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Abstract 

 Microwave filters are essential components in a microwave system, as they define the 

usable and allowable bandwidth and as they reject unwanted signals from passing 

through them. The design and required optimization of microwave filters is an involved 

process and getting the desired filter response can be difficult, especially for filters with a 

higher order and those with narrow bandwidths. In most instances, a fabricated 

microwave filter will need to be tuned to get the desired response, so it can be very 

important to achieve accurate simulation results to limit the required post-fabrication 

tuning. As the electromagnetic simulations can take significant computation time when 

optimizing the physical dimensions of the filter, improvements in the design and 

optimization process are always being sought. 

 In this thesis, the group delay method of designing filters is investigated and for the 

first time it is implemented in designing non-Chebyshev sequentially coupled filters and 

quasi-elliptic filters requiring cross coupling.  The author first becomes familiar with the 

group delay method by designing simple lumped element filters.  The group delay 

method is then used to design a filter with a Butterworth response, which is a non-

Chebyshev sequentially coupled filter 

 A design method is then developed for using the group delay method for designing 

quasi-elliptic filters that require cross coupling. The design process involves creating 

optimization curves from a lumped element filter and using these curves to design a 

microstrip filter using a circuit simulator. The design steps are documented as the 

proposed design method is followed. The limits of the proposed design method are 
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investigated by determining the maximum absolute bandwidth a filter can have using this 

method. 

 To validate the proposed design method, two microstrip filters are designed, fabricated 

and tested, one filter with higher losses and one filter with lower losses. The filters are 

fabricated using standard printed circuit board technologies. The simulation and test 

results are similar with differences occurring due a solder mask layer used in the 

fabrication process.  Simulations are performed to account for the effects of the solder 

mask and recommendations are made to further characterize the solder mask properties. 
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Chapter 1 Introduction 

1.1 Outline 

 Filters are one of the fundamental building blocks of RF and microwave systems, 

along with amplifiers, oscillators, mixers, and switches. Filters are difficult to design and 

optimize thus a new method is proposed which can save computational time and filter 

design time. This thesis proposes a method for designing quasi-elliptic filters. Filters are 

a very crucial component for separating wanted signals from unwanted signals of other 

users and systems. As filters define the bandwidth and spectrum of a system, they are 

crucial in any microwave system. 

 The reflected group delay method has been extensively used in the past to tune and 

optimize filters. This method has been also modified and refined by different researchers 

in the past. In this thesis, the reflected group delay method is implemented in designing 

quasi-elliptic filters. The design process starts with developing a model using lumped 

elements and the values of the parameters used in the lumped model are calculated 

mathematically. This mathematical model is used as a reference to design another lumped 

element filter, which is further used as a prototype for the actual filter design. Group 

delay and frequency response curves obtained from one design are used as a reference for 

the next design.  In order to verify the validity of the proposed approach, an elliptic type 

filter is designed, fabricated and tested. The design steps from an ideal lumped element 

filter to a microstrip tunable filter are discussed. Another elliptic type filter using a 

different substrate is also simulated, fabricated, and tested to verify the EM-based design 

approach. Losses in case of the first substrate are more in comparison to the second one.  
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1.1.1 Insertion loss 

Insertion loss is the loss of signal power resulting as it passes through the device and is 

usually expressed in decibels (dB). For a two-port filter, the S21 scattering parameter is 

the insertion loss. As shown in the equation (1.1), S21 is the s-parameter used to describe 

insertion loss, IL, for a two port filter. 

IL = -20 log10 |S21| (dB)       (1.1) 

1.1.2 Return loss 

For a two-port filter, the S11 scattering parameter is the return loss.  The reflection 

coefficient, Γ, is described as the ratio of the reflected voltage wave to the incident 

voltage wave. Return loss, RL, given in dB, is a function of the reflection coefficient as 

shown in (1.2). 

 

RL = -20 log10 |Γ| = -20 log10 |S11|          (1.2) 

1.1.3 Group Delay 

Group delay values are independent of the center frequency and are defined to be the 

negative slope of the phase response, that is, 

                             
  

  
         (1.3) 

Where  is the phase of S11 (radians) and ω is the angular frequency (radians/second). 

For many applications the group delay of the through (S21) signal is the pertinent 

parameter as digital communication systems have specifications for the deviation in 

group delay across the usable bandwidth. In this thesis the group delay of the reflected 

http://en.wikipedia.org/wiki/Signalling_(telecommunication)
http://en.wikipedia.org/wiki/Power_(physics)
http://en.wikipedia.org/wiki/Decibel
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signal is used in the design process. 

1.2 Thesis Organization  

Chapter 2 is the overview of the literature. Chapter 2 discusses various methodologies 

that have been used in the past and the ones that have been used in this thesis to tune and 

optimize a filter. Some of the methods discussed are space mapping, neural networks and 

neural network space mapping.  

 Chapter 3 validates the group delay design method on a lumped element filter and is 

used for the first time on a non-Chebyshev (Butterworth) filter. Using the reflected group 

delay method; a filter is designed and optimized step by step. Also, a lumped element 

filter is designed and its parameters are calculated in chapter 3. Bandwidth of the filter is 

increased slowly to check the range in which the filter gives the desired response. 

 Since lumped element and microstrip model circuit simulations do not accurately 

represent real filter designs, the proposed design method is implemented using microstrip 

structures and EM simulations to confirm the accuracy and usefulness of the 

methodology. The actual filter is then fabricated and tested. The simulation response and 

the measured response are compared for the elliptic type filter with a constant center 

frequency, which is discussed in detail in chapter 4.  Conclusions are presented in 

Chapter 5.  
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Chapter 2 Literature Review 

 In this chapter, a literature review of the optimization process for designing 

microwave filters is discussed. In the past, many researchers have implemented types of 

designs and synthesis methods for filters, some of which are space mapping, neural 

network optimization, and the design by group delay. In this chapter, the space mapping 

method that has also been used in the past, as it is a well-known design procedure in the 

literature, will be discussed. Another popular method of designing filters using neural 

networks will also be presented. Finally, the design of filters by group delay will be 

discussed as it has been implemented for designing filters in the rest of the thesis.  

2.1 Space Mapping 

 Space mapping (SM) is a mathematical link (mapping) between the spaces of the 

design parameters of the 2 models (electromagnetic and circuit model) [1]-[2]. The 

circuit model is also known as the coarse/surrogate model and is used to update the 

design with the extracted parameters. The coarse model may be a circuit simulator such 

as Agilent ADS. On the other hand, the fine model is normally an electromagnetic (EM) 

simulator based on the method of moments (Sonnet or Agilent Momentum). By using the 

technique of space mapping we are trying to determine a set of physical parameters 

which can satisfy the design specifications that are provided to us in the design problem 

and thus avoiding the computationally expensive calculations encountered in optimizing 

the first structure using the time-intensive fine model. Space mapping must use a coarse 
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model that is capable of simulating the filter structure for a wide range of parameters. The 

fine model is not updated or changed during space the mapping process so that the output 

of the original filter can be analyzed or estimated without actually changing the 

parameters of it.  Different approaches for space mapping are discussed in the next 

sections. 

2.1.1 Mathematical Approach 

 Space mapping was first introduced in 1994, where linear mapping was assumed 

between the 2-parameter spaces of the two models. Mapping is evaluated by using a 

least- square solution of the linear equations resulting from the corresponding data points 

in the two spaces. This technique is simple and requires less mathematical calculations, 

but there is always a possibility that it may not converge to a proper solution if significant 

amount of misalignment exists between the response of coarse model and that of the fine 

model [2]. This misalignment is due to very rough estimated coarse model whose 

response is far away from the accurate response of the fine model. Modified version of 

the original SM technique was also proposed, which is known as aggressive space 

mapping (ASM). The basic difference between SM and ASM is that ASM does not 

assume that mapping is necessarily linear and usually converges to the proper design in a 

few iterations. ASM is preferred over SM since it is not highly sensitive to the 

misalignment problem that might result between the coarse and fine model in the case of 

SM. Other SM based techniques to deal with non-uniqueness problem of parameter 

extraction and to minimize the number of iterations are trust region aggressive space 

mapping (TRASM), hybrid ASM, Neural ASM that is discussed further by [4]. 
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Space mapping involve two steps:  

1) Optimization of the design parameters of the coarse model to satisfy the 

 original design specification that has been provided.  

2) Establishing a mapping between parameter spaces of the two models. 

