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ABSTRACT 

Microwave filers are the essential components in a RF (radio 

frequency)/Microwave system, because they are used to provide frequency selectivity. 

A RF/Microwave system always supports multiple radio frequency bands. Thus, 

several microwave filters are normally needed in a RF/Microwave system. The more 

microwave filters a RF/Microwave system will need, the more cost and lager physical 

sizes the RF/Microwave system will have. Thus, tunable microwave filters provide 

the possibility to extensively reduce the cost and physical size of a RF/Microwave 

system. During the last several decades, tunable microwave filters have attracted lots 

of research efforts. Conventional methods used to design tunable microwave filters 

lack of consideration of cross-coupling and loading effects during the design process. 

Therefore, the final joint design filters may not meet the design requirements, 

although the design requirements meet each design signal segment. In order to 

overcome the shortcoming of the conventional design methods, a new design method 

is proposed in this thesis. By using the proposed method, the cross-coupling and 

loading effects are well controlled by considering the reflected group delay at each 

design stage. 

The sequential method or the reflected group delay method has been widely 

applied in fixed filter design and development due to its distinct advantages over 

other design methods. In this thesis, the sequential method is applied in the scenario 

of designing a tunable filter for the first time. To validate the feasibility of the 
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proposed method, a three-pole microstrip combline bandpass filter with constant 

absolute bandwidth is designed, simulated and fabricated. 

Moreover, the analysis of the cross-coupling within a microstrip combline 

bandpass filter is provided in this thesis by the author to provide readers a better 

understanding about the importance of the considering the cross-coupling. 

By measuring the fabricated tunable bandpass filter, the feasibility of the 

proposed method is proved.  
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CHAPTER 1 INTRODUCTION 

1.1 Motivation 

Compared to fixed filters and switched filter banks that are widely employed in 

modern communication systems, tunable filters have many competitive advantages. 

For example, if a fixed filter in the RF/microwave system is replaced by a tunable 

filter, there will be no need to install a new fixed filter when there is a need to change 

the frequency or bandwidth because the tunable filter can be reconfigured to meet the 

new requirements of the system. Figure 1. 1 shows the block diagram of the switched 

filter bank which is widely used in modern communication systems. With different 

filters in each channel, the switched filter bank can support multiple frequency bands. 

If the switched filter bank is replaced by a tunable filter, the physical size and the cost 

can be largely decreased. 

 

Figure 1. 1: Architecture of a switched filter bank. 
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When both the tuning and re-configurability are required consideration for a 

tunable filter, the associated design procedures are more complex and difficult than 

developing fixed filters. Therefore, tunable filters attract lots of research efforts. 

Conventionally, the design of fixed and tunable filters are based on the set of design 

parameters consisting of external quality factors and internal coupling coefficients. 

By using the conventional method to design a tunable filter, the input coupling and 

the internal inter-resonator coupling (coupling between adjacent resonators) are dealt 

with separately using the external quality factor, Qe, and the coupling coefficients, Kij, 

respectively. After all the couplings are determined, the external terminals and all the 

resonators are joined together to get the final filter. The key shortcoming of the 

conventional method is the lack of consideration of the cross-coupling between non-

adjacent resonators and loading effects are ignored during the design process. Thus, 

the final filter might not give the desired results and extensive optimizations are 

typically required after the filter is joined together, although each external coupling 

and individual internal inter-resonator coupling meets the design requirements.  

The sequential method, also known as the reflected group delay method, was 

first introduced by Ness in [1]. Originally, this method is mainly used for post-

fabricated filter tuning. With future development done by others, the sequential 

method has been applied to diverse fixed RF/microwave filter design scenarios. When 

using the sequential method, the design process is divided into several design stages, 

and an additional resonator is added into the design circuit at each incremental design 

stage. The main advantage of using the sequential method is not only the coupling 

between the adjacent resonators is considered, but also the cross-couplings between 
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the newly added resonator and previously added resonators (non-adjacent with the 

newly added one) are also well controlled by matching the reflected group delay 

response of the design circuit to the ideal reflected group response at each design 

stage.  

Currently, the sequential method has been only employed in fixed 

RF/microwave filter design and analysis. Therefore, this thesis proposes to apply a 

sequential method approach using the reflected group delay in the design of a tunable 

filter for the first time. 

1.2 Thesis Organization 

In, Chapter 2, an overview of the different technologies used to realize tunable 

filters is presented. Also, four highlighted proposed tunable filters with constant 

absolute bandwidth are reviewed. 

In Chapter 3, the basic concepts related to RF/microwave filters are briefly 

introduced first. Then, the conventional fixed microwave filter design method is 

introduced with a design example. To provide an understanding about how the cross-

coupling affects the filter, an analysis of the cross-coupling within the microstrip 

combline bandpass filter performed by the author is also included in this chapter. 

Finally, the sequential method is introduced. 

In Chapter 4, the design theory of designing a tunable filter using a sequential 

method is introduced. In order to assess the feasibility of the proposed method, a 3-
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pole tunable microstrip combline bandpass filter with absolute bandwidth is designed, 

simulated, and fabricated. Conclusions are presented in Chapter 5. 
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CHAPTER 2 LITERATURE REVIEW 

In this chapter a literature review of microwave tunable filters is presented. In 

Section 2.1, a literature review of the technologies to realize tunable microwave 

filters is presented. In Section 2.2, highlighted published tunable filters are reviewed. 

2.1 Tunable Filter Technologies 

Generally, the technologies used to realize tunable filter can be classified into 

three categories. The first type is using active components as the tuning elements; the 

second type is using mechanical tuning methods; and the last type is tuning the filter 

by changing the electrical or magnetic properties of the material. In the following 

subsections, all of these types of the technologies are briefly introduced with 

examples.  

2.1.1 Active Components 

Active components can be used on the filter structures and employed as the 

tuning elements. One good example of this type of technology is using varactor 

diodes as the capacitive elements in the filter circuit. The varactor diode is a 

semiconductor device and consists of a standard p-n junction. As the reverse voltage 

is applied to the p-n junction, the holes in the p-type material are attracted to the 

anode, and the electrons in the n-type material are attracted to the cathode of the 

diode; also, no current can flow through the region between the p-type material and 

the n-type material, and this region is an insulator.  This is similar to the construction 
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of a parallel plate capacitor. By adjusting the external voltage, the size of the 

depletion region can be controlled. This provides a method of varying the capacitance 

of the capacitive elements within a circuit by the application of an external control 

voltage [2] [3] [4] [5] [6] [7] [8].  

Figure 2. 1 (a) shows a microstrip bandpass filter with varactor diodes as the 

capacitive elements. By varying the external control voltages, V1 to V4, the resonant 

frequency of the single resonator (in the red block) and the coupling between adjacent 

resonators can be modified. Thus, the center frequency of the filter can be tuned. 

Figure 2. 1 (b) shows the filter responses as the center frequency of this bandpass 

filter is tuned. 

By using varactor diodes as the tuning elements, the tuning mechanism of the 

filter is simple, and the tuning speed over a wide tuning range is fast. However, 

varactor-tuned filters have the drawbacks of large insertion loss, low power handing 

capability due to the low quality factor, and nonlinearities due to the p-n junction of 

the varactor diodes. 
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(a) (b) 

Figure 2. 1: (a) 4-pole tunable microstrip bandpass filter. (b) The responses of this 
tunable filter as its center frequency is tuned [2].  

2.1.2 Mechanical Tuning Methods 

Different from active tuning methods, tunable filters realized by mechanical 

tuning methods have the advantages of high power handling capability, high quality 

factors, and better linearity performance. Mechanically tuning a resonator is usually 

realized by physically moving a tuning screw or plate to adjust the resonant frequency 

of a waveguide mode or the capacitance of a capacitor. 

Figure 2. 2 shows an example of the mechanical tuning methods presented in [9]. 

As an external control voltage is applied, the piezoelectric actuator is deflected. 

Consequently, the gap between the piezoelectric actuator and the dielectric resonator 

can be modified. Therefore, the resonant frequencies can be tuned. 

Conventionally, mechanically tuned elements are larger than active components 

in terms of size. Nowadays, by using newer technologies, such as MEMS (Micro-

electromechanical Systems), the mechanically tuned elements can be very compact in 

size and can also have good capability of high power handling [10] [11] [12]. 
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Figure 2. 2: Mechanical tunable dielectric resonators by using a piezoelectric actuator 
as the tuning element.  

