown in Table 6.4. It can be seen that the proposed structure has the advantages

including bigger fractional bandwidth, among them first two fractional bandwidths are

higher than 30% and are bigger than the published works.The insertion losses are lower

than published ones. All the tri-band insertion losses are less than 2dB. Furthermore, the

proposed two structures are simple and are easily made.

6.6 Conclusion

Novel multi-standard single/tri/quint-wideband ASIR filters are proposed in this chapter.

By utilizing a novel modified SS-ASIR coupled pair with meander coupled sections,

and placing transmission zeros close to resonant frequencies, a single-wideband filter

with good fractional bandwidth, insertion loss and return loss performance is realized.

By varying the lengths of meander coupled sections, stronger coupling between two

resonators is realized and more transmission zeros are generated, which are tuned to

help in forming a quint operating wideband. With the help of APUML, a tri-wideband

ASIR filter is realized with high fractional bandwidth. These filters effectively cover

several applications including GPS, GSM, UMTS, ISM and IEEE 802.11 a/b/g/n/ac,

with controllable bandwidths. Furthermore, the proposed structures successfully realize

ASIR filter applications in single/dual/triple/quadruple/quint-wideband fields, but with

the advantage of higher versatility. Measured results agree well with simulated results

and theoretical predictions. The good in-band and out-of-band behaviour, compact size

and simple structure make the proposed filters very promising for applications in future

multi-standard wireless communication.
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CHAPTER 7

Novel Multi-standard

Mixed-Coupled Single-Wideband

And Quint-Wideband Asymmetric

Stepped Impedance Resonator Filters

7.1 Introduction

One of the prevalent methods for creating finite transmission zeros is the basic cross-

coupling mechanism [1]. These cross couplings are equal in magnitude and out-of-

phase with the mainline one at the transmission zero frequencies. Cross-coupling paths

can be introduced either by resonant nodes [2]-[4], or non-resonant nodes [5], [6]. This

mechanism is only valid with the assumption of narrowband nondispersive mainline and

cross couplings, and it is able to generate maximum finite N transmission zeros without

considering I/O ports (N is the filter order). Another popular mechanism to create finite

transmission zeros is based on mixed inter-resonator couplings, where capacitive- or

inductive-dominant mixed coupling is dispersive. In the filter core-passband synthesis,

it provides required capacitive- or inductive-dominant couplings. Meanwhile, these

capacitive and inductive components annihilate each other at certain frequencies,
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resulting in finite transmission zeros. Mixed coupling between open-loop resonators

was discussed in [7], and its inductive and capacitive components are enlaced with each

other. An earlier work [8] employed stepped-impedance resonators (SIRs) to separately

control inductive and capacitive components in mixed inter-resonator couplings.

Separated inductive coupling using iris and capacitive coupling using strips were also

introduced between two cavity resonators [9] and the substrate integrated waveguide

(SIW) resonators [10]-[12] for implementation of compact inline quasi-elliptic bandpass

filters. For the other planar implementations, quasi-elliptic bandpass filters based on

resonators and separated and mixed couplings were illustrated in [13]-[18]. Explicit

formulation presented in [7] and [11] explained the existence of one lower side

transmission zero for the capacitive-dominant coupling, and one upper side transmission

zero for the inductive-dominant coupling.

Figure 7.1 shows the proposed second-pole mixed coupled asymmetric stepped-

impedance (ASIR) filter. In the traditional ASIR structure, each resonator has a high

and low- characteristic impedance section. In the proposed mixed electric coupling and

magnetic coupling (MEMC) modified ASIR structure, high-characteristic impedance

sections are coupled partly with each other to form the spiral and open-loop structure

leading to mixed electric coupling and magnetic coupling effect. The electric coupling

is generated between the gaps of the coupled high impedance sections, since the

resonator has the maximum electric fringe field density at the open ends [19]. The

magnetic coupling is achieved by the parallel coupled section.

According to [20], S21 can be calculated as:
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The phase of S21 and the group delay (τd) are:

Figure 7.1 A skew-symmetrical asymmetric SIR couple pair with meander coupled section.
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The Y-matrix [Y] of the coupled lines is expressed by the following:
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However, it seems that it needs be corrected as the Y-matrix [Y’]:
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Based on the equation above, S21 is equal to zero when coupled line length Lcp = λ/4

corresponds to θcp=90° (θcp is the electrical length of Lcp). Since u =0 in this case,
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and the group delay of the coupled line d can be expressed as
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The equivalent circuit of the coupled structure in the proposed filter is shown in Figure
7.2.
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Figure 7.2. The equivalent circuit of the coupled structure in the proposed filter.

The coupling routing scheme of the proposed filter is shown in Figure 7.3. It is seen

from Figure 7.3 that at least four coupling routings are created by the use of the spiral

and open loop (SOL) structure, which lead to the cross-coupling and multiple

transmission zeros. This can facilitate the forming of the wide stopband.