 Let the vectors xc and xf represent the design parameters of the coarse and fine models, 

respectively, and let Rc(xc) and Rf(xf) be the corresponding model responses. Rc is much 

faster to calculate but less accurate than Rf. As illustrated in Figure 2.1 the aim of SM 

optimization is to find an appropriate mapping P from the fine model parameter space xf 

to the coarse model parameter space xc 

                                            xc =P(xf )        (2.1) 

 such that 

R
c
(P (x

f 
)) ≈ R

f 
(x

f 
)     (2.2)  

 Once a mapping P valid in the region of interest is found, the coarse model can be 

used for fast and accurate simulations in that region. 
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Figure 2.1: Illustration of the aim of Space Mapping (SM)[4]  

2.1.2 Mechanical Approach 

 The concept of space mapping revolves around changing the physical parameters of 

the coarse model without the optimization of the fine model. By doing so, the outputs of 

the fine model can be analyzed and estimated without actually changing its parameters. 

Only those parameters are updated in the fine model that produces a relevant result in the 

coarse model. In other words before implementing any changes on the fine model, the 

effect of those changes is first studied on the coarse model and the fine model is only 

used for verification since the coarse model is assumed to be substantially 

computationally cheaper. Thus it is cheaper to make changes to the physical parameters 

of the coarse model. Figure 2.2 illustrates the technique followed to design the coarse and 

fine model using Agilent ADS and an EM simulator (Momentum, Sonnet or HFSS). 

Chapter 2  SPACE MAPPING BASED NEUROMODELING 11 

 

As illustrated in Fig. 2.1 the aim of SM optimization is to find an appropriate 

mapping P from the fine model parameter space xf to the coarse model parameter space 

xc 

)( fc xPx =  (2-1) 

such that 

)())(( fffc xRxPR »  (2-2) 

Once a mapping P valid in the region of interest is found, the coarse model can 

be used for fast and accurate simulations in that region. 

2.3 NEUROMODELING MICROWAVE CIRCUITS 

Artificial neural networks are particularly suitable in modeling high-dimensional 

and highly nonlinear devices, as those found in the microwave area, due to their ability to 

learn and generalize from data, their non-linear processing nature, and their massively 

parallel structure. 

It has been shown by White, Gallant, Hornik, Stinchcombe and Wooldridge 

(1992) that standard multilayer feedforward networks can approximate any measurable 

function to any desired level of accuracy, provided a deterministic relationship between 

fx

)( ff xR
fine

model

coarse

modelcx

)( cc xR

 

fx cx

such that

)( fc xPx =

)())(( fffc xRxPR »
 

Fig. 2.1 Illustration of the aim of Space Mapping (SM). 
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Figure 2.2: Space mapping implementation concept [2]. 

 Due to this, the optimization process yields satisfactory results even though the 

number of evaluation of the fine model is far less than the coarse model. SM can be 

achieved by more than 1 mechanical method, which is discussed in the next sections. 

2.1.3 Implicit Space Mapping 

 This is the simplest method used for SM as in this model, the parameters that are used 

to match the coarse and fine model are separate from the design variables but still 

physically based (dielectric constant, height of substrate) [2]. The parameters are fixed at 

the start of the modeling and design process. 

2.1.4 Surrogate and Adaptive Space Mapping 

 In order to achieve a more accurate surrogate model, the techniques discussed earlier 

can be combined together. Having more than one method of mapping increases the 

number of possible combinations and thus the most suitable coarse model can be chosen. 

This increases the flexibility of the surrogate model but a balance has to be maintained 

while making the surrogate model so that it is not very simple neither overly flexible. 
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2.1.5 Tuning Space Mapping 

 Tuning based models can be constructed by introducing circuit theory based 

components like capacitor, inductor or coupled line models. Concept of tuning and space 

mapping surrogate model’s role is replaced by a tuning model that is constructed by 

adding circuit based components into fine model structure and its parameters are tunable. 

Figure 2.3 describes the process flow for the tuning space mapping technique. A tuning 

model is constructed where the theory based components are tuned and then using space 

mapping, a fine model is obtained. 

 

Figure 2.3: Concept of tuning model for tuning space mapping [2]. 

2.1.6 Output Space Mapping 

 This mapping enhances the surrogate model by a correction term that is the difference 

between the fine and the original space-mapping responses at the current iteration point 

so that a perfect match between these models is ensured [2]. It is also called zero-order 

consistency condition. The surrogate model must be selected efficiently in order to get 

good results because surrogate leads to fine model. In all the mappings discussed before 

the surrogate model was not accurate enough. Proper physically based coarse model and 
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right combination of mappings ensure good global matching between the models, which 

may not be enough to precisely locate the fine model optimum that is why output space 

mapping has been proposed. 

2.1.7 Advanced Space Mapping 

 Modified version of the original SM technique was also proposed known as advanced 

space mapping. Advanced Space Mapping does not assume that mapping is necessarily 

linear and usually converges to the proper design in a few iterations. Advanced Space 

Mapping is preferred since it is not highly sensitive to the misalignment problem that 

might exist between the coarse and fine iterations. The latter methods establish a 

localized approximation of fine model responses using fine model simulations. Such 

approximations are typically updated using new fine model points. On the other hand, for 

a small investment in fine model simulations, space mapping exploits an underlying 

coarse model (knowledge) that is physically based and capable of accurately simulating 

the system under consideration over a wide range of parameter values. The surrogate is 

updated iteratively. Knowledge-based neural network models [5] and so-called neural 

space mapping [6] also take advantage of a coarse model to expand the region of validity 

beyond the range of the training data and/or to reduce the number of data points required 

in the training process. 

2.1.8 Summary of Space Mapping for the Design of Microwave Filters 

 Advantages of space mapping can be summarized as follows. It provides an efficient 

(typically only a few iterations are required) optimization method for computationally 

expensive models, such as EM-simulation-based models. Typically, it does not require 
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fine model derivatives. Space-mapping-based interpolation makes a continuous model 

available on a discrete subset of the design space [3]. 

 Fast surrogate optimization allows a larger number of design parameters to be 

considered [2], [4], which imply a better chance of obtaining a good design. A good 

surrogate model remains useful after the design process is completed. A limitation of 

space mapping is, there is always a need of the surrogate model to achieve the fine 

model. If the surrogate model is not accurate than there may errors in the fine model and 

the filter design may not converge. 

2.2 Design by Neural Networks 

 The method of neural networks is applied to obtain much more flexibility than the 

conventional design methods. The biggest challenge while designing a filter is to find the 

coefficients of the filters. According to [6] neural networks is a very important and 

worthwhile method of designing a filter and thus cannot be ignored. A neural network is 

a useful alternative to model a design where a mathematical model is not available or 

repetitive simulations are required. 

 A typical neural-network structure has two types of basic components, namely, the 

processing elements and the interconnections between them. The processing elements are 

called neurons and the connections between the neurons are known as links or synapses. 

Each neuron receives stimulus from other neurons connected to it, process the 

information, and produces an output. Neurons that receive stimuli from outside the 

network are called input neurons, while neurons whose outputs are externally used are 



12 

 

called output neurons. Different neural-network structures can be constructed by using 

different types of neurons and by connecting them differently. 

2.2.1 Neural-Network model development 

 As discussed in [7] a neural network does not represent any RF or microwave device 

unless it is directed to do so. In order to develop a neural-network mode, input and output 

parameters are required to be identified, which is used to generate and preprocess data, 

and then use this data to carry out artificial neural network (ANN). The important steps 

needed to develop a neural model are discussed below and the flow chart of process is 

displayed in Figure 2.4. 

2.2.2 Problem formulation and data processing 

 The first step toward developing a neural model is the identification of inputs (x) and 

outputs (y). Input parameters are device or circuit parameters (frequency, geometrical 

parameters) and output parameters are determined based on the purpose of the neural 

network model. The next step is to define the range of data to be used in the ANN model 

development and the distribution of x-y samples within that range. After which data is 

generated using x-y sample pairs by using simulation software. The data generated could 

be used for training the neural network and testing the resulting neural-network mode. 

Taking into consideration the truncation or no convergence, vector d is introduced to 

represent the outputs from simulations corresponding to an input x. Data generation is 

then defined as the use of measurement to obtain sample pairs (xk, dk), k = 1, 2,……..,P, 

where P is total number of samples chosen. Generated data sample pairs (x, d) are 

divided into 3 sets (training data, validation and test data) and then data is preprocessed. 
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Figure 2.4: Flowchart demonstrating neural-network training, neural model testing 

and use of training, validation and test data sets in ANN modeling approach [7]. 