2.1.3 Changing the Electrical or Magnetic Properties of the Material 

The realization of this type of tuning technology can be done by using a material 

whose permittivity can be adjusted with an externally applied electric or magnetic 

field [13] [14].  

 

Figure 2. 3: A ferroelectric microstrip structure. 

 



9 

 

Figure 2. 3 shows a microstrip line with the ferroelectric material used as part of 

the substrate. With an externally applied DC electric field, the permittivity of the 

ferroelectric material can be changed. The effective permittivity of the microstrip line 

shown in Figure 2. 3 is determined by the ferroelectric material and the substrate. 

Changing the permittivity of the ferroelectric material provides the ability for tuning a 

microwave filter. 

Similarly, the effective permeability of the ferrite material, such as YIG (yttrium 

iron garnet), can be changed by applying an external static magnetic field. Tunable 

filters can also be realized by using YIG in the design. Even this type of technology 

has the drawback of large power consumption and low power handing capability, it is 

still widely used in the applications where ultra-wideband tuning range is required [15] 

[16] [17] [18]. 

2.2 Tunable Filter with Constant Absolute Bandwidth 

After a tunable filter is physically realized, its physical dimensions are fixed; or 

the physical dimensions of the non-tuned parts of the mechanical-tuned filter are 

fixed. As the resonant frequencies of the resonators within a filter are tuned, the 

center frequency of the filter can be changed. However, the couplings between the 

resonators are not only frequency dependent; they also depend on the physical 

dimensions, such as the physical gap between the resonators. Therefore, as the center 

frequency of a tunable filter is tuned, its bandwidth and return loss vary a lot. Some 

tunable filters have tuning elements added for coupling modification, but more tuning 

elements added causes more insertion loss to be introduced into the system, and also 
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the tuning algorithms can become more complicated. Therefore, the tunable filter 

structures with improved constant bandwidth performance and no coupling tuning 

elements are always being investigated. Various tunable filter structures have been 

reported to overcome this problem as highlighted in the following subsections.  

Before reviewing these tunable filters, two more things need to be mentioned. 

The first is the definition of bandwidth for a bandpass filter; the second is the 

combline filter structure. 

Figure 2. 4 shows the two common definitions of bandwidth for the microwave 

filters. For a Chebyshev response bandpass filter, its bandwidth is defined as the 

equal-ripple bandwidth; and the 3 dB bandwidth is used to define the bandwidth of a 

Butterworth response bandpass filter. In the context of a tunable bandpass filter the 

bandwidth at certain return loss (S11) level will be the definition that is used. 

 

Figure 2. 4: Illustration showing the definition of the 3 dB and equal-ripple bandwidth 
for the bandpass filter.  



11 

 

Figure 2. 5 illustrates the general structure of the combline bandpass filter. The 

resonators within the combline filter are numbered from 1 to n. Every resonator has 

one end shorted to the ground and the other end loaded with a capacitor. The elements 

0 and n+1 are the input and output of the combline bandpass filter which are not 

resonators. As capacitors are used in the structures, all of these resonator lines are less 

than a quarter of the guided wavelength at the center frequency in length of the 

bandpass filter. Moreover, if larger capacitors are used, the shorter the resonator 

length will be needed. This will result in a more compact physical size [19]. The 

combline structure is the most popular physical structure for planar tunable filters, 

because all the tuning elements are located on the same side of the filter, and it has a 

compact physical size with a large stopband (the second harmonic passband is far 

away from the desired first passband). 

 

Figure 2. 5: General structure of combline bandpass filter.  
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2.2.1 Tunable Combline Bandpass Filter with Step-Impedance Mircostrip Lines 

 For the conventional combline bandpass filter structure, uniform-impedance 

microstrip lines are used. The external coupling between the input/output and the 

1
st
/n

th
 resonators, and the internal couplings between the adjacent resonators consist 

of two types of coupling, the electric coupling and the magnetic coupling. At the 

shorted ends, the magnetic coupling is maximum while at the opposite ends the 

electric coupling is dominant. As illustrated in Figure 2. 6, the step-impedance 

microstrip lines are introduced with lager gaps between the adjacent resonators at the 

shorted ends.  By using this structure, the portion of magnetic coupling is reduced and 

the portion of electric coupling is nearly the same. By adjusting the portion of each 

type of coupling, the required internal coupling for the constant absolute bandwidth 

can be achieved over a certain frequency range [8]. Moreover, the two lumped 

inductors in this structure are used to satisfy the requirement of the external coupling 

for the constant absolute bandwidth. As shown in Figure 2. 7, it is easy to see that the 

frequency variations of the coupling coefficients of the designed filter (dotted lines) 

are almost the same as the desired ones (solid lines). The simulated and measured 

final filter responses are depicted in Figure 2. 8. 
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Figure 2. 6: The tunable combline filter with step-impedance microstrip lines [8].  
 

 

 
 

Figure 2. 7:  Frequency variations of the internal and external coupling [8].  
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Figure 2. 8: Simulated (grey lines) and measured (black lines) of the tunable combline 
bandpass filter with step-impedance microstrip lines [8].  

2.2.2 Tunable bandpass filter with corrugated microstrip lines coupled 

The tunable combline bandpass filter with a constant absolute bandwidth can 

also be realized by using corrugated microstrip lines. As discussed by Ei-Tanani and 

Rebeiz in [20], the corrugated microstrip lines are introduced to manipulate the even 

and odd mode phase velocities so that the internal coupling K21 of the filter shown in 

Figure 2. 9 can meet the requirement for a constant absolute bandwidth, which K21 is 

inversely proportional to the center frequency of the tunable filter. Figure 2. 10 

illustrates the K21, Qe1 (Qe1 and Qen are the external quality factors used to describe 

the external couplings) and normalized bandwidth percentage change of the designed 

tunable filter, and the measured final filter responses are shown in Figure 2. 11. 

Although in [20], only a two-pole tunable filter is proposed, the design method and 
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the corrugated microstrip line structure can be easily extend to higher order filters 

[20]. 

 

Figure 2. 9: Tunable bandpass filter with corrugated microstrip lines coupled [20].  
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Figure 2. 10: K21, Qe1 and normalized bandwidth percentage change of the designed 
tunable filter [20].  
 

 
Figure 2. 11: the measured final responses of the designed tunable bandpass filter 
with corrugated microstrip lines coupled [20]. 



17 

 

2.2.3 Tunable Zig-Zag Hairpin-Comb Bandpass Filter 

Figure 2. 12 shown a tunable zig-zag hairpin-comb bandpass filter with constant 

absolute bandwidth proposed in [21]. The space between two resonators is larger at 

the top side and smaller at the bottom, so the internal coupling can meet the 

requirement for constant absolute bandwidth. Moreover, an input coupling circuit, 

which consists of an interdigital capacitor in parallel with a meander inductor, is 

added in series with the input and output of the filter. Thus, the end resonators will be 

increasingly decoupled from the terminations because the reactance of the 

input/output coupling circuit will increase as the frequency increases. The measured 

results of the designed tunable filter are illustrated in Figure 2. 13. The filter proposed 

in [21] is made of HTS (high temperature superconductor) material, but the design 

method and the physical structures can be used in designing other types of the planar 

filter, such as microstrip filters and MEMS filters. 

 

Figure 2. 12:  The layout of the two-pole tunable zig-zag hairpin-comb bandpass filter 
with constant absolute bandwidth [21].  
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Figure 2. 13: Superposition of the measured results of the two-pole tunable zig-zag 
hairpin-comb bandpass filter at the center frequency of 0.498, 0.555, 0.634, 0.754, 
and 0.948 GHz [21]. 

2.2.4 Tunable Combline Bandpass filter with Meandered Input and Inter-

Resonator Coupling Structures  

All three tunable filters reviewed above try to make the external and internal 

coupling to meet the requirements for a constant absolute bandwidth respectively as 

the center frequency is tuned. The tunable filter proposed in [10] shown in Error! 

Reference source not found. is designed from another point of view. First, the 

coupling matrix traditionally used for fixed filters design is employed to realize a 

tunable filter. Secondly, as mentioned in [10], in reality, it is difficult to have the 

physical structures that can give the input and inter-resonator (internal) coupling 

exactly meet the requirements for a constant absolute bandwidth. The unexpected 

inter-resonator coupling variation can be employed to compensate the unexpected 

external coupling so that the bandwidth variation is reduced [10]. 
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Figure 2. 14: Layout of the 3rd order filter proposed in [10]. 