(a)

(b)

Figure 7.3. The coupling routing scheme of the proposed filter. (a) The structure.
(b) The coupling routing scheme.
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7.2. Single-Wideband Filter Design

(a) The effect of parameter Lm1: Figure 7.4 shows the effect of parameter Lm1 in a

single-wideband type mixed coupling ASIR filter. It is seen from Figure 7.3 that when

Lm1 increases, f0 would become smaller, that means the fundamental frequency can be

changed by the means of changing the coupling length parameter Lm1 of the ASIR

coupled structure. At the same time, the stopband suppression level would be changed

with the increase of Lm1. When Lm1=1.8 mm, the stop-band ranges from 3.45-11.35 GHz

with best -13.9 dB suppression level. The in-band best insertion loss (IL) is -0.85 dB.

When Lm1 = 2.2 mm, the stop-band ranges from 3.26-10.7 GHz, which is 4.2f0 (f0 is the

fundamental frequency of the filter). The return loss (IL) is larger than -12.0 dB.

Although the stopband suppression level becomes less, the bandwidth, the insertion loss

performance and return loss performance are improved, while when Lm1 increase from

1.8 mm to 2.2 mm, the widened bandwidth ranges from 2.25-2.82 GHz with central

Figure 7.4. The effect of parameter Lm1 in single-wideband type mixed

coupling ASIR filter with SOL structure.
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frequency of 2.535 GHz. The in-band best insertion loss (IL) is -0.77 dB.

(b) The effect of parameter g: to increase the coupling gap g between the high

characteristic impedance lines from 0.25 mm to 0.31 mm, both the fundamental

frequency and the harmonic frequency change little. However, the insertion loss of the

pass-band would be changed from -0.75 dB to -0.76 dB and from -0.76 dB to -1.67 dB

when g increases from 0.25 mm to 0.31 mm, and the return loss of the pass-band would

be changed from from -11.8 dB to -12.0 dB and from -12.0 dB to -6.8 dB. This means

that the coupling strength is weakened by the increasing of g.

Figure 7.5. The effect of parameter g in single-wideband type mixed coupling
ASIR filter with SOL structure.

At the same time, the stop-band suppression level is enhanced by the increasing of g,

which changes from -10 dB to -16.7 dB with general broadened stopband bandwidth.

Besides, the stop-band width would be changed by the change of g. The optimized



160

value of parameter g can be found as 0.28 mm from Figure 7.5, which shows the effect

of parameter g in single-wideband type mixed coupling ASIR filter.

(c) The effect of parameter Lc: when the uncoupled high characteristic impedance lines

Lc increase from 0.5 mm to 0.15 mm, the fundamental frequency and the harmonic

frequency decrease. Meanwhile, the pass-band insertion loss and return loss

performance become better, and the stop suppression level firstly becomes better then

becomes worse later. This means the uncoupled part of the mixed coupling ASIR filter

with spiral and open-loop coupled structure can also influence the resonance locations,

insertion loss and return loss performance. Figure 7.6 shows the effect of parameter Lc

in the single-wideband type mixed coupling ASIR filter. The optimized value of

parameter Lc can be found as 1 mm from Figure 7.6.

Figure 7.6. The effect of parameter Lc in single-wideband type mixed coupling

ASIR filter with SOL structure.
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(d) The effect of parameter L: when L increases from 3 mm to 3.8 mm, the fundamental

frequency and the harmonic frequency do not change much. At the same time, the return

loss changes from better than 11.9 dB to better than 8.4 dB . When L=3.8 mm, the stop

Figure 7.7. The effect of parameter L in single-wideband type mixed coupling

ASIR filter with SOL structure.

Figure 7. 8. Single-wideband type spiral and open-loop coupled ASIR band-pass

filter’s surface current distribution at f0.
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band ranges from 3.26-10.6 GHz. When L is equal to 3 mm, the stop-band ranges from

3.08-11.9 GHz with a suppression level of -9.3 dB. When L increases to 3.4 mm, the

stop-band ranges from 3.26-11.7 GHz with a suppression level of -15.0 dB. Figure 7.7

shows the effect of parameter L in single-wideband type mixed coupling ASIR filter.

The optimized value of parameter L can be obtained as 3.4 mm from Figure 7.7.

Figure 7.8 illustrates the single-wideband type spiral and open-loop coupled ASIR

band-pass filter’s surface current distribution at f0, showing that when the electric

coupling is weak due to the relative long distance between two open ends of the high

characteristic lines, the magnetic coupling plays a main role to the fundamental mode.

The dimensions of the spiral and open-loop ASIR filter in Figure 7.1 are Lm1 =2.0 mm,

Lc1 = 1.0mm, L=3.4 mm, g=0.28mm, W2 =0.4mm and W1 = 1.6 mm.

7.3. The Quint-Wideband Filter Design

Many multi-band filters have been presented in literature such as in [21]-[27]. Among

them, tri-band bandpass filters and quad-band filters are good candidates [21]-[24].