2.2.3 Neural-Network training 

 As discussed above a neural network needs to be trained. The neural-network weight 

parameters (w) are initialized to provide a good starting point for optimization. To 

initialize the weights either small range of random numbers are used or weights inversely 

proportional to the square root of number of stimuli a neuron receives on average.  

 One of the major challenges to confront is how to effectively optimize a complex 

multilayer structure in filter through EM simulation tools with high precision and 

efficiency [5]. Conventional modeling approaches are very time consuming and a small 

change in the geometrical or material parameters could require a completely new 

simulation run due to which Space Mapping is not recommended.  Thus another 

technology is proposed by [6], which says that a neural network can map complex non-

linear input-output relationships at a higher speed. Furthermore when SM and neural 

networks are combined together there are a few different techniques developed.  
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2.2.4 Space mapped neural modeling (SMN) 

 As discussed in section 2.1, SM combines both computational efficiencies of coarse 

model and accuracy of fine models. SM techniques establish a mathematical link between 

two models and direct the bulk of central processing unit (CPU) intensive evaluations to 

the coarse model, while preserving the accuracy offered by the fine model. Thus to 

improve efficiency and accuracy of modeling space-mapped neural modeling is 

combined with SM.  As shown in Figure 2.5, a neural network implements the mapping 

from the fine to the coarse parameter space.  

 

Figure 2.5: The Space-Mapped Neuromodeling [7]. 

 Where the vectors xc and xf represent the design parameters of the coarse and fine 

models, respectively; Rc and Rf represent the corresponding model responses; w is 

network parameter of optimization variable. Once the mapping is found, namely, once 

the neural network is trained, a space-mapped neural modeling with fast, accurate 

evaluations is immediately available to optimize targets. 
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2.2.5 Frequency dependent SM Neuromodeling (FDSMN) 

 In this approach, illustrated in Figure 2.6, both coarse and fine models are simulated at 

the same frequency, but the mapping from the fine to the coarse parameter space is 

dependent on the frequency.  

 

Figure 2.6: Frequency- Dependent Space Mapped Neuromodeling concept [7]. 

2.2.6 Frequency SM Neuromodeling (FSMN) 

 With a more comprehensive domain, the FSMN technique establishes a mapping not 

only for the design parameters but also for the frequency variable, such that the coarse 

model is simulated at a mapped frequency fc to match the fine model response. This is 

realized by adding an extra output to the ANN that implements the mapping, as shown in 

Figure 2.7. Space-Mapped Neuromodeling (SMN), Frequency Dependent Space-Mapped 

Neuromodeling (FDSMN) and Frequency-Space-Mapped Neuromodeling (FSMN), these 

techniques can exploit the vast set of empirical models available, decrease the number of 

fine model evaluations needed for training, improve generalization ability and reduce the 

complexity of the ANN topology with respect to the classical neuromodeling approach. 
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Figure 2.7: Frequency Space Mapped Neuromodeling [7] 

2.2.7 Summary of Designing Microwave Filter with Neural Networks 

 For microwave problems, the learning data for neural networks is usually obtained by 

either EM simulation or by measurement [6]. Large amounts of learning data are 

typically needed to ensure model accuracy. This is very computationally expensive since 

the simulation/measurements must be performed for many combinations of different 

values of geometrical, material, process, and input signal parameters. This is the principal 

drawback of classical ANN modeling. Without sufficient learning samples, the neural 

models may not be reliable. 

 Another method to design filters is proposed which eliminates the need of either 

selecting a coarse model or to obtain large number of data values which is called 

reflected group delay method of filter designing.  

2.3 Design by Group Delay Method 

 Another technique of optimization that makes use of the reflected group delay was 

first introduced by Ness [8] and further developed by Laforge [9]. According to this 

method resonant cavities are selected and coupling values are set to generate the filter 

response. Coupling coefficient is a number that express the degree of electrical coupling 
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that exists between two circuits and is calculated as the ratio of the mutual impedance to 

the square root of the product of the self-impedance of the coupled circuits. Response of a 

Chebyshev filter can be obtained by employing sequential coupling between adjacent 

resonators. Therefore synchronously tuned resonator cavities that are coupled 

appropriately can realize most of the sequentially coupled filter characteristics required 

even for very demanding specifications. There are several methods for determining 

coupling values but the reflection technique is particularly used here. The relationship 

between coupling and group delay of the reflected signal helps in setting the coupling 

values.  

 In this method the coupled resonator technique requires coupling reactance, which is 

independent of frequency, resonators can be represented as LC circuits. This is the main 

limitation of this technique therefore it was modified further. An Electromagnetic based 

design process is proposed by [8]. The EM based model with a tuning technique is based 

on the reflected group delay method, which is the well-known technique for tuning 

fabricated filters. The method is used for designing filters to achieve electromagnetic 

simulation results as similar as possible to those of the ideal filter design. This design 

method does not require an accurate coarse model for the filter because all simulations 

are performed with an EM simulator. Application of reflected group delay method is used 

to design higher order superconducting filters. To get symmetric response about center 

frequency a correction term (A (f)) is introduced and is included in the symmetric group 

delay response Γd symmetric(f) [9]. This term is given as 

Γd symmetric(f) = A(f) Γd(f)     (2.3) 
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      (2.4) 

 When using reflected group delay method, the filer design process is divided into 

smaller design stages that each stage requires less computation and optimization time 

than that of designing the entire filter in one step. One more resonator is added at each 

step to the full simulation. Only fine parameters are tuned at each step. This method does 

not require an accurate coarse model for the filter because all simulations are performed 

with EM simulation. Figure 2.8 describes the group delay response of the filter up to 3-

poles at center frequency 1GHz.  

 

Figure 2.8: Reflected group delay response for each stage of lumped-element filter 

design described above. 
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Chapter 3 Group Delay Method for Designing Quasi-Elliptical Filters 

 This chapter presents the development approach for designing an elliptic type filter 

using the reflected group delay method. Agilent ADS (Advanced Design System) [12] is 

used to design the lumped element model of the filter. The steps required to design a new 

filter by comparing its group delay response with the ideal filter are presented. This filter 

is designed for a center frequency of 1GHz and a 50MHz bandwidth. 

3.1 Low Pass to Band Pass Transformation 

The idea of converting the shunt series combination of the ideal filter into the shunt 

resonators is taken from band pass transformations [11]. As the ideal filter is the low-pass 

prototype filter design, which can be transformed to have the band pass or band stop 

responses illustrated in Figure 3.1. 

 

Figure 3.1: Band pass and Band stop transformations [11]. 

If ω1 and ω2 denote the edges of the pass band, then a band pass response can be obtained 

using the following frequency substitution: 

  
  

      
 
 

  
 

  

 
  = 

 

 
 
 

  
 

  

 
      (3.1) 

Where    Δ = 
      

  
                                                         (3.2) 

is the fractional bandwidth of the pass band 
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The center frequency is defined as 

      ω0 =      .                               (3.3) 

For the bandpass transformation, when ω = ω0, 

 
 

 
 
 

  
 

  

 
  = 0     (3.4) 

When ω = ω1, 
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When ω = ω2, 
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  = 1     (3.6)  

The new filter elements are determined by using (3.5) in the expressions for the series 

reactance and shunt susceptances. Thus, 

jXk= 
 

 
 
 

  
 

  

 
     = j

   

    
 - j

    

    
 = j   

    
 

    
    (3.7) 

which shows that a series inductor, Lk, is transformed to a series LC circuit with element 

values 

         
   

  

    
,                  (3.8) 

                                               
   

  

     

                                                         (3.9) 

Similarly, 

j Bk= 
 

 
 
 

  
 

  

 
     = j

   

    
 - j

    

    
 = j   

    
 

    
   (3.10) 
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which shows that a shunt capacitor, Ck, is transformed to a shunt LC circuit with element 

values 

  
   

  

    
,      (3.11) 

  
   

  

     
                 (3.12) 

 The low-pass filter elements are thus converted to series resonant circuits (having a 

low impedance at resonance) in the series arms, and to parallel resonant circuits (having a 

high impedance at resonance) in the shunt arms. Notice that both series and parallel 

resonator elements have a resonant frequency of ω0. 

