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Abstract 

Microwave filters play very important roles in many RF/microwave applications, 

which are employed to separate or combine different frequencies. Emerging applications, 

such as wireless communications, challenge the design of microwave filters with more 

functionalities and higher performance, such as reconfigurable or tunable, compact size, 

light weight and lower cost. 

In order to meet the increasing challenge requirements, the objective of this 

dissertation is to develop new multilayer miniaturized filters, compact lossy microstrip 

filters, and reconfigurable lossy filters. To achieve this, this dissertation is divided into 

three main parts.  

The first part focuses on the design of novel miniature bandpass filter with improved 

performance. In this aspect, a novel microstrip bandpass filter using slow-wave open-loop 

resonators is presented, which concentrates on the stopband rejection performance to 

suppress the harmonic standing wave rather than the passband performance by using 

multilayer LCP technology. The multilayer open-loop slow-wave resonator has not only 

very compact size, but also exhibits an excellent wider upper stopband resulting from the 

dispersion property. Based on this type of resonator, a five-pole bandpass filter has been 

proposed, which has good stopband rejection and high selectivity as well as compact size 

and light weight.  

The second part is devoted to the design of compact lossy filters with improved 

performance characteristics. To achieve this, lossy synthesis and extracted-pole 

technology are combined together to design microstrip filters with flat passband and high 

selectivity. Two six-pole filters has been analysed from the theoretical circuit model to 

EM simulations, fabricated to demonstrate the response performance in narrowband and 

wideband respectively. 

The third part concentrates on the designs of novel varactor-tuned microstrip lossy 

bandpass filters. Firstly, state-of-the-art literature review is given to have a general view 

of reconfigurable bandpass filter with different tuning centre frequency and bandwidth 
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characteristics. Then, three types of tunable microstrip bandpass filters with resistor 

loading under symmetric tuning method are presented to introduce additional loss into 

the passband to make it flat over the entire tuning range. The first filter is designed to 

control the bandwidth and selectivity. The second one is designed to control the 

bandwidth at fixed centre frequency, while the third filter is extended from the first one 

to combine resistor loading and cross coupling. Finally, microstrip tunable bandpass lossy 

filters with extracted-pole technology are proposed. Three six-pole filters of this type have 

been analysed and fabricated. Due to the asymmetric tuning method, the number of tuning 

components and dc bias schemes are increased, which is a kind of tradeoff with 

performance.  

 For all the presented filters, theoretical analyses, implementations and 

measurements have been given. All of the results achieved in this thesis make the 

proposed filters attractive for their applications in modern wireless communication 

systems. 
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CHAPTE 1 

Introduction 

 

1.1 Motivation 

Microwave filters play very important roles in many RF/microwave applications, 

which are used to select or confine the RF/microwave signals within assigned spectral 

limits. Emerging applications, such as wireless communications, challenge the design of 

microwave filters with more functionalities and higher performance such as 

reconfigurable or tunable, compact size, light weight and lower cost. In general, most of 

researches on microwave filters can be classified into one of the following of three groups: 

1) structures and materials related to filter design; 2) performance of transmission and 

rejection related to filter synthesis; 3) issues of size and cost related to manufacture and 

fabrication.  

Highly integration microwave circuit with a compact size and light weight is a major 

trend and big challenge for modern wireless communication systems. Due to the 

increasing demand for such miniature and high performance wideband filters operated at 

low frequencies band, e.g., 0.5-2.0 GHz, for some emerging applications, such as 

wideband radar. However, conventional planar filters usually have large sizes and are 

expensive because of the large wavelengths at these frequencies. Many different 

miniaturized structure filters have been presented, among which include the conventional 

uses of compact hairpin resonator filters, lumped element filters, miniature fractal filters, 

miniaturized dual-mode resonator filters, slow-wave distributed resonator filters and 

multilayer filters. A new microstrip bandpass filter using slow-wave open-loop resonator 

will be discussed in detail in the thesis.  

Conventional microwave lossless synthesis[1]- [4] has been focused for years since 

it is the fundamental theory to design filters, which can be regarded as “matured” to some 

extent with any filter transfer function being synthesized to the desired filter topology 

using exact synthesis procedures. However, these microwave lossless synthesis filters are 
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designed in the limitation of microwave filter itself without considering from the 

perspective of the whole system, which can reduce the system compatibility and 

unnecessary loss. Accepting some additional insertion loss and knowing the fact that the 

loss can be compensated for by the already-existing microwave amplifiers in the system, 

the sharp response of the filter transmission can be restored. In the thesis, a new type of 

microstrip extracted-pole lossy filter is presented. This type of proposed filter has both 

high selectivity and flat passband not only in narrowband but also in wideband. 

The microstrip tunable bandpass filter has been widely used in modern wireless 

communication systems. Recently many research works focus on controlling the 

bandwidth, which is because that the centre frequency is easily to be reconfigured by 

varying the resonators’ electrical length by using the commercial  tuning components, 

while the bandwidth tuning depends on both the external quality factor 𝑄𝑒 and coupling 

coefficients. Moreover, the conventional tunable bandpass filters focus on low-loss 

insertion loss in the passband, while it is still rare to combine the lossy synthesis in tunable 

bandpass filter. In the dissertation, tunable bandpass filters have been combined with 

lossy synthesis to control the centre frequency and bandwidth characteristics. Several 

types of these filters have been further analysed and fabricated based on symmetric or 

asymmetric tuning design.  

1.2 Objectives 

This dissertation focuses on two main types of filter designs: 

1. To realize miniaturized microstrip filter based on multilayer LCP technology. The 

topic is to concentrate on the stopband rejection performance to suppress the harmonic 

by using the advantage of broadside couplings of multilayer LCP technology rather than 

focus on the passband performance. 

2. To combine microstrip tunable bandpass filter with lossy technology to achieve 

multi-functions. The goal that needs to be achieved is to control the bandwidth from 

narrow band to wide band at fixed centre frequency with a flat passband insertion loss 

and high selectivity at both sides of passband edges in the entire tuning range. 
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1.3 Organization of Thesis 

Following the motivation and the discussion of objectives, the organization of the 

thesis is given as below: 

Chapter 2 focuses on the miniaturized microstrip filter and the topic is to concentrate 

on the stopband rejection performance to suppress the harmonic standing wave by using 

the advantage of broadside couplings of multilayer LCP technology rather than focus on 

the passband performance. A novel microwave bandpass filter using microstrip slow-

wave open-loop resonators and multilayer LCP technology is presented. 

In Chapter 3, the design of microstrip lossy filters combining lossy synthesis and 

extracted-pole technique is proposed. This type of proposed filter has both high selectivity 

and flat passband not only in narrowband but also in wideband. This type of filter is 

extended to tunable filter in Chapter 6. 

In Chapter 4, a literature review of tunable/reconfigurable filter is introduced. This 

is the preparation for the following tunable filter chapters. 

Chapter 5 focuses on symmetric varactor-tuned microstrip bandpass lossy filter. 

Three types of tunable bandpass lossy filter with resistor loadings are presented and 

fabricated. The theoretical, full-wave electromagnetic (EM) simulated and measured 

performances are present.  

In Chapter 6, asymmetric high order tunable bandpass lossy filters are proposed. 

This type of filter can control the bandwidth at fixed centre frequency with flat passband 

and high selectivity. Through the analysis of the equivalent circuit model and EM 

simulation model, this type of filter has been investigated step by step. 

Finally, a brief summary of the contributions of the presented works and suggestions 

for future research work are concluded in Chapter 7. 
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CHAPTER 2 

Multilayer Slow-wave Open-loop Resonator Filter 

 

2.1 Overview of Miniaturization Techniques 

During the past ten years, with the development of novel multilayer packaging 

material, miniaturized compact filters have been developed. Many different diversity of 

miniaturized structure filters have been presented, such as compact hairpin resonator 

filters, lumped element filters, miniature fractal filters, miniaturized dual-mode resonator 

filters, multilayer filters and slow-wave distributed resonator filters.  

Lumped element filters have been widely applied at lower frequencies, because of 

its broad spurious frequency bands and small physical size [1]-[5]. Basically, the 

equivalent circuit model are constructed by capacitors and inductors, which can be 

designed in different layouts depended on the different required specifications. However, 

it is critical to use accurate values of these inductors and capacitors to design and model 

the lumped element filters. Also, the extremely small physical size of lumped element 

filters may also lead to low power handing capacity and high insertion loss in the passband, 

especially at higher frequencies. 

From resonator structure perspective, some modified topology structures have been 

presented in order to make a compromise between physical size and response 

performance. Four different physical structures of microstrip line hairpin resonators have 

been demonstrated in Figure 2.1. The conventional hairpin resonator shown in Figure 

2.1(a) [6], can be miniaturized by adding a lumped element capacitor between both ends 

of the resonator displayed in Figure 5.2(b) [6], or folding a pair of coupled lines inside 

the resonator given in Figure 2.1(c) [6], or reshaping into stepped impedance resonator 

(SIR) with extra advantage of harmonic suppression shown in Figure 2.1(d) [7].  
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Figure 2.1: Variation structures to miniaturize hairpin resonator.                  

(a) Conventional hairpin resonator. (b) Miniaturized hairpin resonator with loaded 

lumped capacitor. (c) Miniaturized hairpin resonator with folded coupled lines.                     

(d) Miniaturized stepped-impedance hairpin resonator. 

For SIR configurations, Figure 2.2 also shows different variation structures. The 

basic SIR presented in Figure 2.2(a) [7], can be reconfigured as stepped impedance 

hairpin resonator given in Figure 2.2(b) [7], or miniaturized hairpin resonator with a pair 

of coupled lines folded inside the resonator shown in Figure 2.3(c) [7]. 

 

Figure 2.2: Variation SIR configurations. (a) Basic SIR. (b) Stepped impedance hairpin 

resonator. (c) Miniaturized hairpin SIR. 

(a)    

(b)        (c)         

(a) 

(b) (c) (d) 
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Figure 2.3: Variation dual-mode configurations. (a) Meander loop. (b) Inductively 

loaded cross-slotted patch. (c) Capacitive stepped-impedance resonator. 

Dual-mode resonators, which are featured that each dual-mode resonator can be used 

as a doubly tuned resonant circuit to reduce the required number of resonator degree to 

half, have also been widely applied for compact filter configuration. For example, the 

different reconfigurations of dual-mode resonator are illustrated in Figure 2.3, including 

meander loop resonator [8], inductively loaded cross-slotted patch resonator [9] and 

capacitive stepped-impedance resonator [10]. 

 

Figure 2.4: Koch curve shaped microstrip coupled line. (a) Koch0: Zeroth iteration. (b) 

Koch1: First iteration order. (c) Koch2: Second iteration order. 

The approach discussed above focus on the symmetrical structure, however, there 

are always complex situations in filter miniaturization. Another approach in the open 

literature is to use fractal geometries such as Hilbert curve, Koch curve (exampled in 

Figure 2.4), Sierpinski gasket to develop compact structures [11]-[12]. Generally, a fractal 

shape can be filled in a limited area as the order increases and occupies the same area 
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regardless of the order to reduce the physical dimensions. Fractal filters are basically 

characterized by two factors: the iteration order and the iteration factor. The iteration 

order represents how many iteration process are applied and the iteration factor is the 

construction law of fractal geometry generation [12]. Actually, such space-filling method 

is not only used to miniature the physical dimension, but also used to control the higher 

harmonics, since it has a larger effect on the harmonic mode with a shorter electrical 

length than that of fundamental mode.  

What’s more, slow-wave resonator, which is normally realized by alternatively 

loaded inductors and capacitors on a regular transmission line, is also a popular approach 

to miniature the filter size [13]-[16]. Generally, the transmission propagation variable 

𝛽 = 𝜔√𝐿𝐶 increases by using capacitive or inductive loadings. However, the required 

physical length of the line for a given electrical length is smaller that lead to physical 

miniaturization. Such slow-wave filters also have good stopbands, which is due to the 

effect of slow-wave to control the spurious response. 

 From fabrication perspective, recently, multilayer filters have been widely applied 

to achieve the challenges of physical size, response performance and cost requirement. 

Multilayer technology have three dimensions in free space, which can increase the 

flexibility in filter design and integration with other microwave components and circuits. 

As illustrated in [7], [17]-[19], various coupled-line resonators and circuit components 

located at different layers without any direct ground plane insertion between the adjacent 

layers have been involved in the filter design. In contrast, another type of multilayer filters 

employed aperture couplings on the common ground between adjacent layers. Defect 

ground structures formed by pattern ground patch also allows additional filter functions 

[20]-[22]. In recent advanced packaging materials, the low temperature co-fired ceramic 

(LTCC) and liquid crystal polymer (LCP) are popular applied in the fabrication of 

multilayer filters. In the following section, these two multilayer technologies will be 

briefly introduced.                                                                                            
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2.2 Multilayer Technologies 

As two very mature and popular technologies in the circuit fabrication, LTCC and 

LCP have attracted a lot of attention in microwave filter design. These technologies allow 

the innovation of 3D, monolithic and effective cost microwave circuits/systems package. 

2.2.1 LTCC Technology 

Low-temperature co-fired ceramic (LTCC) can be defined as a multilayer circuit 

fabricated by laminating single green sheets (term for unfired tapes; Green TapeTM, 

Dupont) with printed conductor lines etc. on the surface on top of each other and firing 

them all together in one step, as illustrated in Figure 2.5 [23]. This procedure is similar to 

that of high temperature co-fired ceramics (HTCC), but it is possible to use low resistivity 

conductors like copper, silver, gold and alloys with palladium and platinum instead of 

molybdenum and tungsten, which is because that the firing temperature operated in LTCC 

is around 850°C (mostly 850 to 875°C, what makes it possible to use silver for conductor 

lines etc.) that is lower than that of HTCC in excess of 1000°C. 

The multilayer characteristic of LTCC technology supports good 3D design 

flexibility. Therefore, many miniaturized LTCC filters, which can’t be realized in 

traditional fabrication technology, have been presented in [24]-[28]. For example, a 

lumped element two poles bandpass filter for Bluetooth application has been proposed in 

[27], which overlaps two inductor strips in the 3D-direction to achieve a mutual inductive 

coupling that obtains a finite transmission zero to improve the selectivity at the image 

frequency. In [28], strong capacitive couplings between the strips at different layers are 

easily realized to achieve wide bandwidth up to 60% with much more compact size. 

Another miniature LTCC bandpass filter for 2.4 GHz wireless low noise amplifier (LAN) 

applications is also described in [29]. This is a second order filter based on two capacitor-

loaded transmission line resonators and three capacitive inverters depicted in Figure 2.6. 

However, LTCC also has some disadvantages. Firstly, unpackaged chips with active 

devices can’t survive the lamination temperature of LTCC occurred at  850°C  [23], 

resulting that they have to be packaged separately with increasing fabrication cost. 
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Secondly, LTCC is not suitable for antenna applications. In terms of antenna radiation 

efficiency, the material with a dielectric constant close to the free space is desired, while 

LTCC has a high relative dielectric constant (around 5.4-9.1). Besides, the cost of LTCC 

is still expensive compared with some conventional laminate materials. Compared to 

LTCC, LCP has much lower processing temperature and much cheaper, which will 

describe in detail in the following section. 

 

Figure 2.5: LTCC manufacturing process [23]. 

 

Figure 2.6: Physical structure of a miniature two-pole LTCC filter [28]. 
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2.2.2 LCP Technology    

Liquid crystal polymer (LCP) is a new and promising organic thermoplastic material. 

The typical characteristics of commercially available LCP is shown in Table 2.1. In the 

table, ULTRALAM 3850 is a core film with 315°C  melting temperature, which is 

mainly used to support metal circuits and has some available thickness (like 25, 50, 100 

𝜇𝑚), whereas ULTRALAM 3908 is a bonding film with 280°C melting temperature, 

which is used as a stack inserted between different core films and has a thickness of 25 

and 50 𝜇𝑚 [30] [31].  

In general, LCP has extremely low moisture-absorption character, which can reduce 

the baking time and maintain stable electrical and mechanical properties in humid 

environment. It exhibits good dimensional stability and is suitable for the mechanical 

fabrication. It has extraordinary barrier properties comparable to that of glass and low 

coefficient of thermal expansion, which are important to packaging applications. What’s 

more, LCP film has excellent electrical characteristics, such as stable low dielectric 

constant and low dissipation factor, which are desired for the microwave application. It 

is shown that, from 30 to 110 GHz, the LCP film has a dielectric constant of 3.16 ± 0.05 

and a low loss tangent from 0.0028 to 0.0045 [32]. These merits make LCP film an ideal 

material for millimetre wave application as well. 

The cost of liquid crystal polymer is comparable to that of conventional print circuit 

board material and is cheaper than LTCC. The active and passive devices can be 

integrated in compact, vertically integrated RF modules by using homogeneous 

multilayer LCP technology at a low temperature about 290°C, which would be more 

challenging for LTCC technology because of its much higher processing temperature 

about 850°C. The unique combination of properties such as lower cost and excellent 

electrical and mechanical characteristics makes LCP technology ideally suitable for 

implementing compact high density system-in-package applications. For example, a 

miniature quasi-lumped-element wideband bandpass filter at 0.5-2 GHz by cascading low 

pass and high pass filter has been presented in [2]. The ultra-wideband (UWB) filters can 

ben also reconstructed by using multilayer LCP technology [33]-[36]. With multilayer 
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capability, not only broadside coupling can easily be realized, but also more functionality 

can be integrated in a compact structure for UWB filter.  

Table 2.1: Typical Characteristics of Liquid Crystal Polymer (LCP) Films [30] [31]. 
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2.3 Slow-wave Resonator  

In order to miniature the physical size of microwave filter, slow-wave resonators are 

usually employed in filter design [37]-[39]. This is because that the size of microwave 

filters is proportional to the guided wavelength, which is proportional to the phase 

velocity. Hence, the size reduction can be achieved by reducing the phase velocity or 

obtaining slow-wave propagation. On the other hand, it is also very important to reduce 

interference by keeping out-of-band signals from reaching a sensitive receiver. In general, 

planar bandpass filters that are comprised of half-wavelength resonators inherently have 

a spurious passband at 2𝑓0. The spurious passband can be suppressed by cascading a 

lowpass filter or bandstop filter in the cost of larger circuit size and extra insertion loss. 

The quarter-wavelength resonator filters have the first spurious passband at 3𝑓0, but they 

require short-circuit connection to ground, which may be no desired in planar filter 

fabrication techniques. Lumped-element filters ideally do not have any spurious response, 

but suffer from poorer power handling and higher loss. The slow-wave resonator filter is 

able to control spurious response with a compact filter size.  

In theory, the slow-wave resonator can be considered as a capacitively loaded 

transmission line resonator, shown in Figure 2.7, where 𝐶𝐿, 𝑍𝛼, 𝛽𝛼 and 𝑑 are the loaded 

capacitance, the characteristic impedance, the propagation constant and the length of the 

unloaded line respectively. The electromagnetic wave energy can be stored in the 

capacitors resulting in a slow-wave effect by employing the loading capacitor. The 

following section will analyse this type of slow-wave resonator in detail [31].  

 

Figure 2.7: Capacitively loaded transmission line resonator. 
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The circuit response of Figure 2.7 can be determined by using ABCD parameters 

[38] 

[
𝑉1

𝐼1
] = [

𝐴 𝐵
𝐶 𝐷

] ∙ [
𝑉2

−𝐼2
] 

with  

𝐴 = 𝐷 = cos 𝜃𝛼 −
1

2
𝜔𝐶𝐿𝑍𝛼 sin 𝜃𝛼 

𝐵 = 𝑗𝑍𝛼 sin 𝜃𝛼 

𝐶 = 𝑗(𝜔𝐶𝐿 cos 𝜃𝛼 +
1

𝑍𝛼
sin 𝜃𝛼 −

1

4
𝜔2𝐶𝐿

2𝑍𝛼 sin 𝜃𝛼) 

where 𝜃𝛼 = 𝛽𝛼𝑑  is the electrical length and 𝜔 = 2𝜋𝑓  is the angular frequency. By 

applying the boundary conditions 𝐼1 = 𝐼2 = 0, we have  

𝐶

𝐴
=

𝐼1

𝑉1
|𝐼2=0 =

𝐼2

𝑉2
|𝐼1=0 = 0 

Noting that  

𝐴 =
𝐼1

𝑉1
|𝐼2=0 = {

−1   for the fundamental resonance
1       for the first spurious resonance

 

Substituting Eq. (2.6) into Eq. (2.2), we can obtain  

cos 𝜃𝑎0 −
1

2
𝜔0𝐶𝐿𝑍𝛼 sin 𝜃𝑎0 = −1 

cos 𝜃𝑎1 −
1

2
𝜔1𝐶𝐿𝑍𝛼 sin 𝜃𝑎1 = 1 

where the subscripts 0 and 1 indicate the parameters associated with the fundamental and 

the first spurious resonance, respectively. Substituting Eq. (2.7) and (2.8) into Eq. (2.4), 

and letting 𝐶 = 0 based on Eq. (2.5), yields 

𝜃𝑎0 = 2 tan−1(
1

𝜋𝑓0𝑍𝛼𝐶𝐿
) 

𝜃𝑎1 = 2𝜋 − 2 tan−1(𝜋𝑓1𝑍𝛼𝐶𝐿) 

from which the fundamental resonant frequency  𝑓0  and the first spurious resonant 

frequency 𝑓1 can be determined, shown in Figure 2.8 for different loading capacitance.  