However, both proposed types of filter have the disadvantage of narrow-band

characteristics which cannot cover the required frequency bands, insertion loss

performances which are not satisfactory or occupying relatively large sizes. To further

improve the filter performances and solve the problems mentioned above, the quint-

band filter was firstly proposed in 2012 by [27], which proposed tri-mode stub-load

stepped-impedance resonators to realize quint-band performance. A multiple stubs

loaded ring resonator (MSLRR) is proposed in [26] to design directly coupled multi-

band bandpass filters (BPFs) with mixed electric and magnetic coupling (MEMC), and
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[25] utilizes three pairs of simple microstrip stepped-impedance resonators on the top

and middle metal layer, and two pairs of slot uniform-impedance resonators on the

bottom metal layer. By this means, a quint-band performance can be realized by these

individual structures. However, all of the proposed quint bandpass filters have relatively

complicated structures such as multiple via holes [26][27] or multi-layer structures.

These disadvantages make the design and fabrication complicated, leading to high loss

and cost.

In this section, a compact quint-wideband bandpass filter with low insertion loss, good

return loss and wide passband is designed. The proposed filter has no extra structure

such as via holes or multi-layer. The filter is designed, fabricated and measured. A good

agreement between simulated and measured results is obtained. The proposed quint-

wideband mixed-coupling ASIR filter with the description of electric coupling and

magnetic coupling effect is illustrated in Figure 7.9. The centre and both ends of an

ASIR coupled section are the fundamental mode’s peak points of the magnetic field and

electric field, respectively. To enhance the electric coupling of the filter, two adjacent

spiral ASIRs’ ends can be closely located, which can be adjusted by g1. We can enhance

the magnetic coupling of the fundamental mode by closely locating two adjacent spiral

ASIRs’ parallel coupling parts, which can be adjusted by g2. The field peak points of the

proposed filter using spiral and open-loop structure is shown in Figure 7.10. The

coupling points of spurious modes can be adjusted by changing coupling length Lcp. The

spurious modes can also be adjusted by changing uncoupled section lengths Lu1 and Lc,

which add the freedom for designing the quint-band filter. The effect of spiral and open-

loop coupled high characteristic impedance line structures (SOLHLs) in ASIRs can be

reflected by the surface current distribution at fundamental frequency and its spurious
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frequencies, which is illustrated in Figure 7.11. In Figure 7.11, magnetic coupling plays

a main role to the fundamental frequency because the electrical coupling is weakened

by the long distance between two open ends, whereas the four spurious mode fs1, fs3, fs4

and fs5 current densities are high in different places of the SOLHLs, which means the

SOLHLs facilitates the forming of high-order modes in the proposed quint-band filter.

The simulated results’ comparison between the quint-wideband type modified ASIR

BPF with and without the SOLHL structure is shown in Figure 7.12.

Figure 7.9. The proposed quint-wideband mixed-coupling ASIR filter
with the description of electric coupling and magnetic coupling effect.

Figure 7.10. Field peak points of the filter using spiral and open-loop couple structure.
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To investigate the character of the proposed structure, the filter is designed on a Rogers

RO3210 substrate with dielectric parameter of 10.2, tanδ of 0.0027 and thickness of

0.635 mm, then is simulated by HFSS. The dimensions of the spiral and open-loop

ASIR filter in Figure 7.9 are Lu1= 5.9 mm, Lu2 = 6.6 mm, Lc =9.3 mm, Lcp =17.8 mm, g1

= 0.22mm, g2 = 0.2mm and W1=1.6 mm. The total size of the proposed cross-coupled

spiral SIR filter is 0.17 λg×0.4l λg, where λg is the microstrip guided wavelength at f0. Its

measured result agrees well with the simulation.

Simulated and measured results of the quint-wideband ASIR filter with SOLHLs are

plotted in Figure 7.12 and Figure 7.13, respectively. Good agreement is observed

between the simulated and measured results and the discrepancies are attributed to the

loss, fabricated errors and so on. The first pass-band ranges from 1.03-1.52 GHz with

central frequency (CF) of 1.275 GHz, and bandwidth (BW) of 490 MHz It is suitable

for GPS (L1 band: 1.57542 GHz, L2 band: 1.22760 GHz, L3 band: 1.38105 GHz, L4

band: 1.84140 GHz). The second pass-band ranges from 3.03-3.42 GHz with CF of

3.225 GHz, BW of 390 MHz, and can be used in 3G Wi-Fi application. The third pass-

band ranges from 5.52-6.23 GHz with CF of 5.875 GHz, BW of 710 MHz, so can be

used in IEEE802.11a applications. The fourth pass-band ranges from 7.00-8.03 GHz

with CF of 7.515 GHz, BW of 1.03 GHz, while the fifth pass-band ranges from 9.53-

9.95 GHz with CF of 9.74 GHz, and has a large BW of 420 MHz, They can be used in

satellite communication. Two transmission zeros located at 2.49 GHz and 4.98 GHz are

formed to further enhance the frequency selectivity, also illustrated in Figure 7.12.