 

Figure 3.2: 3-Pole Lowpass filter and corresponding 3-pole Bandpass filter. 
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The inverse transformation can be used to obtain a band stop response. Thus,  

                 ω =   Δ  
ω

ω 
 
ω 

ω
 
  

      (3.13)
 

where   and ω0 have the same definitions as in (3.6) and (3.7). Then series inductors of 

the low-pass prototype are converted to parallel L C circuits having element values given 

by  

    
   

    

   
,         (3.14) 

                                               
   

  

        
             (3.15) 

 The shunt capacitor of the low-pass prototype is converted to series LC circuits having 

element values given by 

                                 
   

  

        
,          (3.16) 

                                                               
   

    

   
                                             (3.17) 

 An example of the transformation of a three-pole low pass filter to a three-pole band 

pass filter is shown in Figure 3.2. The element transformations from a low-pass prototype 

to a high-pass, band pass or band stop filter are summarized in Figure 3.3. 
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 Low Pass           High Pass                 Band Pass                        Band Stop 

 

Figure 3.3: Summary of Prototype Filter Transformations [11]. 

3.2 Design of a 4-pole Filter using Group Delay Method 

 To design the 4-pole filter using group delay method, the analysis begins by 

considering the ideal lumped element filter. The reflected group delay method is well 

known as a technique for tuning fabricated filters [8]. This group delay method is used 

for designing filters to achieve electro-magnetic simulation results as similar as possible 

to those of the ideal filter design. Using this method the filter design process is divided 

into smaller design steps that each requires less computation and optimization time than 

that of designing the entire filter in one step [9]. Group delay is defined as the negative 

derivative of the device’s phase characteristic with respect to frequency. Reflected group 
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delay method uses that return loss group delay information to design and tune filters in 

incremental stages.  

 Optimization is used in subsequent steps to match the group delay results of the 

designed filter with the ideal filter. The 4-pole filter is designed using a circuit simulator 

with ideal capacitors and inductors to demonstrate the reflected group delay method.  

 The parameters of the ideal filter are calculated using the following equations [11].  

    
     

    
        where n = 1 and 3               (3.18) 

     Cn = 
 

         
          (3.19) 

                Lm= 
      

       
        where m = 2 and 4                  (3.20) 

               Cm = 
  

           
                                            (3.21) 

Where gn and gm are selected from Table 3.1, Z0 is the characteristic impedance of the 

system,  is the percentage or fractional bandwidth, and 0 is the frequency in radians/s. 

For this design Z0 = 50 ,   = 0.05, and f = 1 GHz, where 0=2f. 

Table 3.1: Low-pass prototype elements for a 4-pole Chebyshev filter with 25dB 

return loss 

g1 0.712867333929701 

g2 1.200351272174153 

g3 1.321282921856893 

g4 0.647621487433857 

g5 1.100746883421630 
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 The values corresponding to the capacitor and inductor (for a given center frequency, 

bandwidth and return loss) can be determined by solving the circuit mathematically, 

whereas the reflected group delay design can help obtain the design of the same filter 

without the requirement of the equation that characterizes the circuit.  

     

(a) (b) 

Figure 3.4: (a) Ideal first resonator with a series capacitor and inductor (b) 

resonator used in the filter. 

 Using the design shown in Figure 3.4, the group delay response of the designed 

resonator (b) is matched to that of the ideal filter. L and C for the ideal filter are 

calculated from equations (3.18)-(3.21) whereas L1 and C1 are both variable and are 

optimized until the group delay response of (b) matches with (a) of Figure 3.4.  The 

characteristic impedance in both the cases is same, 50 . The group delay response of 

ideal (blue) and designed (red) can be seen in Figure 3.5. The response of both filters is 

approximately the same so curves are almost overlapping each other. Now the values of 

L1 and C1 are obtained, in the later process the value of inductor is fixed but the rest of 

the parameters are optimized. The value of inductor for the first resonator is equal to 

those of the rest of the inductor, L1=L2=L3=L4=0.5249nH. After fixing the values of the 

inductor, optimization is performed only on the values of the capacitors. For rest of the 

stages the capacitors are optimized to achieve a symmetric group delay response about 

CL

Z0 GND

GND

Z0 

C1

L1

GND

GND
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the center frequency. During the second stage, the elements C2, C3 and L2 are added to 

the circuit, optimization is performed on C1, C2 and C3 and is obtained to be C1= 45.86 

pF, C2= 2.42 pF and C3= 45.74 pF. Due to the loading effect of the second resonator, the 

value of C1 is reduced. This process is repeated for the third and fourth resonators. Hence 

it can be concluded from the process followed above and also from [8]-[9], that when 

optimizing the N
th

 resonator, only CN-1, CN and CN+1 needs to be changed and CN-1 is 

always reduced. Similar process is followed to design the entire filter. The second stage 

of the development process is described in Figure 3.6 and the corresponding results are 

shown in Figure 3.7.  

 

Figure 3.5: Reflected group delay response of the ideal (blue) and designed (red) 

filter. 
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(a) 

 

(b) 

Figure 3.6: 2 Pole ideal (a) and designed (b) filter 

 

Figure 3.7: Group delay response of the ideal (blue) and designed (red) 2 pole filter. 
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 The technique that is used here does not optimize all the parameters of the filter all at 

once. In order to attain the correct peak value at the center frequency of the filter for the 

reflected group delay, optimization is performed. Values of the optimized parameters 

during the entire design process are listed in Table 3.2. The frequency response of the 

final filter design closely matches with the expected ideal response for the 4-pole filter. 

This is the circuit that is used to demonstrate the group delay method and is shown in 

Figure 3.8  

 

Figure 3.8: Designed 4-pole filter 

For this filter design, the center frequency is 1.0 GHz, the bandwidth is 50 MHz, and the 

return loss is chosen to be 25 dB.  

Table 3.2: Values of the capacitors after optimizing each resonator of the four-pole 

lumped element filter. 

Capacitor 1
st
 Resonator 

1
st
 and 2

nd
 

Resonators 

1
st
,  2

nd
 , and 3

rd
 

Resonators 
Full filter 

C1 (pF) 48.148 45.868 45.868 45.868 

C2 (pF)  2.422 2.422 2.422 

C3 (pF)  45.748 44.188 44.138 

C4 (pF)   1.672 1.732 

C5 (pF)   46.448 44.158 

C6 (pF)    2.412 

C7 (pF)    45.898 

 

L4= L1

C6

C7

L2= L1

C2

C3C1

Z0Z0
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L2= L1
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From Table 3.3, the values of the reflected group delay at f0 for the different design stages 

are Γd1 = 9.82 ns, Γd2 = 17.12 ns, Γd3 = 29.83 ns. The group delay values at ω0 in terms of  

low-pass prototype and bandpass filter elements can be calculated by using the 

mathematical equations from Table 3.3.  

Table 3.3: Mathematical equations for calculating the reflected group delay at f0[8] 

No of poles 

(n) 
Band Pass Prototype Low Pass Prototype 

1 Γd1= 4 g0g1/ ∆ ω0 Γd1= 4 C1Z0 

2 Γd2 = 4 g2/g0 ∆ ω0 Γd2= 4 L2/ Z0 

3 Γd3= 4 g0 (g1+ g3)/ ∆ ω0 Γd3= 4 (C1+C3) Z0 

4 Γd4= 4 (g2 +g4)/ g0∆ ω0 Γd4= 4 (L2+L4) / Z0 

5 Γd5= 4 g0 (g1+g3+g5) / ∆ ω0 Γd5= 4 (C1+C3+C5) Z0 

 

Figure 3.9: Frequency response of the designed 4-pole filter.  

 The final values of all the capacitors are listed in Table 3.2 and the frequency response 

is shown in Figure 3.9. These results are close to the response of the ideal four-pole filter.  
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 To confirm that the reflected group delay method is a valid design approach, a 4-pole 

Chebyshev filter is designed and its response is studied. As the limited amount of 

published work on the reflected group delay method focuses on Chebyshev filters, a 5-

pole Butterworth filter is designed to ensure the accuracy of the design methodology.  

The parameters of the ideal butterworth filter are calculated using the following equations 

[11].   

    
     

    
        where n = 2 and 4               (3.22) 

        Cm = 
   

        
     where m =1 and 3        (3.23) 

Where gn and gm are selected from Table 3.4, Z0 is the characteristic impedance of the 

system,  is the percentage or fractional bandwidth, and 0 is the frequency in radians/s. 

For this design Z0 = 50 ,  = 0.05, and f = 1 GHz, where 0=2f. 

Table 3.4: Low Pass Prototype values for 5-pole Butterworth Filter [11]. 

g1 0.6180 

g2 1.6180 

g3 2.0000 

g4 1.6180 

g5 0.6180 

 

 Similar methodology, which is used to design a Chebyshev filter, is followed to design 

a 5-pole Butterworth filter and test the validity of the design approach. The values of the 

inductor used throughout the design process are constant and is equal to 0.6479nH. 
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Optimization is performed on the capacitors used in the filter circuit and the 

corresponding values are shown in Table 3.5. 