(2.1) 

(2.2) 

(2.3) 

(2.4) 

(2.5) 

(2.6) 

(2.7) 

(2.8) 

(2.9) 

(2.10) 
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It can be seen that when the loading capacitance is increased, in addition to the 

decrease of both resonant frequencies, the ration of the first spurious resonant frequency 

to the fundamental one is increased. This is can be explained by calculating the 

propagation constant or phase velocity of the transmission line. Applying Floquet’s 

theorem [40]  

𝑉2 = 𝑒−𝑗𝛽𝑑𝑉1 

−𝐼2 = 𝑒−𝑗𝛽𝑑𝐼1 

to Eq. (2.1) results in 

[𝐴 − 𝑒−𝑗𝛽𝑑 𝐵
𝐶 𝐷 − 𝑒−𝑗𝛽𝑑

] ∙ [
𝑉2

−𝐼2
] = [

0
0

] 

Since 𝐴 = 𝐷 for the symmetry and 𝐴𝐷 − 𝐵𝐶 = 1for the reciprocity, we have  

cos(𝛽𝑑) = cos 𝜃𝛼 −
1

2
𝜔𝐶𝐿𝑍𝛼 sin 𝜃𝛼 

 

Figure 2.8: Fundamental and first spurious resonant frequencies of a capacitively loaded 

transmission line resonator, as well as their ratio against loading capacitance [31]. 

Substituting Eq. (2.9) and (2.10) into Eq. (2.14), it turns out that cos 𝛽0𝑑 = −1 for 

the fundamental resonant frequency and cos 𝛽1𝑑 = 1  for the first spurious resonant 

frequency. As 𝛽0 =
𝜔0

𝑣𝑝0
⁄  and  𝛽1 =

𝜔1
𝑣𝑝1

⁄ , where 𝑣𝑝0  and 𝑣𝑝1  are the phase 

velocities of the loaded line at the fundamental and the first spurious resonant frequencies 

respectively. We can obtain  

(2.11) 

(2.12) 

(2.13) 

(2.14) 

(2.15) 
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𝑓1

𝑓0
= 2

𝑣𝑝1

𝑣𝑝0
 

As can be seen from Eq. (2.15), the dispersion is increased when the ratio of the first 

spurious resonant frequency to the fundamental one is increased by loading larger 

capacitance. 

Based on this type of slow-wave resonator, a novel microwave bandpass filter using 

microstrip slow-wave open-loop resonators and multilayer LCP technology will be 

presented for demonstration in the following section.  

 

2.4 Design of Multilayer Slow-wave Open-loop Resonator Filter 

This part presents a novel microwave bandpass filter using microstrip slow-wave 

open-loop resonators and multilayer LCP technology. The new filter has not only very 

compact size due to the slow-wave effect, but also exhibits a wider upper stopband 

resulting from the dispersion property. A five-pole microstrip filter of this type, i.e., a 

bandpass filter centred at 𝑓𝑐=1.18 GHz with -3dB fractional bandwidth of 17%, has been 

designed and fabricated. No spurious response, which are at least 30-dB rejection, occurs 

for the frequency up to 10GHz. Moreover, the fabricated filter also has the compact size 

of 0.102λ𝑔 × 0.081λ𝑔 (λ𝑔 is the guided wavelength) and the light weight less than one 

gram by using multilayer LCP circuit technology. Good agreement can be observed 

between the simulation and measurement. 

2.4.1 Multilayer Slow-wave Open-loop Resonator 

The 3D structure of the proposed novel multilayer slow-wave open-loop resonator 

is shown in Figure 2.9. It consists of three metal layers supported by dielectric substrates 

with a relative dielectric constant of 3.0 and a total thickness of 0.625mm. The top and 

middle layer layouts are shown in Figure 2.9(b) and (c). The top layer is a typical stepped 

impedance open-loop slow-wave resonator, which is broadside coupled with the two 

patches in the middle layer that compensate the coupling of the top layer resonator itself. 

The effect of broad side coupling can be only realized in EM simulation, not in the theory 
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circuit model.   

The bottom metal layer serves as solid ground. The resonator has a small footprint 

of 5mm by 5mm. The floating metal on the middle layer is essential for achieving two 

desired effects: (i) the slow wave effect to shift the fundamental resonant frequency down 

for the given footprint; (ii) the dispersion effect to shift the spurious resonances away 

from the fundamental one. 

 

  

Figure 2.9: Proposed multilayer slow-wave open-loop resonator. (a) 3D view (b) Top 

layer (c) Middle layer. 

For the fundamental resonant mode, which is an odd mode, the symmetrical plane 

through the open gap of the top layer is an electrical wall that would virtually makes the 

floating metal grounded along the symmetrical plane resulting in a typical capacitive 

loaded lossless transmission line resonator shown in Figure 2.7. Following the theory 

(a) 

(b) (c) 



18 
 

analysis in the above section, we can easily understand the structure of multilayer slow-

wave resonator, though it has multilayer patches, which use broad-side coupling to 

compensate coupling of single layer. 

 

Figure 2.10: Resonant frequency response of proposed multilayer slow-wave resonator. 

 

(a) (b)
 

Figure 2.11: (a) Current distribution of the fundamental resonance and (b) Current 

distribution of the first spurious resonance. 

 



19 
 

The resonant frequency responses of the multilayer slow-wave resonator is shown 

in Figure 2.10. The fundamental resonance is at 1.18GHz; the first spurious resonance is 

at 11.25GHz and the second spurious resonance at 14.95GHz. Note that the free-space 

wavelength at the fundament resonant frequency of 1.18GHz is about 254mm, which is 

much larger that the resonator dimensions and the miniaturization of the proposed 

resonator results from a very low phase velocity or slow-wave associated with the 

fundamental resonant mode. Another distinct feature of this proposed resonator is that its 

first spurious resonant frequency is shifted far away from the fundamental one (𝐶𝐼𝐹); in 

this case, it is about 12 × 𝐶𝐼𝐹, which is very important for realizing ultra-wide stopband 

IF filters. The current distribution of the fundamental and the first spurious resonance are 

shown in Figure 2.11(a) and (b) respectively. 

2.4.2 Design of Five-pole Multilayer Slow-wave Open-loop Resonator Filter 

For demonstration, a five-pole of this type of resonator filter is designed to meet the 

following specifications: 

Centre frequency 1.18GHz 

3-dB bandwidth 180MHz 

Min stopband rejection dc to 1GHz, 45dB 

 1.3-2.37GHz, 45dB 

 2.37-10GHz, 30dB 

 

2.4.2.1 Theory Circuit Model 

The five-pole bandpass filter can be represented by an equivalent circuit shown in 

Figure 2.12(a), where 𝑀12, 𝑀23, … , 𝑀45 are the coupling coefficients among adjacent 

resonators, and 𝑄𝑒 is the external quality factor denoting the input and output coupling. 

The coupling coefficients and external quality factor can be synthesized from a low-pass 

prototype filter shown in Figure 2.12(b), where the rectangular boxes represent frequency 

invariant immittance inverters defined through a transmission matrix of the form [13]  
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(b) 

[
0 𝑗/𝐽
𝑗𝐽 0

] 

in which J is the characteristic admittance of the inverter, and in our case 𝐽 = 1. The 

other elements g1, g2, … , g5 of the prototype filter could be determined by synthesizing 

a standard Chebyshev filter. The external quality factor and coupling coefficients can then 

be found by  

𝑄𝑒 =
𝑔0𝑔1

𝐹𝐵𝑊
 

𝑀12 = 𝑀45 =
𝐹𝐵𝑊

√𝑔1𝑔2

 

𝑀23 = 𝑀34 =
𝐹𝐵𝑊

√𝑔2𝑔3

 

where FBW denotes the fractional bandwidth of bandpass filter.  

 

J=1 J=1 J=1 J=1g0 g1 g2 g3 g4 g5 g6

 

Figure 2.12: (a) An equivalent circuit of the five-pole coupling bandpass filter and (b) 

an associated low-pass prototype filter. 

The calculated design parameters of the five-pole bandpass filter are listed below 

𝑄𝑒 = 3.1593 

𝑀12 = 𝑀45 = 0.2407 

𝑀23 = 𝑀34 = 0.1669 

(2.16) 

(2.18) 

(a) 

(2.17) 
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Figure 2.13: The equivalent circuit model of the proposed filter. 

According the above discussion, the equivalent circuit model can be built by using 

Microwave office (AWR) [41], shown in Figure 2.13, where J invert is used to represent 

the couplings, in which Je represent the external coupling Qe and J12, J23 represent the 

coupling coefficients 𝑀12, 𝑀23, … , 𝑀45.  The parameters value of this circuit model is 

given in Table 2.2 with slightly optimization [31]. Note that this circuit model is a 

simplified one, which doesn’t include the broadside couplings. Therefore, it can be seen 

that the response performance only gives a required 16% FBW centred at 1.2GHz without 

any transmission zeros to improve the selectivity, as illustrated in Figure 2.14.  

 

Figure 2.14: The response performance of the proposed filter. 
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Figure 2.15: The improved equivalent circuit model of the proposed filter. 

Table 2.2: Parameters value of the equivalent circuit model. 

Je 0.052 S Lp1 0.2 nH Cp1 88.17 pF 

J12 0.089 S Lp2 0.2 nH Cp2 88.17 pF 

J23 0.054 S Lp3 0.16 nH Cp3 107 pF 

 

Figure 2.16: The response performance of the improved circuit model. 

In order to match the close performance to the actual EM simulations, the equivalent 

circuit model needs to be improved to be given in Figure 2.15. Two shunt resonators at 

the source/load are used to replace the series resonators to introduce two transmission 

zeros to enhance the selectivity, which also contribute the passband as well. The response 

performance of the improved circuit model is shown in Figure 2.16, in which there are 
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five poles in the return loss. The parameters value of the improved circuit model are listed 

in Table 2.3.  

Table 2.3: Parameters value of the improved circuit model. 

Phase 36.5° Lp3 0.2 nH Ls2 22 nH 

J12 0.055 S Cp1 88 pF Cs1 0.79 pF 

J23 0.055 S Cp2 84 pF Cs2 1.0 pF 

Lp1 0.2 nH Cp3 91 pF   

Lp2 0.2 nH Ls1 17.2 nH   

 

 

2.4.2.2 Filter Implementation 

Having characterized the couplings we design the filter with the aid of EM simulator 

[41]. The method of converting equivalent circuit model to EM simulation can be found 

in [31]. 

The general formulation for extracting coupling coefficient k is applicable for 

synchronously tuned coupled resonators, which can be degenerated to [31]  

k = ±
𝑓𝑚

2 − 𝑓𝑒
2

𝑓𝑚
2 + 𝑓𝑒

2 

where 𝑓𝑒  and 𝑓𝑚  corresponds to the resonant frequency of electric coupling and 

magnetic coupling respectively.  

To demonstrate the application in EM simulation, some instructive numerical 

examples are included in this section. Two ports are very weakly coupled to the coupled 

resonator structure and the typical types of coupled microstrip resonator are employed, 

shown in Figure 2.17. Each of the open-loop resonators is essentially a folded half-

wavelength resonator. These coupled structures result from different orientations of a pair 

of open-loop resonators, which are separated by a spacing s. It is obvious that any 

coupling in those 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 [31]. 

 

(2.19) 
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. 

 

 

 

Figure 2.17: Typical coupling structures of coupled resonators with (a) electric coupling 

(b) magnetic coupling, and (c-d) mixed coupling. 

 

(a) 

(b) 

(c) 

(d) 
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The electric coupling can be obtained if the open sides of two coupled resonators are 

proximately placed, as shown in Figure 2.17(a). The magnetic coupling can be obtained 

if the sides with the maximum magnetic field of two coupled resonators are proximately 

placed, as seen in Figure 2.17 (b). For the coupling structures in Figure 2.17 (c) and (d), 

the electric and magnetic fringe fields at the coupled sides may have comparative 

distributions, so that both electric and magnetic couplings occur. In this case, the coupling 

may be referred to as a mixed coupling.  

The microstrip open-loop resonators have dimensions of a=7.0 mm and w=1.0 mm 

on a substrate with a relative dielectric constant of 10.8 and thickness of 1.27mm. It is 

also assumed that g1=g2 for the synchronous tuning and d=0 for a zero offset. Figure 2.18 

shows typical simulated resonant frequency response of the coupled resonator structures 

in Figure 2.17 (a) and (b), respectively, with s=2.0 mm, where 𝑆21 is the S parameter. 

Figure 2.18 (a) shows the responses for electric coupling, while Figure 2.18 (b) gives the 

performance for magnetic coupling. From Figure 2.18 (a), we can find 𝑓𝑒 = 2513 MHz 

and 𝑓𝑚 = 2540 MHz. The coupling coefficient can be extracted by using Eq. (2.19) and 

is k=0.01084. From Figure 2.18 (b), it can be found that 𝑓𝑒 = 2484 MHz and 𝑓𝑚 =

2567 MHz, so the k=0.03313. Hence, with the same coupling space s, the magnetic 

coupling is stronger than the electric coupling. For the mixed coupling structures shown 

in Figure 2.17 (c) and (d), coupling coefficients are extracted from the simulated 

frequency responses, similar to the above, and the results are shown in Figure 2.19. 

 

Figure 2.18: Typical resonant response of coupled resonator structure. (a) For the 

structure in Figure 2.17(a). (b) For the structure in Figure 2.17(b) [31]. 
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Figure 2.19: (a) Coupling coefficients for the structure in Figure 2.17(c). (b) Coupling 

coefficients for the structure in Figure 2.17(d) [31]. 

 By following the above procedure, the coupling coefficients between the 

source/load and resonator (external coupling), resonator and resonator (coupling matrix) 

can be achieved. The layout of the proposed filter is shown in Figure 2.20. Note that the 

structure of resonators at two sides are reshaped for better matching with the feeding line. 

The top layer of Figure 2.20(a) consists of five reshaped slow-wave open loop resonator, 

while the middle layer has several patches to compensate the couplings by using the 

broadside couple, which can’t be demonstrated by using the theory circuit model. That is 

the reason why the improved circuit model is used, not the simple equivalent circuit model. 

The dimensions of the proposed filter is also given in detail by using the unit mm in the 

layout. The ground layer is the real ground which is not shown. Figure 2.21 shows the 

current distribution of the fundamental resonance at 1.2GHz and the simulation responses 

performance compared with the improved circuit model are given in Figure 2.22. There 

are slight frequency shifts (40 MHz) in the EM simulation  
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Figure 2.20: The layout of the proposed filter. (a) The top layer. (b) The middle layer. 

 

(a) 

(b) 

Unit: mm 

Unit: mm 
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Figure 2.21: Current distribution of the fundamental resonance at 1.2 GHz. 

 

Figure 2.22: The response of EM simulation of five-pole slow-wave open-loop 

resonator filter. 
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The filter is fabricated by using multilayer LCP technology. Figure 2.23 shows the 

fabrication structure of the proposed filter in multilayers. There are nine layers used, in 

which the first core film layer is etched at two sides with the top layer circuit and the 

middle layer circuit. The last core film layer is etched at one side to remove all the copper 

and left the other layer to be the ground.  

 

Figure 2.23: Multilayer structures of the proposed filter. 

 

Figure 2.24: A photograph of the fabricated five-pole slow-wave open-loop resonator 

filter using multilayer LCP technology. 

The photo of the fabricated filter is shown in Figure 2.24. The size of circuit area of 

this filter is about 15mm by 12mm (  0.102λ𝑔 × 0.081λ𝑔 ), where λ𝑔  is the guided 

wavelength of a 50-Ω line on the substrate at the midband frequency. The weight of the 

filter is less than 1 gram due to the LCP fabricate technologies and the thickness is only 

0.625mm, which is very compact size.   
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Figure 2.25: Comparison results between EM simulation and Measurement. (a) 

Narrowband. (b)Wideband. 

The simulated and measured results are shown in Figure 2.25. The measured results 

have a good agreement with the simulation results. The fabricated filter is centred at 

1.18GHz with 3-dB bandwidth of 16%. It has a 30dB rejection upper stopband from 2𝑓0 

to 10GHz. A performance comparison of the fabricated filter with some reported works 

is given in Table 2.4. 

 

(b) 

(a) 
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Table 2.4: Comparison with other publication works. 

 Techniques 𝑓0 

(𝐺𝐻𝑧) 

Stopband width 

@rejection 

(dB) 

Selective Size 

(𝑚𝑚2) 

[43] Wiggly-line 2.5 5.6× 𝑓0@30dB 

 

Good ~50 × 20 

[44] Periodic floating 

metal between 

coupled lines 

2 2.8× 𝑓0@40dB 

 

Poor(3-pole 

Chebyshev) 

~50 × 10 

[45] High/low (radial) 

impedance 

(LPF+HPF) 

0.9 14× 𝑓0@20dB 

 

Poor(Equivalent to 

a 3-pole 

Chebyshev) 

~30 × 18 

This 

work 

Slow-wave open-

loop resonator 

1.18 3× 𝑓0@40dB 

8.5× 𝑓0@30dB 

16.9× 𝑓0@20dB 

Good ~15 × 12 

 

2.5 Summary 

In this chapter, we have proposed a new microstrip bandpass filter using slow-wave 

open-loop resonator. It has been shown that the slow-wave effect makes the filter more 

compact, whereas the dispersion effect results in a wider upper stopband. We have 

designed and fabricated a five-pole bandpass filter of this type. The measured results 

show good agreement with the simulation results, which has verified that this filter has 

not only very compact size, but also a wider upper stopband performance. 
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CHAPTER 3 

Microstrip Extracted-Pole Lossy Filter 

 

3.1 Introduction  

There are increasing demands for advanced RF/microwave filters other than 

conventional lossless synthesis filters in modern wireless communications systems. 

Conventional lossless filter synthesis has been focused for years, which can be regarded 

as “matured” to some extent that any filter transfer function being synthesized to the 

desired filter topology using exact synthesis procedures [1]-[3]. However, the lossless 

synthesis filter is designed in the limitation of microwave filter itself without considering 

from the perspective of the whole system, which can reduce the system compatibility and 

unnecessary loss.  

The rapid development of mobile and wireless communications has stimulated 

increasing requirements for compact and high performance microstrip bandpass filter [4]. 

Normally, for microstrip line filters, the quality factor can achieve no more than 250 (this 

value is got by my own testing) using conventional conductors and dielectric substrates, 

which means that taking the limited resonators quality factor (Q) into consideration in 

filter design is desired. This is because that higher Q often suffers from bigger resonator 

sizes to make the overall size larger, while lower Q usually leads to degraded insertion 

loss performance in the passband and rounding passband edges, especially in narrowband 

filters [5], [6]. Accepting some additional insertion loss and knowing the fact that the loss 

can be compensated for by the already-existing microwave amplifiers in the system [7], 

[8], the sharp response of the filter transmission can be restored. The lossy circuit 

extraction techniques can be used to improve the return loss by using non-uniform 

dissipation and modified topologies with additional loss. 

In this chapter, a new type of microstrip extracted-pole lossy filter is presented [9]. 

The new type of lossy filter is realized by introducing resistive cross couplings into a 

microstrip extracted-pole filter to achieve a flat passband.  The high selectivity is 
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achieved by introducing two transmission zeros using two extracted poles, which can be 

adjusted. It is also found that the additional loss introduced by the resistive cross 

couplings is independent with the selectivity controlled by the two extracted poles, which 

means the selectivity can be adjusted as the fractional bandwidth (FBW) changes without 

affecting the flat passband insertion loss. 

In this chapter, microwave filter design from a system perspective is presented and 

discussed. After that, Microwave lossy technology is discussed in more detail and the 

conventional approaches to realize in microstrip filter are also described following by 

some examples. Moreover, the extracted-pole method is introduced with a design 

example. Two microstrip extracted-pole lossy filters operating at 2 GHz with fractional 

bandwidth (FBW) 6% and 20% are analysed. These two filter performance will be 

compared. Simulation tools [10] [11] have been used for theory circuit model and full-

wave electromagnetic (EM) simulations. These two filters have been fabricated in 

standard printed circuit board (PCB) technology. Experimental results, together with a 

theoretical comparison between different FBWs are also presented. 

