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Resumo 

 

Os filtros de microondas desempenham um papel muito importante nas aplicações de 

radiofrequência e microondas, como em sistemas de comunicações ou radar. A sua função 

principal é atenuar os sinais de deslocamento nas faixas de frequência indesejadas e permitir que 

eles passem nas faixas de passagem desejadas, com perdas quase insignificantes. 

Nesta tese, são estudados, analisados e simulados dois filtros microstrip - filtro passa-baixo de 

impedância em escada e o filtro de linhas acopladas paralelas - usando dois substratos diferentes 

- o RT Duroid 5880 e o FR-4. Esta análise permite observar as diferenças entre o design dos filtros 

e também os efeitos do uso de substratos dielétricos com características distintas. 

 É também apresentada uma base sólida sobre os fundamentos de microstrip e filtros para uma 

compreensão completa deste tema. 

A sintetização e o dimensionamento dos filtros foram realizados com o recurso de duas 

ferramentas de suporte diferentes: Analytical Line Impedance Calculator da CST e QUCS 

Transcalc. 

A implementação e a simulação dos circuitos foram realizadas no CST Microwave Studio, o que 

possibilitou a obtenção de resultados em termos de parâmetros S, permitindo uma análise 

completa dos circuitos e do seu funcionamento. 

Esta dissertação pode servir como uma base sólida para as pessoas interessadas no estudo deste 

tópico e fornece uma metodologia completa e estruturada para o projeto e análise deste tipo de 

circuitos. 
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Abstract 

 

Microwave filters play a very important role in Radio Frequency and Microwave applications, 

such as on communications or radar systems. Their primary function is to attenuate the travelling 

signals in the unwanted frequency bands and allow them to pass in the desired pass bands, with 

almost negligible losses. 

On this thesis, two microstrip filters – Stepped-impedance Lowpass Filter and Parallel Coupled 

Lines Filter – are studied, analyzed and simulated, using two different substrates – the RT Duroid 

5880 and the FR-4. This analysis enables the observation of the differences between the filters 

design and also the effects of using dielectric substrates with distinct characteristics. 

 A solid background on microstrip and filters fundamentals is also provided for a complete 

understanding of the topic. 

The synthetization and dimensioning of the filters were performed with the resource of two 

different support tools: Analytical Line Impedance Calculator by CST software and QUCS 

Transcalc. 

The implementation and simulation of circuits was performed using CST Microwave Studio, 

which enabled the acquirement of results in terms of S-Parameters, thus allowing a complete 

analysis of the circuits. 

This dissertation can serve as a solid basis for people interested in the study of this topic and 

provides a complete and structured methodology for the design and analysis of these type of 

circuits. 
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Chapter 1 - Introduction 
 

Introduction 

1.1 Motivation 

Microwave filters are essential on many different applications such as communication systems, 

as they attenuate the travelling signals in the unwanted frequency bands and allow them to pass 

in the desired pass bands, with almost negligible losses. Lately, there has been a great investment 

on research and development of wireless communication systems on the microwave frequency 

band, as they are responsible for the transmission of the signals that carry the essential information 

we use daily, such as voice, image and data. Microstrip filters are widely used to fulfill the 

fundamental requirements of these systems and to face the emerging challenges of size, 

performance, cost and integration capabilities. 

There are many different types of microwave filters used for different applications and on this 

research two of them were chosen to be explained and analyzed. 

1.2 Objectives 

The main goal of this dissertation was to study, design and simulate two different microstrip filters 

– the stepped-impedance lowpass filter and the parallel coupled lines bandpass filter – on two 

different substrates – the RT Duroid 5880 and the FR-4 (Figure 1.1), with the main purpose of 

studying the impact of each substrate and the differences between these two circuits in terms of 

frequency response and scattering parameters. 

The present work also includes a detailed explanation of the microstrip line technology, covering 

the fundamentals of this type of guided wave structure and the coupled lines technique, providing 

the necessary background. 
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Figure 1.1 Summary of the main objectives of the dissertation. 