The photograph of the fabricated quint-wideband ASIR filter with SOLHLs is Figure

7.14.
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Figure 7.11. The quint-wideband type spiral and open-loop coupled ASIR band-pass filter’s

surface current distribution at (a) f0, (b) fs1, (c) fs3, (d) fs4 and (e) fs5.

Figure 7.12. The simulated results comparison between the quint-wideband type
modified ASIR BPF with and without the spiral and open loop structure.
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Figure 7.13. Simulated and measured results of the proposed quint-wideband ASIR filter.

Figure 7.14. Photograph of the fabricated quint-wideband ASIR filter.
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It can be seen that the proposed structure has advantages including bigger fractional

bandwidth, amongst which four fractional bandwidths are higher than 10% and are

better than the published works. The insertion losses are lower than published ones. All

the tri-band insertion losses are less than 1.6dB. Furthermore, the proposed two

structures are simple and are easily made.

Table 7.1

PERFORMANCE COMPARISON WITH CURRENTLY QUINT-BAND BPFs

CF( GHz)/

3 dB FBW (%)

Insertion Loss

(dB)
SIZE

EXTRA

STRUC-

TURE

[27]

0.6/5.8%, 0.9/5.2%, 1.2/5.8%,

1.5/8.2%, 1.8/8.0%

2.8,2.9,2.9,

2.6,2.3

0.045 λg

×0.52 λg

VIA HOLE

[26]

0.63/28.8%, 1.33/9.4%, 2.03/2.7%,

2.74/5.3%, 3.45/5.5%

0.47,1.14,1.8,

1.39,1.26

0.043 λg

×0.178 λg VIA HOLE

[25]

1.5/4.5%, 2.5/4.5%, 3.5/3.6%,

4.5/4.5%, 5.8/2.7%

1.5,1.8,0.9,

1.2,2.5

0.24 λg

×0.17 λg

MULTI-

LAYER

THIS

WORK

1.275/38.4%, 3.225/12.1%,

5.875/12.1%, 7.515/13.7%, 9.74/4.3%

0.41,1.27,0.83,

1.74,1.55

0.11 λg

×0.34 λg

NONE
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7.4. Conclusion

In general, new mixed-coupled quint-wideband ASIR bandpass filters which consist

of spiral and open-loop coupled structure to enhance fundamental mode coupling

and another four spurious modes coupling with optimum insertion loss performance

have been proposed. The proposed filter has the advantages of applicable quint-

wideband, simple structure and compact size, which are all attractive and versatile

for the microwave/RF applications in future multi-function wireless communication.
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CHAPTER 8

Summarized Conclusions And

Recommendations for Future Work

8.1 Summarized Conclusions

Chapter 1: explained the motivation for this work as being the development of high

performance, multi-standard filters with compact size, low in-band insertion loss (IL),

and high out-of-band rejection skirts. Current developments in microwave filter design

were outlined, with asymmetric stepped impedance resonator architectures providing

the context for those further improvements and innovations proposed in this work..

Moreover, present day wireless communication standards and relative operating

frequency bands are identified for better understanding of the microwave. radio

frequency context

Chapter 2: provides an introduction and a comprehensive literature review of the state

of the art in microwave filters. The recent main stream of microwave filters are

classified and discussed separately in detail. This chapter also shows performance and

structure analyses combining new materials, new structures and new technologies in the
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microwave filter field, helpful to the enhancement of the performance of microwave

filters as well as microwave systems.

Chapter 3: presents a comprehensive theoretical study of microwave filters. It includes

the introduction of four basic filter types: low-pass, high-pass, band-pass and band-stop

filters. Filter design parameters are presented. Three classic filter types are explained.

Furthermore, the way to transform filter frequency is also presented and described in

detail.

Chapter 4: provides a comprehensive study of the stepped impedance resonator (SIR)

structure. All three types of quarter wavelength, half wavelength and full wavelength

SIR resonator are analysed and fully explained. All of these are helpful to the detailed

design of SIR filters in the next chapter. Moreover, the asymmetric stepped impedance

resonator, which is a novel SIR structure and has appeared in recent publications in the

last ten years, is studied because of its advantages over other structures including the

SIR structure. Sensitivity of the performance to variation in dimensions is explored.

Chapter 5: Based on ideas discussed in the earlier chapters, a novel parallel coupled

ASIR structure is proposed and its characteristics are fully analysed and discussed. The

proposed novel interdigital cross-coupled lines structure successfully realizes fractional

bandwidths of 43.2% and 10.5%, respectively. Due to the use of an interdigital cross-

coupled structure, multiple routes and an extra transmission zero are generated. This

leads to the realization of the wide stop band. The measurement result shows that the

filter has a wide stop band ranging from 2.46-4.86 GHz with -10dB suppression level

and a stop band ranging from 6.05-12.1 GHz with -10 dB suppression level. This can
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suppress the signal interference from the 3.5 GHz Worldwide Interoperability for

Microwave Access signal, satellite communication signals and so on.