 

3.2 Filter Design from System Perspective 

Consider microwave filters being used in the receive side cascaded with the low 

noise amplifier (LNA) for interference filtering and signal channelization. For a 

conventional filter and amplifier cascade structure shown in Figure 3.1(a), a low-loss 

filter (Filter 1) is often placed before the LNA. The absolute insertion loss of the filter 1, 

also known as the preselect filter, can result in more negative effect on the overall noise 

figure of the receiver.  Although higher Q resonators such as cavity or coaxial resonators 

may be used in the preselect filter design to achieve a lower insertion loss and sharper 

band edge roll-off, mass and volume are also very critical considerations from a physical 

perspective. The absolute insertion loss in the passband is often a secondary parameter 

that can be traded for size reduction.  Alternatively, to reduce the insertion loss of the 

preselect filter, the other requirements of the first filter can be relaxed by moving, for 

instance, some selectivity and out-of-band rejection requirements to the second filter 
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(Filter 2). In this case, the absolute insertion loss value of the filter 2 is no longer critical 

since the LNA can easily make up the loss of the filter by setting the gain to a higher 

value, while the most critical electrical parameters are in band performance such as the 

insertion loss variation and the sharper band edge rolloff. Another approach has emerged 

to split the amplifier into two stages with a filter in between as shown in Figure 3.1(b), 

which makes it also possible to enhance the performance or at least maintain similar 

performance by using lower Q resonators for the filter design.  

 

Figure 3.1: Distributed filter with (a) two filter and (b) two LNAs. 

The most promising approaches are adaptive pre-distortion and lossy circuit 

techniques by trading the absolute insertion loss to improve the passband performance. 

Before further discussion of these two technologies, the effect of loss on filter 

performance is described below.  

Losses can shift the poles and zeros of the transfer function to the left on the complex 

plane [5] [6]. The effects become more significant at frequencies where the group delay 

is large, which can be seen as a rounding passband edges and a decrease in maximum 

stopband attenuation. As group delay is inversely proportional to the bandwidth, these 

effects become more obvious in narrowband filters. 

The adaptive pre-distortion technique [13]-[16] assumes no change to the filter 

topology resulted in degraded return loss performance. With this technique, the poles of 

the transfer function are shifted to the right of the complex plane. A lossless filter is then 
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synthesized. The addition of uniform dissipation loss results in 𝑆12  of the network 

having an ideal response other than for increased absolute insertion loss. This technique 

is useful for applications where the increased passband insertion loss can tolerated. The 

disadvantage of pre-distortion is that the selectivity increase is realized by reflecting 

power in the passband, which results in decreased in-band return loss. As a result to 

compensate for the return loss performance, in practice, pre-distorted filters are usually 

connected with nonreciprocal devices such as isolators and circulators. It should be noted 

that since the dissipation loss of a network with uniform dissipation (i.e., constant 

resonator Q) is proportional to its group delay, then the only way to compensate for losses 

in such a network is to differentially reflect energy at certain frequencies.  

An alternative approach to improve the response is using lossy circuit techniques 

[5]-[8]. These methods use non-uniform dissipation and modified topologies with 

additional loss to improve return loss. The main aim of lossy technology is to accept 

additional insertion loss and/or return loss without changing the passband shape of the 

filter function knowing that the added loss level can be adjusted using amplifiers in the 

communication system without affecting the system performance. Compared with pre-

distortion, this lossy synthesis is based on the absorption rather than the reflection of 

power, which can improve return loss. The principle of microwave lossy synthesis 

consists of adding and distributing losses into the coupled resonators network based on a 

lossless-like transfer function. There are two normal ways to realizing microwave lossy 

filter: one is using resistive cross couplings (RCCs) to introduce losses in inline network 

and the other is using non-uniform Q resonators in transversal network. These two 

methods can be also mixed in some complex designs. 

In the following section, the microwave lossy technology will be discussed in detail 

presenting physical insights for lossy filter design to create filters with finite Q resonators 

and resistive cross couplings.  
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3.3 Microwave Lossy Technology 

3.3.1 Lossy Transfer Function 

Design methods are needed to help design filters that meet the increasingly stringent 

demands of modern communication systems. In order to realize optimum performance, 

resonator losses can’t be ignored. Unfortunately, most conventional design techniques do 

not take losses into account.  

 

Figure 3.2: Generalized steps for direct synthesis of lossy filters. 

The lossy synthesis of microwave filters has recently attracted a lot of attention with 

promising experimental results. The method starts with a given transfer function. 

Dissipations included in filter networks introduce rounding at band edge and thus 

deteriorate the filter’s performance. The synthesis of lossy filters is composed of different 

steps starting from the design requirements to a possible circuit design. Figure 3.2 shows 

a stepwise approach for a generalized synthesis technique. Based on these steps, two types 

of synthesis are necessary: polynomial synthesis (Step 1) and circuit synthesis (Step 3). 

The circuit model is a coupling matrix with complex entries (Step 2). The focus of the 

theoretical synthesis here is on the circuit synthesis rather than polynomial synthesis. 
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The theoretical progress for the direct synthesis of lossy polynomials in the literature 

[7] have been so far limited to multiplying both reflection and transmission polynomials 

of a lossless function by a constant attenuation factor of 𝐾 < 1 as 

𝑆11_𝑙𝑜𝑠𝑠𝑦 = 𝐾𝑆11_𝑙𝑜𝑠𝑠𝑙𝑒𝑠𝑠 

𝑆21_𝑙𝑜𝑠𝑠𝑦 = 𝐾𝑆21_𝑙𝑜𝑠𝑠𝑙𝑒𝑠𝑠 

This is the simplest lossy scattering polynomial resulting in same-order admittance 

polynomials and thus is most commonly used. From the network perspective, this special 

case is equivalent to placing two identical matched attenuators at input and output ports 

of a lossless filter with attenuation factors of √𝐾, as in Figure 3.3. 

The two identical matched attenuators can then be made using different kinds of 

resistive networks. By doing some network transformations, the resistive sections can be 

placed as two shunt resistors at source/load as well as the first/last resonator of the lossless 

filter. This method is also suitable for an initial lossy coupling matrix synthesis for cases, 

where both reflection and transmission coefficients are multiplied by 𝐾. 

 

Figure 3.3: Equivalent lossy filter network with same attenuation. 

This case, however, is not the most general form of lossy polynomials. The shape of 

these functions may be different from standard filtering functions but still satisfy the 

design specifications. In some other practical cases, different loss levels for reflection and 

transmission functions may be required if a lossy filter is to be realized, such as the 

channel-dropping input multiplexers (IMUX), where a 0-dB out-of-band reflection is 

crucial. These types of lossy circuits can’t be universally synthesized using the attenuator 

configuration in Figure 3.3.  

This new class of microwave filters has been proposed in [17]-[29], and can be 

realized and divided into two families. Additional losses are introduced either in 

(3.1) 
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individual resonators, forming a network with non-uniform Q resonators [17]-[19], or 

distributed through resistive cross couplings (RCCs) [6], [19], [20]. In the following 

section, the two approaches are described with theory design examples.  

3.3.2 Resistive Cross Coupling in Inline Network 

S 1

2 3 L  
(a) 

 

(b) 

Figure 3.4: Three-pole lossy filter (a) coupling diagram and (b) equivalent circuit 

model. 

The introduction of RCCs in the network allows adjusting the flatness in the 

passband. For example, a three pole lossy filter with RCC centred at 1 GHz with a 

fractional bandwidth (FBW) of 10% is demonstrated. The coupling diagram is given in 

Figure 3.4 (a). Node 1, 2, 3 are resonators in the inline network with a RCC between node 

1 and 3. The equivalent circuit model is shown in Figure 3.4(b) with all units for each 

parameters. The couplings between resonators (coupling coefficient), represented by 𝐽𝐶 , 

and couplings between the resonators and feed lines (the external Q factor), represented 

by 𝐽𝐸 , need to be extracted to achieve a desired response. Based on the method described 

in [4], the initial circuit elements values can be calculated shown in Table I.  
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The comparison of response with/without RCC is presented in Figure 3.5. It can be 

seen that the introduction of RCC makes the passband insertion loss flat and the FBW is 

a little bit smaller due to the increase of the absolute insertion loss and the change of the 

coupling coefficient affected by the RCC. At the meantime, because of the loss of RCC 

is more sensitive than the coupling coefficient, there are only two poles shown in the 

return loss while there are three poles observable without RCC.  

Table 3.1: Elements value for lossy synthesis 

JE 0.0342 S Cp2 55.96 pF R1 100 Ω 

JC 0.0334 S Lp1 0.2199 nH R2 100 Ω 

Cp1 115.2 pF Lp2 0.4527 nH Rlossy 100 Ω 

 

(a) 

 

(b) 

Figure 3.5: (a) Lossy synthesis performance with/without RCC and (b) zoom in 

passband.  
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The comparison of response with/without RCC is presented in Figure 3.5. It can 

been seen that the introduction of RCC makes the passband insertion loss flat and the 

FBW is a little bit smaller due to the increase of the absolute insertion loss and the change 

of the coupling coefficient affected by the RCC. At the meantime, because of the loss of 

RCC is more sensitive than the coupling coefficient, there are only two poles shown in 

the return loss while there are three poles observable without RCC.  

Another clear way to verify that the RCC can adjust the flatness in the passband is 

displayed in Figure 3.6, which demonstrates how the different resistor values of RCC can 

change insertion loss performance. There are also some mismatching. As we can see, the 

passband performance has a quite different change as the resistor value changes, and 

attains a good flatness when resistor value is 100 Ω. When the resistor value is 500 Ω, the 

insertion loss in the passband is upper round, which means the loss introduced by the 

RCC to the mid-band is not sufficient to flat the passband. On the other hand, when the 

resistor value is 50 Ω, the insertion loss in the passband is lower round, indicating too 

much loss being introduced to the mid-band by the RCC. The group delay performance 

against different values of RCC is illustrated in Figure 3.7. It is clear to see that the larger 

the resistive loss introduced by the RCC, the larger the group delay across the passband.  

 

Figure 3.6: Lossy synthesis performance with different values of RCC. 
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Figure 3.7: Group delay performance against different value of RCC. 

3.3.3 Non-Uniform Q Resonators for Transversal Network 

In the case of a transversal network, the signal follows multiple paths so that each 

path contributes in the filter response almost independently. Using a transversal pair 

network, the path comprising the stronger coupled resonators mainly contributes to 

insertion loss in the passband edges. For these resonators, the higher the Q, the higher the 

selectivity. Moreover, the insertion loss is also maximized in the passband edges; 

consequently these resonators need to be high Q. Other paths, i.e., with weakly coupled 

resonators, contribute to insertion loss in the middle of the passband. As a result, the 

quality factor of such resonators can be degraded for increasing the insertion loss in the 

middle of the passband, reducing by this way the insertion loss variation in the bandpass 

filter response. 

The transversal pair network presented in Figure 3.8 can be synthesized as a lossy 

filter network by optimizing a coupling matrix obtained from a general Chebyshev 

filtering function. There are two transversal paths between the source and the load: one 

has two low Q coupled resonators (path 1) and the other path has two high Q coupled 

resonators (path 2). Therefore, the path 1 contributes the insertion loss in the middle of 

the passband, while path 2 affects the passband edges performance. With the 

compensation of these two paths, the passband insertion loss can be adjusted to be flat.  
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Figure 3.8: Four-pole transversal network with non-uniform Q resonators. 

Initially, a coupling matrix with uniform Q resonators is considered. The synthesis 

consists of optimizing the couplings and the Q of each pair for achieving the desired 

performances. Figure 3.9 shows the equivalent lump circuit model of this topology 

defined with microwave office AWR [10], where 𝐿𝑚, 𝐶𝑚 (m = 1 and 2) are the circuit 

parameters of resonators with 𝑅𝑚  representing the resonator loss. The J-inverter has 

been used to represent the coupling between two uniform Q resonators in each path. The 

synthesis parameters value are given in Table II when the low Q and high Q are 530 and 

590 respectively. 

 

 

Figure 3.9: The equivalent circuit model of four-pole transversal network with non-

uniform Q resonators. 
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Table 3.2: Elements value for four-pole transversal network. 

JE1 0.031 S Lp1 0.3568 nH Lp2 0.3654 nH 

JE2 0.0247 S Cp1 70.98 pF Cp2 69.33 pF 

JP1 -0.035 S Q1 530 Q2 590 

JP2 0.0784 S R1 1188 Ω R2 1354 Ω 

 

 
(a) 

 

（b） 

Figure 3.10: (a) Circuit response of four-pole transversal network with uniform/ non-

uniform Q resonators and (b) zoom in passband. 
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The circuit responses of this four-pole transversal network with uniform/non-

uniform Q resonators are compared in Figure. 3.10. Note that only Q1 and Q2 are changed 

in the circuit model for plotting these responses. It can be seen that the transversal network 

with non-uniform Q has improved performance in terms of flatness while maintaining a 

similar selectivity and return loss level.  

3.4 Extracted-pole Technology  

Extracted pole filters [30]-[32] are well known to generate the transmission zeros 

(Tzs) by dangling resonators rather than cross couplings [33] in a specified topology. 

Benefiting from this feature, filter design with extracted pole techniques can have a very 

flexible layout. It is useful for many applications, especially when a cross-coupled 

topology can’t be realized because of the restricted mechanical configuration. 

Furthermore, every Tz is uniquely linked to the resonant frequency of the dangling 

resonator, so it can be controlled independently. Because of this, a less sensitive network 

can be obtained. 

The basic idea of extracted pole synthesis theory was first developed in [30] and the 

complete description of the synthesis procedure can be found in [31]. Additional 

corrections are proposed in [34] for fully canonical cases. References [35]-[38] developed 

the non-resonating node (NRN) synthesis technique, which is indicated that extracted 

pole and NRN synthesis techniques are mathematically equivalent by [31]. Recently, [39] 

presented an approach to synthesize the cross-coupled network with both resonator nodes 

and NRN nodes. 

The NRN synthesis combines extracted pole and coupling matrix theory. Although 

this technique has been used, there is no explicit design procedure because it is hard to 

find a physical structure to accurately link with the extracted poles in the synthesized 

prototype. 
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3.4.1 Synthesis Procedure 

Different from the coupling matrix prototype, the extracted pole technique introduce 

the pole producing elements to generate the finite transmission zeros rather than using 

cross coupling [4]. There are two types of extraction cycles required in the synthesis 

procedure. The initial cycle involve extracting a conjugate pair of finite j-axis zeros from 

the remaining cross-coupled network in a cascaded manner. This cycle may be repeated 

until either all or desired finite j-axis zeros have been extracted. After this, the second 

type of extraction cycle, which aims to synthesize the remaining network as a cross-

coupled network with complex conjugate symmetry is performed and repeated until the 

network has been completely synthesized. The synthesis procedure will be detail here. 

The equivalent network for extracting the phase shifters is presented in Figure 

3.11(a). The remaining network is denoted by 𝑁′, from which a phase shifter of angle 

– θ has been extracted from the input and a phase shifter of angle of θ has been extracted 

from the output in Figure 3.11(b). When the network 𝑁 is represented by a frequency 

invariant matrix [
𝑎 𝑏
𝑐 𝑑

], the remaining network 𝑁′ has a new normalized ABCD matrix 

of the form  

                       [
𝑎′ 𝑏′

𝑐′ 𝑑′] = [
cos θ 𝑗 sin θ
𝑗 sin θ cos θ

] . [
𝑎 𝑏
𝑐 𝑑

] . [
cos θ −𝑗 sin θ

−𝑗 sin θ cos θ
]

= [
𝑎 cos2 θ + 𝑑 sin2 θ + 𝑗 sin θ ∙ cos θ ∙ (𝑐 − 𝑏) 𝑏 cos2 θ + 𝑐 sin2 θ + 𝑗 sin θ ∙ cos θ ∙ (𝑑 − 𝑎)

𝑐 cos2 θ + 𝑏 sin2 θ + 𝑗 sin θ ∙ cos θ ∙ (𝑎 − 𝑑) 𝑑 cos2 θ + 𝑎 sin2 θ + 𝑗 sin θ ∙ cos θ ∙ (𝑏 − 𝑐)
] 

In order to extract the frequency invariant admittances from the input and output of 

the remaining network 𝑁′ , we need to perform a detail equivalent transformations of 

Figure 3.11 (b), which is shown in Figure 3.12. A shunt admittance of 𝑌1 and 𝑌2 have 

been further extracted from the input and output respectively. Therefore, the normalized 

ABCD matrix of the remaining network denoted by 𝑁′′is 

[𝑎′′ 𝑏′′

𝑐′′ 𝑑′′] = [
1 0

−𝑌1 1
] .  [𝑎′ 𝑏′

𝑐′ 𝑑′] . [
1 0

−𝑌2 1
] = [

𝑎′ − 𝑏′𝑌2 𝑏′

𝑐′ − 𝑎′𝑌1−𝑑′𝑌2 + 𝑏′𝑌1𝑌2 𝑑′ − 𝑏′𝑌1
] 

 

(3.2) 

 

(3.3) 
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(a) 

 
(b) 

Figure 3.11: Equivalent networks to extract the phase shifters. 

 

(a) 

Y1 Y2-θ -θN’’

 

(b) 

Figure 3.12: Equivalent networks to extract the frequency invariant admittances. 

-θ2 θ2-θ1 θ1N’’

 
b1

p − jΩ1
 

 
b1

p + jΩ1
 

Y1 Y2

 

Figure 3.13: Equivalent network of Figure 3.13(b). 
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When the pair of transmission zeros is at 𝑝 = ±𝑗Ω1 for the first cycle extraction, 

they can be extracted by the shunt admittances shown in Figure 3.13. 

𝑌1 =
𝑏1

𝑝 − 𝑗Ω1
 

𝑌2 =
𝑏1

𝑝 + 𝑗Ω1
 

where 𝑏1 is a constant, which will be determined later, 𝑝 is the location of transmission 

zero and Ω1 is the cutoff frequency transferred from the lowpass prototype. In Eq. (3.3), 

because 𝑏′′ is supposed to be analytical at 𝑝 = ±𝑗Ω1, 𝑏′ must possess a solution to be 

0 when 𝑝 = ±𝑗Ω1. Hence, to find a solution θ1 for θ , we have 

𝑏 cos2 θ1 + 𝑐 sin2 θ1 + 𝑗 sin θ1 ∙ cos θ1 ∙ (𝑑 − 𝑎)|𝑝=±𝑗Ω1
= 0  

Dividing by cos2 θ at both sides yields 

𝑏 + 𝑐 tan2 θ1 + 𝑗 tan θ1 ∙ (𝑑 − 𝑎)|𝑝=±𝑗Ω1
= 0 

Since ad = bc for the reciprocity from Eq. (3.6), we can obtain a useful solution  

tan θ1 =
𝑏

𝑗𝑎|𝑝=−𝑗Ω1

 

In this case, 𝑏′ = 0. At the same time, from Eq. (3.3) 

𝑑′′ = 𝑑′ − 𝑏′𝑌1 = 𝑑′ 

Because 𝑑′′ is also supposed to be analytical under this useful solution at 𝑝 = −𝑗Ω1, 

i.e., this solution results in 𝑑′′ having a factor of 𝑝 = +𝑗Ω1. From Eq. (3.3) and Eq. (3.4), 

we can have  

𝑑′′(𝑝2 + 𝛺1
2) = 𝑑′ − 𝑏′

𝑏1

𝑝 − 𝑗Ω1
 

so that lim
𝑝→𝑗Ω1

𝑑′′(𝑝2 + 𝛺1
2) = 0, the constant 𝑏1is actually a residue given by 

𝑏1 = lim
𝑝→𝑗Ω1

(𝑝 − 𝑗Ω1)
𝑑′

𝑏′
 

(3.4) 

 

(3.5) 

 

(3.6) 

 

(3.7) 

 

(3.8) 

 

(3.9) 

 

(3.10) 
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-θ2 θ2J12

N’’’

1 1

jB1

C1

C2

jB2  

Figure 3.14: Detail equivalent network of 𝑁′′ in Figure 3.13. 