1.3 Document Structure 

This document is divided in five chapters. The first chapter, Introduction, includes the motivation 

for choosing the subject of this research, the main goals and objectives and the contributions of 

this work. 

Chapter 2, Microstrip Line Fundamentals, provides the theoretical background needed for the 

application of the microstrip line technology, including a complete explanation of some 

fundamental concepts such as the different types of microstrips, dimensioning equations and 

coupled lines technique. 

Chapter 3, Filters, presents the basic concepts regarding these circuits, such as the different types 

of filters and responses. It also includes some very useful concepts for the dimensioning of filters, 

like frequency and element transformations, Richard’s transformation and Kuroda Identities and 

Impedance and Admittance Inverters. The two chosen filters are also presented. 

Chapter 4, Digital Simulation, presents the calculations and dimensioning of the filters presented 

on Chapter 3. It also presents and discusses the results obtained on the simulations performed on 

CST software. 

Chapter 5 synthetizes the main conclusions and obtained results throughout this dissertation. It 

also presents some relevant future works that can be realized regarding this subject. 
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1.4 Main Contributions 

The obtained results on this research indicate that the chosen filters – Stepped-impedance 

Lowpass Filter and Coupled Lines Bandpass Filter – can be easily derived and obtained, following 

the structured process presented on this research. Also, the work carried out goes through very 

important stages of an Electromagnetic (EM) engineering process, namely, design, simulation, 

analysis and optimization. 

Moreover, this work validates that these extensively used circuits can be designed and simulated 

using commercial EM software, such as CST and QUCS, which might be very useful on projects 

but also for people who are studying filters and want to simulate and validate theoretical results. 

This way, this dissertation can be used as a solid reference for people who are interested in 

the subject of microstrip filters. 
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Chapter 2 – Microstrip Line Fundamentals 

 

Microstrip Line Fundamentals 

The microstrip line was the guided wave structure chosen for this research, due to its ease of 

fabrication, small size, planar geometry and the fact that it can be integrated with both passive 

and active microwave devices [1].The facts previously mentioned make it probably the most 

popular among the various guided wave structures used in the transmission of microwave signals. 

The fundamental concepts presented in this chapter will serve as the basis to develop our research 

on microstrip filters, as they will be designed using this type of transmission line.  

2.1 Microstrip Line 

The microstrip line is a planar transmission line, such as a stripline, suspended stripline and 

coplanar waveguide, and is one of the four main types of planar transmission lines in modern use. 

It was developed in 1966 by the ITT Federal Telecommunications Laboratories as a competitor 

to stripline and is generally utilized in the transmission of microwave signals [2]. This 

transmission line is based on a conducting strip separated from the ground plan by a dielectric 

layer known as substrate. Many different microwave components can be originated from it, such 

as antennas, couplers or filters. One of the major advantages of this type of line is that it is cheaper, 

more compact and lighter when compared with other traditional waveguide methods, and this is 

assured by the fact that it can be produced using printed circuit board (PCB) technology. 

2.1.1 Basic Concepts of Microstrip 

As previously mentioned, the microstrip circuit consists of a small conducting strip, of width 𝑤 

and thickness 𝑡, printed on a ℎ high dielectric substrate and 휀𝑟 relative dielectric constant, laid on 

the 𝐿 wide ground plan as illustrated in Figure 2.1 [3]. In general, 𝐿 ≫ 𝑤 and 𝑡 ≪ 𝑤. 

Its cross-sectional geometry, the width 𝑤 of the strip and the height ℎ of the substrate, define the 

ratio of the voltage and current signals travelling along the circuit. This ratio is called the 

characteristic impedance of the line and is critical for reliable signal transmission. 
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Figure 2.1 Microstrip Line. 