The proposed novel parallel uncoupled ASIR structure successfully realizes the first

pass-band ranges from 1.37-1.89 GHz with a central frequency of 1.63 GHz, bandwidth

of 520 MHz and fractional band width (FBW) of 31.9%. The second pass-band ranges

from 3.66-5.46 GHz with central frequency of 4.46 GHz, a bandwidth of 1.8 GHz and

fractional band width (FBW) of 33.0%. Moreover, the stop-band ranges from 2.12-

3.5 GHz with -10 dB suppression level. A wide upper stop-band ranging from 5.83-

9.35 GHz with -10 dB suppression is realized.

Chapter 6: This chapter proposes an ASIR coupled structure rearranged by the

meander coupled section. The novel structure’s characteristics, mathematical analyses

as well as the generation condition for the transmission zero point are analysed. The

measurement result shows that a single-wideband filter is realized with very low

insertion isolation of only 0.36 dB at the central frequency and return loss of better than

25.5 dB. The pass-band ranges from 1.18-1.84 GHz with central frequency 1.51 GHz,

bandwidth 660 MHz and fractional band width (FBW) 43.7%. Due to the use of

transmission zero realization method, a wide stop-band ranging from 2.1-7.32 GHz is

realized, which can suppress signal interference such as IEEE802.11b, Worldwide

Interoperability for Microwave Access signal, IEEE802.11a and so on. The proposed

second filter realizes the first pass band ranging from 1.0 to 1.38 GHz with a central

frequency (CF) of 1.19 GHz, and bandwidth (BW) of 380 MHz. The second pass band

ranges from 3.96 to 4.62 GHz with CF of 4.29 GHz, BW of 660 MHz. The third pass

band ranges from 5.0 to 5.86 GHz with CF of 5.43 GHz and BW of 860 MHz. The

fourth pass band ranges from 6.82 to 7.12 GHz with CF of 6.97 GHz and BW of
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300MHz. The fifth pass band ranges from 7.96 to 11.84 GHz with CF of 9.9GHz, and a

large BW of 3.88GHz. It has many detailed application.

Chapter 7: This chapter proposes an ASIR spiral and open loop coupled structure to

realize the single-wideband filter and the quint-wideband filter. The proposed first

structure realizes a wide bandwidth ranging from 2.25-2.82GHz with central frequency

of 2.535GHz. The in-band best insertion loss (IL) is -0.77dB. Furthermore, a wide stop

band ranges from 3.26 to 10.7 GHz with -15dB suppression level is realized. It can

suppress the signal inference such as Worldwide Interoperability for Microwave Access

signal, IEEE802.11a and so on. The use of a spiral and open-loop structure, which can

realize the mixed electric coupling and magnetic coupling effect at the same time,

facilitates the quint-band performance. The structure for quint band is realized. The first

pass-band ranges from 1.03-1.52 GHz with central frequency (CF) of 1.275 GHz, and

bandwidth (BW) of 490 MHz. The second pass-band ranges from 3.03-3.42 GHz with

CF of 3.225GHz, BW of 390MHz. The third pass-band ranges from 5.52-6.23 GHz

with CF of 5.875 GHz and BW of 710MHz. The fourth pass-band ranges from 7.00-

8.03 GHz with CF of 7.515 GHz and BW of 1.03 GHz, while the fifth pass-band ranges

from 9.53-9.95 GHz with CF of 9.74 GHz and a large BW of 420 MHz. The proposed

structures are promising for applications in multi-standard wireless communication.

Chapter 8: This chapter summarises the above mentioned outcomes and proposes the

future plan.

8.2 Recommendations for Future Work
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Throughout the research it was observed that there are areas for future work that can be

carried out:

 Analyse the theory and performance of a novel multi-standard modified polygon

resonator filter which covers GSM/UMTS/IEEE 802.11 bands. To validate the

ideas, the multi-standard filter need to be simulated by Ansoft HFSS software,

fabricated and measured.

 Analyse the theory and performance of a proposed novel multi-standard

modified parallel resonator filter. To validate the ideas, the multi-standard filter

need to be simulated, fabricated and measured.

 Analyse the theory and performance of a proposed novel multi-standard

modified mixed electronic and magnetic coupling (MEMC) filter. To validate

the ideas, the multi-standard filter need to be simulated by Ansoft HFSS

software, fabricated and measured.

 Analyse the theory and performance of a proposed novel multi-standard

modified polygon resonator coupled with ring resonator. To validate the ideas,

the multi-standard filter need to be simulated by ADS software, fabricated and

measured.

 Analyse the theory and performance of a proposed novel filter whose resonant

frequency can be tuneable and reconfigurable. To validate the ideas, the multi-

standard filter need to be simulated by Ansoft HFSS software, fabricated and

measured.
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In recent years, with the requirements in the current increasingly stringent frequency
spectrum resources and the development of advanced multi-standard wireless
communication systems, multi-standard internal filters have become a necessity for the
state-of-the-art multifunction “smart phones” and wireless transceivers for the mobile
devices
In this paper, we propose a novel multi-standard filter with the size of only 4.