A complete cycle of the extraction of a pair of finite j-axis zeros has now been 

completed with a determined ABCD matrix of Eq. (3.3) for the remaining network. This 

basic cycle may now be repeated until either all or the desired pairs of finite j-axis zeros 

have been extracted in this manner. Afterward, the remaining network is to be synthesized 

as a cross-coupled double array with complex conjugate symmetry. Assume that there is 

at least a pair of transmission zeros at 𝑝 = ±𝑗∞, which will be extracted in the second 

kind of extraction cycle, shown in Figure 3.14.  

From Eq. (3.7), the desired phase shifter θ2 is  

tan θ2 =
𝑏

𝑗𝑎|𝑝=−𝑗∞

 

Compared with Figure 3.13(a) and Figure 3.14, we can see that the second kind of 

extraction cycle starts with the extraction of a pair of admittances 

𝑌1 = 𝑝𝐶1 + 𝑗𝐵1 

𝑌2 = 𝑝𝐶1 − 𝑗𝐵1 

where 𝐶1  and 𝐵1  are the capacitance and frequency invariant susceptance of inline 

resonator respectively. Substituting Eq. (3.4) and Eq. (3.10) to Eq. (3.12), we can obtain  

𝐶1 =
𝑎′ + 𝑑′

2𝑏′𝑝 |𝑝=𝑗∞

 

(3.11) 

 

(3.12) 

 

(3.13) 
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𝐵1 =
𝑑′ − 𝑎′

2𝑗𝑏′
|𝑝=𝑗∞

 

The immittance inverter of characteristic admittance 𝐽12  must be extracted in 

parallel with the network, which means the remaining network possesses another pair of 

transmission zeros at infinity. This results in  

𝐽12 =
1

𝑗𝑏′′
|𝑝=𝑗∞

 

The second kind of extraction of extraction cycle is then repeated until the filter 

network is completely synthesized. It should be noted that when mapping the prototype 

to the physical structure, the frequency shift to the resonators can be easily controlled by 

adjusting the resonator’s dimensions, but the junction susceptance can’t be modified 

freely unless a special T junction is used. The synthesis starts from the low-pass quasi-

elliptic transfer function and it can only be performed on a complex conjugate 

symmetrical network which means that it will only work on an even-order transfer 

function with a fourth-order minimum. 

As shown in Figure 3.15, the distribution of the pole elements in a filter topology 

have combination of the following three types: 1) the pole node is located between two 

resonator nodes; 2) two pole elements are arranged next to each other; and 3) the pole 

element is located next to the input/output port. 

 

Figure 3.15: Possible configuration of extracted pole elements. 

(3.14) 
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With these three types of reconfiguration processes, parameters 𝑏1 can be set to the 

predefined values relating to the EM structure during the synthesis procedure. After 

applying the synthesis procedure, the designer only needs to calculate the physical 

dimensions of the remaining elements. 

3.4.2 Design Example  

A five-pole filter centred at 3GHz with 10% FBW, 20 dB return loss and two 

extracted poles, which have a single pair of TZs at  𝑝 = ±j2.0 , is designed as a 

demonstration. The lossless coupling topology is shown in Figure 3.16. Node 1 and 5 are 

two extracted-poles connected to the NRN nodes, while node 2, 3, 4 are resonators in the 

inline network.  

 

Figure 3.16: Lossless coupling topology of five-pole extracted-pole filter. 

 

 

Figure 3.17: The equivalent circuit model of five-pole extracted-pole filter. 

Figure 3.17 shows the equivalent circuit model. Firstly, the lowpass quasi-elliptic 

function prototype is designed to convert to bandpass. Since the five poles are odd 
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numbers, which is not standard even symmetric model, we can easily start to extract from 

four poles symmetric model and extract the last pole of middle-band with optimization, 

because the last pole will only contribute the middle passband performance. The element 

values of the four pole lowpass cross-couple filter, which can be obtain from [4], are 

g1 = 0.95449 J1 = 0.95449 

g2 = 1.38235 J2 = 0.95449 

Having obtained the design parameters of bandpass filter, we may use the general 

formulation for cross-coupled resonator filters to analyse the filter frequency response. 

Alternatively, the frequency response can be calculated by  

𝑆21(Ω) =
𝑌𝑜(Ω) − 𝑌𝑒(Ω)

(1 + 𝑌𝑒(Ω)) ∙ (1 + 𝑌𝑜(Ω))
 

𝑆11(Ω) =
1 − 𝑌𝑜(Ω) ∙ 𝑌𝑒(Ω)

(1 + 𝑌𝑒(Ω)) ∙ (1 + 𝑌𝑜(Ω))
 

Where 𝑌𝑒 and 𝑌𝑜 are the even- and odd- mode input admittance. Therefore, the 𝑌𝑒 and 

𝑌𝑜 can easily be expressed in terms of the elements in a ladder structure such as 

𝑌𝑒(Ω) = 𝑗(Ωg1 − 𝐽1) +
1

𝑗(Ωg2 − 𝐽2)
 

𝑌𝑜(Ω) = 𝑗(Ωg1 + 𝐽1) +
1

𝑗(Ωg2 + 𝐽2)
 

The initial ABCD matrix of the filter can be determined by 

[
𝑎 𝑏
𝑐 𝑑

] =
1

𝑌𝑜 − 𝑌𝑒 
[
𝑌𝑒 + 𝑌𝑜 2
2𝑌𝑒 𝑌𝑜 𝑌𝑒 + 𝑌𝑜 

] 

Using Eq. (3.7) with Ω = 2.0 yields 

𝜃1 = 33.96° 

From Eq. (3.10) with 𝜃 = 𝜃1, the residue 𝑏1 is then found  

𝑏1 = 2.58 

By applying the frequency transformation and equating slope reactances as well as slope 

(3.15) 

(3.16) 

(3.17) 
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susceptances, we can obtain 

Cs1 =
b1

ω0
(

1

FBW
+

Ω

2
)−1             Ls1 =

1

ω0b1
(

1

FBW
−

Ω

2
) 

Cs2 =
b1

ω0
(

1

FBW
−

Ω

2
)−1             Ls2 =

1

ω0b1
(

1

FBW
+

Ω

2
) 

Cp1 =
1

ω0
(

C1

FBW
+

B1

2
)                Lp1 =

1

ω0
(

C1

FBW
−

B1

2
)−1 

Cp2 =
1

ω0
(

C1

FBW
−

B1

2
)               Lp2 =

1

ω0
(

C1

FBW
+

B1

2
)−1 

Cp3 =
1

ω0
(

C2

FBW
+

B2

2
)                Lp3 =

1

ω0
(

C2

FBW
−

B2

2
)−1 

where ω0 is the angular frequency, f0 is the centre frequency and FBW is the fractional 

bandwidth. The symbol b1  is a residue constant of the extracted pole,  B1, B2  

and C1, C2  are the frequency invariant susceptance and capacitance respectively. The 

synthesis parameters value with optimization are given in Table III. The responses of 

lossless synthesizes is presented in Figure 3.18.  It can be seen that the two extracted 

poles introduce two transmission zeros for the selectivity enhancement and contribute the 

passband, which can be clearly seen that five transmission poles from the passband return 

loss response in the lossless synthesis. 

 

Figure 3.18: Responses of lossless synthesis of five-pole extracted-pole filter. 
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Table 3.3: Elements value for five-pole extracted-pole filter. 

𝑧0 50 Ω Cs1 0.253 pF Ls1 9.12 nH 

𝑓 3.0 GHz Cs2 0.3 pF Ls2 11.14 nH 

phase 36.4° Cp1 43.85 pF Lp1 0.067 nH 

J12 0.053 S Cp2 42.27 pF Lp2 0.064 nH 

J23 0.054 S Cp3 46.98 pF Lp3 0.06 nH 

 

3.5 Microstrip Extracted-Pole Lossy Filter 

3.5.1 Design of Five-pole Extracted-pole Lossy Filter  

In the previous section, a lossless synthesis of five-pole extracted pole filter is 

described to design in detail. For this section, we convert it to the lossy synthesis to 

introduce additional loss to make the passband flat with the same selectivity. The easy 

way is to introduce one RCC between resonator 2 and 4, shown in Figure 3.19. Following 

the procedure discussed above, the equivalent circuit model can be set up given in Figure 

3.20 and the element values are displayed in Table IV with the uniform resonators Q =

160. The simulation response and group delay performance are illustrated in Figure 3.21 

and 3.22 respectively, which can be told that the passband is very flat. 

 

 

Figure 3.19: Lossy synthesis topology of five-pole extracted-pole filter. 
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Figure 3.20: Equivalent circuit model of lossy synthesis of five-pole extracted-pole 

filter. 

 

Table 3.4: Elements value for five-pole extracted-pole lossy filter. 

𝑧0 50 Ω Cp1 54.22 pF Lp3 0.054 nH 

𝑓0 3.0 GHz Cp2 52.69 pF Rs1 0.74 Ω 

phase 36.4° Cp3 52.29 pF Rs2 0.9 Ω 

J12 0.0527 S Ls1 9.36 nH Rp1 235 Ω 

J23 0.05412 S Ls2 11.45 nH Rp2 242 Ω 

Cs1 0.246 pF Lp1 0.053 nH Rp3 244 Ω 

Cs2 0.3 pF Lp2 0.052 nH Rlossy 320 Ω 
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Figure 3.21: Response comparison of lossy and lossless synthesis of five-pole extracted-

pole filter. 

 

 

Figure 3.22: Group delay of lossy synthesis of five-pole extracted-pole filter. 

3.5.2 Design of Six-pole Extracted-pole Lossy Filter  

Last section just give a quite simple example to combine the lossy synthesis and 

extracted-pole to have a flatness insertion loss with high selectivity at the same time. In 

this section, two six-pole microstrip extracted-pole lossy bandpass filters, operating at 

2GHz with different FBWs 6% and 20% will be presented [40]. These two filters have 

been demonstrated to analysis from the theoretical circuit model to EM simulations, 
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fabricated and measured. All necessary design equations and information can be used for 

the design of higher-order extracted pole lossy bandpass filter as well. In addition, the 

proposed filters will be compared to other state-of-the-art lossy filters. 

3.5.2.1 Theoretical Circuit Model  

The lossless and lossy coupling topology of proposed filter is shown in Figure 3.23(a) 

and (b) respectively. Node 1 and 6 are two extracted-poles connected to the non-resonated 

nodes (NRNs), while node 2, 3, 4 and 5 are resonators in the inline network. Two RCCs 

are added between node 2 and node4, node 3 and node 5 respectively. The minimum 

required number of resonators for applying two RCCs is four in the inline network. 

1

2

3

4

5

6

S

LNRN

NRN

        

1

2

3

4

5

6

S

LNRN

NRN

 

Figure 3.23: (a) Lossless coupling diagram and (b) Lossy coupling topology. 

For computer-aided modelling and design, an equivalent circuit model of extracted-

pole lossy filter topology used by AWR [10] is given in Figure 3.24(b), where 𝐿𝑠𝑚, 𝐶𝑠𝑚 

and 𝑅𝑠𝑚,  (m=1 and 2) are the circuit parameters of the two extracted-pole resonators 

with 𝑅𝑠𝑚  representing the resonator losses while  𝐿𝑝𝑚 , 𝐶𝑝𝑚  and 𝑅𝑝𝑚   (𝑚 =

1 𝑡𝑜 4)   are the circuit parameters of the four parallel  resonators with 𝑅𝑝𝑚 

representing the resonator losses; J inverters are used to represent the couplings and 

𝑅𝑙𝑜𝑠𝑠𝑦 represents the resistive coupling introduced for the lossy technique.  The coupling 

between the resonator and feed line (the external Q-factor) and the coupling between 

resonators (coupling coefficient) have to be determined to achieve a desired response. 

The initial circuit element values were first calculated based on the method described in 

[4] for the lossless circuit model of Figure 3. 24(a). 

 

(a) (b) 
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(a) 

 
(b) 

Figure 3.24: (a) Lossless circuit model and (b) Circuit model of lossy synthesis. 

By applying the frequency transformation and equating slope reactances as well as slope 

susceptances, we can obtain: 

 

𝐶𝑠1 =
𝑏1

𝜔0
(

1

𝐹𝐵𝑊
+

𝑓0

2
)−1 𝐿𝑠1 =

1

𝜔0𝑏1
(

1

𝐹𝐵𝑊
−

𝑓0

2
) 

𝐶𝑠2 =
𝑏1

𝜔0
(

1

𝐹𝐵𝑊
−

𝑓0

2
)−1 𝐿𝑠2 =

1

𝜔0𝑏1
(

1

𝐹𝐵𝑊
+

𝑓0

2
) 

𝐶𝑝1 =
1

𝜔0
(

𝐶1

𝐹𝐵𝑊
+

𝐵1

2
) 𝐿𝑝1 =

1

𝜔0
(

𝐶1

𝐹𝐵𝑊
−

𝐵1

2
)−1 

𝐶𝑝2 =
1

𝜔0
(

𝐶1

𝐹𝐵𝑊
−

𝐵1

2
) 𝐿𝑝2 =

1

𝜔0
(

𝐶1

𝐹𝐵𝑊
+

𝐵1

2
)−1 

𝐶𝑝3 =
1

𝜔0
(

𝐶2

𝐹𝐵𝑊
+

𝐵2

2
) 𝐿𝑝3 =

1

𝜔0
(

𝐶2

𝐹𝐵𝑊
−

𝐵2

2
)−1 

𝐶𝑝4 =
1

𝜔0
(

𝐶2

𝐹𝐵𝑊
−

𝐵2

2
) 𝐿𝑝4 =

1

𝜔0
(

𝐶2

𝐹𝐵𝑊
+

𝐵2

2
)−1 

where ω0 is the angular frequency, f0 is the centre frequency and FBW is the fractional 

bandwidth. The symbol b1  is a residue constant of the extracted pole,  B1, B2  

(3.19) 



62 
 

and C1, C2  are the frequency invariant susceptance and capacitance respectively. From 

Eq. (3.7) to Eq. (3.13), as an example, given b1 = 2.5489, B1 = 1.476, B2 = 0.21, C1 =

3.838 and 𝐶2 = 4.398, Table V shows the element values of Figure 3.24(a) for a lossless 

extracted-pole filter with a FBW of 6% centred at 𝑓0 = 2𝐺𝐻𝑧.     

To extend to the lossy synthesis, two resistive cross couplings (RCCs) are added as 

shown with 𝑅𝑙𝑜𝑠𝑠𝑦  in Figure 3.24(b). The loss in the resonators themselves is also 

needed to consider, which are related to the Q factor of the resonators themselves given 

in Eq. (3.20) and (3.21), for series and parallel resonators respectively: 

𝑅𝑠𝑚
=

ωsm𝐿𝑠𝑚

𝑄𝑠𝑚

      𝑚 = 1,2          

𝑅𝑝𝑚
=

𝑄𝑝𝑚

ω𝑝𝑚
𝐶𝑝𝑚

      𝑚 = 1,2,3,4    

where ωsm and  ω𝑝𝑚
 are the angular resonant frequencies of the series and parallel 

resonators, respectively. Assuming an equal Q of 163 for the microstrip resonators to be 

used,   the parameters values in Table VI are extracted from this procedure with a slight 

optimization to adjust the better response for the circuit model of Figure 3.24(b) for an 

extracted-pole lossy filter with a FBW of 6% centred at 𝑓0 = 2𝐺𝐻𝑧.   

Table 3.5: Elements Value for Lossless Synthesis. 

z0 50 Ω Cp2 121 pF 

f0 2 GHz Cp3 140.2 pF 

phase 36.4° Cp4 139.8 pF 

J12 0.0533S Ls1 29.66 nH 

J23 0.0527 S Ls2 32.78 nH 

J34 0.0535 S Lp1 0.0523 nH 

Cs1 0.193 pF  Lp2 0.0513 nH 

Cs2 0.213 pF Lp3 0.0453 nH 

Cp1 123.3 pF Lp4 0.0452 nH 

 

 

 

 

 

 

(3.20) 

(3.21) 
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Table 3.6: Elements Value for Lossy Synthesis. 

𝑧0 50 Ω Cp2 129 pF Rs1 3 Ω 

𝑓0 2.0 GHz Cp3 160 pF Rs2 3.3 Ω 

phase 37.2° Cp4 160 pF R1 99.2 Ω 

J12 0.0489 S Ls1 31 nH R2 100.8 Ω 

J23 0.0549 S Ls2 34.3 nH R3 100 Ω 

J34 0.0497 S Lp1 0.049 nH R4 100 Ω 

Cs1 0.185 pF  Lp2 0.0483 nH Rlossy  220 Ω 

Cs2 0.204 pF Lp3 0.0396 nH   

Cp1 131.1 pF Lp4 0.0396 nH   

 

 

Figure 3.25: Responses of lossless and lossy synthesis. 

The responses of lossless and lossy synthesizes are also compared in Figure 3.25.  

It can be seen that the two extracted poles introduce two transmission zeros for the 

selectivity enhancement. It can also be clearly seen that 6 transmission poles from the 

passband return loss response in the lossless synthesis. However, as the resonator losses 

are large in the lossy synthesis assuming the unloaded Q (Qu) of 163 for each resonator, 

only 4 transmission poles observable in the return loss ripple. Even with the low-Q 

resonators, the insertion loss is also very flat indicating that the two RCCs work well.  
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Figure 3.26: Lossy synthesis performance with different values of RCCs. 

 

Figure 3.27: Group delay performance against different values of RCCs. 

To see the effect of the RCCs clearly, Figure 3.26 shows the passband performance 

of 6% FBW with different values of resistors in the RCCs. The group delay performance 

against different values of RCCs is illustrated in Figure 3.27. In this example circuit model, 

the best value of resistor in RCCs is 220 ohm. For our investigation, the value of resistor 

in the RCCs can mainly affect the passband flatness rather than the positions of these two 

transmission zeros. Therefore, the RCCs in lossy synthesis can not only achieve a flat 

insertion loss, but also improve extracted-pole technique to better control the selectivity, 

compared with normal lossless synthesis. 
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Figure 3.28: Lossy synthesis performance with different FBWs. 

The lossy synthesis performance with different FBWs is shown in Figure 3.28 and 

the group delay comparison with different FBWs is also given in Figure 3.29. As we can 

see, the circuit model responses are good with flat passband and high selectivity in 

different FBWs from narrowband to wideband. The positions of two transmission zeros 

in different FBWs’ response are the same in lossy synthesis, in which p=2.0, where p is 

the position of transmission zero in lossy synthesis method. However, the slope of the 

passband edges are much sharp as the FBW decreases. It’s also more obvious to achieve 

a flat passband when RCCs are applied in narrowband. 

For a given FBW of this proposed filter, the selectivity can also be improved by 

adjusting the extracted poles, i.e. varying the parameter p, with slightly affecting the 

passband insertion loss and return loss ripple, which can be ignored. An example response 

of 20% FBW is illustrated in Figure 3.30. The group delay comparison with different 

selectivity in this example is shown in Figure 3.31. When the positions of two 

transmission zeros change, the group delays only change a little at passband edge, while 

they are almost same in the passband, which verify again that the extracted pole technique 

can be use independently with RCCs in lossy synthesis method. 
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Figure 3.29: Group delay comparison with different FBWs. 

 

Figure 3.30: Lossy synthesis performance at 20% FBW with different selectivity. 

 

Figure 3.31: Group delay comparison with different selectivity. 
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3.5.2.2 Filter Example Implementations  

For the implementation of microstrip extracted-pole filter, a new set of design 

parameters, i.e. the external Q-factor 𝑄𝑒𝑥𝑡,𝑚  and the coupling coefficients𝑀𝑚,𝑚+1, is 

derived as follows [4]  

𝑄𝑒𝑥𝑡,𝑠𝑚 =
ωsm𝐿𝑠𝑚

𝑍0
 ,                       𝑚 = 1, 2        

𝑄𝑒𝑥𝑡,𝑝𝑚 = 𝜔𝑝𝑚𝐶𝑝𝑚𝑍0 ,                  𝑚 = 1, 4        

𝑀𝑚,𝑚+1 =
𝐽𝑚,𝑚+1

√𝜔𝑝𝑚
𝐶𝑝𝑚

∗ 𝜔𝑝𝑚+1
𝐶𝑝𝑚+1

,      𝑚 = 1,2,3 

where 𝜔𝑚 = 2𝜋𝑓𝑚, and 𝑓𝑚  is the resonance frequency of the 𝑚th resonator. Z0 = 50 

ohms is the terminal impedance.   