Table 3.5: Values of the capacitors after optimizing each resonator of the five-pole 

Butterworth filter. 

Capacitor 1
st
 Resonator 

1
st
 and 2

nd
 

Resonators 

1
st
, 2

nd
 and 3

rd
 

Resonators 

Full filter 

C1 39.115 37.315 37.315 37.315 

C2  1.967 1.92 1.92 

C3  37.322 36.12 36.704 

C4   1.089 1.089 

C5   38.00 37.89 

 

 Table 3.5 shows the values of the capacitors that are changed during the design 

process and the corresponding reflected group delay response of the 1
st
, 2

nd
, 3

rd
 and 4

th
 

resonators are shown in Figure 3.10.  The filter responses of the ideal and designed 

Butterworth filters are shown in Figure 3.11 

 This design of the ideal lumped element filter demonstrates the reflected group delay 

filter design process. This process is used to design a lumped element filter and design a 

microstrip filter, that are discussed in sections 3.3 and 3.4. 
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Figure 3.10: Reflected Group Delay response of 1
st
, 2

nd
, 3

rd
 and 4

th
 resonator.  

 

Figure 3.11: Filter response of the ideal (light blue and purple) and designed (dark 

blue and red) 5-pole Butterworth filter. 
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3.3  Using the Model to Design an Elliptic Filter using the Group Delay 

Method 

 The model developed in section 3.2 is further used to design a four pole lumped 

element filter using reflected group delay method. As this model is made up of lumped 

elements, it should produce no cross coupling, due to which it is difficult to see the effect 

of connecting the lumped elements closely together. To rectify this problem, inductive 

coupling between the first and fourth (1-4 coupling) is manually introduced in the filter 

and its response is studied. An elliptic type filter makes use of the 1-4 cross coupling to 

create the desired transmission zeros present on either side of the pass band. The 

advantage of using an elliptic type filter is that sharper cutoff in the stop band is achieved 

as compared to the stop band cutoff of a sequentially coupled filter. In this section, the 

reflected group delay method will be used to design the 4-pole filter shown in Figure 

3.12. The 1-4 inductive cross coupling will then be added to the circuit, and further 

optimization will be performed to get the desired quasi-elliptic filter response. The 1-4 

coupling will then be removed, and the reflected group delay plots will be recorded for 

use in designing a microstrip filter in section 3.4. 

 

Figure 3.12: Circuit Diagram of 4-pole lumped element filter 
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 The lumped element model consists of the shunt capacitor and a shunt inductor. The 

coupling between resonators is realized by series capacitor.  The capacitor C11 and C22 

are introduced in the new design and step-by-step approach is followed. To determine the 

values of the capacitors and the inductors of the first resonator, only L1, C1 and C11 are 

included in the circuit simulations. In order to attain the correct peak value at the center 

frequency of the filter for the reflected group delay, optimization is performed and the 

final results are shown in Figure 3.13. The values are C1= 32.584pF, C11= 5.1pF and 

L1= 0.7097nH. It follows the same process as in 3.2, value of inductor for the first 

resonator is equal to those of the rest of the inductors, L1=L2=L3=L4=0.7097nH. After 

fixing the values of the inductor, optimization is performed only on the values of the 

capacitors. Table 3.6 shows the values of the capacitors. 

Table 3.6: Values of the capacitors after optimizing each resonator of the designed 

4-pole lumped-element filter. 

Capacitor 1
st
 Resonator 

1
st
 and 2

nd
 

Resonators 

1
st
,  2

nd
 , and 

3
rd

 Resonators 
Full filter 

C11 (pF) 5.1 5.3 5.3 5.3 

C1 (pF) 32.584 32.684 32.684 32.684 

C2 (pF)  1.74 1.75 1.75 

C3 (pF)  32.584 32.514 32.514 

C4 (pF)   1.52 1.52 

C5 (pF)   32.574 32.574 

C6 (pF)    1.75 

C7 (pF)    32.684 

C22 (pF)    5.3 

 

 The Chebyshev filter with the parameters listed in Table 3.6 is used as a starting point 

for designing a quasi-elliptic filter. The 1-4 inductive cross coupling is added to the 

circuit by including a mutual inductance between the inductors L1 and L4. All 
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parameters, including the newly added mutual inductance, are then optimized to get a 

good quasi-elliptic filter response. 

  

Figure 3.13: Group delay response of first resonator from section 3.1(blue) and 

3.2(red). 

  

Figure 3.14: Reflected Group Delay response of 1st (green), 2nd (blue) and 3rd 

(pink) resonator. 
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 From Figure 3.15, it is observed that S11 is the same as that of the one designed in 

section 3.2 (Figure 3.9), but there is some change in S21. The value of the inductive 

coupling is 0.005nH. The effect of this cross coupling results the two transmission zeros 

as observed above and below the pass band. Transmission zeros are critical frequencies 

where signal transmission between input and output is stopped. Physically, the presence 

of transmission zero can be explained as due to a phase cancellation between the signals 

in both resonators and phase cancellation occurs when the phase difference is 180°. 

Figure 3.15 clearly shows that transmission zeros occur at frequencies equal to 0.95 GHz 

and 1.062 GHz and that the pass bands return loss is 25dB.  

 

Figure 3.15: Lumped element filter with 1-4 inductive coupling 

As soon as the inductive coupling between the first and fourth resonator is 

removed, the response is not good and can be seen in Figure 3.16. When each resonator is 

removed from the circuit, the reflected group delay response of each resonator is 
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recorded, as shown in Figure 3.14. These responses will be used in the design process of 

the quasi-elliptic filter as demonstrated in section 3.4.  

 

Figure 3.16: Frequency response of the lumped element filter without 1-4 inductive 

coupling 

 The proposed design procedure implemented in section 3.4 and Chapter 4 on 

microstrip filters is the following: 

1. Design the filter as though it is a sequentially coupled filter using the reflected 

group delay method with the plots shown in Figure 3.14. 

2. After half of the filter is designed using the method in step one, the two-port 

filter is optimized to have the response shown in Figure 3.16. 

3. The 1-4 cross coupling is then added and the filter is optimized to have the 

response shown in Figure 3.15. 

 During each optimization phase of the proposed design procedure mentioned above, it 

is desired to have a minimum number of optimized parameters. This aspect of the design 

process is one of its main benefits, as optimization time is minimized. 
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3.4 Using the Model to Design a Microstrip Filter using a Circuit Simulator 

and the Group Delay Method 

 To design a filter using ideal microstrip transmission line, few parameters are 

determined such as the physical length of the microstrip line and the spacing between the 

interdigital capacitors. Optimization is used in subsequent steps to compensate for 

parasitic and quasi nature of microstrip transmission line. This design consists of 

capacitor connected in parallel with M-Gap, which is a combination of series and parallel 

capacitors shown in Figure 3.18. The first step in this process is to determine the values 

of the capacitance (C), length of the microstrip transmission line (TL) and the distance in 

m-gap (S). Width (W) is calculated using line calc, which is the inbuilt function in agilent 

ADS, Gap (S) is calculated using equation 3.23. 

                                         
 

 
                        (3.23) 

Substituting H = 62 mil gives S= 12.4 mil. Figure 3.17 shows the lumped element 

equivalent model (b) for the microstrip gap (a). The following method illustrates how to 

calculate the values of the capacitors using Y-parameters. 
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(a) (b) 

Figure 3.17: Lumped element equivalent model for gap in between microstrip 

transmission lines. 

 

   
        

   
     (3.24) 

   
       

     
     (3.25) 

where ω = 2πf and f = 1GHz. 

TL1 TL2

Gap

Z0
Z0

 

Figure 3.18: Design used to calculate the values of Cg and Cp. 

 Using Figure 3.18, Y11 and Y21 are plotted as shown in Figure 3.19. Substituting the 

values of Y11 and Y21 into equation 3.24 and 3.25, Cg and Cp, as shown in Figure 3.20, 

are obtained and displayed in Table 3.6. To obtain the desired series capacitance, an 

additional capacitor, C11 as shown in Figure 3.20, is included in the circuit as the M-Gap 

structure does not produce a large enough series capacitance. 
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Figure 3.19: Y-parameters of the design shown in Figure 3.18. 

Cg
CpCp

C11

 

Figure 3.20: Final lumped element design of M-gap with parallel capacitor C11. 