A microstrip line is also characterised by a: 

o Frequency range from 300 MHz to dozens of GHz;  

o Possibility to build compact circuits on a single substrate 

o Easiness to access components, which facilitates the troubleshooting 

o Conductors with relatively low losses 

o Capability of supporting multiple frequency bands 

o Robust structure 

But it has some disadvantages such as: 

o Excitation of dielectrical surface waves 

o Dielectric losses, resulting in low efficiency 

o Cross-talk and unintentional radiation, due to not being enclosed 

o Low attenuation 

o Low power handling capacity 

2.1.2  Microstrip Variations 

In order to deal with some of the above mentioned downsides, multiple variations have been 

developed. Table 1 presents the three most used variations of the basic microstrip structure and 

their improvements.  
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Table 1 Different Microstrip configurations 

Basic structure 

 

 

Modified structures 

Structure Illustration 
Improvements vs. basic 

structure 

Shielded 

 

This structure is used to avoid 

the radiation. A big size shield 

is recommended to reduce the 

attenuation on the walls and 

avoid resonances [4] 

Suspended 

 

This structure reduces 

dielectric losses and decreases 

dispersion, being almost an air 

line (휀𝑟 = 1) [4] 

Slot line 

 

This structure facilitates the 

connection to new 

components in shunt and the 

achievement of high 

impedances [5] 

 

Resulting from the main disadvantages mentioned above and its inhomogeneous structure – air 

above and dielectric below – the microstrip line does not support a pure Transverse 

Electromagnetic (TEM) mode. Anyway, we are able to use an approximated TEM mode valid 

until the direct current and over most of the operating frequencies of the microstrip [6]. With this 

approximation, named quasi-TEM, emerges the concept of effective dielectric constant. 

2.1.3 Effective Dielectric Constant 

In the quasi-TEM approximation, the replacement of the inhomogeneous dielectric-air media of 

the microstrip for a homogeneous dielectric material with an effective dielectric permittivity 휀𝑒𝑓, 
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enables the correspondence of the microstrip to an air line. The value of 휀𝑒𝑓 is such that it leads 

to the same value of the longitudinal propagation constant 𝑘. 

Since 휀𝑟 > 1, we will always have 

 1 < 휀𝑒𝑓 < 휀𝑟 (2.1) 

In Table 2 it is presented the comparison between three different lines and their characteristic 

parameters: characteristic impedance 𝑍𝑐, wavelength 𝜆 and the attenuation due to the conductors 

α. Is is also presented the correlation between the air and dielectric lines. 

Table 2 Comparison of parameters between different impressed lines [7] 

    

(i) Air line (ii) Dielectric line (iii) Microstrip line 
Relation between 

lines (i) and (ii) 

𝑍𝑐0 𝑍𝑐 =
𝑍𝑐0

√휀𝑟
 𝑍𝑐 =

𝑍𝑐0

√휀𝑒𝑓
 

𝑍𝑐
𝑍𝑐0

=
1

√휀𝑟
 

𝜆0 𝜆 =
𝜆0

√휀𝑟
 𝜆 =

𝜆0

√휀𝑒𝑓
 

𝜆

𝜆0
=
𝑘0
𝑘
=

1

√휀𝑟
 

𝛼0 𝛼 = 𝛼0√휀𝑟 𝛼 = 𝛼0√휀𝑒𝑓 
𝛼

𝛼0
= √휀𝑟 

 

2.1.3.1 Low Frequency Approximation  

Concerning the microstrip line, capacity 𝐶 is given by 𝐶 = 휀𝑒𝑓𝐶0. This expression suggests that 

the value of the effective dielectric constant can be used calculating the capacity C of the line. 

Considering the low frequency approximation, an expression for 휀𝑒𝑓 is proposed in [8]: 

 휀𝑒𝑓 =
휀𝑟 + 1

2
+
휀𝑟 − 1

2
(1 + 12

ℎ

𝑤
)
−
1
2
+ 𝐹(휀𝑟, ℎ) − 0.217 (휀𝑟 − 1)

𝑡

√𝑤ℎ
 (2.2) 
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Where 

 𝐹(휀𝑟, ℎ) = {
0.02(휀𝑟 − 1) (1 −

𝑤

ℎ
)
2

   
𝑤

ℎ
< 1

0                                          
𝑤

ℎ
> 1

 (2.3) 