 

 

                                                                                                                         

Figure 2. 15 shows the input coupling layout and the input coupling bandwidth 

variation with the center frequency. As shown, the maximum input coupling 

bandwidth variation happens at the middle portion of the curve. Figure 2. 16 shows 

simulated structure for inter-resonator coupling. Also, it shows that the designed 

coupling coefficient is the same at the two extremes of the tuning range and is lower 

than the desired coupling coefficient curve within the tuning range. Therefore, the 

lower inter-resonator coupling can be used to reduce to bandwidth variation over the 

portion of the tuning range [10]. The simulated results of the filter are illustrated in 

Figure 2. 17. 
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(a) (b) 

Figure 2. 16: (a) Layout for inter-resonator coupling simulation. (b) Coupling 
coefficient variation [10].  

 
 

(a) (b) 

Figure 2. 15: (a) Layout for input coupling simulation. (b) Input coupling bandwidth 
variation [10]. 
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Figure 2. 17: Simulated results of the proposed tunable filter [10].  
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CHAPTER 3 MICROSTRIP COMBLINE BANDPASS 

FILTER 

As mentioned in Chapter 2, the combline structure is one of the most popular 

planar physical structures for tunable microwave bandpass filters. Therefore, it is 

necessary to spend time on the fixed microstrip combline bandpass filter before 

discussing detail of desgning a tunable microstrip combline bandpass filter.  In 

Section 3.1, three basic concepts of microwave filters are briefly introduced, which 

are scattering parameters, Chebyshev and Butterworth filters, microstrip transmission 

lines, and the relationship between the lumped-element circuits and distributed 

circuits. In Section 3.2, the conventional method to design a microstrip combline 

bandpass filter by determining the external quality factors (Qe) and the internal 

coupling coefficients (Kij) is introduced. In Section 3.3, the cross-coupling within the 

microstrip combline bandpass filter is investigated. In the last part of this chapter, 

Section 3.4, the sequential method (also known as the reflected group delay method) 

is introduced.  
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3.1 Basic Concepts of Microwave Filter 

3.1.1 Scattering Parameters 

 

Figure 3. 1: Two-port networking. 

In the world of RF/Microwave engineering, most microwave filters are 

represented by a two-port network. In Figure 3. 1, Es is the signal source; Z01 and Z02 

are the input and output terminal impedances, respectively; V1, V2 and I1, I2 are the 

voltage and current variables at the input port (denoted as 1) and output port (denoted 

as 2 ). Here, the voltage variable Vn (n = 1 or 2) are complex amplitudes when the 

sinusoidal quantities are considered. The sinusoidal voltage at the input and output 

ports are defined as:  

 

                    . (3. 1) 

At microwave frequencies, it is difficult to measure the voltage and current. Therefore, 

the scattering or S parameters of a two-port network, which are directly measurable at 

microwave frequencies, are introduced and defined in terms of the wave variables. In 
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Figure 3. 1, the wave variables a1 and a2 indicate the incident voltage waves, and b1 

and b2 indicate the reflected voltage waves at input and output ports. The relationship 

between the wave variables and the voltage and current variables at each port can be 

expressed as: 

 

    
 

 
  

  

    
          

 

 (3. 2) 

    
 

 
  

  

    
          

 

The S parameters are defined as: 

 

       
  
 
    

       
  
  
 
    

 
 

  (3. 3) 

       
  
 
    

      
  
  
 
    

 
 

where an = 0 means a perfect impedance match exists at port n. S21 and S12 are the 

transmission coefficients; S11 and S22 are the reflection coefficients.  The S 

parameters are complex numbers and thus they are usually written in the form of 

 

           
    ,   

where m=1 or 2 and n = 1 or 2 

(3. 4) 

For a microwave filter, the insertion loss (IL) and return loss (RL) can be defined as: 
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                    , where m≠n. 
(3. 5) 

                    , where n = 1 or 2  

3.1.2 Chebyshev and Butterworth Filters 

The Chebyshev (Tschebyscheff) filter and the Butterworth filter are the two 

types of the classical prototype filters. The Chebyshev filter has ripples appearing in 

the passband, while the Butterworth filter has no ripples in the passband. By allowing 

the ripples to appear in the passband, Chebyshev filters have sharper cutoff edges 

than the Butterworth filters.  
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 Figure 3. 2 shows the frequency response of high pass Chebyshev filter (red 

dashed line). As the ripple level increases, the cutoff edge becomes shaper. As the 

ripple level decreases to zero, the Chebyshev filters will become to a Butterworth 

filter (blue solid line) at the expense of the sharper cutoff edge. Also, it has been 

proven that a Butterworth filter can be considered as a limiting case of a Chebyshev 

filter if they have the same absolute bandwidth at the same return loss level [22] [23]. 

 

Figure 3. 2: The Chebyshev and Butterworth responses for the high pass filter. 
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The relationship between the Chebyshev and Butterworth filters will be used later in 

Section 4.2 for the design of a tunable bandpass filter. 

3.1.3 Microstrip Transmission Line 

 
Figure 3.  3: General microstrip structure.   
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Figure 3.  4:  Sketch of the field lines of the microstrip line. 

 

Microstrip line is a very popular type of transmission line because it can be 

easily fabricated by using the printed circuit board technology or microfabrication 

techniques and also can be easily integrated with other microwave devices, such as 

varactor diodes. Microstrip consists of a conducting strip separated from a ground 

plane by a dielectric substrate, as shown in Figure 3.  3.  The microstrip line is not a 

homogeneous transmission line because it has the field lines in two different media, 

the air and the dielectric substrate, as shown in Figure 3.  4. Thus, the signal phase 

velocity (vp) is expressed as: 

 

    
 

     
   (3. 6) 
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where      is the effective dielectric constant of the microstrip line and can be 

calculated by using the following equation 

 

      
    

 
  
    

 

 

     
 
  

   
(3. 7) 

where    is the dielectric constant of the substrate and the dielectric constant of the air 

is 1, W is the width of the transmission line and h is the height of the substrate. 

3.1.4 Lumped-element Circuits and Distributed Circuits 

In the world of electromagnetic circuits governed by Maxwell’s equations, the 

standard circuit theory (or lumped-element circuit theory) cannot be directly applied 

to solve microwave circuits problems. The standard circuit theory is valid with the 

assumption that the signal wavelengths are much larger than the physical size of the 

circuit element. However, the term microwave refers to the alternating current signals 

which have the electrical wavelengths that fall into the range from 1 mm to 1 m with 

the frequencies between 300 MHz to 300 GHz. Due to the high frequency and short 

wavelength, it is really hard and sometimes impossible to have the circuit elements 

with the physical size much smaller than the signal wavelength at microwave 

frequencies, in practice. In a microwave circuit, distributed elements are often used. 

The physical size of the distributed elements is on the order of the microwave 

wavelength, and is a considerable fraction of a wavelength or many wavelengths. 

Consequently, the phase variation of the signal is significant and cannot be neglected, 



30 

 

whereas the signal phase variation is ignored in the standard circuit theory.  The 

Maxwell’s equations can provide a complete description of the electromagnetic field 

within a microwave circuit. Normally, to make the microwave circuits to meet the 

practical purposes, not all the information provided by the field description is needed. 

Indeed, the terminal quantities of a microwave system network such as power, 

impedance, voltage and current are important. Therefore, the lumped-element circuits 

are used to describe the behavior of the distributed microwave circuits; also, the 

standard circuit theory is used in the analysis of and synthesis for microwave circuits 

[24].  

According to the transmission line theory, the distributed microstrip line 

structures can be modeled as lumped elements. As illustrated in Figure 3. 5, with 

specific physical dimensions, a short open-circuited stub of micostrip line can be 

modeled as a shunt capacitor and similarly a short-circuited microstrip stub can be 

equivalent to a shunt inductor. While the physical length of the microstrip stub is less 

than quarter guided wavelength, L < λg/4, the input admittance of the open-circuited 

stub will be capacitive, and similarly, the short-circuited stub input impedance will be 

inductive [19].  
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Figure 3. 5: Microstrip short stub elements: (a) open-circuited stub; (b) short-circuited 
stub [19]. 