 

Table 3.6: Values of series capacitor 

Gap Y11 Y21 Cg (pF) Cp (pF) 

Initial 

capacitance 

C (pF) 

Total 

capacitance 

Cg + C 

1 0.004 -0.001 0.15 0.4 0.9907 1.14 

2 0.004 -0.001 0.15 0.4 0.0514 0.2 

3 0.004 -0.001 0.15 0.4 0.0225 0.172 
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 Using the model designed in section 3.3 as reference, a new microstrip filter is 

designed using a circuit simulator and the reflected group delay method. Circuit simulator 

used in this case is Agilent ADS. The filter has a center frequency of 1GHz, and an 

absolute bandwidth of 50MHz. The first step in this process of designing the microstrip 

filter is to determine the length (L), width (W), Capacitor (C) and the value of Gap (S). 

The line calc feature of ADS is used in order to calculate the length and width of the 50 

 ideal transmission line. In the first resonator L1, Gap1, L2, L3 and a capacitor (C1) in 

parallel with Gap1 is considered. The values of L1 and L2 are equal and fixed; L3 and C1 

are optimized in order to get the desired group delay response. The value of S is chosen 

according to the specifications provided by ADS. Bandwidth selected for designing this 

model is 5% but to obtain bandwidth of 5% a smaller gap, S, should be used. According 

to the ADS specifications, the value of S is selected as 12.4 mil. To remedy this problem, 

a capacitor in parallel to S is connected and 5% bandwidth is attained.  

 The design method proposed in section 3.3 in used to design the microstrip quasi-

elliptic filter. The first two resonators are design using the group delay plots in Figure 

3.14, then the full filter without coupling shown in Figure 3.21 is designed to match the 

results of the lumped element filter without coupling as shown in Figure 3.22. Coupling 

is then added between the first and fourth resonators, as shown in Figure 3.23, and the 

filter is optimized to have the desired response, as shown in Figure 3.24. Table 3.7 shows 

the optimized values of the capacitors throughout the design process and Table 3.8 shows 

the length of resonators that are optimized throughout the process. It is important to note 

that only certain parameters are changed with each optimization step, such as C1 is equal 
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to 0.9927 pF in the first stage of optimization, then it is changed during the second stage 

to 0.9887 pF, and it is never changed again.  

Table 3.7: Values of capacitors in microstrip filter design. 

Capacitor (pF) 1
st 

Resonator 1
st
 and 2

nd
       

Resonators 

Full Filter Without 

Coupling 

Full filter with 

Coupling 

C1 0.9927 0.9887 0.9887 0.9887 

C2  0.0514 0.0514 0.0514 

C3   0.0249 0.0394 

C4                           0.0514 0.0514 

C5                           0.9887 0.9887 

 

Table 3.8: Length of resonators in microstrip filter design. 

Resonator 

Length (mm) 
1

st 
Resonator 1

st
 and 2

nd
       

Resonators 
Full Filter Without 

Coupling 
Full filter with 

Coupling 

L4 21.21 20.85 20.85 20.98 

L9  28.19 28.19 28.19 

L14   28.19 28.19 

L19   20.85 20.98 
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Figure 3.21: Microstrip filter design without coupling. 
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Figure 3.22: Frequency response of microstrip filter without coupling.  
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Figure 3.23: Microstrip filter design with coupling. 

 

 

Figure 3.24: Frequency response of the filter designed using microstrip compared 

with the filter designed in section 3.2. 

 

L1

C4

C1 C2

C3

C5

L2 L3

L4

L5 L6 L7 L8

L9 L10 L11 L12 L13 L14

L15L16L17L18L20L21L22

Z0

Z0

Gap1 Gap2

Gap3

Gap4Gap5

L19

0.85 0.90 0.95 1.00 1.05 1.10 1.150.80 1.20

-60

-40

-20

-80

0

freq, GHz

d
B

(S
(3

,3
))

d
B

(S
(3

,4
))

d
B

(S
(2

,1
))

d
B

(S
(1

,1
))



46 

 

 This model is tested using Agilent Advanced Design System to verify the maximum 

bandwidth supported by this method. In the above discussion 5% bandwidth is used, this 

bandwidth is slowly increased and the same design is tested for 10% and 15% bandwidth. 

It is observed that this technique can work up to 15% bandwidth but when it is tested for 

20% bandwidth the design does not converge as shown in Figure 3.25. To obtain the 

desired frequency response that closely resembles the ideal response, the values of all the 

capacitors are optimized and the corresponding frequency response is shown in Figure 

3.26. In order to see the transmission zero response, during the simulation process it was 

observed that the value of the inductive coupling between the inductors is required to be 

more than 0.3nH. After selecting the value of inductive coupling as 0.3nH, result loss 

increases as well thus it is not recommended to use the design for further simulations 

without optimizing the required parameters. This design with 20% bandwidth can be used 

as a reference for further research work. Thus after looking at all the important 

considerations, 5% bandwidth is chosen and an EM filter is designed as discussed in 

chapter 4. This filter is than fabricated and tested using two different substrate materials. 

The reason why this method did not work for bandwidth more than 20% is due to the 

effect of coupling. As bandwidth increases the 1-4 inductive coupling has to be increased 

to match the frequency response of the filter. This 1-4 inductive coupling leads to better 

frequency response but also loads the whole design, which effects the frequency response 

in the out of band. 
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Figure 3.25: Frequency response of the filter with 20% bandwidth (does not 

converge). 

 

 

Figure 3.26: Frequency response of filter with 20% bandwidth after fully optimizing 

the filter. 
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Chapter 4 Design, Fabrication and Testing of Quasi-Elliptic Filters 

 This chapter focuses on designing a quasi-elliptic filter using the electromagnetic 

simulator, Sonnet, on getting the filter fabricated and on testing the filter to verify the 

simulation results. The method proposed to design filters in Chapter 3 is implemented to 

design the filters in this chapter. The physical length of the microstrip line and the 

spacing between the interdigital capacitors are required to be calculated. Two different 

filters are designed, fabricated and tested. FR4 is used for one of these filters and 

Rogers4003C is used for the other to give a result with lower loss. FR-4 is a low-cost 

printed circuit board material, manufactured from fiberglass cloth embedded in epoxy 

resin. The "FR" in FR-4 stands for "fire resistant". It is possible to create low-cost RF 

circuit cards on FR-4, but the losses will always be much higher than on PTFE-based 

boards from reputable suppliers. RO4000® hydrocarbon ceramic laminates are designed 

to offer superior high frequency performance and low cost circuit fabrication. The result 

is a low loss material, which can be fabricated using standard epoxy/glass (FR-4) 

processes offered at competitive prices. 

4.1 Design of Filter using EM simulator 

 After verifying the frequency response of the quasi-elliptic filter using microstrip 

transmission lines, the next step is to design the same filter and simulate it in Sonnet, 

an electromagnetic (EM) simulator, to test the accuracy of the proposed design process 

All of the initial simulations performed in this section using Sonnet are done with 

lossless metal and lossless dielectrics. The first parameter to be determined is the 

width of the 50Ω transmission line. Two filters are designed using 2 different 

dielectric materials. The first filter has dielectric layer of FR4, and a transmission line 

is placed in the box with ports on each end. The width is optimized and a simulation is 

performed with center frequency as 1GHz, until the desired impedance Z0 is obtained 
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(which is 50 Ω).The width is found to be 110 mil (2.79 mm) for the FR4 dielectric 

material filter and 135 mil (3.45 mm) for the Rogers R4003C. The layout used in 

Sonnet to perform the simulations to calculate the length and the width of the 

transmission line is shown in Figure 4.1.  

 

Figure 4.1: Layout in Sonnet used to calculate the length and width of the 

transmission line 

 The next step is to determine the values of the capacitors used; interdigital capacitors 

are designed to meet the required specifications of the filter. Five interdigital capacitors 

are used in the full 4-pole filter. Values of the interdigital capacitors are approximately 

equal to the values of the capacitors designed in section 3.4  

4.1.1 Designing interdigital capacitors 

 There are five interdigital capacitors used in the full filter and their values decrease. 

The values of C1, C2 and C3 are nearly equal to the total capacitance shown in Table 4.1. 

To design an interdigital capacitor in Sonnet there are a few parameters required to be 

taken into consideration such as number of finger pairs, terminal width, finger width, 

finger spacing, finger overlap and end gap when using the InterDigCap geometry as 

shown in Figure 4.2 [13]. 



50 

 

 

Figure 4.2: Geometry of an Interdigital Capacitor [13] 

 Number of finger pairs is selected depending on the value of the capacitor needed. 