For examples, the external Q-factors and coupling coefficients based on the lossless 

synthesis of Table I and the lossy synthesis of Table II can then be determined by (4)-(6), 

and their values are given as: 

Lossless synthesis from Table I Lossy synthesis from Table II 

𝑄𝑒𝑥𝑡,𝑠1 = 𝑄𝑒𝑥𝑡,𝑠2 = 7.837 𝑄𝑒𝑠𝑡1 = 𝑄𝑒𝑠𝑡6 = 8.19 

𝑄𝑒𝑥𝑡,𝑝1 = 𝑄𝑒𝑥𝑡,𝑝4 = 76.76 𝑄𝑒𝑠𝑡2 = 𝑄𝑒𝑠𝑡5 = 81.76 

𝑀12 = 0.033 𝑀23 = 0.027 

𝑀23 = 0.03 𝑀34 = 0.027 

𝑀34 = 0.033 𝑀45 = 0.027 

 

To realize the RCCs in the microstrip line, two cross couplings with surface mount 

resistors are introduced between resonator 2 and resonator 4, resonator 3 and resonator 5 

respectively.  

Based on the above discussion, a novel microstrip lossy bandpass filter with 

controlled flat insertion loss and high selectivity can be implemented by combining lossy 

synthesis and extracted pole technique in both narrowband and wideband. The RCCs are 

used to introduce the additional loss to make the passband insertion loss flat, which also 

improve the equivalent Q factor of resonator. The step-impedance resonator is also 

(3.22) 

(3.24) 

(3.23) 
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applied to make the circuit size compact and achieve a better out-of-band response, 

compared with conventional hairpin-line resonator. For demonstrations, two six-pole 

filters centred at 2GHz with 6% and 20% FBWs are implemented. Details of the 

implementation will be described in the following filter examples. 

Filter Example A 

The first microstrip lossy filter example to be described exhibits the response 

performance in narrowband with 6% FBW. The equivalent circuit element values have 

been listed in Table II.  

Following the design equations of (4) to (6), we then carry out full-wave EM 

simulations to extract the external Q and coupling coefficient against the physical 

dimensions based on the theory in [4].  

Figure 3.32 shows the designed filter layout on a 1.27-mm-thick dielectric substrate 

with a relative dielectric constant of 10.2. The layout size is 56 mm by 40 mm.  The 

filter is designed in the light of EM simulation. The simulated responses are plotted in 

Figure 3.33 and 3.34.  The designed filter is then fabricated, as displayed in Figure 3.35, 

and tested with a microwave network analyser. The measured results are plotted in Figure 

3.36 and 3.37.  

 

Figure 3.32: Layout of filter A. 

Unit (mm) 
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Figure 3.33: Simulated passband response. 

 

Figure 3.34: Simulated wideband response. 

 

Figure 3.35: Fabrication photo of filter A. 
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Figure 3.36: Measured passband response. 

 

Figure 3.37: Measured wideband response. 

Note that, owing to the tolerance in the fabrication, the centre frequency is measured 

to be 1.86 GHz, which is lower than the simulated one and is mainly because of the 

dielectric constant and thickness tolerances of the used substrate. Nevertheless, the 

measured and simulated filtering responses have good agreement in general. The 

measured filter has high selectivity with two transmission zeros: the lower side is located 

at 1.75 GHz while 1.97 GHz at high side. The passband is quite flat with a variation only 

around 0.3 dB, though the absolute insertion loss of the passband is 6.5dB. Such a 

passband flatness and selectivity would be equivalent to that of a conventional 6-pole 
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filter with a uniform Q of 600, which means this type of lossy filter can increase the 

equivalent Q to achieve a higher performance in terms of passband flatness and selectivity. 

The measured wideband response of the filter can be seen more clearly in Figure 

3.37. The first spurious occurs at 2.25 times the centre frequency. This is a wider upper 

stopband as compared with a filter using conventional half-wavelength hairpin resonators.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                    

Filter Example B 

Filter B demonstrates another example of microstrip extract-pole lossy filter with a 

wider FBW of 20%.  Table VII shows the units values of its lossy synthesis. Following 

the same procedure in filter A to convert the lossy synthesis to physical dimensions, EM 

simulation can be carried out to extract the external Q and coupling coefficient against 

the physical dimensions.  

Table 3.7: Elements Value for Lossy Synthesis. 

z0 50 Ω Cp2 36.21 pF Rs1 2.039 Ω 

f0 2.0 GHz Cp3 40.57 pF Rs2 2.759 Ω 

phase 36.9° Cp4 40.57 pF R1 97.31 Ω 

J12 0.044 S Ls1 9.947 nH R2 102.8 Ω 

J23 0.042 S Ls2 13.46 nH R3 100 Ω 

J34 0.044 S Lp1 0.175 nH R4 100 Ω 

Cs1 0.47 pF Lp2 0.166 nH Rlossy 206 Ω 

Cs2 0.64 pF Lp3 0.156 nH   

Cp1 38.24 pF Lp4 0.156 nH   

Figure 3.38 illustrates the designed layout of the microstrip lossy filter on a layout 

size of about 68 mm by 45 mm. The filter also uses the same structure as Filter A, but an 

additional resistor loading is applied in the lower side extracted pole to improve the upper 

stopband. The simulated responses are plotted in Figure 3.39 and 3.40.  The designed 

filter is then fabricated, as displayed in Figure 3.41 and the measured results are plotted 

in Figure 3.42 and 3.43. 

Again, owing to the tolerance, the measured centre frequency of 1.83 GHz is lower 

than the simulated one. Nevertheless, it can be seen that the measured frequency 

characteristic is very similar to the simulated one. The measured filter has two 

transmission zeros (TZs) located at 1.48 GHz and 2.2 GHz respectively to achieve a good 
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selectivity. The insertion loss is 2.2 dB, which is lower than that of filter A because of a 

wider FBW. The flatness of insertion loss is 0.3dB, which is almost the same with filter 

A. 

The measured wideband response of the filter is also shown in Figure 3.43 with the 

first spurious occurring at 2.18 times centre frequency benefited by deploying the step-

impedance half-wavelength resonators, but being suppressed or absorbed to some extend 

by the additional loading resistor. 

 

Figure 3.38: (a) Layout of filter B. 

 

Figure 3.39: Simulated passband response. 

Unit (mm) 
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Figure 3.40: Simulated wideband response. 

 

Figure 3.41: Fabrication photo of filter B. 

 

Figure 3.42: Comparison between experimental and theoretical results. 
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Figure 3.43: Measured wideband response. 

3.5.2.3 Comparison to other published results 

The comparison between the proposed filters with other relevant published works 

have been given in Table VIII.  

Table 3.8: Comparison of Microstrip Lossy Filter. 

Ref. Topology TZs 

enhancing 

selectivity 

Lossy 

Techniques 

𝒇𝟎(G

Hz)/

FBW 

Absolut

e IL 

(dB) 

Stopband 

width 

@rejection(dB)  

 

[21] 3-pole 

transversal  

Yes Non-uniform 

Q 

2.48/

10% 

1.5 ~1.2 x 

f0@20dB 

[28] 6-pole inline 

and transversal 

hairpin 

No RCCs 3.8/2

1% 

3.4/4.2 ~1.9 x 

f0@30dB 

No Non-uniform 

Q 

2.5 ~1.3 x 

f0@30dB 

[41] 4-pole inline 

hairpins 

No RCCs 1/11.

5% 

3 N/A 

[42] 4-pole dual-

mode 

Yes Non-uniform 

Q 

2.01/

5.4% 

6.7 N/A 

This 

work 

6-pole 

Extracted-pole  

Yes RCCs 1.86/

6% 

6.5 ~2.2 x 

f0@30dB 

1.83/

20% 

2.2 ~2.2 x 

f0@20dB 
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3.6 Summary 

In this chapter, the design of microstrip lossy filters combining lossy synthesis and 

extracted-pole technique has been proposed. This type of proposed filter has both of high 

selectivity and flat passband not only in narrowband but also in wideband. The high 

selectivity is contributed by using extracted-pole technique and the flat passband is 

achieved by introducing RCCs in the inline network. Two six-pole filters has been 

fabricated and analysed to demonstrate the response performance in narrowband and 

wideband respectively. Good agreements between experimental and theoretical results 

have been achieved. This proposed filter also has a good upper stopband rejection. This 

kind of proposed lossy microstrip filter is promising to increase to high order and extend 

to the tunable filter.     
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CHAPTER 4 

Introduction to Microwave Tunable Bandpass Filter 

 

4.1 Background 

The future wireless communication systems require not only breaking through the 

traditional microwave standard of the fixed pattern, including carrier frequency, 

bandwidth, polarization, but also building multimode links to improve anti-interference 

ability, increase spectrum utilization and expand communication capacity and service 

quality. Electronically reconfigurable or tunable microwave filters, which are keys to 

improve the capability of current and future wireless communication systems, have 

attracted a lot attention for research and development [1].  

For example, the frequency spectrum, which is a very limited and expensive resource, 

has always been used for certain purposes that make it full of unwanted signals when an 

operation is concerned [1]. This may result in the interference between the operation 

signal range with the undesired narrow band radio signals, which vary from time to time 

and place to place. An electronically tunable narrow band rejection can be introduced in 

the passband of operation signal to provide a good solution for this interference issue. 

Moreover, the linearity specifications of low noise amplifier (LNA) can be also relax, 

which is because the interference signal has been attenuated enough that any noise signals 

produced by the LNA don’t have enough power to interfere with the operation signal.  

In general, the applied tunable components can increase the complexity of the filter, 

but the advantages of using tunable filter can still make this drawback to be ignored. 

These advantages can be summarized in Table 4.1. 

In the open literature, current research in the microwave reconfigurable filter are can 

be divided in two groups: one is the negative effects reduction of the used tuning 

components on their electrical performance when compared to their fixed frequency 
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counterparts regarding very critical parameters such as insertion loss, selectivity, power 

handling capability and the linearity deterioration with tuning; The other is the 

achievement of increased levels of tunable in filter transfer function in terms of centre 

frequency, bandwidth and filtering type, like controllable single/multiband operations or 

switchable bandpass/bandstop response. Therefore, in the following sections, these two 

categories will be focused in detail: the tuning elements are introduced to cover the first 

category and the second category will be described in different types of tunable bandpass 

filters.   

Table 4.1: The advantages of using tunable filter. 

1. The complexity of system can be reduced; 

2. The size and cost of system are reduced; 

3. The efficiency and flexibility in spectrum usage are enhanced; 

4. RF component count is reduced; 

5. The capacity of system is increased; 

6. System performance can be optimized; 

7. Software control can be applied; 

8. The specifications of other devices in the system can be relax. 

 

4.2 Tuning technologies 

Generally speaking, microwave tunable filters can be achieved in many different 

ways. In order to realize a continuous tuning, mechanical tuning elements (like 

piezoelectric transducers/actuators), MEMS capacitors, varactor diodes, ferroelectric or 

ferromagnetic materials can be employed. While to achieve a discrete tuning ability, 

MEMS switches or PIN diodes are normally used.  
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Mechanically tunable filters aim to move tuning mechanical screws to change the 

resonant frequency of cavity, coaxial or waveguide resonators. This type of tunable filter 

always have very high Q and good power handling capabilities, while suffer from low 

tuning speed and bulky size. For example, in references [2]-[4], piezoelectric transducers 

are used in a dielectric slab, which can be used to deform a conductive film to tune 

evanescent mode cavity filters or dielectric resonator filters.  

Yttrium-iron-garnet (YIG) filters are often used in the magnetically tunable filters 

[5]. The effective permeability of the ferromagnetic material can be affected by 

employing an external DC magnetic field. This kind of filters have low insertion loss and 

high power handling capability, however, it also suffers from complex bias circuit, big 

physical circuit size and low tuning speed. 

Barium Strontium Titanate (BST) is a popular ferroelectric material, which have a 

large dielectric constant that can be affected by using a DC electric filed. BST tunable 

filters can be easily fabricated and have a good tuning speed in ns. However, it has 

relatively high loss in room temperature. Although this need further investigation to 

improve the quality factors of BST varactors, good researches [6] [7] have shown that 

BST tunable filters have promising future.  

RF micro-electro-mechanical system (MEMS) switches or varactors are always 

employed in tunable filters with continuous and discrete tuning [8]-[11]. They use micro 

meter level movement to achieve switch function or a required capacitance with certain 

DC voltage. These RF MEMS reconfigurable filters have high integration level, small 

physical size, low loss, high linearity with low signal distortion and good power handling 

ability. But they are limited by the requirement of high voltage bias circuit and hermetic 

packaging.  

Varactor-diode-based tunable filters recently attract many attentions with promising 

results, compact sizes, fast tuning speed and high tunability [12]- [15]. The capacitance 

of varactor diode can be tuned by the applied reverse voltage across its PN junction. They 

have been widely employed in designing tunable filters, even though they suffer from low 

quality factor and poor linearity. In this thesis, varactor diodes have been applied as the 
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tuning components to design novel tunable filters and tunable lossy filters in the following 

sections. 

Table 4.2 lists the performance comparison among these different tunable 

technologies. Obviously, none of them is perfect and chosen according to the particular 

specifications, which always need to do some trade-offs including response performance, 

physical size and cost, filter complexity, ease of integration.     

Table 4.2: Comparison of different tunable technologies [1]-[12]. 

 

 

4.3 Varactor-Diode-Based Tunable Bandpass Filter  

To develop a varactor-diode-based tunable bandpass filter, the fix resonator need to 

be reconstruct with varactor diode to change its electrical length, which can achieve the 

shift of its resonant frequency. Depended on different required specifications, the 

couplings between resonators may also need to be controlled by the varcator diodes to 

meet different bandwidth requirements. In general, most of published reconfigurable 

filters can be classified into three categories: (1) Controlling the centre frequency; (2) 
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Controlling the bandwidth at a fixed centre frequency; (3) Simultaneously controlling 

centre frequency and bandwidth. Another novel type to tune the number of resonators has 

also been investigated in recent years.  

In this part, typical tunable resonator and coupling structures will be described firstly, 

which gives a general idea about how to achieve tunable resonator and reconfigure the 

coupling coefficients compared to that of conventional fix resonator structures. Secondly, 

based on different functions of tunable filters, a featured literature review is given to show 

the development of varactor-tuned tunable filter in recent years. Finally, a summary is 

given to summarize the development of tunable filters and give a brief view of my 

following tunable filter works.     

4.3.1 Tunable Resonator and Coupling Structures  

In the open literature, many varactor-tuned microwave bandpass filters have been 

presented with various structures and different tunability degrees [12]-[32]. Among these 

various structures, varactor-loaded 𝜆
4⁄  [13]-[15] and 𝜆

2⁄  [16] resonators and dual-

mode resonator [20] [21], shown in Figure 4.1, are widely used because they have very 

compact structures and are easily to be tuned. 

In terms of 𝜆
4⁄  resonator, Hunter et al. [12] demonstrated a two-pole strip-line 

tunable combline filter at 3.5-4.5 GHz with a 3-5 dB insertion loss and a 200 ± 20 MHz 

absolute bandwidth. The analysis shows that the constant absolute bandwidth filters can 

be achieved for resonator, which have 53° electrical length at the mid-band frequency. 

This method has been extended in varactor-tuned stepped-impedance combline filter of 

[13]. A varactor-tuned microstrip combline bandpass filter loaded with lumped series 

resonator instead of the short-circuited end of combline is proposed [14]. This 

configuration enhances the tunability, which leads to a wide tuning range with a small 

capacitance ration of the varactor. In [15], a tunable combline filter using variable 

coupling reducers between resonators to tune the bandwidth has been presented. The 

coupling reducers, which are designed as detuned resonators made up of a line segment 

ending in a variable capacitor, can be regarded as bandwidth control subnetworks, 
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displayed in Figure 4.2. A two-pole varactor-diode tunable filters operated at 0.85-1.4 

GHz with three different predefined bandwidth characteristics (constant absolute 

bandwidth, constant fractional bandwidth and decreasing fractional bandwidth) has been 

proposed by using an independent electric and magnetic coupling [16]. The independent 

electric and magnetic couplings, shown in Figure 4.3, make it possible to manipulate the 

frequency-dependent coupling coefficient variation, which results in different predefined 

bandwidth variations versus frequency.  

 

 

Figure 4.1: Conventional tunable resonator structures.  (a) varactor-loaded 

𝜆
4⁄  resonator [14].   (b) varactor-loaded 𝜆

2⁄  resonator [17].                   

(c) varactor-loaded dual-mode resonators [19]. 

 

Figure 4.2: Tunable combline filter with coupling reducer [15]. 

(a) (b) (c) (d) 
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Figure 4.3: Independent electric and magnetic couplings based on varactor-tuned 𝜆
4⁄  

resonator [16]. 

     

Figure 4.4: Coupling structure based on varactor-tuned 𝜆
2⁄  resonator.              

(a) Conventional coupling. (b) Inter-stage coupling [17].                           

(c) Harmonic suppressed coupling [19]. 

As for 𝜆
2⁄  resonator, compared with conventional varactor-tuned 𝜆

2⁄  resonator 

couplings, a novel mixed electric and magnetic coupling scheme to control the coupling 

coefficients variation is presented in [17], displayed in Figure 4.4. This proposed 

resonator has higher Q and the coupling coefficient becomes lower as the centre 

frequency is tuned upward, to meet the requirement of constant absolute bandwidth. This 

mixed couplings is also applied to design a two-pole tunable filter with frequency tuning 

from 1.32 to 1.89 GHz in [18]. Moreover, based on this mixed couplings, a harmonic 

(a) 
(b) 

(c) 
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suppressed tunable bandpass filter with two moveable transmission zeros is purposed in 

[19]. The harmonic suppressed coupling structure is given in Figure 4.4(c).  

   

 

Figure 4.5: Various structures of tunable dual-mode resonators.                  

(a) Dual-mode open loop resonator [20]. (b) Dual-mode ring resonator [21].         

(c) Dual-mode triangular patch resonator [22]. 

As presented in [20]- [22], various types of varactor-tuned dual-mode resonators, 

such as dual-mode open loop resonator [20], dual-mode ring resonator [21] and dual-

mode triangular patch resonator [22] are also popular to realize reconfigure filters, which 

is because that these dual-mode resonators have uncoupled degenerate modes that the 

varactor diodes can tune each mode individually. The layout of these dual-mode resonator 

structures is shown in Figure 4.5. 

Based on the development of reconfigurable filters discussed above, the following 

sections will introduce the main function categories of tunable filters, i.e., (1) Controlling 

the centre frequency; (2) Controlling the bandwidth at a fixed centre frequency; (3) 

(a) (b) 

(c) 
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Simultaneously controlling bandwidth and centre frequency; (4) Controlling the number 

of resonators. 

4.3.2 Controlling the Centre Frequency 

In the tunable bandpass filter design, the characteristic of passband bandwidth 

variation as the tuning of centre frequency is an important issue. With the tuning of 

resonant frequency by using the loading varactors, the slope parameter and the coupling 

coefficient of the resonators are also changed. The coupling coefficient variation 

determines the passband bandwidth variation. For instance, a constant coupling 

coefficient between resonators will result in a constant fractional bandwidth when the 

centre frequency is tuned. However, in most practical applications, a constant absolute 

bandwidth (CABW) (effectively a decreasing fractional bandwidth) is desired, 

independent of tuned frequency. To assure constant filter response shape and absolute 

bandwidth, coupling coefficients must vary inversely with the tuning frequency. 

Sometimes, a constant fractional bandwidth (CFBW ) is also important, which means the 

coupling coefficients remain the same while tuning the centre frequency. As to how to 

realize microstrip tunable bandpass filter, several recently developed typical works are 

described in the following [12]-[20], [23]-[32]. 

In [14], unlike the conventional tunable combline resonator, the centre frequency 

tuning can also be obtained by the additional varactors loaded on the short-circuited end 

of the transmission line section, as shown in Figure 4.1(a). Since the connected series 

resonator looks like zero impedance at the resonant frequency, it would not change the 

characteristic of the initial bandpass filter in the passband. The detail layout of the 

proposed tunable bandpass filter with active bias circuit is shown in Figure 4.6. The 

simulated and measured results are given in Figure 4.7. The proposed tunable bandpass 

filter has a nearly constant 1-dB bandwidth (91-105MHz) over the entire centre frequency 

tuning range from 1.7 to 2.2 GHz. 

As discussed above about [17], a novel mixed electric and magnetic coupling is 

presented to control the coupling coefficient variation to achieve constant absolute 
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bandwidth and suppress the second harmonic. The layout of this filter is shown in Figure 

4.8 and the simulated and measured results are illustrated in Figure 4.9. This frequency-

agile filter with 60 MHz constant absolute bandwidth can be tuned from 0.68 to 1.0 GHz.  

 

Figure 4.6: The layout of the proposed tunable BPF with active capacitance circuits 

[14]. 

 

Figure 4.7: Measured and simulated results of the proposed tunable BPF: (a) 𝑆21 

(b) 𝑆11 [14]. 