6mm×41. 65mm for wireless communication systems. The proposed filter has a
fundamental bandwidth of 605. 9 MHz with fractional bandwidth(FBW) of 31. 4%
centred at the 1. 9 GHz band, and first spurious bandwidth of 501 MHz with FBW of 8.
6% centred at the 5. 8 GHz band. This filter is able to generate two wide operating
bands that effectively cover the GSM/UMTS/GPS /IEEE 802. 11a operations in mobile
devices, which include GSM1800 (1710-1880 MHz), GSM1900 (1850-1990 MHz),
UMTS (1920-2170 MHz), GPS(centred at 5. 75 GHz) and IEEE 802. 11a (centred at 5.
8 GHz) bands, which usually are only covered partly by recently published works[1-4].
The configuration of the presented multiband filter is illustrated inFigure 1, which uses
folded couple lines instead of traditional a quarter wavelength SIR couple lines to
optimize high order spurious performance. The even- and odd-mode phase velocities
compensation technique with shifted coupled lines [5] are used for the first time in the
quarter wavelength type resonator to enhance spurious frequency and out of band
performance. What’s more, the return loss of fundamental resonance frequency and
first spurious frequency become less with the help of the loaded stub. The Ansoft
HFSS software simulated result agrees well with the theory predictions, which is shown
in Figure 2. The featured broad bandwidths over dual applicable frequency bands and
the miniaturized size of the proposed filter make it promising for applications in multi-
standard wireless communication.

Fig1. The architecture of the proposed dual-wide-band filter Figure 4. The final results of the proposed dual-band filter
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Abstract. A novel multi-standard dual-wide-band filter with a compact size of only 8. 8 mm by 16.
8mm is designed and developed for transceiver devices. The proposed filter has a fundamental
bandwidth of 1. 6 GHz with fractional bandwidth(FBW) of 29. 7% centreed at the 5. 4 GHz band,
and second bandwidth of 300. 0 MHz with FBW of 3. 6% centreed at the 8. 15 GHz band. The basic
dual-wide-bandwidth is attributed to the interaction of the novel modified polygon pair and upper stub
loaded stepped impedance resonator. Moreover, the added down stub loaded stepped impedance
resonator (SLSIR) further enhances the pass-band performance by widening the bandwidth and
optimizing reflection coefficient performance considerably. To validate the proposed ideas, the multi-
standard filter is designed and simulated by Ansoft HFSS software. The simulated results agree well
with the theory predictions. The featured broad bandwidths over two frequency bands and the
miniaturized size of the proposed filter make it very promising for applications in future multi-
standard wireless communication.

Keywords: Dual-wide-band filter, multi-standard, stub loaded modified step impedance resonator,
wireless communication.

1 Introduction

In recent years, wireless communication facilities such as wireless transceivers has been exerting an
increasingly vital impact in the field of microwave and radio frequency communication. One of the most
important modules in wireless communication system is the filter. Filters play a critical role in passing
desired frequency bands and stopping the unwanted ones including noise signals. Therefore, performance
of the filter greatly influences performance of the whole wireless communication system [1-9].

With the requirements in the current increasingly stringent frequency spectrum resources and the
development of advanced multi-standard wireless communication systems, multi-standard filters have
become a necessity for the state-of-the-art multifunction wireless transceivers for the mobile devices.
Such filters are generally required to be capable of covering the frequency bands of IEEE 802. 11a, IEEE
802. 11h, IEEE 802. 11j and IEEE 802. 11n,all of which operate at 5 GHz bands, IEEE 802. 11ac,which
was approved by IEEE in January 2014 and provides very high throughput(VHT) wireless local area
networks (WLANs) in the 5 GHz band and IEEE 802. 11p, which is intended for use in vehicular
communication systems as well as specifies WLAN in the licensed Intelligent Transportation
Systems(ITS) band of 5. 9 GHz(5. 850-5. 925 GHz). Furthermore, ever increasing implementation of the
communication between earth and space satellite further increases the Global Positioning System
(GPS)(frequency bands centreed at 5. 75 GHz)requirement and X-band requirement such as
International Telecommunication Union (ITU) designed earth-space satellite communication band(7. 9-8.
4 GHz), transmission frequency bands of earth observation satellite systems including Terra(frequency
bands centreed at 8. 2125 GHz),Aqua(frequency bands centreed at 8. 16 GHz) and so on. Recently,
many dual band filters have been designed to satisfy such stringent requirements [1-5]. However, most of
them with a miniaturized size fail to cover the required frequency bands, especially at the lower frequency
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band due to the narrower dual bandwidth [1-3] or require a considerable filter size or thickness, which
usually makes them difficult to integrate within mobile devices or portable wireless modules [1][4][5].