Number of finger pairs is directly proportional to the value of the capacitor. As 

capacitance increases, number of finger pairs also increases but it can only be even. 

Finger Spacing is the space in between fingers and the value used in this circuit is 10 mil 

(0.25 mm).  Finger Overlap is the length of the finger from the open end of one finger to 

the open end of the adjacent finger.  

 The Finger Length = Overlap + End Gap, Finger length needs to be adjusted 

depending on the value of the capacitor required. End Gap is the distance between the 

terminal and the finger having a value of 30 mil (0.76 mm). Terminal Width is the width 

of the terminal that is measured from the outer edge of the capacitor to the beginning of 

the End Gap. There is a terminal on both sides of the capacitor and is adjusted according 

to the requirements of the desired capacitance. Figure 4.3 shows the circuit required to 

design the capacitors of the required value. Table 4.1 displays the values of the capacitors 

obtained from microstrip filter design and from the sonnet design. 
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Figure 4.3: Designing an interdigital capacitor 

 

Table 4.1: Values of the required capacitance obtained from microstrip design and 

the calculated capacitance obtained from sonnet 

No of 

Finger Pair 

Finger 

Overlap 

(mil) Gap (mil) 

Calculated C 

from sonnet 

(pF) 

Required C 

from section 

3.2 (pF) 

4 280 30 1.16 1.13 

2 110 30 0.2 0.2 

2 70 30 0.168 0.172 

 

4.1.2 Determining the value of the effective dielectric constant 

 Since FR4 is the fabrication material used, the value of the dielectric constant is to be 

estimated. Because part of the fields from the microstrip conductor exists in air, the 

effective dielectric constant is somewhat less than the substrate's dielectric constant (also 

known as the relative permittivity). The dielectric constant, εr of microstrip is assumed to 

be 4.8 (in this case). Figure 4.4 shows the structure of the microstrip line with all the 
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physical parameters and equation 4.1 shows how to calculate εeff from the guided 

wavelength, . 

 

Figure 4.4: Structure of a microstrip line [11] 

                                           
 

       
       (4.1) 

 Since electric fields flow between the air and the dielectric material therefore, εeff lies 

between 1< εeff < 4.8. After running a simulation the actual value of εeff can be observed 

from Sonnet. The dielectric constant, εr, used in this design process is 4.8 and it is 

considered lossless (no conductive or dielectric losses).  

4.1.3 Adding equation to sonnet 

 After defining all the parameters to display the group delay response, the equation is 

manually added to it. Sonnet provides a set of pre-defined equations, which are always 

available in any session of the response viewer but to plot the reflected group delay 

response there is no pre-defined equation. So, the user equation file option is used from 

sonnet that allows user to control equation files, which contains the equations that are 

defined, by user. The set of equations available from Sonnet is always available and may 
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be copied and used as templates for user’s equations. A user can create an equation file 

by clicking on the Save button. All equations generated by a user and presently loaded in 

this session of the response viewer will be saved in the specified equation file. Multiple 

equation files can be created. Similar approach was followed to define the equation for 

the group delay response. (4.2) is the equation used to plot the group delay response of 

the filter.  

     
 
      

   
   

       

         
 

                   
       (4.2) 

4.2 Quasi-Elliptic filter design 

 A 4-pole filter is designed by using step-by-step approach to confirm that this method 

proposed in chapter 3 works for a real microstrip filter. Later the actual filter is designed 

using the same methodology. The first design step can be seen in Figure 4.5, which has a 

transmission line (L) of predefined length calculated in the section above, an interdigital 

capacitor (C1), and few more transmission lines (L1, L2 and L3).  There is an arrow 

connecting the box through L with the capacitor C1 that is known as a reference plane. 

Sonnet has an automatic de-embedding capability. When invoked, Sonnet negates the 

port discontinuity and a desired length of transmission line.  

 There is a shift up in the group delay plot of the resonator due to the length of input 

transmission line, so to remove this, the reference plane is required. The reference planes 

instruct EM as to the desired length of the transmission line to be negated. By default, 

ports on the same box wall have shared reference plane lengths; so setting a reference 

http://www.sonnetsoftware.com/support/help-v1356/help_topics/what_is_de-embedding_.htm
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plane for one of the box wall ports, sets the reference plane for all box wall ports on the 

same box wall. Since the reference planes have been defined for port 1 at the left edge of 

the filter metallization, this reference plane instructs the simulator to remove the effect of 

the transmission line up to the filter metallization when de-embedding is enabled.  

 

Figure 4.5: Design of first resonator using the EM simulator Sonnet. 

 There is a U-shaped structure of the transmission line after the interdigital capacitor, 

which is chosen to make it easier to introduce 1-4 coupling later in the design. Basically a 

big transmission line is broken into small transmission lines L1, L2 and L3 just for design 

simplicity. Transmission lines (L, L1 and L3) are fixed and optimization is performed on 

C1 and L2 to match the group delay response of the first resonator designed by Sonnet 

with that of the one designed in ADS using a microstrip transmission line. Comparison of 

response of both the designs is shown in Figure 4.6, more similar they are the better for 

further design process.  
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Figure 4.6: Group delay response of first resonator using Sonnet (Blue) and ADS 

(Red) 

 Second stage in this process is to design the second resonator and optimize the 

parameters to match its group delay response with the second resonator discussed in 

section (3.2). Design of the second resonator is displayed in Figure 4.7 and the 

corresponding group delay response is in Figure 4.8. During the designing process 

another interdigital capacitor (C2) is added to the design of the first resonator along with 

new transmission lines (L4 and L5). To obtain the group delay response similar to the one 

in section (3.2) optimization is performed on parameters added during the second design 

stage keeping most of the parameters of the one resonator same except for the length of 

transmission line L2. Thus optimization is basically performed on capacitor C2, lengths 

of transmission line L2, L4 and L5.  
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Figure 4.7: Design of the second resonator 

 

Figure 4.8: Group Delay response of the second resonator designed using Sonnet 

(blue) and ADS (red) 

 Third step is to add interdigital capacitor C3 and to replicate the same 2-poles after C3 

to make it a complete 4-pole filter without coupling. Figure 4.9 shows the layout of the 

full filter without coupling, Figure 4.10 shows the frequency response of the full filter 

designed in Figure 4.9 and Figure 3.21.  
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 The schematic is selected such that the 1-4 inductive coupling caused between L3 and 

L9 ceases. This figure is exactly symmetric across the interdigital capacitor C3, as a 

result the frequency response approximately matches with the ADS designed filter 

response. Since the 1-4 coupling is not included, this response is not the ideal response as 

S11 should have 4 ripples and there should be transmission zeros present in the S21 plot. 

 

Figure 4.9: Layout of filter without 1-4 coupling 
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Figure 4.10: Frequency Response of  filter designed using EM (Blue) and ADS 

(Pink) 

 Now effect of coupling is observed by bringing the tranmission line L9 close to L3 

which is performed by flipping the design shown in Figure 4.9 to left hand side. The 

actual filter with 1-4 coupling is shown in Figure 4.11. The idea is to flip the design and 

increase L5 and L6 such that initially no coupling exist between L3 and L9. Slowly L5 

and L6 is decreased to bring L3 and L9 close to each other so that 1-4 coupling is 

introduced, and the required parameters are optimized until the final response is achieved 

as shown in Figure 4.12. 
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Figure 4.11: Layout of the full filter with coupling 

 Ideally the sum of the lengths of the transmission lines L4 and L5 (from Figure 4.11) 

must be equal to sum of the lengths of transmission lines L4 and L5 (from Figure 4.9) but 

it is observed from both the figures that they are not equal and difference between their 

lengths is 15mil. The reason is in order to match the response small amount of 

optimization is performed on the length of transmission line as well as the limitation of 

sonnet that parameters can only be according to the scale or grid selected. Comparison of 

the frequency response of EM filter with the filter designed using ADS are shown in 

Figure 4.12. The return loss is observed to be 27dB. S21 response matches the ADS 

response and the value of insertion loss is approximately 25dB. The values that are 

optimized during the whole design process are shown in Table 4.2. This filter is than 

fabricated and tested, the actual filter is displayed in Figure 4.13 and actual results are 

shown in Figure 4.15. 
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Figure 4.12: Frequency Response of filter designed using EM (Blue/pink) and ADS 

(red/green) 

Table 4.2: Tuned parameters for the EM simulator filter 

Parameters Resonator 1 Resonator 2 

Full Filter 

without 

coupling 

Full Filter with 

coupling 

C1 300 300 300 300 

L 1040 1040 1040 1040 

L1 40 40 40 40 

L2 645 690 690 690 

L3 490 490 490 490 

C2  40 40 40 

L4  2000 2000 1900 

L5  590 685 800 

C3   25 25 
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 A network analyzer is an instrument that measures the network parameters of 

electrical networks. Network analyzers commonly measure S-parameters because 

reflection and transmission of electrical networks are easy to measure at high frequencies,  

but there are other network parameter sets such as Y-parameters, Z-parameters and X-

parameters. Network analyzers are often used to characterize two-port networks such as 

amplifiers and filters, but they can be used on networks with an arbitrary number of ports. 