Figure 3. 6 illustrates another example of realizing a lumped element circuit by 

using microstrip lines. Figure 3. 6 (a) shows a seven-pole lumped-element lowpass 

filter, where C1 = C7 = 3.7596 pF, L2 = L6 = 11.322 nH, C3 = C5 = 6.6737 pF and L4 = 

12.52 nH; Figure 3. 6(b) shows the corresponding microstrip structure realizations. 

The open-circuited stubs with the line width of WC are used to realize the shunt 

capacitors, and the narrow horizontal microstrip lines with the line width of WL are 

used to approximate the series inductors.  Two sets of parameter values for the 

microstrip realization are given in Error! Reference source not found.. From Figure 

3. 6 (c), it can be seen that all of the three filters have pretty close responses for the 

passband (0 to 1.2 GHz); and all three filters have different stop band  responses (1.2 

GHz to 3.0 GHz).  If the interested region is the passband, both of the microstrip 
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realizations provide good approximation to the lumped-element lowpass filter; also, 

this lumped-element lowpass filter circuit is a good approximated model for these two 

microstrip lowpass filters [19].  

Even the standard circuit theory cannot be directly used to solve the distributed 

circuit problems at microwave frequencies as mentioned above, though the lumped-

element circuit can provide a very good approximation to the distributed microwave 

circuits over a limited frequency range. Due to its simplicity and sufficient accuracy, 

the lumped-element circuit is normally used to provide the first approximation while 

designing and analyzing a microwave circuit, and the more complicated 

electromagnetic filed theory can be applied later to further refine the approximation if 

more accuracy is required [25].  

 

Table 3. 1: Two microstrip lowpass filter designs with open-circuited stubs [19]. 
Substrate (ɛr = 10.8, h = 1.27 mm) 

WC = 5 mm 

l1 = l7 

(mm) 

L2 = l6 

(mm) 

L3 = l5 

(mm) 

l4 

(mm) 

Design 1 (WL = 0.1 mm) 5.86 13.32 9.54 15.09 

Design 2 (WL = 0.2 mm) 5.39 16.36 8.67 18.93 
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(a) 

 

(b) 

 

(c) 

Figure 3. 6: (a) A seven-pole, lumped-element lowpass filter. (b) Microstrip 
realization. (c) Comparison of filter performance of the lumped-element design and 
the two microstrip designs given in Table 2.1 [19]. 
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3.2 The Conventional Method of Designing a Microstrip Bandpass 

Filter 

Conventionally, several available methods can be used to design fixed microstrip 

combline bandpass filters by using different sets of design parameters. As mentioned 

in Chapter 2, the variations of the couplings within a microwave filter do not meet the 

requirements for a constant absolute bandwidth as the center frequency is tuned. 

Consequently, the bandwidth and return loss of the microwave filter vary a lot at 

different center frequencies. Therefore, the popular method to design a fixed 

microwave bandpass filter based on the set of design parameters consisting of 

external quality factors and internal coupling coefficients is reviewed, and a fixed 

microstrip combline bandpass filter is designed in this section.  

The external quality factors and the internal coupling coefficients can be 

expressed as: 

     
    

  
     

 

     
      

  
     (3. 8) 

     
  

        
  

  

where Qe1 and Qen are the external quality factors at the input and output and are used 

to describe the external couplings; Kij is the internal coupling coefficient between the 

adjacent resonators i and j; f0 is the center frequency of the bandpass filter and BW is 
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the absolute bandwidth; and g0 to gn+1 are the normalized low-pass prototype values. 

The design example below will show how to apply this method to design a fixed 

microstrip combline bandpass filter. 

 

Design Example: 

Design a 5-pole Chebyshev bandpass filter with 0.01 dB passband 

ripple, and 50 MHz bandwidth at the center frequency of 1 GHz. 

The physical structure of the filter is realized by using the 

microstrip combline structure. The substrate has εr = 4.5 and the 

height of 10 mil, and the metal is assumed to be lossless. The load 

impedance is 50 Ω. 

To ensure that the filter meets the specifications above, the external quality 

factors and internal coupling coefficients should be determined first. The normalized 

low-pass prototype values for the 5-pole 0.01 dB Chebyshev response are g0 = gn+1 = 

1, g1 = g5 = 0.7563, g2 = g4 = 1.3049 and g3 = 1.5773 [25]. By using (3. 8), the design 

parameters can be calculated, Qe1 = Qen = 15.126, K12 = K45 = 0.05033, and K23 = K34 

= 0.03485. 

After the design parameters are calculated, the physical dimensions of the 

microstrip combline bandpass filter need to be determined. First, the electrical length 

(θ0) of the metal stub, the capacitance of the varactor diodes (C0) and the metal stub 

admittance (Ys) need to be determined. As mentioned in Chapter 2, all of those 

resonator lines of the combline bandpass filter are less than a quarter of guided 

wavelength at the center frequency of the bandpass filter. Here the electrical length, 
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θ0 = 50°, is selected. The stub characteristic impedance Z0 of the stub is selected to be 

50 Ω to match the load impedance. The capacitance, C0, can be determined by the 

following 

 

   
  

         
  (3. 9) 

The physical length and width of the stub can by determined based on the 

transmission line theory by the following 

 

    
  

  
    (3. 10) 

 

   

 
 
 

 
 

  

   
    

 

 
 
 

  
                                                 

 

 
  

    

    
 
 
               

 
 
        

           
 

 
     

  

(3. 11) 

where, l and W are the physical length and width of the stub, d is the thickness of the 

dielectric substrate and    is effective the dielectric constant. Nowadays, lots of 

commercial simulation software provide the function of calculating the physical 

length and width of the microstrip stubs. The length and width of the stub are 

calculated as l = 892.507874 mil and W = 18.612126 mil by using Keysight
® 

Linecal; 

and the capacitance of the varactor diodes can be calculated by using (3. 9) as C0 = 

2.671 pF. 
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After the capacitance and the physical dimensions of the microstrip stub are 

determined by using the transmission line theory, the next steps are mapping the 

calculated internal coupling and the external quality factors to the physical 

dimensions of the microstrip filter. The theory used to map the coupling coefficients 

to the physical dimension is taken from the Chapter 8 of [19]. 

At this point, all the resonators within the combline filter are assumed to be 

identical. The internal coupling can be extracted from a loosely coupled double 

resonant circuit as shown in Figure 3. 7. As one can see, the two resonators, indicated 

as 2 and 3, have identical dimension parameters and capacitance values. “S[2]” is the 

spacing between the two resonators. The stub numbered 1 and 4 are the input and 

output of the coupled double resonant circuit. In order to determine the corresponding 

spacing for the internal coupling between the resonators, two resonators are loosely 

coupled with the input and output, as shown in Figure 3. 7, “S[1]” = “S[3]” =220 mil 

are much larger than “S[2]”. A double resonant coupled circuit will show two 

resonant peaks as shown in Figure 3. 8, denoted fp1 and fp2, one of which correlates 

the magnetic coupling and the other which correlates the electric coupling. The 

relationship between these two peaks and the internal coupling coefficient Kij can be 

expressed as [19] 

    
 

 
 
   
   

  
   
   
   

   
     

 

   
     

  

 

   
   
     

 

   
     

  

 

  (3. 12) 

where f01 and f02 are the resonant frequencies of the two resonators respectively. If the 

two resonators are identical, Equation (3. 12) can be simplified as 
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(3. 13) 

 

Figure 3. 7: The loosely coupled double resonant circuit. 
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Based on the theory from [19], the larger value of K, the smaller spacing 

between the two resonators. By simulating the loosely coupled double resonant circuit 

with different spacings between the two resonators, the spacing corresponding to the 

desired internal coupling coefficients can be interpolated from collected data. 

Therefore, the spacing corresponding to K12 = K45 = 0.05033 is 30.5 mil; and the 

spacing corresponding to K23 = K34 = 0.03485 is 41 mil. 

 

Figure 3. 8:  Example of simulation result of the circuit in Figure 3. 7. 
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The external quality factors can be extracted from a singly loaded resonator 

circuit, or a doubly loaded resonator circuit [19]. In this design, the singly loaded 

resonator circuit is used to extract the external quality factors.  

  

Figure 3. 9: The singly loaded resonator circuit and its reflected group delay response. 

Figure 3. 9 shows the singly loaded resonator circuit. The external quality factors 

can be obtained from the reflected group delay the at resonance by using the equation 

below 

    
           

 
 (3. 14) 

where          is the reflected group delay at resonance. By simulating the singly 

loaded resonator circuit with different spacing between the input and the resonator, 

the corresponding spacing to the desired external quality factors can be interpolated. 