In this paper, we propose a novel multi-standard filter whose size is only 8. 8mm×16. 8mm. This filter is
capable of generating two wide operating bands that effectively cover IEEE802. 11a/802. 11h/802.
11j/802. 11n/802. 11ac(frequency bands cover 5 GHz),IEEE 802. 11p(frequency bands centreed at 5. 9
GHz), Global Positioning System (GPS) (frequency bands centreed at 5. 75 GHz), International
Telecommunication Union (ITU) designed earth-space satellite communication band (7. 9-8. 4 GHz) and
most transmission frequency bands of earth observation satellite systems.
The proposed multi-standard filter’s transmission zeros, which are used to realize the isolation of two
pass-bands as well as the isolation between pass-bands and out of band, are attributed to the mutual
coupling of the modified polygon microstripe line. The in band performance of the proposed filter is
mainly realized by upper shaped stub loaded stepped impedance resonator. This performances is further
enhanced by adopting down shaped stub loaded stepped impedance resonator (SLSIR). Because there is
no via hole or defect ground structure included in the filter structure, the structure is relatively simple and
easily realized. The theory study of the multi-standard filter and configuration performance with
simulation results are described in Section. 2, and the conclusion of this paper is given in Section. 3.

2 Filter Theory and Configuration

2. 1 The introduction of the novel modified polygon pair

The configuration of the presented multi-band filter is illustrated in Fig. 1, in which the modified polygon
pair forms a symmetric structure. Two modified polygon pair exert the effect of resonators which
generate the basic curve of the filter second pass-band and sufficient transmission zeros that are used to
realize the isolation of two pass-bands as well as isolation between pass-bands and out of band. Further,
two modified polygon resonators act as the function of feed lines for both upper and down shaped stub
loaded stepped impedance resonators. Among them, the upper resonator mainly realizes dual-wide-band,
and the down resonator further enhances in band performances including widening bandwidth. In this
work, the modified polygon resonator pair strips are fed by two 50Ω microstrip feed lines. The width (SW)
and length (SL) of the 50Ω feed line is 0. 6mm and 1. 2mm, respectively.

Fig1. The architecture of the proposed dual-wide-band filter

2. 2The shaped stub loaded stepped impedance resonator

The shaped stub loaded stepped impedance resonators (SLSIR) of the proposed filter in shown in Fig. 2
(a). It is seemed that upper and down SLSIR couple with two polygon resonators in a folded line form
and stepped-impedance stub is embedded in invagination part between two polygon resonators. This
means saves much size of resonators and results in a more compact filter size without sacrificing filter
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performance. In order to simplify the analyses and calculation, SLSIR equivalent structure is derived,
which is shown in Fig. 2 (b). The equivalent structure includes a traditional SIR with the characteristic
admittance Y1, Y2, and electrical lengthƟ1, 2Ɵ2, which is connected to a stepped-impedance stub in the
middle. The stepped-impedance stub includes high impedance line with characteristic admittance 2Y3 and
electrical length Ɵ3, and low impedance line with characteristic admittance 2Y4 and electrical length Ɵ4.
Since SLSLR is symmetrical in structure, odd- and even-mode analysis is utilized.

Fig2. The modified SLSIR of the proposed filter and its equivalent structure

For odd-mode excitation, the equivalent circuit is shown in Fig. 2(c). According to the transmission line
theory, the input admittance for odd-mode is expressed as:

221 cotjYY oin  (1)

111

111
1, tan

tan



o
in

o
in

oddin jYY
jYYYY



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When Yin,odd=0,equation(2) can be deduced as:K1tanƟ1tanƟ2=0. Where K1=Y1/Y2. Assume the electrical
length ratio of the odd-mode resonance is: α2=Ɵ1/(Ɵ1+Ɵ2). Then substitute this to (2), there is

K1tanƟ2 -cot [Ɵ1 (1-α2)/α2] =0 (3)

The odd-mode solution of (3) is depend on K1 and α2. The ratio of the first two odd-mode resonance
frequency can be determined by the length ratio α2 and admittance ratio K1, which are shown in

Fig
Fig. 3. Ratios of the first two odd-mode resonant frequency Fig. 4. Ratios of the first three even-mode resonant
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under different electrical length ratio α2 and frequency ee ff 01
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under different electrical

admittance ratio K1. length ratio α4

For even-mode excitation, the equivalent circuit is shown in Fig. 2 (d). The even-mode input admittance is
expressed as:
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When Yin,even=0,equation(4) can be deduced as:      1tantantantantan 3211113244   KKK ,in
which K4=Y4/Y3. The relationship among three even-modes, different electrical length ratio α4 and admittance
ratio K4 is shown in Fig. 4. When Y1=Y2=Y3 is supposed for simplicity, we can get 22, cotjYY oddin  and
Ɵ2=90ºwhen Yin,odd=0. The fundamental odd-mode resonance frequency is:

 effLcf 20 4 (5)
The input admittance for even-mode resonance frequency is express as:
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When Yin,even=0,   0tantan 3244  K and further   01tantan 444  TTK  . (7)

In this case, the stub loaded stepped impedance resonator generates one odd-mode frequency and two even-
mode frequency. A thing that needs to be mentioned is because of irregular shape of the feed line (including
polygon pair) to SLSIRs and the influence of coupling between two polygon resonators, even-mode frequency
of SLSIRs can be tuned by combining theory values and empirical values to make it locate into desired
frequency bands.