90 
 

 

Figure 4.8: Layout of the tunable filter with constant absolute bandwidth [17]. 

 

Figure 4.9: Simulated and measured responses. (a) Insertion loss. (b) Return loss [17]. 

 

Figure 4.10: Layout of dual-mode open loop tunable bandpass filter [20]. 
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Figure 4.11: Simulated and measured response of the dual-mode tunable filter [20]. 

A novel type of varactor-tuned bandpass filter using dual-mode open loop resonator 

has been presented in [20]. By changing the two operating modes (even- and odd-mode) 

frequencies proportionally, the passband frequency can be easily tuned. Each dual-mode 

resonator can be regarded as a doubly tuned resonant circuit so that the number of 

resonators required for a given degree of filter can be reduced to half, which results in a 

compact filter configuration. What’s more, its selectivity also can be tuned to exhibit a 

high selectivity with a finite frequency transmission zero at each side of the passband. 

The layout of the proposed dual-mode tunable filter is shown in Figure 4.10. Figure 4.11 

illustrates the measured and EM simulated results.   

Comparison of tunable filter with controlling centre frequency among recently 

published works is given in Table 4.3. 

Table 4.3: Comparison of recent published tunable filter with controlling the centre frequency. 

Ref. Centre 

frequency 

Tuning range 

(GHz) 

Bandwidth 

(MHz) 

Techniques Selective Size 

(mm2) 

[13] 1.85~2.15 -3dB: 100 Varactor-tuned combline 

BPF with step-

impedance resonators 

Poor 

(4-pole 

Chebyshev) 

35 x 35 

[14] 1.7 ~ 2.2 -1dB: 91~105  Varactor-tuned 

combline BPF loaded 

with lumped series 

Poor 

(4-pole 

Chebyshev) 

60 x 70 
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resonators 

[16] 

 

 

 [24] 

0.85~1.4 -1dB: 40-45 Varactor-tuned 

microstrip BPF with 

independent odd- and 

even-mode 

Poor  

(2-pole 

Chebyshev) 

 

25 x 15 

-1dB: 4.3%-

6.3% 

25 x 15 

-1dB: 

5.4%±0.3% 

24.7 x 

13.6 

[17] 0.65~0.96 -1dB: 80±3.5 Varactor-tuned 

microstrip BPF with 

novel half-wavelength 

resonators 

Normal  50 x 34 

0.63~0.93 -1dB: 60±3 50 x 34 

[19] 0.94~1.44 -3dB: 9.3%-

9.8% 

Varactor-tuned BPF with 

novel structure 

resonators 

High 20 x 25 

[20] 

[25] 

0.57~0.98 -1dB: 91±6 Varactor-tuned dual-

mode BPF 

High 

 

12 x 18 

0.6~1.07 -1dB: 80±5 12 x 18 

[23] 2.1~2.7 -3dB: 90 Varactor-tuned 

microstrip BPF with 

step-impedance 

resonators 

Poor 

(2-pole 

Chebyshev) 

110 x 30 

[26] 2.303~2.721 -3dB: 8%-8.5% Varactor-tuned 

microstrip LC resonators 

BPF 

0.6~1.07 

 

Poor 20 x 20 

2.415~2.732 -3dB: 200.6-

219.1 

20 x 20 

2.19~2.55 -3dB: 6.2%-

6.8% 

20 x 20 

2.25~2.555 -3dB: 183.4-195 20 x 20 

[27] 0.75~0.9 -3dB: 66 Varactor-tuned combline 

filter with source/load-

multi-resonator coupling 

High 25 x 45 

[28] 0.78~1.35 -3dB: 5.8% Varactor-tuned BPF with 

two-path mixed coupling 

High 20 x 16 

[18] 

[29] 

1.32~1.89 -1dB: 70±4 Varactor-tuned 

corrugated microstrip 

coupled lines BPF 

RF-MEMS corrugated 

tunable BPF 

High 10 x 15 

1.5~2.5 -1dB: 72±3 High 15 x 20 

1.5~2.5 -1dB: 115±10 High 15 x 20 

[30] 1.4~2.0 -3dB: 5% Varactor-tuned BPF with 

back-to back diodes 

High 8 x 15 

[31] 1.45~1.96 -3dB: 210 Varactor-tuned dual-

mode BPF 

High 40 x 25 

[32] 2.91~3.795 -3dB: 40% Substrate-integrated 

evanescent-mode cavity 

BPF 

Poor 

(2-pole 

Butterworth ) 

35 x 20 

 



93 
 

4.3.3 Controlling the Bandwidth at a Fixed Centre Frequency 

Many tunable filters have been investigated in the past which control the centre 

frequency. The tunability of centre frequency is accomplished by simply varying the 

electrical lengths of filter resonators. Much less effort has been devoted to design 

reconfigurable bandwidth bandpass filters [33]-[42]. This is owing to the difficulty 

involved in finding efficient mechanism to control the inter-resonator couplings, as a 

main goal to attain passband width variation. 

 

Figure 4.12: Layout of the proposed filter with a reconfigurable bandwidth [33]. 

  

Figure 4.13: Simulated and measured S-parameter of the bandwidth tunable filter [33]. 

In [33], a novel compact and highly selective microstrip bandpass filter with 

bandwidth re-configurability for ultra-wideband application is proposed. The design uses 

stepped impedance resonator for realization of bandpass filter and employs a single 
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varactor diode for the purpose of reconfiguring bandwidth. Additionally, to improve the 

selectivity between passband edges, a cross-coupling between I/O feed lines is introduced 

which generated pairs of attenuation poles at each side of the passband. However, it can 

only adjust the low side of the passband to achieve the bandwidth reconfiguring. Figure 

4.12 shows the layout of the presented filter. The measured response is given in Figure 

4.13. 

 

Figure 4.14: Layout of quadruple-mode stub-loaded resonator tunable filter [39]. 

 

Figure 4.15: Simulated and measured results of the proposed tunable filter [39]. 

In [39], a new varactor-tuned quadruple-mode stub-loaded resonator is proposed. 

This resonator can introduce two even-modes, two odd-modes and two transmission zeros 

at the lower and upper side band edges. The four modes resonant frequencies and two 

transmission zeros can be tuned individually by tuning the stub’s loads. The layout of this 
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type filter is shown in Figure 4.14. Figure 4.15 illustrates the simulated and measured 

results of this bandwidth tunable bandpass filter. 

A summary of recent published tunable bandwidth filters has been demonstrated in 

Table 4.4. 

Table 4.4: Summary of recent tunable bandwidth filters. 

Ref

. 

Bandwidth * 

Tuning  

Centre 

frequenc

y (GHz) 

Techniques Selective Size (mm2) 

[33] -3dB: 3.1-6.1 

GHz 

4.85  Varactor-tuned SIR BPF High 18 x 20 

[34] 

[35] 

-3dB: 16.3%-35% 1.9 PIN diodes tuned short 

circuit coupled lines BPF 

with switchable stubs 

Poor 

(2 and 3-

pole 

Chebyshev) 

40 x 25 

-3dB: 27.8%-

37.4% 

1.98 

[36] -3dB: 26%-50% 2.0 PIN diodes tuned 

Multilayer cascaded 

couple line BPF 

Poor 92 x 60 

[37] 

[38] 

-3dB: 13%-22% 2.5 PIN diodes tuned ring 

resonator BPF with 

stepped-impedance stubs 

High 50 x 30 

[39] -3dB: 22%-34% 2.0 Varactor-tuned BPF with 

quadruple-mode stub-

loaded resonator 

High 35 x 45 

[40] -3dB: 12.6%-

54.3% 

0.58-

0.91 

Varactor-tuned half-

wavelength resonator BPF 

with a centre-tapped open-

stub. 

High 100 x 50 

[41] -3dB: 200 MHz 1.25-2.1 Varactor-tuned combline 

BPF 

High 40 x 20 

[42] -3dB: 4%-5.3% 2.16 Hybrid resonator 

microstrip BPF 

High 30 x 15 

 

4.3.4 Simultaneously Controlling Bandwidth and Centre Frequency 

To realize tunable filters with simultaneously controlling centre frequency and 

bandwidth, both of the resonant frequencies and the coupling coefficient are required to 

be tuned. This type of tunable filter has been investigated in [22], [43]-[53]. 
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In [22], a tunable dual-mode patch resonator filter with independent control of centre 

frequency and bandwidth is presented. The bandpass tunable filter uses a triangular 

resonator with two etched slots that split the fundamental degenerate modes to form the 

passband. Varactor diodes are put across the slot to change the frequency of each 

degenerate fundamental mode independently, which exhibits a good tuning range of 

bandwidth and centre frequency. The configuration of the proposed tunable triangular 

resonator filter is displayed in Figure 4.16. Figure 4.17 and 4.18 present the measured 

frequency response with centre frequency tuning, bandwidth control and transmission 

zeros control. 

In [47], a tunable bandpass filter using cross-shaped multiple mode resonators and 

N:1 transformer based external quality factor tuning structures is presented. The use of a 

cross-shaped multiple mode resonators simplifies inter-resonators control while two 

external quality factor tuning structures are incorporated with the multiple mode 

resonators to implement simultaneous centre frequency agility and bandwidth tuning. 

Figure 4.19 shows the configuration of Filter A and Filter B. The measured responses of 

these two filter with centre frequency and bandwidth tuning are illustrated in Figure 4.20 

and Figure 4.21 respectively. 

Recent research works of tunable filters with centre frequency and bandwidth control, 

have been summarized and compared in Table 4.5. 

 

Figure 4.16: Layout of the proposed triangular resonator filter [22]. 
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Figure 4.17: Measured response with centre frequency and bandwidth control [22]. 

 

Figure 4.18: Measured response with trasmission zeros control [22]. 

 

 

 

Figure 4.19: Configuration of the proposed filter A and filter B [47]. 
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Figure 4.20: Simulated and measured S-parameter of filter A and filter B with centre 

frequency tuning [47]. 

 

 

  

Figure 4.21: Measured S-parameter of filter A and filter B with bandwidth tuning [47]. 
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Table 4.5: Summary of tunable filters with centre frequency and bandwidth control. 

Ref. Centre 

frequency 

tuning range 

(GHz) 

 Bandwidth 

tuning (MHz) 

Techniques Selective Size (mm2) 

[22] 2.56-3.84 -3dB: 4%-12% Varactor-tuned 

triangular resonator 

BPF 

High 30 x 15 

[43] 1.5-2.2 -3dB: 2.2%-

11.2% 

Varactor-tuned 

combline BPF 

High 40 x 25 

[44] 1.75-2.25 -1dB: 70-100 Varactor-tuned 

combline BPF 

High 40 x 25 

[45] 1.55-2.1 -1dB: 40-120 GaAs diodes-tuned 

combline BPF 

High 25 x 15 

[46] 0.43-0.6 -1dB: 0-50 Varactor-tuned 

microstrip BPF with 

loop-shaped dual-

mode resonator 

High 30 x 40 

[47] 0.71-1.29 -3dB: 14%-

64.4% 

Varactor-tuned BPF 

with multimode 

resonators 

High 50 x 30 

0.59-1.414 -3dB: 95% 50 x 30 

[48] 1.37-1.77 -3dB: 1.7%-7.4% Varactor-tuned multi-

pole BPF 

High None 

[49] 1.7~2.7 -1dB: 50-110 Varactor-tuned 

combline BPF 

High 20 x 30 

[50] 

[51] 

0.574~0.826 -3dB: 50-78 Varactor-tuned BPF 

with slow-wave 

resonator 

Poor 

(3-pole 

Chebyshev) 

15 x 100 

[52] 0.78~1.1 -1dB: 68-120 Varactor-tuned 

bandpass to bandstop 

filter asymmetrically 

loaded microstrip 

resonator 

Poor 

(2-and 4-

pole 

Chebyshev) 

100 x 70 

0.76~1.08 -1dB: 64-115 

[53] 1.8~2.5 -1dB: 2%-11% Varactor-tuned coaxial 

step-impedance 

resonator BPF 

High 9 x 12 

 

 



100 
 

4.3.5 Controlling the Filter Order 

Different from three typical types of tunable filter discussed above, tunable bandpass 

filter with a reconfigurable filter order is quite new with very few published works [54] 

[55], which highly rely on the current packaging technology.  

In [54], a tunable bandpass filter with a reconfigurable-pole response was presented. 

2-, 3- and 4-pole states can be obtained based on employing series resonators with RF 

switches. The tuning for the centre frequency is done using Schottky diodes and the 

selection of the filter poles is achieved using RF microelectromechanical systems 

switches. The insertion loss, bandwidth, rejection level and linearity can be controlled by 

selecting a 2-, 3-, or 4-pole state. The Layout of the tunable filter is shown in Figure 4.22. 

Figure 4.23, 4.24 and 4.25 present the measured results of 2-, 3- and 4- pole state 

respectively. 

 

Figure 4.22: Layout of the proposed tunable bandpass Filter with reconfigurable filter 

order [54]. 

 

Figure 4.23: Measured S-parameter for 2-pole [54]. 
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Figure 4.24: Measured S-parameter for 3-pole [54]. 

 

 

Figure 4.25: Measured S-parameter for 4-pole [54]. 

 

Recent research works of tunable filters with reconfigurable filter order, have been 

summarized in Table 4.6. 

Table 4.6: Research works summary for tunable bandpass filter with configurable filter order. 

Ref. Centre 

frequency 

Tuning range 

(GHz) 

Number of poles 

Tuning 

Techniques Selectiv

e 

Size 

(mm2) 

[54] 0.73~1.03 2-,3-,4-pole Tunable BPF using 

RF MEMS switch 

Poor None 

[55] 2.77~3.55 2-,3-,4-pole Varactor-tuned BPF 

with evanescent-

mode cavity 

resonators 

Poor 50 x 4 
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4.4 Summary  

In this chapter, a literature review of tunable/reconfigurable filter from tuning 

technologies, conventional tuning structures to recent related tunable works has been 

given. Different tuning technologies can be used to realize tunable filters, such as 

mechanically tunable filters, YIG filters, BST filters, RF MEMS switches filters, and 

Varactor-diode-based filters. Since tunable bandpass filter is the main topic in this thesis, 

conventional tuning resonator structures, like varactor-loaded 𝜆
4⁄  and 𝜆

2⁄  resonators 

and dual-mode resonators, have been described. Moreover, three classical types of 

tunable bandpass filter (controlling centre frequency, controlling bandwidth at fixed 

centre frequency and simultaneously controlling bandwidth and centre frequency) with a 

new type (controlling filter order) have been introduced in detail with typical research 

works comparisons. In the following chapters, based on this literature review, my own 

tunable filter works with lossy technology will be presented.  
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CHAPTER 5 

Symmetric Varactor-tuned Microstrip Bandpass Lossy 

Filter 

5.1 Introduction 

Microstrip tunable bandpass filter has been widely used in modern wireless 

communication systems. Recently many research works focus on controlling the 

bandwidth, which is because that the centre frequency is easily to be reconfigured by 

varying the resonators’ electrical length by using the commercial  tuning components, 

while the bandwidth tuning depends on  both the external quality factor 𝑄𝑒  and  

coupling coefficients. For example, the tunable bandpass filter proposed in [1] can easily 

tuned its centre frequency from 0.7GHz to 1.33 GHz, but difficulty maintain the 

bandwidth in the tuning range due to the change of external quality factor and coupling 

matrix. Various filters designed to have a good control of bandwidth have been achieved 

in [6]-[13]. In [6], a wideband ring bandpass filter with switchable bandwidth ratio 

1.22:1.13:1 centred at 2.5GHz is demonstrated by using multiple stepped open stubs and 

interdigital coupled feed lines. In [7] [8], a cascaded coupled line tunable filter with four 

bandwidth states from 20 to 50% 3dB FBW centred at 2GHz is described and extended 

to fabricate by using LCP multilayer circuit technology. A multilayer parallel-coupled 

lines with short-circuited stubs tunable filter is presented in [9]. In [10], a microstrip 

bandpass tunable filter is built with two adjustable transmission poles based on a half-

wavelength resonator with a centre-tapped open-stub. A four-pole tunable bandpass filter 

is demonstrated with adjustable transmission zeros (TZs) and bandwidth in [11]. In [12], 

two compact hybrid resonators tunable filter are presented with a mixed electric/ magnetic 

(EM) coupling to introduce a tunable transmission zero. In [13], a tunable bandpass filter 

using cross-shaped multiple mode resonators (MMRs) based on external quality factor 

tuning structures is proposed. Moreover, the tunable filters with good bandwidth control 

at varied centre frequency are also investigated in [14]-[20]. 

The tunable bandpass filters discussed above focus on low-loss insertion loss in the 
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passband, while it is still rare to combine the lossy synthesis in tunable bandpass filter. 

The lossy synthesis，which has been discussed in Chapter 3, aims to accept additional 

insertion loss and/or return loss without changing the passband shape of the filter function, 

knowing that the added loss level can be compensated by the LNA amplifiers in the 

communication system without affecting the system performance.  

In this chapter, microstrip tunable bandpass filter combining lossy technology will 

be presented. The presented work in this chapter is based on the patent of European Space 

Agency [21]. For better demonstration, a symmetric three-pole microstrip tunable 

bandpass lossy filter with resistor loading to control the bandwidth and selectivity is given 

firstly.  Then extending this filter by tuning the resonators, a three-pole tunable bandpass 

lossy filter with controlling the bandwidth at fixed centre frequency is achieved. What’s 

more, by changing the method to introduce the loss, a five-pole tunable bandpass lossy 

filter with combining resistor loading and cross coupling is demonstrated.  

5.2 Tunable Lossy Filter with Controlling Bandwidth and Selectivity 

In this section, a symmetric three-pole tunable bandpass lossy filter with resistor 

loading to control bandwidth and selectivity is designed. This filter has a centre frequency 

tuning range from 0.93 to 1.2 GHz with 3dB FBW tuning range from 77.3% to 9.3% at 

the same time, by moving the lower side transmission zero at fixed high side transmission 

zero.  

5.2.1 Filter Design and Analysis 

The symmetric structure of this proposed filter is shown in Figure 5.1, which has 

three half-wavelength step-impedance resonator in the inline network. The external 

couplings can be tuned with varactor 𝐶𝑒, while the coupling coefficient can be tuned with 

varactor 𝐶.  A resistor R is loaded in the second resonator and connected to the ground 

at the other side.  



110 
 

 

Figure 5.1: Layout of the proposed tunable bandpass filter. 

 

Figure 5.2: Layout of EM simulation with dimensions. 

By following the filter implementation method mentioned in Chapter 3, this circuit 

model can be converted to EM simulation. The layout of EM simulation with dimensions 

is illustrated in Figure 5.2. The varactors are represented by COMP1, COMP2, COMP3 

and COMP4. COMP1 and COMP4 are used to tune the external couplings, while COMP2 

and COMP3 are applied to tune the coupling coefficients. Due to the symmetric tuning, 

COMP1 and COMP4 can be connected to a same dc voltage. Another dc voltage can be 

used in COMP2 and COMP3 as well, which makes this tunable bandpass filter easy to be 

tuned with only two dc bias voltages.   

Unit: mm 
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5.2.2 Filter Implementation and Measurement  

The proposed 3-pole tunable bandpass lossy filter is fabricated on the RT/Duriod 

6010 substrate with 1.27 mm thickness and dielectric constant 10.2 (loss tan 𝛿 = 0.0023). 

The detail fabrication photograph of the filter with bias scheme is shown in Figure 5.3. 

As we can see, the filter size is  25 mm × 20 mm (0.26𝜆𝑔 ×

0.21𝜆𝑔 at fix centre frequency 1.0 GHz), where  𝜆𝑔 is the guided wavelength. Silicon 

abrupt junction diodes SMV2020-079LF are used for tuning varactors COMP1, COMP2, 

COMP3 and COMP4 mentioned in Figure 5.2. The Panasonic resistor 10k ohm resistors 

are used to reduce the RF signal leakage in the dc bias circuits and the Murata 0402 GRM 

100pF capacitors are used to block the dc voltages. Because the varactor are drove by the 

reverse voltages, voltage values are used to represent different states instead of specific 

capacitance value of the varactors. The SMV2020-079LF capacitance vs reverse voltages 

is plotted in Figure 5.4. 

 

Figure 5.3: Fabrication photo of 3-pole tunable bandpass lossy filter. 