The spacing corresponding to Qe1 = Qen = 15.126 is 3.5 mil.  

After all the physical dimensions of the microstrip combline bandpass filter 

are determined, the input terminal, the output terminal and all the resonators are 
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assembled and final optimization is applied. As mentioned above, all the resonators 

within the combline filter are assumed to be identical. This is because the pure TEM 

(Transverse Electro-Magnetic) mode is assumed during the design process. In fact, 

microstrip is the quasi-TEM transmission line, and thus there will be slight 

differences between the adjacent resonators because the phase velocities of the even 

and odd modes are different. Moreover, the external quality factors and each internal 

coupling are dealt with individually. Therefore, the loading effects caused by other 

parts of the filter are not considered before the final filter is assembled. Furthermore, 

the cross couplings are not considered during the design process (cross coupling 

within a combline bandpass filter will be investigated in Section 3.3). For these 

reasons, the final optimization is applied; so the finalized capacitance are C1 = C5 = 

2.15594 pF, C2 = C4 = 2.16262 pF and C3 = 2.16097 pF, and the finalized stub length 

is l = 950 mil and stub width is 16.001 mil, and S1 = S6 = 1.75207 mil, S2 = S5 = 

33.0741 mil and S3 = S4 = 43.3762 mil. Figure 3. 10 shows the final circuit layout of 

the microstrip combline bandpass filter and its response is illustrated in Figure 3. 11. 

As evident, there is an attenuation pole in the right stop-band, and the selectivity on 

the right side of the pass-band is higher than the one on the left side. The reason of 

the appearance of this attenuation pole is because of the cross couplings between the 

nonadjacent resonators [19]. 
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Figure 3. 10: Circuit layout of the design microstrip combline bandpass filter. 

 
 

Figure 3. 11: Simulation results of the designed filter shown in Figure 3. 10. 
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3.3 Cross-coupling within the Microstrip Combline Bandpass Filter 

In the world of electromagnetic circuits governed by Maxwell’s equations, the 

coupling coefficient is a necessary factor for filter design [26]. Within a microwave 

resonator-coupled filter, especially a microstrip one, two types of coupling, the main-

couplings and the cross-couplings, need to be considered, if a more detailed 

understanding about how the filter works is expected. Analyzing the filter system 

based on the conventional filter design method that only main-couplings are 

considered is very straightforward, but by contrast, despite the more complicated 

analysis due to the consideration of cross-couplings, a comprehensive exploration of 

the filter system can be undertaken. When the signal propagates through the filter, the 

main-coupling can be seen as the main path, which is the coupling between the 

adjacent resonators; and additionally, the cross-coupling, which is the coupling 

between the nonadjacent resonators, can be considered as an alternative path. The 

final output response of the filter system can be understood as the superposition of the 

signals from the main and the alternative paths. Based on the concept of superposition, 

the cross-coupling within a filter system has the potential to be beneficial or 

troublesome. Currently, substantive papers have reported that by properly including 

the cross-coupling into the microwave filter design procedures, the criterions such as 

higher selectivity, more compact physical size, and/or more linear in-band phase, can 

be met. The well-known cascaded triplet (CT) and cascaded quadruplet (CQ) filters 

are excellent examples of utilizing cross-coupling properly [27] [28] [29] [30] [31]; 

whereas unexpected and inadequate cross-couplings can destroy the entire filter 

response [19]. 
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Ordinarily, the microstrip combline bandpass filter has an attenuation pole at the 

upper stop-band due to a cross-coupling, and results in an asymmetric response with 

the high edge of the pass-band having a higher selectivity [19]. Owing to the innate 

physical structure characteristic of the microstrip combline filter, the cross-coupling 

is inherent. Investigating the cross-coupling effects within the microstrip combline 

filter was considered next. The elements 0 and n+1 in Figure 2. 5 are the input and 

output of the combline filter, and which are not the resonators. Within a 3-pole 

microstrip combline filter, the main couplings are K12 and K23 (K12 = K23), and the 

cross-coupling is K13. As mentioned above, the 3-pole microstrip Chebyshev 

combline bandpass filter has three equal ripples in its pass-band and an extra 

attenuation pole above its pass-band compared with the conventional standard 

Chebyshev bandpass filter responses which have no attenuation poles apparent at 

both sides of the stop-bands. For simplicity, a 3-pole Chebyshev bandpass filter with 

its absolute bandwidth (BW) of 100 MHz and ripple value of 0.044 dB (i.e. The return 

loss level (RL) is -20 dB) with the center frequency (f0) of 1 GHz, will be used here as 

the example to analyze the coupling effects within a microstrip combline filter. A CT 

filter is a good candidate to be used to build the prototype equivalent lumped element 

circuit for the 3-pole microstrip Chebyshev combline bandpass filter. Theory and 

details of designing and constructing a CT section are well described in [27] through 

to [30], and will not be repeated here.  
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Basically, a CT bandpass filter can be built by adding an extra cross-coupling 

into the standard Chebyshev bandpass filter, and which is known as the 

“Approximate Synthesis Technique” described by Levy in [32]. Figure 3. 12 shows a 

standard 3-pole Chebyshev bandpass filter with return loess level of -20 dB and the 

bandwidth of 100 MHz at the center frequency of 1 GHz, and its response is shown in 

Figure 3. 13. 

 

Figure 3. 12: 3-pole Chebyshev bandpass filter with BW = 100 MHz, RL =-20 dB, f0 = 
1 GHz. 
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Designing the standard Chebyshev bandpass filter in Figure 3. 12 have an 

attenuation pole above its passband, an extra electric coupling (represented by a 

capacitor) can be introduced between the 1
st
 and 3

rd
 resonator as shown in Figure 3. 

14. Initially, the new added capacitor is set to zero (all other element values are kept 

same as the ones in Figure 3. 12), so that the added electric coupling between the 1
st
 

and 3
rd

 resonator is zero, and minimizes the disturbance to the standard Chebyshev 

filter in Figure 3. 12 [30]. Its response is shown in Figure 3. 15 represented by the 

solid lines, and those diamonds denotes the response of the original filter in Figure 3. 

13. It can be seen that the two responses are matched, which can be understood as the 

extra attenuation pole produced by the added “zero electric cross-coupling” is located 

at infinity [31]. While increasing the electric cross-coupling, the attenuation pole 

approaches the passband, and it starts to disturb the passband response [32]. This 

tendency is exhibited in Figure 3. 16 by sweeping the value of the parameter 

Figure 3. 13: The response of the bandpass filter in Figure 3. 12. 
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“C_CROSS” from 0 pF to 2 pF with the step of 0.5 pF. As the attenuation pole 

approaches closer to the passband, the entire passband shifts to lower frequencies, and 

the pass-band return loss deteriorates more.  
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Figure 3. 14: The electric coupling is introduced between the 1st and 3rd resonators. 
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Figure 3. 15: The response of the filter in Figure 3. 14 with C_CROSS = 0 pF. 
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For the purpose of compensating the disturbance caused by the newly added 

cross-coupling, tuning the elements values (the values of the inductors and capacitors 

of the resonators) of the original standard Chebyshev bandpass filter can be executed 

by optimizations [32]. The goal of the optimization here is to meet the original filter 

specification, i.e. the Chebyshev bandpass filter has the return loss level of -20 dB 

within 100 MHz bandwidth at the center frequency of 1GHz. Four optimization 

processes for the filter in Figure 3. 14 are accomplished with the value of the 

“C_CROSS” set as 0.5 pF, 1.0 pF, 1.5pF and 2.0pF, and the tuned (optimized) values 

and the responses are shown in Table 3. 2, and Figure 3.  17. The percentage 

difference between the tuned (optimized) elements values for the filter in Figure 3. 14 

and the original ones for the filter in Figure 3. 12 are listed in Error! Reference 

source not found.. As one can see, the disturbance to the standard Chebyshev filter 

Figure 3. 16: Responses of the bandpass filter in Figure 3. 14 with different values 
of “C_CROSS”. 
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gets worse with larger cross-coupling added, and the new added cross coupling 

affects the resonator (the 2
nd

 resonator) within it more than the other resonators.  