Fig. 5. The magnitude response S11 and S21when there is only Fig. 6. The magnitude response S11 and S21 when
polygon pair polygon pair and when polygon pair coupled coupled with upper SLSIR and when polygon
with upper SLSIR pair coupled with upper and down SLSIR

2. 3The superimposition of Polygon Pair Waveform and Stub Loaded Stub Impedance Resonator

Waveform and The Isolation between Bands

Because the modified polygon pair provides the basic curve of the filter second pass-band and four
transmission zeros including the third transmission zero of 6. 68 GHz, which is shown in dash lines in
Fig. 5. Using this feature, we design the upper stub loaded stepped impedance resonator’s odd-mode
frequency which is also SLSIR’s fundamental frequency to be located at 5. 3 GHz. According to
equation (5), we get the length 2L2 is equal to �g/2 (a half of wavelength of SLSIR) and the value of
L2 is 4. 4mm when f0 is 5. 3 GHz. Then external and internal radius of the polygon is set as R1=4. 1
and R2=2. 8mm, respectively. The two even-modes frequencies are tuned by changing the dimension
of stepped impedance stub W3, L3, W4 and L4 in order to make it locate in 5-6 GHz band and X-band.
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In this work, we set W3=0. 2mm, L3=0. 3mm, W4=0. 4mm and L4=0. 1mm. The electrical length of L2,
L3 and L4 is 90. 0º, 6. 1ºand 2. 0, respectively. From solid lines shown in Fig. 5, we know that after
adopting the upper SLSIR, dual wide-bands including 5. 0-5. 7 GHz centreed at 5. 34 GHz with fractional
bandwidth (FBW) of 13. 0% and 8. 0-8. 3 GHz centreed at 8. 14 GHz with FBW of 3. 7% are realized with the
help of polygon pair.

The magnitude response S11 and S21 of two occasions is shown in Fig. 6. The first occasion is when
only the modified polygon pair with upper stub loaded stepped impedance resonator play roles, which
is shown as dash lines. The second occasion is when modified polygon pair, upper and down stub
loaded stepped impedance resonator play roles, which is shown as solid lines. It is seem that by
adopting down stub loaded stepped impedance resonator, first pass-band performance including
bandwidth performance and reflection loss performance is improved considerably. The first pass-band
bandwidth of the proposed filter is broadened to 4. 6-6. 2 GHz centreed at 5. 4 GHz with fractional
bandwidth (FBW) of 29. 7% and second pass-band bandwidth is 8. 0-8. 3 GHz centreed at 8. 15 GHz
with FBW of 3. 6% with the interactionof down SLSIR, upper SLSIR and modified polygon pair.

Fig. 7. The final results of the proposed dual-wide-band filter
The final results of the proposed dual-band filter is shown in Fig. 6. The substrate adopted in this
work is Rogers RO3010 whose dielectric constant is 10. 2 and thickness is 0. 635mm. In the model,
six transmission zeroes 0 GHz, 1. 80 GHz, 3. 60 GHz, 6. 40 GHz,6. 88 GHz and 7. 72 GHz are
generated. These transmission zeroes provides well isolation between desired dual bands, suppression
of out of band interruption and enhancement of the frequency selectivity. The gap width between two
resonator pair is 2S=0. 2mm and another gap width 2S1=0. 2mm.

3. Conclusion

A novel multi-standard dual-wide-band filter with a compact size is designed and developed for
wireless communication system such as mobile devices. This proposed filter covers a fundamental
bandwidth of 1. 6 GHz with fractional bandwidth (FBW) of 29. 7% centreed at the 5. 4 GHz band
and second bandwidth of 300. 0 MHz with FBW of 3. 6% centreed at the 8. 15 GHz, while occupy a
miniature area of only 8. 8mm by 16. 8mm. By utilising novel modified polygon pair and upper stub
loaded stepped impedance resonator, dual bands and sufficient transmission zeroes are generated. The
added down stub loaded stepped impedance resonator further enhances the first pass-band
performance by widening the bandwidth and optimizing reflection loss performance considerably.
What’s more,the folded and embedded structure of two SLSIRs saves much size of the proposed filter
compared to previous SLSIRs without sacrificing filter performance. The multi-standard filter is
designed, described and fully simulated. The Ansoft HFSS software simulated results agree well with
the theory predictions. The featured broad bandwidths over dual applicable frequency bands and the
miniaturized size of the proposed filter make it very promising for applications in future multi-
standard wireless communication.
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