 

Figure 5.4: SMV2020-079LF capacitance vs reverse voltage [22]. 
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(a) 

 

(b) 

Figure 5.5: Response performance with variable external coupling Ce and constant 

coupling coefficients C. (a) Simulation. (b) Measurement. 
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The response performance of the fabricated filter with variable external coupling Ce 

and constant coupling coefficients is shown in Figure 5.5. It can be seen from the 

simulation results that it has a constant 10.5% 3dB FBW due to the constant coupling 

coefficients and a flat passband with 0.5 dB passband variation (insertion loss varying 

from -2.5 to -3.0 dB) centred at 1.2 GHz among different states. This fabricated filter has 

two transmission zeros at each band edge, which is because of the external coupling 

structure. By varying the external coupling, these two transmission zeros also shift with 

slightly affecting the insertion loss, which can be ignored.  When the reverse voltage of 

varactors controlling external coupling increases, their capacitances reduce and the two 

transmission zeros shift to the higher side frequency domain. The measurement results 

show a good agreement with the simulation results. The fabricated filter has a constant 

10.6% 3dB FBW centred at 1.15 GHz with 0.4 dB passband variation (insertion loss 

varying from -2.7 to -3.1 dB) among different tuning states. There are some noises around 

the transmission zeros in the measurement results, which can be improved by calibration.  

 

(a) 

S21 
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(b) 

Figure 5.6: Response performance with variable coupling coefficients C and constant 

external coupling Ce. (a) Simulation. (b) Measurement. 

 

(a) 
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(b) 

Figure 5.7: Response performance with controlling bandwidth and selectivity. (a) 

Simulation. (b) Measurement. 

The response performance of the fabricated filter with variable coupling coefficients 

C and constant external coupling Ce is shown in Figure 5.6. As the varying of coupling 

coefficients, the FBWs of the filter also change. When the reverse voltage of C reduces, 

the FBW increases. However, the higher side transmission zero is missing because of 

mismatching and the lower side transmission zero shift as the FBW. At the same time, the 

passband can’t stay flat and this happens at lower side band edge, which is also because 

the external couplings mismatch between the input/output and the remaining filter circuit. 

The measurement results are similar with the simulation results. 

The response performance with controlling bandwidth and selectivity is shown in 

Figure 5.7. The comparison of different tuning states between simulation results and 

measurement results is summarized in Table 5.1. Due to the fabrication tolerance, the 

measurement results have 60 MHz phase shift to the lower side frequency domain, but 

still have a good agreement with the simulation results. This proposed filter has a wide 

bandwidth tuning range (3dB FBW: from 12.9% to 66% operated at from 1.14 to 0.9 GHz) 

S21 
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with good controlling selectivity introduced by the bias external coupling structure. 

Moreover, it has good flatness passband in each tuning state with insertion loss variation 

from 0.2 to 1.62dB. From the comparison of FBWs in the same state, it can be seen that 

this fabrication filter is over etched, which makes the coupling coefficients of the fix 

structure weak to result in smaller bandwidth. It can be also seen that the lossy technology 

has better result in narrow band compared with wide band, from the comparison of 

passband variations. 

The proposed tunable bandpass lossy filter tunes the external couplings and coupling 

coefficients to control the bandwidth and selectivity without tuning the resonators’ 

resonated frequencies. In the next section, the resonators’ frequencies will be also tuned 

to enhance the performance to control the bandwidth at fixed centre frequency with a 

flatness passband. 

Table 5.1: comparison of different tuning states between simulation results and measurement results. 

 

 

States 

Simulation Measurement 

Centre 

frequency 

(GHz) 

3dB FBW Passband 

variation 

(dB) 

Centre 

frequency 

(GHz) 

3dB FBW Passband 

variation 

(dB) 

State 1 1.2 9% 0.17 1.14 12.9% 0.2 

State 2 1.16 18.8% 0.27 1.12 15% 0.42 

State 3 1.11 29% 0.3 1.07 24% 0.6 

State 4 1.07 34% 0.75 1.04 31% 1.2 

State 5 1.0 56% 0.88 1.0 42% 1.42 

State 6 0.92 82% 1.0 0.9 66% 1.62 

 

5.3 Tunable Lossy Filter with Controlling Bandwidth at Fixed Centre 

Frequency  

As discussed in the above section, to enhance the performance, filter resonators’ 

frequencies should also be tuned to control the bandwidth at fixed centre frequency with 

a flat passband. With some modifications of tuning scheme, the EM simulation layout of 
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this filter with a detail of resonator tuning scheme is shown in Figure 5.8. To tune the 

resonator, 100 pF capacitor is employed to block the dc and 10K ohm resistor is used to 

reduce the RF signal leakage. A variable capacitance value cf2 and resistor rf2 are utilized 

to be regarded as tuning varactor. The red patches are connected the dc voltages.  

The simulation responses of the proposed filter are shown in Figure 5.9. As we can 

see, the presented tunable bandpass lossy filter has three 3dB bandwidth states (12%, 30% 

and 57%) operated at 1.02 GHz with flat passband. By tuning the resonators’ resonated 

frequencies, the different bandwidths states of last section tunable bandpass lossy filter 

move to have a same fixed centre frequency 1.02 GHz with keeping the insertion loss flat.  

The fabrication photograph of the proposed filter is displayed in Figure 5.10. The 

filter is fabricated on the RT/Duriod 6010 with dielectric constant 10.2 and 1.27mm 

thickness (loss tan 𝛿 = 0.0023). SMV1800-079LF varactors are used to tune the external 

couplings and SMV2020-079LF varactors are employed to tune the coupling coefficients 

and resonators’ resonated frequencies. The physical size of the filter is  25 mm ×

20 mm (0.26𝜆𝑔 × 0.21𝜆𝑔 at fix centre frequency 1.02 GHz). 

 

Figure 5.8: EM simulation layout of the proposed filter with resonator tuning scheme. 
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Figure 5.9: Simulation responses of the proposed filter. 

 

Figure 5.10: Fabrication photograph of the proposed filter. 

Table 5.2: Values of tuning varactors for each state. 

Tuning values External Coupling Coupling 

Coefficients 

Resonators  

Varactor type SMV1800-079LF SMV2020-079LF SMV2020-079LF 

FBW=53.7% 7.0pf (2.5V) 2.59pf (0.5V) 0.52pf (11V) 

FBW=36.4% 4.85pf (4V) 2.01pf (1.5V) 0.75pf (8V) 

FBW=24.0% 3.2pf (6V) 1.56pf (3.0V) 1.03pf (6V) 

FBW=14.3% 2.17pf (8V) 1.03pf (6.0V) 1.46pf (3.5V) 
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Figure 5.11: Measurement results of the proposed tunable bandpass lossy filter. 

The measurement response of this tunable bandpass lossy filter is shown in Figure 

5.11 and the values of tuning varactors are also given in Table 5.2.The measurement 

results show a good agreement with the simulation results. It has four FBW states (14.3%, 

24%, 36.4% and 53.7%) centred at 0.955 GHz with a flat passband. The insertion loss 

variations for each state are 0.3 dB, 0.62 dB, 0.94dB and 1.12 dB respectively, which is 

can be told that lossy technology has a better result in narrow band.  

In this part, tunable bandpass lossy filter with resistor loading is presented to control 

the bandwidth at a fixed centre frequency. By combining this resistor loading and cross 

coupling, a new method to introduce loss to make the insertion loss flat will be proposed 

in the next section.  

5.4 Tunable Lossy Filter with Combining Resistor Loading and Cross 

Coupling  

In the previous section, resistor loading is used to introduce the loss in the tunable 

bandpass filter to achieve flat passband.  By extending this resistor loading, a new 

method combining cross coupling and resistor loading can also achieve the loss 

S21 
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introduction. A 5-pole tunable bandpass lossy filter is demonstrated in detail.  

The fix structure of this 5-pole filter is centred at 1.1 GHz and the EM simulation 

layout with dimensions is shown in Figure 5.12. The novelty of this filter is use a cross 

coupling to connect with the source and the resistor loading of the fourth resonator, which 

can generate a transmission zero at the higher side to improve the selectivity, compared 

to the 3-pole tunable bandpass lossy filter described in the second part of this chapter. 

This type of tunable filter is still tuned in symmetric, which reduce the numbers of dc bias 

circuit to half to simplify the filter complexity.  

 

Figure 5.12: EM simulation layout of 5-pole tunable bandpass lossy filter. 

 

Figure 5.13: Simulation tuning response of the 5-pole tunable filter. 
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Figure 5.14: Fabrication Photograph of 5-pole tunable bandpass lossy filter. 

The simulation tuning response is given in Figure 5.13. Because the tuning part does 

not include the resonators’ resonated frequencies, this filter can only show the 

characteristic of controlling bandwidth and selectivity at the higher side of passband edge. 

Four different 3dB FBWs (15%, 21%, 26% and 32%) with the proper positions of higher 

side transmission zero are displayed. What’s more, for each state, the passband insertion 

loss is quite flat to verify that this new method also can employ additional loss to make 

the passband flat.  

 

Figure 5.15: Measurement response of 5-pole tunable bandpass lossy filter. 
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Table 5.3: Reverse voltage values of tuning varactors. 

Tuning values External Coupling 

(Cio) 

Side coupling 

coefficients  

(C12=C45) 

Inner coupling 

coefficients 

(C23=C34) 

Varactor type SMV1800-079LF SMV2020-079LF SMV2020-079LF 

FBW=30% 3V 4V 5V 

FBW=26% 4V 6V 7V 

FBW=21% 5V 8V 10V 

FBW=15% 6V 12V 16V 

The 5-pole tunable bandpass lossy filter is fabricated on the RT/Duriod 6010 with 

dielectric constant 10.2 and 1.27mm thickness (loss tan 𝛿 = 0.0023).  The fabricated 

photo is displayed in Figure 5.14. SMV1800-079LF varactors are used to tune the external 

couplings, while SMV2020-079LF varactors are employed to tune the coupling 

coefficients. The values of the resistor used to load to the ground is 100 Ω. The tuning 

method is also symmetric so that the numbers of dc bias circuit required is only three. 

The physical size of the filter is  35 mm × 20 mm (0.32𝜆𝑔 ×

0.24𝜆𝑔 at fix centre frequency 1.1 GHz), which is very compact and easily to be tuned.  

The measurement response of this proposed filter is shown in Figure 5.15 and the 

reverse voltage values of tuning varactors are also given in Table 5.3. The high side 

transmission zero is located at 1.22GHz, generated by the cross coupling to improve the 

selectivity. There are four different 3dB FBW states (30%, 26%, 21% and 15%), which 

slightly smaller than that of simulated response due to the fabrication tolerance (in this 

case, the filter circuit is over etched to make the couplings among resonators weak). The 

passband insertion loss variations for each state is 0.22 dB, 0.31 dB, 0.43 dB and 0.55 dB 

respectively. Therefore, this new method can not only introduce the additional loss to 

make passband flat, but also generate a transmission zero to improve the selectivity 

without affecting the performance of passband, compared with conventional resistor 

loading. 
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5.5 Summary 

Based on the tunable filter literature review mentioned in Chapter 4, this chapter 

introduce my contributions to the tunable lossy filter works focusing on combining lossy 

technology and tunable bandpass filter under symmetric tuning. Firstly, a three-pole 

tunable bandpass lossy filter with resistor loading to control the bandwidth and selectively 

is presented. Although its fixed structure is a traditional 3-pole Chebyshev filter, its 

tunable structure with bias scheme still have two transmission zeros at each band edge, 

which is due to the tuning external coupling structure. Then to enhance the performance 

of this filter, its resonators are also extended to be tuned to achieve the goal of controlling 

the bandwidth at a fixed centre frequency. Finally, by combining the resistor loading and 

cross coupling, a new type of 5-pole tunable lossy filter is proposed with a flat passband 

and good improved selectivity, contributed by the cross coupling. Even though this 

structure is asymmetric, the tuning method is still symmetric. 

The symmetric tuning can reduce the required number of dc bias circuit to half, 

however, in practical applications, the requirement of the filter is not symmetric tuning 

which can achieve a better performance at the cost of increasing the numbers of dc bias 

circuit. In the following chapter, asymmetric tunable bandpass lossy filter will be 

described in detail.  
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CHAPTER 6 

Asymmetric Varactor-Tuned Microstrip Bandpass 

Lossy Filter with Extracted-Pole Technology  

 

6.1 Introduction 

Previously, we have discussed the designs of tunable bandpass lossy filter with 

resistor loading by using symmetric tuning to achieve bandwidth controlling. In this 

chapter, we focus on combining lossy technology and extracted-pole technology to realize 

tunable bandpass lossy filter with controlling bandwidth and selectivity characteristics by 

using asymmetric tuning, since this type of tunable filter is close to practical applications 

in the wireless systems.  

In general, an ideal tunable bandpass filter requires a filter topology with a wide 

tuning centre frequency range, bandwidth controlling capability and high selectivity. In 

the open literature, typical coupled resonators filters are very popular because of their 

wide stopband performance and compact physical size [1]-[6]. However, the big 

challenge for them is that they highly relay on proper coupling controlling schemes to 

achieve good response performance over the whole tuning range [2]-[5]. Most of tunable 

filters’ fix structures are designed by second-order coupled resonators, which don’t have 

a sharp band edge. Moreover, most of the published tunable bandpass filters are 

concentrated on lower filter order (no more than 4th order), while very few works have 

been done for high order, which can be a way to improve the selectivity at the cost of 

filter circuit complexity.    

In this chapter, based on the discussion in Chapter 3, three different tunable bandpass 

lossy filters with various bandwidth characteristic are presented with theory analysis and 

experimental demonstration. This type of filters can have not only good selectivity, but 

also flat passband with controlling bandwidth over the entire tuning range. The highly 
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selectivity is contributed by extracted-pole technology while the flatness passband is 

resulted by using resistor cross couplings. It has been found that the selectivity can be 

tuned independently with a slightly affection on the passband, which can be ignored. In 

the following sections, these three filters will be described in detail.  

6.2 Controlling Bandwidth and Selectivity with Tuning one Extracted-

Pole 

In this part, a 6-pole tunable bandpass lossy filter with resistive cross coupling to 

control bandwidth and selectivity is designed. Apart from the conventional lower order 

tunable filter, this higher order filter has a centre frequency tuning range from 1.73 to 1.86 

GHz with 3dB FBW tuning range from 12% to 30% and flat passband by tuning the lower 

side extracted-pole. 

6.2.1 Filter Design and Analysis   

The equivalent circuit model in AWR is shown in Figure 6.1.Two shunt series LC 

elements represent two extracted-poles and four parallel LC elements represent four 

resonators in the inline network. Two transmission lines are used for external couplings 

and three J-inverters are employed for coupling coefficients. Moreover, two crossing 

resistors are regarded as the resistive cross couplings to introduce the extra loss in the 

passband.  

 

Figure 6.1: Equivalent circuit model of the proposed tunable filter. 
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Figure 6.2: Simulation results of the equivalent circuit model. 

 

Figure 6.3: EM simulation layout of the propose filter. 

The simulation results with three tuning states is given in Figure 6.2. It can be seen 

that this filter has flat passband and FBWs tuning characteristics (8%, 12% and 16%) with 

tuning the external couplings, coupling coefficients and lower side extracted-pole. The 

higher side transmission zero is fixed but still has some changes, which is due to the 

matchings of mix couplings.  

By following the filter implementation method discussed in Chapter 3, this 

equivalent circuit model can be converted to EM simulation model. The layout of EM 

Unit: (mm) 



129 
 

simulation with dimensions is displayed in Figure 6.3. As we can see, the external 

couplings, coupling coefficients and the lower side extracted-pole are tuned by the 

varactors, while the higher side extracted-pole is fixed, which may cause some 

mismatching during the tuning and can be seen in the simulation results of Figure 6.2. 

 

(a) 

 

(b) 

Figure 6.4: (a) Simulation results of EM model. (b) Zoom in view. 
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The simulation results of the EM model are shown in Figure 6.4. From the results, 

there are three different FBWs states (12%, 22% and 30%) with a fixed position of higher 

side transmission zero and a tunable lower sider transmission zero. The high selectivity 

has been realized as well as the flat passband (0.9dB, 0.5dB and 1.2dB insertion loss 

variation), which can be seen from the zoom in view.  

6.2.2 Filter Implementation and Measurement    

The proposed 6-pole tunable filter is fabricated on the RT/Duriod 6010 substrate 

with 1.27 mm thickness and dielectric constant 10.2 (loss tan 𝛿 = 0.0023). The detail 

fabrication photograph of the filter with bias scheme is shown in Figure 6.5. The filter 

size is  60 mm × 40 mm (1.15𝜆𝑔 × 0.77𝜆𝑔 at fix centre frequency 1.8 GHz) . 

SMV2020-079LF varactors are employed to tune the external couplings and coupling 

coefficients, while SMV2019-040LF varactors are used to tune the lower side extracted 

pole ratio. Panasonic resistor 10k ohm resistors are used to reduce the RF signal leakage 

in the dc bias circuits and the Murata 0402 GRM 100pF capacitors are used to block the 

dc voltages. Panasonic resistor 100 ohm resistors are used in the two resistive cross 

couplings to contribute the loss. Noted that there are very small gaps between the resistive 

cross couplings and the resonators, which are very sensitive to the results because of its 

controlling the level of the additional loss.  

 

Figure 6.5: Fabrication photo of 6-pole tunable bandpass lossy filter. 
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Table 6.1: Values of tuning elements. 

Tuning 

values 

External 

coupling 

(Ci)  

Side 

coupling 

coefficient 

(C12=C34)  

Inner 

coupling 

coefficient 

(C23) 

Extracted-

pole ratio 

(C1a) 

Extracted-

pole ratio 

(C1b) 

Varactor 

type 

SMV2020-

079LF 

SMV2020-

079LF 

SMV2020-

079LF 

SMV2019-

040LF 

SMV2019-

040LF 

State 1 8V 14V 20V 8V 20V 

State 2 6V 10V 12V 6V 10V 

State 3 4V 8V 7V 2V 3V 

 

(a) 

 

(b) 

Figure 6.6: (a) Measurement results of fabricated filter. (b) Zoom in view. 
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(a) 

 

(b) 

 

The measurement results of the fabricated filter is illustrated in Figure 6.6, which 

shows a good agreement with the simulation results. Due to the fabrication tolerance, the 

measurement results have 120 MHz frequency shift to the lower frequency domain. And 

this fabricated circuit is under etched resulted in more strong couplings than that of 

simulation, which we can see from the comparison of state 1 between simulation 

(FBW=12%) and measurement (FBW=15%). The insertion loss variations for each state 

are 1.2dB, 0.8dB and 1.9dB respectively, which are also close to the simulation results. 

The values of tuning elements for each state is shown in Table 6.1. 

 

 

Figure 6.7: Comparison of wideband results. (a) Simulation. (b) Measurement. 
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In terms of the performance in the wideband, the comparison between simulation 

results and measurement results is given in Figure 6.7. This type of filter has a very good 

stopband rejection at 2.2 times of centre frequency under -40dB according to the 

measurement results, which is due to the employed step-impedance hairpin resonators.  

This tunable filter only tunes the lower side extracted-pole with the fixed higher side 

extracted-pole, which could cause some mismatching in the performance. In the 

following section, the higher side extracted-pole will be also tuned. But when the tuning 

scheme increases, the performance may not be good as expected, since the extra tuning 

elements can affect the performance because of the loss of these elements. 

6.3 Controlling Bandwidth and Selectivity with Tuning a Pair of 

Extracted-Poles 

In the previous section, the higher side extracted-pole is fix structure and the lower 

side one is tuned. To investigate how the higher side extracted-pole can affect the filter 

performance, both of these two extracted-poles are tuned in this part.  

  

Figure 6.8: EM simulation layout of the presented tunable filter. 

The EM simulation layout of this presented tunable filter with detail dimensions is 

given in Figure 6.8. The asymmetric structure and tuning method increases the 

Unit: (mm) 
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(a) 

(b) 

complexity of the filter circuit. This EM model combines resistor loading and resistive 

cross couplings to achieve the flat passband, which increases the complexity of the filter 

circuit. The four inline resonators have been redesigned to meet the requirement of tuning 

the higher side extracted-pole to improve the response performance. Different from the 

previous tunable filter, this uses back-to-back varactors to tune the coupling coefficients 

to achieve narrower bandwidth controlling. 

 

 

Figure 6.9: (a) EM simulation results. (b) Zoom in view. 
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The EM simulation results and detail passband view are shown in Figure 6.9. There 

are four FBWs’ tuning states (5%, 9%, 17% and 25%) with flat passband (0.4dB, 0.9dB, 

1.8dB and 2.2 dB insertion loss variations). The lower side transmission zero is tuned 

obviously, while the higher side transmission zero is tuned in a small range. The values 

of tuning elements in this simulation results is given in Table 6.2. 

Table 6.2: Values of tuning elements for each state. 