2.1.3.2 Dispersive Model 

The previous expression for 휀𝑒𝑓 is only a good approximation with DC current and at low 

microwave frequencies (the scope of the present work). But, just as an informative note, to 

consider the effect of the dispersion due to frequency in the microstrip, a different model was 

developed in [9] 

 
휀𝑒𝑓 = 휀𝑟 −

휀𝑟 + 휀𝑒𝑓0

1 + (
𝑓
𝑓𝑎
)
𝑚 

(2.4) 

Where 

 𝑓𝑎 =
𝑓𝑏

0.75 + (0.75 − 0.332휀𝑟
−1.73)

𝑤
ℎ

 (2.5) 

With 

 𝑓𝑏 =
47.476

ℎ√휀𝑟 − 휀𝑒𝑓0
𝑡𝑎𝑛−1 [휀𝑟√

휀𝑒𝑓0 − 1

휀𝑟 − 휀𝑒𝑓0
] (2.6) 

 𝑚 = 𝑚0𝑚𝑐 (2.7) 

If the result of (2.7) is bigger than 2.32, then 𝑚 = 2.32 must be considered, but if it is lower than 

2.32, 𝑚0 and 𝑚𝑐 should be according to the following formulas: 

 
𝑚0 = 1 +

1

1 + √
𝑤
ℎ

+ 0.32(1 + √
𝑤

ℎ
)

−3

 
(2.8) 

And 

 𝑚𝑐 =

{
 
 

 
 1 +

1.4

1 +
𝑤
ℎ

(0.15 − 0.235
−0.45

𝑓
𝑓𝑎)    

𝑤

ℎ
≤ 0.7

1                                                                
𝑤

ℎ
≤ 0.7

 (2.9) 

In these expressions, the frequency is expressed in GHz and height ℎ of the microstrip in mm. For 

0.1 < 𝑤/ℎ < 10 and 1 ≤ 휀𝑟 ≤ 128, the accuracy of this model is estimated to be within 0.6% 

[8]. 
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2.1.3.3 Dimensioning Equations 

The width-to-height ratio (𝑤/ℎ) mentioned throughout this work, is a function of 𝑍𝑐 and 휀𝑟. In 

[1], the following expressions are presented 

 

{
 

 
𝑤

ℎ
=

8𝑒𝐴

2𝑒𝐴 − 2
                                                        

𝑤

ℎ
< 2

𝑤

ℎ
=
2

𝜋
[𝐵 − 1 − 𝑙𝑛(2𝐵 + 1) +

휀𝑟 − 1

2휀𝑟
𝐵1]    

𝑤

ℎ
> 2

 (2.10) 

With 

 𝐴 =
𝑍𝑐
60
√
휀𝑟 + 1

2
+
휀𝑟 − 1

휀𝑟 + 1
(0.23 +

0.11

휀𝑟
) (2.11) 

 𝐵 =
377𝜋

2𝑍𝑐√휀𝑟
 (2.12) 

 𝐵1 = 𝑙𝑛(𝐵 − 1) + 0.39 −
0.61

휀𝑟
 (2.13) 

These expressions allow results with an accuracy better than 1% [6]. 
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2.2 Coupled Microstrip Lines 

Coupled transmission lines consist of two unshielded lines that are close. They can be 

implemented with many different transmission structures, such as microstrip line, slotline, 

stripline or coaxial line. Due to their proximity, the power of both lines can be coupled as a result 

of the interaction of electromagnetic fields. Therefore, they are widely used in the implementation 

of microstrip filters. Generally, the most used structure consists of parallel strips impressed on the 

same dielectric substrate [3], as illustrated in Figure 2.2. 

 

Figure 2.2 Schematic of Coupled Microstrip Lines. 

This coupled microstrip line structure propagates over two quasi-TEM modes, i.e., an even mode 

and an odd mode. Thus, and considering that the circuits are symmetric, the resulting analysis is 

simpler as one can apply the superposition mode. As can be observed in Figure 2.3, on the even 

mode (a), the currents in the strip conductors are equal in amplitude and in the same direction, 

while on the odd mode (b), the currents in the strip conductors are equal in amplitude but in 

opposite directions. 