A Copper Mountain Technologies TR1300 VNA is used to test the filter [14]. 

A 50-ohm transmission line is tested and its result is shown in Figure 4.14. As selected 

in the beginning the return loss is chosen as 20dB. Figure 4.14 shows the return loss is 

nearly close to what is selected in the beginning. 

http://en.wikipedia.org/wiki/Y-parameters
http://en.wikipedia.org/wiki/Z-parameters
http://en.wikipedia.org/wiki/Two-port_network
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Figure 4.13: 50  Transmission line and Quasi-Elliptic filter using FR4 substrate 
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Figure 4.14: Response of the fabricated 50  transmission line on FR4 

 

Figure 4.15: Response of the filter fabricated using FR4 substrate 
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Figure 4.16: Response of the EM filter (blue and pink) and Fabricated filter (red 

and green) 

 Comparison of expected and actual results obtained from the EM and fabricated filters 

are displayed in Figure 4.16. A spike is seen at frequency 1.12GHz in the EM simulated 

results, which is due to the box resonance. The value of the dielectric constant used for 

fabrication is 4.8, whereas to match the frequency response of fabricated filter with that 

of the EM filter, optimization is performed on the dielectric constant and loss tangent. So, 

the close value of dielectric constant for the EM filter for which the frequency response 

converges is observed to be 5.0 and loss tangent is 0.011. It is also assumed that metal 

loss exist in the design which is chosen as copper. The bandwidth is still 5% but the 

major difference is in the insertion loss as the value is higher and the response is wider. 
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 As illustrated above value of the return loss is better than 20dB but insertion loss is 

approximately 4 dB. The reason behind this, the substrate material being used here i.e. 

FR4, which has a number of limitations but mainly high losses is the one that makes the 

desired results to be different from the expected results. Figure 4.17 shows the loss per 

inch of FR-4 and some Roger’s materials. Since many FR-4 materials are not really 

specified for RF performance the εr can and will vary from manufacturer to manufacturer, 

sometimes εr is not even specified by some material suppliers. The main reason behind 

choosing FR4 for this initial design is due to the ease of availability and cost 

effectiveness material. 

 

Figure 4.17: Measured loss per inch of FR-4 and very high frequency Rogers 

materials [15]. 
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4.3 Quasi- Elliptic filter using Rogers R4003C as substrate 

 After going through some of the research work, the center frequency selected to 

design this filter is 1GHz. Depending on the frequency range supported by the testing 

equipment that is network analyzer and the research work the center frequency is selected 

as 1GHz to fabricate and test the elliptic type filter. Rogers R4003C is selected depending 

on the availability with the manufacturer. Dielectric constant is chosen from [15] and is 

selected to be 3.55. From Figure 4.17, it can be clearly seen that there is a big difference 

in terms of loss between Rogers substrates and FR4 substrate. Therefore a new filter is 

designed using Rogers R4003C substrate. Figure 4.18 shows the fabricated filter using 

R4003C and the frequency response is displayed in Figure 4.19. 
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Figure 4.18: 50 Ohm Transmission line and Fabricated filter using Rogers R4003C 
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Figure 4.19: Simulated frequency response of the filter having Rogers as a dielectric 

material – lossless (blue/purple) and lossy (red/green) 

 Figure 4.19 shows the frequency response of the lossless filter using EM simulator. 

The lossy simulation results with the metal taken as copper and the loss tangent set at 

0.0021 [15] are also shown in Figure 4.19. Table 4.3 and Table 4.4 show the values of the 

parameters used in designing a filter. 
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Table 4.3: Length of the Transmission lines used in designing the filter as shown in 

Figure 4.18 

Parameters 1st Resonator 2nd Resonator 

Full without 

Coupling 

Full with 

Coupling 

L (mil) 1040 1040 1040 1040 

L1 (mil) 40 40 40 40 

L2 (mil) 785 785 785 785 

L3 (mil) 600 600 600 600 

L4 (mil)  2400 2400 2130 

L5 (mil)  590 650 920 

 

Table 4.4: Values of the interdigital capacitors used in Figure 4.18 

Parameters 1st Resonator 2nd Resonator 

Full without 

Coupling 

Full with 

Coupling 

C1 (mil) 335 335 335 335 

C2 (mil)  70 70 70 

C3 (mil)   60 60 
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Figure 4.20: Frequency response of the filter fabricated using Rogers R4003C 

 Return loss and insertion loss are fairly close to the expected results. Also, there is less 

loss than the filter with FR4 substrate. Figure 4.21 shows the comparison of results of 

both the filters designed by using different substrates. 
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Figure 4.21: Frequency response of filter using FR4 (blue and pink) and R4003C 

(red and green) 

 Ideally, the response of the filter using Rogers board should be better than the 

response of FR4. As illustrated in Figure 4.21, the insertion loss and the return loss are 

good but the response is shifted and is not symmetric across 1GHz center frequency. The 

reason behind this can be the selection of dielectric constant. From the S21 curves of both 

the fabricated materials, it is clearly seen that loss is reduced in the filter fabricated using 

Rogers R4003C as substrate. 

 Another reason behind the response being shifted can be the solder mask; there is a 

thin layer of solder mask on the fabricated filter. Dielectric material used in fabrication of 

filter is higher than that of air is through the inter-digital capacitors, which can result in 

shifted frequency response. Figure 4.22 shows the frequency response of the filter after 

adding a layer of solder mask, thickness and dielectric constant of the solder mask along 
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with the dielectric constant of the rogers board is optimized further to match the response 

as close as possible. After optimization, the dielectric constant of the solder mask is 

chosen to be 4.9 and that of Rogers is 3.45. Thickness of the solder mask is taken as 4.0 

mil to get the response shown in Figure 4.22. Bandwidth is still off a bit which may be 

due to the following factors. 

1. Dielectric constant of Rogers R4003C varies in-between 3.45 and 3.65. 

2. Exact value of the thickness of the solder mask is currently unknown. 

3. Exact value of the dielectric constant of solder mask is unknown. 

 

Figure 4.22: Frequency response of the fabricated filter using Rogers R4003C (red 

and green) and EM filter with solder mask (blue and pink) 

 To further match the frequency response of the filter, an idea is to strip off the solder 

mask of the PCB and test the results again. 
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Chapter 5 Conclusion 

5.1 Summary 

 The motivation behind this work is to introduce a new method of designing elliptic 

type filters by using the reflected group delay method. The proposed methodology can 

make a significant impact on the design of the microwave filters by increasing the 

efficiency and accuracy over conventional methods used in designing microwave filters. 

Significant use of reflected group delay method has been demonstrated.  

 In response to this motivation, this thesis has demonstrated the use of the reflected 

group delay method for designing non-Chebyshev filters, such as filters with a 

Butterworth response. The proposed design method was then developed for optimizing 

quasi-elliptic filters by determining group delay plots for filters using a lumped element 

model and then by designing microstrip filters using these group delay plots. Due to the 

design simplicity and easy to simulate, lumped element model is used. Once the lumped 

element model gives the desired group delay and frequency curves, this method is then 

implemented on a circuit model microstrip filter with a center frequency selected as 

1GHz. The reason why microstrip filter model is designed before the EM circuit is due to 

the limitations of the simulation software being used. A microstrip design is simulated 

using ADS whereas the EM circuit is simulated using Sonnet. ADS takes less 

computation time then sonnet reason being sonnet is memory based software.  To fully 

validate the design method, two microstrip filters are designed, fabricated and tested 

using two different substrates (FR4 and Rogers R4003C). 
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 The simulation and test results of these two filters match quite closely with small 

deviations due to the fabrication process.  Further work can be done to characterize the 

electrical and physical properties of the solder mask, or work can be done in removing 

the solder mask to fully verify the initial simulation results of the filters without the 

solder mask layer. 

 The limits of this design method are investigated and it is found that quasi-elliptic 

filters with bandwidths up to 20% can be designed using this method. For the bandwidth 

greater than 20%, this method acts as a good starting point for further optimization.  
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