Tuning 

values 

External 

coupling 

(Ci)   

Side 

coupling 

coefficient 

(C12=C34

)   

Inner 

coupling 

coefficient 

(C23) 

Lower 

side 

extracted-

pole ratio 

(C1a) 

Lower 

side 

extracted-

pole ratio 

(C1b) 

Higher 

side 

extracted-

pole ratio 

(C2a) 

Higher 

side 

extracted-

pole ratio 

(C2b) 

Varacto

r type 

SMV2020

-079LF 

SMV2020

-079LF 

SMV2020

-079LF 

SMV2019

-040LF 

SMV2019

-040LF 

SMV2019

-040LF 

SMV2019

-040LF 

State 1 8V 20V 20V 20V 20V 7V 8V 

State 2 7V 10V 12V 3V 12V 6V 8V 

State 3 5V 5V 6V 3V 6V 5V 9V 

State 4 3.5V 3.5V 3V 1V 3V 4V 20V 

 

 

 

Figure 6.10: Fabrication photo the presented tunable filter. 
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(a) 

(b) 

 

 

Figure 6.11: (a) Measurement results of fine tuning. (b) Zoom in view. 

Table 6.3: Fine tuning values of tuning elements. 

Fine 

tuning 

values 

External 

coupling 

(Ci)   

Side 

coupling 

coefficient 

(C12=C34)  

Inner 

coupling 

coefficient 

(C23) 

Lower 

side 

extracted-

pole ratio 

(C1a) 

Lower 

side 

extracted-

pole ratio 

(C1b) 

Higher 

side 

extracted-

pole ratio 

(C2a) 

Higher 

side 

extracted-

pole ratio 

(C2b) 

State 1 8V 12.5V 10V 20V 20V 7.3V 8V 

State 2 7V 10V 8V 3V 12V 6.5V 8V 

State 3 6V 7.5V 6.5V 4.5V 5V 7V 12V 

State 4 3.5V 3.5V 4V 1V 3V 4V 20V 
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The proposed 6-pole tunable filter is fabricated on the RT/Duriod 6010 substrate 

with 1.27 mm thickness and dielectric constant 10.2 (loss tan 𝛿 = 0.0023). The detail 

fabrication photograph of the filter with bias scheme is shown in Figure 6.10. The filter 

size is  60 mm × 40 mm (1.20𝜆𝑔 × 0.85𝜆𝑔 at fix centre frequency 1.9 GHz) . 

SMV2020-079LF varactors are used to tune the external couplings and coupling 

coefficients, while SMV2019-040LF varactors are employed to tune the two extracted-

poles. Panasonic resistor 10k ohm resistors are used to reduce the RF signal leakage in 

the dc bias circuits and the Murata 0402 GRM 100pF capacitors are used to block the dc 

voltages. Panasonic resistor 100 ohm resistors are used in the two resistive cross 

couplings to contribute the loss. Noted that there are very small gaps between the resistive 

cross couplings and the resonators, which are very sensitive to the results because of its 

controlling the level of the additional loss. With the increasing numbers of elements, the 

expected response has many uncontrolled factors such as the packaging technologies of 

varactors and resistors.   

The measurement results are given in Figure 6.11 and the fine tuning values of the 

tuning elements are also shown in Table 6.3. The fine tuning measurement results show a 

good agreement with the EM simulation results. Due to the fabrication tolerance, the 

measurement results have 100MHz shift to the lower frequency domain. Moreover, this 

fabricated filter is under etched, which makes the couplings strong to result in wide 

bandwidth, compared with simulation results in each state. There are four tuning 3dB 

FBWs states (8%, 11%, 15% and 25%) with flat passband (0.5dB, 0.8dB, 1.2dB and 

1.7dB insertion loss variation). The higher side transmission zero is also not tuned 

obviously while the lower side transmission zero changes as the FBW changes. The 

measurement results’ passband insertion loss level is around -5.2dB, compared to -4.5dB 

of simulation results’, which is because the s2p files of tuning elements in EM simulation 

has a different with practical products.  

In the previous section and this part, we have investigated how the couplings 

(external coupling and coupling coefficients) and transmission zeros affect the filter 

response performance when they are tuned. In the next section, resonators’ resonated 
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frequencies will be tuned as well, since they are also the important parts of tunable filters.  

6.4 Controlling Bandwidth at Fixed Centre Frequency 

By extending the previous section tunable filter to control bandwidth at fixed centre 

frequency, resonators’ resonated frequencies need to be tuned as well. In this part, a 

tunable bandpass lossy filter with controlling bandwidth at fixed centre frequency is 

proposed. The equivalent circuit model is still the same with Figure 6.1. The ideal circuit 

model response is shown in Figure 6.12. As we can see, the responses have four different 

3dB FBWs (6%, 10%, 15% and 20%) operated at 2.0GHz with high selectivity at both 

sides of passband edges.  

By following the filter implementation method discussed in Chapter 3, this 

equivalent circuit model can be converted to EM simulation model. The layout of EM 

simulation with dimensions is displayed in Figure 6.13 with general view and detail view. 

It can be seen that there are around 75 components used for tuning, which means that 

these components may also introduce the loss from themselves resulted that the expected 

response is hard to control. Noted that the s2p files of tuning components used in the EM 

simulation may also be different with the actual products, which also can’t be controlled 

to avoid. Moreover, the response results got from AWR in Figure 6.12 can’t be trust, 

because that it is impossible for those four states to have the same level of insertion loss, 

noted that the narrow band always have more loss than wideband.   

 

Figure 6.12: Response of circuit model with different FBWs centred at 2GHz. 
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(a) 

 

(b) 

Figure 6.13: Layout of EM simulation. (a) General view. (b) Zoom in view. 

Unit: (mm) 

Unit: (mm) 
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(b) 

 

 

Figure 6.14: (a) Simulation results with bandwidth controlling. (b) Zoom in view. 

In the zoom view of Figure 6.13, we can see that two back-to-back varactors are 

used to tune the coupling coefficients instead of one. This is because that the capacitance 

of this back-to-back varactors is only a half of conventional one varactor, which is good 

to achieve desired narrow band. What’s more, resistor loadings and resistive cross 

couplings are combined to introduce the additional loss to achieve flat passband.  

(a) 
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(b) 

 

 

Figure 6.15: (a) Simulation results of controlling bandwidth at fixed centre frequency. 

(b) Zoom in view. 

Figure 6.14 shows the simulation results with bandwidth controlling, which is 

similar with last section proposed tunable filter’s response to test the tuning bandwidth 

range. There are five different 3dB FBWs states: 6% centred at 1.89GHz; 9% centred at 

1.86GHz; 15% operated at 1.8GHz; 24% operated at 1.7GHz and 40.5% centred at 

(a) 
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1.58GHz. From the zoom in view of Figure 6.14, the insertion loss variations in the pass 

for each state are 0.4dB, 0.8dB, 1.1dB, 1.2dB and 1.9dB respectively. Apart from this, 

the selectivity for each state is quite good as well, due to the tuning of two extracted-poles. 

The higher side transmission zero is adjusted very lightly while the lower side one can 

move as required by the FBW tuning. 

Figure 6.15 shows the simulation response of controlling bandwidth at fixed centre 

frequency. This is realized by tuning the resonated frequencies to shift the whole filter 

function shape in the frequency domain. So this results actually have a close relationship 

with the ones in Figure 6.14. It can be seen that there are four different 3dB FBWs 

operated at 1.45GHz: 4%, 15%, 22% and 35%. The insertion loss variations for each state 

are 1.2dB, 0.84dB, 0.92dB and 1.0dB respectively. The reason why state 1 has so big 

insertion loss 1.2dB is that due to the very narrow band 4%, the loss introduced by the 

resistor loadings and resistive cross couplings is not main loss compared with the loss of 

tuning components so that the mid-band can’t be compensated with extra loss to be flat 

with band edges.  

The proposed 6-pole tunable filter is fabricated on the RT/Duriod 6010 substrate 

with 1.27 mm thickness and dielectric constant 10.2 (loss tan 𝛿 = 0.0023). The detail 

fabrication photograph of the filter with bias scheme is shown in Figure 6.16. The filter 

size is 70 mm × 40 mm (1.04𝜆𝑔 × 0.6𝜆𝑔 at fix centre frequency 1.4 GHz). SMV2020-

079LF varactors are used to tune the external couplings and coupling coefficients, while 

SMV2019-040LF varactors are employed to tune the two extracted-poles. Panasonic 

resistor 10k ohm resistors are used to reduce the RF signal leakage in the dc bias circuits 

and the Murata 0402 GRM 100pF capacitors are used to block the dc voltages. Panasonic 

resistor 100 ohm resistors are used in the two resistive cross couplings to contribute the 

loss. Noted that there are very small gaps between the resistive cross couplings and the 

resonators, which are very sensitive to the results because of its controlling the level of 

the additional loss. With the increasing numbers of elements, the expected response has 

many uncontrolled factors such as the packaging technologies of varactors and resistors. 
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Figure 6.16: Fabrication photograph of the proposed tunable filter. 

 

Table 6.4: Values of tuning elements. 

Tuning 

element

s 

External 

coupling 

(Cio)  

(pF)   

Side 

coupling 

coefficient 

(C12=C34

) (pF) 

Inner 

coupling 

coefficient 

(C23)  

(pF) 

Lower 

side 

extracted-

pole ratio 

(C1a)  

 (pF) 

Lower 

side 

extracted-

pole ratio 

(C1b)  

(pF) 

Higher 

side 

extracted-

pole ratio 

(C2a)  

 (pF) 

Higher 

side 

extracted-

pole ratio 

(C2b)  

(pF) 

Varactor   

types  

SMV20

20-

079LF 

SMV2020

-079LF 

SMV2020

-079LF 

SMV2019

-040LF 

SMV2019

-040LF 

SMV2019

-040LF 

SMV2019

-040LF 

State 1 0.9 0.35 0.35 0.42 0.3 0.45 0.5 

State 2 1.0 0.57 0.48 0.98 0.35 0.55 0.44 

State 3 1.2 0.95 0.9 1.0 0.6 0.6 0.4 

State 4 1.55 1.5 1.5 1.51 0.98 0.98 0.3 

State 5 2.5 2.8 2.8 3.2 2.8 2.8 0.3 

Figure 6.17 shows the measurement results with bandwidth controlling and the values 

of tuning elements for each state is given in Table 6.4. There are five different 3dB FBWs 

states: 6% centred at 1.79GHz; 8.5% centred at 1.78GHz; 12% operated at 1.74GHz; 24% 

operated at 1.63GHz and 32% centred at 1.59GHz. From the zoom in view of Figure 6.18, 

the insertion loss variations in the pass for each state are 0.4dB, 0.6dB, 1.2dB, 1.9dB and 

2.4dB respectively. Compared with a small tuning range of higher side transmission zero, 
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the lower transmission zero has a much wider tuning range to meet the requirement of 

FBW tuning. However, due to the fabrication tolerance, the measurement results have 

95MHz shift to the lower side frequency domain. The controlling of selectivity for lower 

side transmission zero is also not as good as the simulation results, which is mainly 

because of the differences between the used simulation s2p files of varactors and their 

actually performances. 

 
(a) 

 

(b) 

Figure 6.17: (a) Measurement results with bandwidth control. (b) Zoom in view. 
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(b) 

 

(a) 

 

Figure 6.18: (a) Measurement results of controlling bandwidth at fixed centre 

frequency. (b) Zoom in view. 
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Table 6.5: Values of tuning elements. 

Tuning 

elements 

External 

coupling 

(Cio)  

(pF)   

Coupling 

coefficient 

(C12=C23=C34)  

(pF) 

Lower side 

extracted-

pole ratio 

(C1a)  

(pF) 

Lower side 

extracted-

pole ratio 

(C1b)   

(pF) 

Higher 

side 

extracted-

pole ratio 

(C2a)  

(pF) 

Higher 

side 

extracted-

pole ratio 

(C2b)   

(pF) 

Varactor 

types 

SMV2020-

079LF 

SMV2020-

079LF 

SMV2019-

040LF 

SMV2019-

040LF 

SMV2019-

040LF 

SMV2019-

040LF 

State 1 1.4 0.9 0.8 1.6 1.2 0.8 

State 2 2.0 1.8 1.2 1.0 1.8 0.5 

State 3 2.5 2.8 2.8 2.6 1.4 0.6 

Figure 6.18 shows the simulation response of controlling bandwidth at fixed centre 

frequency and the values of tuning elements for each state is given in Table 6.5. It can be 

seen that there are three different 3dB FBWs operated at 1.36GHz: 7%, 24%, and 34%. 

The insertion loss variations for each state are 1.2dB, 2.4dB and 3.0dB respectively. This 

measurement results show an agreement with simulation results, but the flatness of the 

passband and the selectivity are not good enough as simulation results, which is mainly 

because that: 1. The performance of the used s2p files of varactors in simulations is 

different with their practical products performance; 2. The number of the components is 

78 and too many components are used to introduce many uncontrolled factors such as 

affecting the loss contributed by the resistor loadings and resistive cross couplings; 3. The 

three coupling coefficients C12,C23,C34 are connected to the same dc supplier, which is 

not right under the condition of this asymmetric tuning structure, while it is a trade-off 

between reducing the number of dc circuits and improving performance response. 

Moreover, this research work highly relays on the package technology of varactors, 

resistors and capacitors, which is because the insertion loss at narrow band has a high loss. 

This can be seen in the zoom in view of Figure 6.18 that the insertion loss of state 1 is -

15.8dB with only 7% 3dB FBW. More investigations are still needed for asymmetric high 

order tunable bandpass lossy filter. 
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6.5 Summary 

In this Chapter, asymmetric high order tunable bandpass lossy filters have been 

proposed. This type of filter can control the bandwidth at fixed centre frequency with flat 

passband and high selectivity. The flat passband is contributed by combining resistor 

loadings and resistive cross couplings to introduce additional loss in the mid-band to make 

the insertion loss flat, while the high selectivity is achieved by tuning two extracted-poles 

to adjust the positions of the introduced two transmission zeros at each side of passband 

edges. Through the analysis of the equivalent circuit model and EM simulation model, 

this type of filter has been investigated step by step. In theory, this proposed tunable filter 

can be tuned from vary narrow band (4% 3dB FBW) to wide band (40%) at a fix centre 

frequency 1.8 GHz with a flatness passband and good skirt selectivity. However, due to 

the fabrication tolerance and too many used components, this fabricated filter can be 

reconfigured from 7% to 34% FBW operated at 1.35GHz. Even though the measurement 

results show an agreement with the simulation results, the flatness of the passband and 

the selectivity can still be improved which need to make further investigations. 
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CHAPTER 7 

Conclusions and Future Work 

 

7.1 Conclusions and Contributions 

 This dissertation focuses on two main types of filter designs: one is to realize 

miniaturized microstrip filter based on multilayer LCP technology and the other is to 

combine microstrip tunable bandpass filter with lossy technology to achieve multi-

functions. For miniature filter part, the topic is to concentrate on the stopband rejection 

performance to suppress the harmonic standing wave by using the advantage of broadside 

couplings of multilayer LCP technology rather than focus on the passband performance. 

In terms of tunable bandpass lossy filter, the goal needs to be achieved is to control the 

bandwidth from narrow band to wide band at fixed centre frequency with a flat passband 

insertion loss and high selectivity at both sides of passband edges in the entire tuning 

range.  

In detail, the major contributions of the research proposed in this dissertation are 

summarized as below: 

In Chapter 2, a novel microwave bandpass filter using microstrip slow-wave open-

loop resonators and multilayer LCP technology has been presented. The new filter has 

not only very compact size due to the slow-wave effect, but also exhibits a wider upper 

stopband resulting from the dispersion property. A five-pole microstrip filter of this type, 

i.e., a bandpass filter centred at 𝑓𝑐=1.18 GHz with -3dB fractional bandwidth of 17%, 

has been designed and fabricated. No spurious response, which are at least 30-dB 

rejection, occurs for the frequency up to 10 GHz. Moreover, the fabricated filter also has 

the compact size of 0.102λ𝑔 × 0.081λ𝑔  (λ𝑔  is the guided wavelength) and the light 

weight less than one gram by using multilayer LCP circuit technology. Good agreement 

can be observed between the simulation and measurement. 
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In Chapter 3, the design of microstrip lossy filters combining lossy synthesis and 

extracted-pole technique has been proposed. This type of proposed filter has both of high 

selectivity and flat passband not only in narrowband but also in wideband. The high 

selectivity is contributed by using extracted-pole technique and the flat passband is 

achieved by introducing RCCs in the inline network. Two six-pole filters has been 

fabricated and analysed to demonstrate the response performance in narrowband and 

wideband respectively. Good agreements between experimental and theoretical results 

have been achieved. This proposed filter also has a good upper stopband rejection. This 

kind of proposed lossy microstrip filter is promising to increase to high order and extend 

to the tunable filter. Based on this Chapter, the fix structure of microstrip bandpass lossy 

filters are extended to tunable filter.    

In Chapter 4, a literature review of tunable/reconfigurable filter from tuning 

technologies, conventional tuning structures to recent related tunable works has been 

given. Different tuning technologies can be used to realize tunable filters, such as 

mechanically tunable filters, YIG filters, BST filters, RF MEMS switches filters, and 

Varactor-diode-based filters. Since tunable bandpass filter is the main topic in this thesis, 

conventional tuning resonator structures, like varactor-loaded 𝜆
4⁄  and 𝜆

2⁄  resonators 

and dual-mode resonators, have been described. Moreover, three classical types of 

tunable bandpass filter (controlling centre frequency, controlling bandwidth at fixed 

centre frequency and simultaneously controlling bandwidth and centre frequency) with a 

new type (controlling filter order) have been introduced in detail with typical research 

works comparisons. In the following chapters, based on this literature review, my own 

tunable filter works with lossy technology will be presented.  

Based on the investigations in Chapter 3 and 4, my own research works on tunable 

bandpass lossy filter are described in Chapter 5 and 6. Chapter 5 focuses on symmetric 

varactor-tuned microstrip bandpass lossy filter, while Chapter 6 concentrates on 

asymmetric varactor-tuned microstrip bandpass lossy filter with extracted-pole 

technology. 
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In Chapter 5, firstly, a three-pole tunable bandpass lossy filter with resistor loading 

to control the bandwidth and selectively is presented. Although its fixed structure is a 

traditional 3-pole Chebyshev filter, its tunable structure with bias scheme still have two 

transmission zeros at each band edge, which is due to the tuning external coupling 

structure. Then to enhance the performance of this filter, its resonators are also extended 

to be tuned to achieve the goal of controlling the bandwidth at a fixed centre frequency. 

Finally, by combining the resistor loading and cross coupling, a new type of 5-pole 

tunable lossy filter is proposed with a flat passband and good improved selectivity, 

contributed by the cross coupling. Even though this structure is asymmetric, the tuning 

method is still symmetric. 

In Chapter 6, asymmetric high order tunable bandpass lossy filters have been 

presented. This type of filter can control the bandwidth at fixed centre frequency with flat 

passband and high selectivity. The flat passband is contributed by combining resistor 

loadings and resistive cross couplings to introduce additional loss in the mid-band to make 

the insertion loss flat, while the high selectivity is achieved by tuning two extracted-poles 

to adjust the positions of the introduced two transmission zeros at each side of passband 

edges. Through the analysis of the equivalent circuit model and EM simulation model, 

this type of filter has been investigated step by step. In theory, this proposed tunable filter 

can be tuned from vary narrow band (4% 3dB FBW) to wide band (40%) at a fix centre 

frequency 1.8 GHz with a flatness passband and good skirt selectivity. However, due to 

the fabrication tolerance and too many used components, this fabricated filter can be 

reconfigured from 7% to 34% FBW operated at 1.35GHz. Even though the measurement 

results show an agreement with the simulation results, the flatness of the passband and 

the selectivity can still be improved which need to make further investigations. 

7.2 Future Work 

The following are suggestions to expand upon the research presented in this 

dissertation: 
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1. The miniature slow-wave open-loop resonator presented in Chapter 2 can be 

further investigated to improve the passband performance and is promising to extend to 

tunable bandpass filter with controlling the centre frequency due to the fix couplings. 

2. The fix microstrip lossy bandpass filter with extracted-pole technology proposed 

in Chapter 3 can be realized to use multilayer LCP technology to find a another way to 

improve selectivity instead of using extracted-pole technology, like cross couplings, 

which can make the physical size compact and improve the performance. 

3. For the tunable bandpass lossy filter in Chapter 5 and 6, a better fix filter structure 

needs to be found to break current limitations of tunable bandpass filter by combining the 

lossy technology. It should be possible to merge these two technologies, not a way to 

regard them as two separated technology. Because that the development of tunable filter 

is quiet limited by the packaging technology of tuning elements. 

 