 

Figure 2.3 Even and odd mode on 2 coupled lines. 
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As it does not propagate over pure TEM modes, the phase velocities of the even mode (𝑣𝑒) and 

the odd mode (𝑣𝑜) are different as a result of the propagation in two different mediums. Because 

in the even mode the electric field is more confined to the dielectric, we have 

 휀𝑒𝑓𝑒>휀𝑒𝑓𝑜  (2.14) 

And so, 

 𝑣𝑒 < 𝑣𝑜 (2.15) 

Regarding the capacities of the two modes, they are also different. On the even mode only exists 

the capacity 𝐶1 between the line and the ground plan, while on the odd mode it is also necessary 

to account with the capacity between both lines, 𝐶2 [1]. Considering the above mentioned and 

Figure 2.4, it is easy to conclude that the capacity on the (a) odd mode is bigger than on the (b) 

even mode. 

 

Figure 2.4 Capacities 𝐶1 and 𝐶2 in microstrip coupled lines: (a) even mode and (b) odd mode. 

The next set of equations summarizes the capacities of the even and odd modes. 

 {
𝐶𝑒 = 𝐶1

𝐶𝑜 = 𝐶1 + 2𝐶2  
⇒𝐶𝑒 < 𝐶𝑜 (2.16) 

From (2.11) and (2.12) results 

 𝑍𝑒 > 𝑍𝑜 (2.17) 
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Figure 2.5 Characteristic impedances on even and odd modes for two coupled lines with w/h variation [10]. 

As observed in Figure 2.5, considering the characteristic impedances of both modes, it can be 

seen that for the same dielectric and for different 𝑠/ℎ values, the characteristic impedance changes 

in opposite directions: on the even mode it is bigger with a smaller 𝑠/ℎ while on the odd mode it 

is exactly the opposite. However, when s/h
 
→∞, both values converge to the same value. 

In Figure 2.6 and 2.7 we can observe the dispersion effect on the characteristic impedances and 

dielectric constants for the even and odd modes. As on the even mode the electric fields are more 

confined to the same medium, results again that the characteristic impedance and dielectric 

constant are always higher than on the odd mode, as already shown on expressions (2.14) and 

(2.17). 
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Figure 2.6 Dispersion effect on the characteristic impedance on even and odd modes [10]. 

 

Figure 2.7 Dispersion effect on the effective dielectric constants on even and odd mode [10]. 
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Chapter 3 – Filters 

 

Filters 

A filter is a time-invariant linear circuit whose main purpose is to transmit the desired frequencies 

and reject the rest. Ideally, a filter should have infinite attenuation in the rejection band and perfect 

transmission in the bandpass region, that is, zero attenuation in the streaming. However, in the 

practical case of microwave filters or any other range of frequencies, these ideal characteristics 

are not possible to obtain, since there is an upper bound of frequency for any practical filter 

structure above which its characteristics deteriorate due to junction effects, resonances between 

elements, etc. Therefore, one of the objectives in the design of a filter is to approximate it to the 

desired requirements within an acceptable tolerance [11]. 

Filters serve a critical role in many common applications. Such applications include power 

supplies, television, audio recording, radio communications, image processing or radar systems. 

This research will develop this subject through two different microwave filters that can be easily 

fabricated using microstrip printed circuits. The chosen filters were the Stepped Impedance 

Lowpass filter and the Parallel Coupled Lines Bandpass filter as they are among the most used in 

the modern days for radio frequency (RF) and microwave uses. Their applications extend to 

include military and satellite communications or even mobile phones hardware. 

3.1 Basic Concepts of Filters 

This chapter describes basic concepts and theories that form the foundation for design of general 

filters. The topics presented include the different types of filters, frequency responses and their 

design using a prototype. 