Table 3. 2: Optimized elements values for different “C_CROSS” values. 
C_CROSS ------------ 0 0.5 pF 1.0 pF 1.5 pF 2.0 pF 

L1 (nH) 0.930763 0.930763 0.939048 0.97149 0.975322 0.952706 

C1 (pF) 27.21455 27.21455 26.6626 25.5326 25.1034 25.2045 

L2 (nH) 87.889198 87.889198 88.4738 91.3524 102.411 125.802 

C2 (pF) 0.2882072 0.2882072 0.281891 0.269314 0.236437 0.188545 

 

 

Table 3. 3: Difference between the tuned element values and the original ones in 
Figure 3. 12. 

C_CROSS 0 0.5 pF 1.0 pF 1.5 pF 2.0 pF 

L1 (nH) 0 0.89% 4.38% 4.79% 2.36% 
C1 (pF) 0 2.03% 6.18% 7.76% 7.39% 
L2 (nH) 0 0.67% 3.94% 16.52% 43.14% 
C2 (pF) 0 2.19% 6.56% 17.96% 34.58% 

Everything done above is similar to and also based on the idea of Levy’s 

“Approximate Synthesis Technique” stated in [32]. To further develop this analysis, 

the capacitor “C_CROSS” is removed from the circuit in Figure 3. 14 and all other 

element values are kept the same as the ones for different values of “C_CROSS” 

listed in Table 3. 2. Now the return loss response for each scenario is shown in Figure 

3. 18. From the plots, it is difficult to determine the effect of the added capacitor 

directly from the s-parameter response. However, if those element values are slightly 

tuned to have an equal ripple return loss for any bandwidth or equal ripple level, the 

response is shown in Figure 3. 19. The new tuned values, and the percentage 

difference between them and those from Table 3. 2 are listed in Error! Reference 

source not found. and Table 3. 5, respectively. 
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Figure 3.  17: Optimized responses of the filter in Figure 3. 14 with different 
“C_CROSS” values. 
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Table 3. 4: The new tuned element values for obtaining the responses in Figure 3. 

Figure 3. 19: The new responses obtained by using the new tuned element values. 

Figure 3. 18: Cross-coupling is removed from the circuit in Figure 3. 14 with the 
element values list in Table 3. 2 for each scenario. 
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19. 

C_CROSS 0 0.5 pF 1.0 pF 1.5 pF 2.0 pF 

L1 (nH) 0.930763 0.939048 0.97149 0.975322 0.952706 

C1 (pF) 27.21455 26.6626 25.5326 25.1034 24.9835 

L2 (nH) 87.889198 88.7938 91.9524 102.431 125.802 

C2 (pF) 0.2882072 0.281891 0.269714 0.239037 0.189195 

 

Table 3. 5: Difference between values in Error! Reference source not found. and 
Table 3. 2. 

C_CROSS 0 0.5 pF 1.0 pF 1.5 pF 2.0 pF 

L1 (nH) 0 0.00% 0.00% 0.00% 0.00% 

C1 (pF) 0 0.00% 0.00% 0.00% 0.88% 

L2 (nH) 0 0.36% 0.66% 0.02% 0.00% 
C2 (pF) 0 0.00% 0.15% 1.10% 0.34% 

From Figure 3. 19, it is much easier to see how the newly added electric cross-

coupling affects a standard Chebyshev bandpass filter. After adding a cross-coupling, 

the bandwidth is increased at the expense of the return loss level getting deteriorated, 

and the entire passband shifts to a lower frequency, which is in accordance with the 

“tendency analysis” above from Figure 3. 16.  

In this section, how the added cross-coupling affects the 3 pole Chebyshev 

bandpass filter is evaluated. In the case of designing higher order microstrip combline 

filters, there are more cross couplings within the filter system. Therefore, lack of 

considering the cross couplings during the filter design process will lead to a longer 

optimization time after the filter is joined together, such as the method introduced in 

Section 3.2. In the next section, a design method is introduced, which is able to 

overcome the shortcomings that conventional microwave filter design methods have, 

such as the lack of  loading effects considerations, the lack of cross coupling 
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considerations, and relatively longer design times and more complicated design 

processes.  

3.4 The Sequential Method of Designing a Microstrip Bandpass 

Filter  

The sequential method or the reflected group delay method was first introduced 

in [1], and mainly used for narrow-band post-fabricated tuning and fixed filter design. 

With further development of the work in [1] by others [33] [34], the sequential 

method is more established, and has been applied in diverse fixed RF/Microwave 

filter development scenarios with distinct advantages.  

Different from the filter design method introduced in Section 3.2, the sequential 

method uses the reflected group delay as the design parameter. Based on the theory of 

this method to design a filter, the reflected group delay response contains all the 

necessary information about the filter, such as the filter response characteristics, the 

bandwidth and the center frequency. While applying this method to design a bandpass 

filter, the required filter parameters are optimized to match the ideal reflected group 

delay response at each incremental design stage with the successive resonator added 

into the design circuit. The reflected group delay is defined as: 

       
  

  
     (3. 15) 

where   is the phase of S11 (rad), and   is the angular frequency. For the ideal lossless 

case, S11 can be expressed as: 
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     (3. 16) 

and thus, the phase can be written as: 

           
      

  
    (3. 17) 

 

 

Figure 3. 20: Lowpass prototype circuit [25]. 

Figure 3. 20 shows the lowpass prototype circuit. The input reactance,      , of 

the lowpass circuit can be easily calculated by using standard circuit theory; and by 

using the standard lowpass-to-bandpass transformation, the ideal reflected group 

delay response for a bandpass filter can be calculated, as (3. 18) and (3. 19) are the 

ideal reflected group delay for the 1
st
 and 2

nd
 stages, where       is the absolute 

bandwidth, f0 is the center frequency and gn are the normalized low-pass prototype 

values. 

        
     

         
   

     
 

  
 

          
  

  
     

 
 

  
 
  
 
  

 

 

  

 

(3. 18) 
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(3. 19) 

              

    

                 where,    
  

     
  

 

  
 

  

 
   

 

For physically symmetric microwave filters with little or no inherent cross-

couplings, only half of the resonators need to be analyzed with a final analysis 

required when joining the two symmetric halves of the filter. For the filters with 

significant inherent cross-couplings, such as higher order (N > 5) microstrip combline 

filters, it is suggested that the reflected group delay analysis needs to be performed 

from the first design stage to the N
th

 design stage. At each stage, not only the coupling 

between the new added successive resonator and its previous adjacent resonator can 

be adjusted, but also the cross-couplings between it and previous non-adjacent 

resonators can be well controlled to the appropriate level. For example, at the 1
st
 stage, 

only the input terminal and the 1
st
 resonator are added to the design. In this stage, the 

only coupling information contained in the reflected group response is that of the 

input coupling. At the 2
nd

 stage, the 2
nd

 resonator is added into the design. Now, the 

reflected group delay response contains the input coupling, the internal coupling 

between the first two resonators, and any inherent crossing coupling. Similarly, the 

3
rd

 stage reflected group delay response contains all the information about the input 

coupling, the adjacent internal couplings (K12 & K23), and any inherent crossing 

coupling, such as K13. 
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To show how to use the sequential method to design a microwave filter, a 

microstrip combline bandpass filter with the same design speciation as the Design 

Example in Section 3.2 is designed by using this method. The software Keysight
®

 

ADS is used to design the filter. One may find that typing the equation for the ideal 

reflected group delay response of each stage in Keysight
®
 ADS is really complicated. 

Here, an alternative way to get the ideal reflected group delay response in simulation 

software is introduced. In order to get the ideal reflected group delay responses, an 

ideal lumped element bandpass filter circuit with alternating shunt and series LC 

resonators is designed first. The correct lumped element values can be easily 

calculated to meet the design specification and are listed in Error! Reference source 

not found.. The ideal lumped element bandpass filter and its response is shown in 

Figure 3. 21 and Figure 3. 22. 

Table 3. 6: The lumped element values used to meet the design specifications. 

L1 = L5 (nH) 0.5260667265508424 

C1 = C5 (pF) 48.1503479162474 

L2 = L4 (nH) 207.68549644452588 

C2 = C4 (pF) 0.1219646838331358 

L3 (nH) 0.25225552652813965 

C3 (pF) 100.41522681073468 
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Figure 3. 21: Ideal lumped element bandpass filter circuit with alternating shunt 
and series LC resonators. 

 

 

 
Figure 3. 22: The responses of the filter in Figure 3. 21 with the elements values 
in Error! Reference source not found.. 
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By using the same method as the one in Section 3.2, the length and width of the 

microstrip stub can be estimated as  L = 892.507874 mil and W = 18.612126 mil. The 

capacitance of the varactor diodes can be estimated by using (3. 9) as Cn = 2.671 pF. 

 
(a) 

 
  (b) 

Figure 3. 23: (a) Circuits for the 1st stage. (b) Optimized simulation 
results. 

Figure 3. 23 (a) shows the circuits used for the 1
st
 stage. The lumped circuit at 

the left is the 1
st
 resonator of the filter in Figure 3. 21, which gives the ideal reflected 

group delay response for the 1
st
 stage. The microstrip circuit is at the left with all the 

parameters initially set as the estimated values, i.e. C_varactor_1 = 2.671 pF, L = 
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892.507874 mil, both the width of the input stub and 1
st
 resonator stub Win = W1 = 

18.612126 mil. The spacing between the input and the 1
st
 resonator is initially set as 

10 mils (at this point, this number can be randomly picked). Then, all the parameters 

of the microstrip circuit are optimized so that its reflected group delay response (blue) 

meets the ideal reflected group delay response (red) as shown in Figure 3. 23 (b). As 

one can see, the two responses match very well within the desired pass band (0.975 

GHz – 1.025 GHz). The optimized values are list in Table 3.7. 

 

 
(a) 

 
(b) 

Figure 3. 24: (a) Circuits for the 2nd stage. (b) Optimized simulation results. 
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The circuits and responses for 2
nd

 stage are illustrated in Figure 3. 24 (a) and (b) 

respectively. Initially, the parameters of the input stub and the 1
st
 resonator are set as 

the optimized values in 1
st
 stage, and the parameters of the new add resonator, the 2

nd
 

resonator,  are set as the estimated values, i.e. C_varactor_2 = 2.671 pF and W2 = 

18.612126 mil. The spacing between the 1
st
 and the 2

nd
 resonators are randomly set as 

30 mils. After all the parameters of the microstrip circuit, its reflected group delay 

response (blue) meets the ideal reflected group delay response (red) as shown in 

Figure 3. 24 (b). The optimized values are list in Table 3.7. Similarly, at the 3
rd

 stage, 

the 3
rd

 resonator is added, and after the reflected group delay response (blue) meets 

the ideal reflected group delay response (red) as shown in Figure 3. 25 . 

 

 
 

(a) 
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(b) 

Figure 3. 25: (a) Circuits for the 3rd stage. (b) Optimized simulation results. 

After the 3
rd

 stage, half of the resonators were analyzed. Since the microstrip 

combline bandpass filter is physically symmetric, as shown in Figure 3. 26(a), a final 

optimization is applied with joining the two halves of the filter. The simulation results 

are shown in Figure 3. 26(b). The parameters for the final designed filter are list in 

Table 3.7. 

As one can see from Table 3.7, the component parameters at each design stage 

are pretty close, because the loading effects and the cross-coupling issues are well 

controlled. This provides a very short optimization time and thus the whole design 

time is much shorter than the conventional method introduced in Section 3.2.  
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(a) 

 

(b) 

Figure 3. 26: (a) Design 5-pole microstrip combline bandpass filter. (b) The 
simulation results.  
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Table 3.7: Optimized parameters of the microstrip circuit at each stage. 
 1

st
 

stage 

2
nd

 stage 3
rd

 stage Final 

Design 

Win (mil) 16 15.0008 15.0008 15.0008 

C_varactor_1 = 

C_varactor_5 (pF) 

2.44453 2.49134 2.50242 2.51972 

W1 (mil) 16.0027 15.1172 15.1176 15.1152 

S1 (mil) 1.00066 1.00362 1.00384 1.00315 

L (mil) 887.415 861.051 858.936 858.157 

C_varactor_2 = 

C_varactor_4 (pF) 

 2.65306 2.61722 2.63514 

W2 (mil)  16.4465 16.461 16.4615 

S2 (mil)  31.4586 31.963 31.8925 

C_varactor_3  (pF)   2.70408 2.63205 

W3 (mil)   16.4275 16.4439 

S3 (mil)   42.7448 42.5456 
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CHAPTER 4 DESIGNING A TUNABLE FILTER USING 

A SEQUENTIAL METHOD 

Traditionally, in the design of tunable filters, the input coupling and the internal 

inter-resonator coupling are dealt with separately using the external quality factors, Qe, 

and the coupling coefficients, Kij, respectively [8] [10] [20] [21]. In this chapter, a 

sequential design method is proposed to design a tunable filter which considers the 

reflected group delay response to ensure that the interaction between the input 

coupling and the inter-resonator couplings are introduced during each design stage to 

full characterize the filter’s response over its tuning range. 

4.1 Design Theory 

In order to apply the sequential method to design a tunable bandpass filter with 

constant bandwidth, the effect of center frequency on the ideal reflected group delay 

response needs to be determined. By sweeping f0 in the ideal reflected group delay 

equations (3. 18) and (3. 19), and keeping the bandwidth constant, the ideal reflected 

group delay response can be determined at different center frequencies for each stage.  

From the conventional method introduced in Section 3.2, the input quality factor Qe1 

can be expressed as the following by combining (3. 8) and (3. 14),   

     
  
  

     
          

 
    (4. 1) 
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From (4. 1), it is easy to see that          needs to be constant at all values of 

f0 in the tuning range of the filter if a constant bandwidth is expected. The same 

conclusion can be obtained by plotting (3. 18)  at different values of f0. 

Figure 4.  1 shows the ideal actual reflected group delay responses of the 1
st
 

stage of a three-pole 0.01dB Chebyshev bandpass filter with the bandwidth of 100 

MHz at different center frequencies. The 1
st
 stage of ideal reflected group delay 

values for different center frequencies are almost identical. 

 

 Figure 4. 2 shows the ideal actual reflected group delay responses of the 2
nd

 

stage of a three-pole 0.01dB Chebyshev bandpass filter with the bandwidth of 100 

MHz at different center frequencies. As one can see, the 2
nd

 stage          (i.e. the 

valley of the reflected group delay curve) is constant at all values of f0. However, the 

 

Figure 4.  1: The 1st stage ideal actual reflected group delay. 
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2
nd

 stage ideal reflected group delay curves are not identical for different center 

frequencies. Thus, no more useful information for designing a tunable bandpass filter 

with a constant absolute bandwidth can be obtained from this plot. In order to get 

more useful information from the reflected group delay responses, the 2
nd

 stage ideal 

reflected group delay equation (3. 19) is reviewed. 

 

 

 

Figure 4. 2: The 2nd stage ideal reflected group delay. 
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Figure 4. 3: The 3rd term of Equation (3. 19) at different center frequency. 
 

 

 

 

           
 

        
   

     
 

  
 

  
           

          
 

    
              

  

(3. 19) 
              

    

where,    
  

     
  

 

  
 

  

 
   

 

There are three terms on the right-hand side of (3. 19) within three brackets. The 

first term is a constant. The third term is symmetric about the center frequency of 

filter, and also has the identical curve at different center frequencies, as plotted in  

Figure 4. 3. Therefore, the second term is not symmetric about the center 

frequency which causes the 2
nd

 stage ideal reflected group delay curves to not be 
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identical for different center frequencies. As mentioned in [33] [34], the ideal 

reflected group delay response fades away from the symmetric curve when the 

bandwidth is over 1%. By using the treatment to this problem proposed in [34], the 

correction factor, A(f), shown below is applied to the ideal reflected group delay 

equations. 

                              

      
   

     
  

(4.  2) 

Then, the 2
nd

 stage ideal symmetric reflected group delay response at different 

center frequencies is plotted in Figure 4. 4. As shown in Figure 4. 4, the 2
nd

 stage 

ideal symmetric reflected group delay response remains the same for different center 

frequency with the same ripple values and constant bandwidth. It is easier to consider 

the symmetric reflected group delay response at different center frequencies as 

compared to using the actual ideal reflected group delay response, as the ideal 

symmetric reflected group delay response curves are identical at all center frequencies. 
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Figure 4. 4: The 2nd stage ideal symmetric reflected group delay. 

Most planar tunable filters reported are based on the combline structure, because 

it has the advantages of having compact physical size and all the tuning devices 

located on the same side of the filter. For a conventional combline bandpass filter, its 

passband bandwidth and shape (S11 & S21) will have strong variations as the filter is 

tuned. From (3. 16), it is easy to know that the input reactance, XIN, changes as the 

center frequency is changed. For convenience, (3. 16) is listed below, 

     
            
            

     (3. 16) 

In order to see how the variation of XIN affects the ideal symmetric reflected 

group delay response, the gn values are swept in (3. 18) and (3. 19) with the 

bandwidth and center frequency kept constant. Figure 4. 5 to Figure 4. 7 show how 

the variation of gn values affects the ideal symmetric reflected group delays at 

different stages for a 0.01dB ripple Chebyshev Bandpass filter with the bandwidth of 
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100 MHz. A three-pole tunable combline filter is designed in the next section to 

verify the feasibility of this method.  

 

Figure 4. 5: 1st stage symmetric reflected group delay response with varying g1 
values. 

 

Figure 4. 6: 2nd stage symmetric reflected group delay response with varying g1 values 
and constant g2 values. 
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Figure 4. 7: 2nd stage symmetric reflected group delay response with varying g2 
values and constant g1 values. 

Figure 4. 8 shows the 1
st
 and 2

nd
 stage symmetric reflected group delay 

responses of a three-pole conventional microstrip combline 0.01dB ripple Chebyshev 

bandpass filter with the bandwidth of 100 MHz as its center frequency is tuned. The 

tendency of the symmetric reflected group delay responses to change with the 

variation of the filter center frequency is similar to the ones in Figure 4. 5 to Figure 4. 

7 in which the gn values are swept. For a three-pole conventional microstrip combline 

bandpass filter, g1 effectively decreases and g2 effectively increases as its center 
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frequency is tuned to a higher value. Therefore, in order to make the symmetric 

reflected group delay response remain identical, as the center frequency is tuned, 

necessary modifications need to be applied to the conventional combline bandpass 

filter structure. 

 

 

Figure 4. 8: 1st and 2nd stage symmetric reflected group delay responses of a 
three-pole conventional microstrip combline bandpass filter. 
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4.2 The Sequential Method of Designing Tunable Bandpass Filters 

In this section, a three-pole tunable bandpass filter with known physical 

structures, as shown in Figure 4. 9, is designed using the proposed sequential method. 

Tunable microstrip combline filters without tuning devices (active components) 

added between adjacent resonators cannot have the identical filter response over a 

wide tuning range. However, structures included in the filter itself can compensate the 

effects caused by the variations in gn of a conventional microstrip combline filter 

when its center frequency is tuned.  

 

 

 

Figure 4. 9: The physical structure of the designed filter. 
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For a tunable filter with constant absolute bandwidth at a specified return loss 

level and variable selectivity, the boundaries for the ideal symmetric reflected group 

delay response need to be defined. The filter is designed to have a 100 MHz 

bandwidth at a return loss of -20dB. From [22] [23], it has been proven that a 

Butterworth filter can be consider as a limiting case of a Chebyshev filter if they have 

the same absolute bandwidth at the same return loss level. This can also be observed 

from Figure 4. 5 to Figure 4. 7 that a Chebyshev bandpass filter response can be 

turned to a Butterworth bandpass filter response if the gn is adjusted properly. 

Therefore, a 0.044dB ripple Cheyshev bandpass filter with a bandwidth of 100 MHz 

and a Butterworth bandpass filter with a -3 dB bandwidth of 215 MHz (resulting in -

20 dB return loss bandwidth of 100 MHz) are defined as the two boundaries of the 

ideal symmetric reflected group delay response. In other words, the lower extreme of 

the acceptable symmetric reflected group delay response should be that of the 

Butterworth filter, as shown in Figure 4. 6 or Figure 4. 7. 

In contrast to a conventional microstrip combline filter structure, a varactor 

diode C_in is added between the input port and the first resonator [35], and a meander 

line is added between the adjacent resonators [10]. The varactor diodes Cin is used to 

provide more continuous controllability of g1; and the meander line provides the 

required passive compensation of the variations in g2. After a physical structure is 

selected, only the 1
st
 resonator is involved in the first step. All parameters are 

optimized to make the symmetric reflected group curve match the 1
st
 stage ideal 

symmetric reflected group delay response of a 0.044 dB ripple Cheyshev bandpass 

filter with the bandwidth of 100 MHz and the center frequency of 0.85 GHz. As Cin is 
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allowed to be tuned, it is clear that the 1
st
 stage symmetric group delay response can 

be well controlled over a large tuning range when compared to that of a conventional 

combline structure. The second step involves adding the meander line and the 2
nd

 

resonator into the design. After optimizing all the parameters, the 2
nd

 stage symmetric 

reflected group curve should match the 2nd stage ideal symmetric reflected group 

delay of a 0.044 dB ripple Cheyshev bandpass filter with the bandwidth of 100 MHz 

and the center frequency of 0.85 GHz. By tuning all the varactors  (Cin, C1, and C2), 

the 2
nd

 stage symmetric reflected group delay curve should match the 2nd ideal 

reflected symmetric group delay response of a Butterworth filter that has the -20 dB 

return loss level bandwidth of 100 MHz at higher values of center frequency. The 

position and the overall length of the meander line can be changed to either increase 

or decrease the frequency at which the Butterworth response occurs, though the 

structure must also show a Chebyshev response at 0.85 GHz. This framework allows 

for the introduction of any other type of passive compensation structure without the 

need for accurate closed formed expressions. Figure 4.  10 shows the circuit 

simulated 2
nd

 stage symmetric reflected group delay response and simulated return 

loss of the final filter response as the center frequency is tuned.  

The filter is made by using 62 mil thick FR4 and 1 oz copper. The varactor 

diodes, MA46H202, are used as the tuning devices. The physical dimension are 

shown in Figure 4. 9. The circuit simulation is designed by using Keysight ADS® 

and the EM simulation is done by using SONNET®. The fabricated filter is shown in 

Figure 4. 11, and the measured results are shown in Figure 4. 12. It clearly shows that 

the tunable bandpass filter has a constant bandwidth of 72 MHz (smaller than 
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designed 100 MHz) at a return loss of -20 dB, due to tolerances in fabrication, 

devices, and material properties. Also it shows the transition of the filter response 

from a Chebyshev response to a Butterworth response. Here, the measured tuning 

range is from 0.974 GHz to 1.246 GHz. By comparing the measured responses to the 

circuit simulated responses in Figure 4.  10, there is a large difference between the 

lower bound of the tuning ranges, as the simulated lower bound is 0.825 GHz and the 

measured lower bound is 0.974 GHz.   The lower bound of the tuning range of the 

fabricated filter is limited due to the effects of the DC-blocking capacitors and the RF 

choke inductors connected to the input port and output port, which were not 

considered in the simulations.  The series capacitor and the shunt inductor work as a 

high pass filter which generated an attenuation pole around 0.35 GHz. Thus, it limits 

the lower bound of the tuning range. The feasibility of using the sequential method of 

designing tunable filters is presented. By using this method, the inherent cross-

coupling can be well controlled at each stage; also, this method provides an easy way 

to introduce any type of passive physical structures without the need of accurate 

closed formed expressions. 
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Figure 4.  10: The simulated 2nd stage symmetric reflected group delay 
response and simulated return loss of the design filter. 
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Figure 4. 11: Image of the fabricated filter. 
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Figure 4. 12: Measured results of the fabricated filter. 
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CHAPTER 5 CONCLUSION 

The primary contribution of this research is that a new method is introduced to 

design the tunable RF/microwave filters with absolute constant bandwidth. A 

reflected group delay responses based design technique has been developed. Different 

the conventional tunable filter design method, the cross-couplings within a filter can 

be well controlled at each design stage by using the proposed method. Due to 

consideration of the cross-coupling issues, the tuning range can be predicated at each 

design stage, while the tuning range can only be determined after the final filter is 

assembled by using the conventional design method. A three-pole tunable microstrip 

combline bandpass fitler with absolute constant bandwidth is designed, simulated and 

fabricated by using the proposed method. Moreover, the analysis of the inherent 

cross-coupling within a microstrip combline bandpass filter is done by the author to 

show effects caused by the cross-couplings.   

Also, the correction factor, A(f), is originally introduced in [34] for the propose 

of designing the fixed microwave filter. From the work shown in Section 3.4, the 

correct factor is not a necessary for designing a fixed microwave filter. However, the 

correct factor is an extremely useful and necessary thing in the design of a tunable 

microwave filter as shown in Chapter 4.  

The future work of this research is finding new passive physical structures which 

can make the reflected group delay be exactly the same at different center frequencies 

by using this new method.   
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