3.1.1 Types of filters 

Filters can be separated into four categories: lowpass, highpass, bandpass and bandstop filters. 

o Lowpass filters transmit signals with a frequency below a selected cutoff frequency (𝜔𝑐) 

and attenuate signals with a frequency above 𝜔𝑐; 

o Highpass filters transmit signals with a frequency above 𝜔𝑐 and attenuate signals with a 

frequency below 𝜔𝑐;  

o Bandpass filters transmit signals with a frequency within the selected range of frequencies 

[𝜔1; 𝜔2] and attenuate signals with a frequency outside this range; 
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o Bandstop filters attenuate signals with a frequency outside the selected range of 

frequencies [𝜔1; 𝜔2] and transmit signals with a frequency outside this range; 

Figure 2.8 summarizes the four different mentioned categories of filters. 

Usually, the cutoff frequency is defined as the frequency at which the power transmitted by the 

filter drops to 50% (attenuated 3dB) of the maximum power transmitted. 

Typically, a filter project starts from a desired transfer function as a function of complex 

frequency. From this step it is calculated the input impedance and determined the poles, zeros and 

the capacitive and inductive elements to be used. This process cannot be used for the synthesis of 

microwave filters, since these capacitive and inductive elements do not have the desired responses 

when we go to higher frequencies, such as microwave [1]. The microwave filter is made through 

the conversion of a lumped elements (capacitance and inductive elements) filter to a distributed-

elements filter. Another problem in the design of a filter microwave is that the distances between 

the filter components are not negligible. To solve the mentioned issues, Richard's transformation 

is used to convert the elements of concentrated parameters, and Kuroda’s identities are used to 

separate the elements of the filter, using sections of transmission lines. These processes will be 

explained later in this work. 

 

Figure 3.1 - Different filter types.  
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3.1.2 Filter Responses Classes 

Based on the response of the filters, filters can be classified as Butterworth, Chebyshev, Elliptic, 

Bessel, Gaussian, Linkwitz-Riley filter, Optimum "L" (Legendre) [12]. The class of a filter refers 

to the class of polynomials from which the filter is mathematically derived. The most used are 

Butterworth and Chebyshev, thus they were the chosen to be presented in this work. 

3.1.2.1 Butterworth or Maximally Flat Response 

The Butterworth or Maximally Flat magnitude filter is designed to have a frequency response as 

flat as possible in the passband, as observed in Figure 3.2 below. 

 

Figure 3.2 - Butterworth or "maximally flat" response [6]. 

Its amplitude-squared transfer function for an insertion loss 𝐿𝐴𝑟 =3.01 dB at the cutoff frequency 

ω𝑐 = 1 is given by 

 |𝑆21(𝑗𝜔)|
2 =

1

1 +𝜔2𝑛
 (3.1) 

in which 𝑛 is the order or degree of the filter, corresponding to the number of required elements 

in the lowpass prototype. 

The rational transfer function derived from (3.1) is [13, 14] 

 𝑆21(𝑝) =
1

∏ (𝑝 − 𝑝𝑖)
𝑛
𝑖=1

 (3.2) 

with 

 𝑝𝑖 = 𝑗𝑒
(2𝑖−1)𝜋
2𝑛  (3.3) 
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There is no finite-frequency transmission zero, all zeros of 𝑆21(𝑝) are at infinity, and the poles 

are in the left-half plane in the unitary circle with equal angular gaps, as |𝑝𝑖| = 1 and            

arg 𝑝𝑖 = (2𝑖 − 1)𝜋/2𝑛, as illustrated in Figure 3.3. 

 

Figure 3.3 Distribution of poles for Butterworth or “maximally flat” response [6]. 

3.1.2.2 Chebyshev Response 

The Chebyshev filter, presents an equal-ripple passband and maximally flat stopband, as 

illustrated in Figure 3.4. 

 

Figure 3.4 Chebyshev lowpass response [6]. 

Its amplitude-squared transfer function is given by 

 |𝑆21(𝑗𝜔)|
2 =

1

1 + ε2𝑇𝑛
2(ω)

 (3.4) 

in which the 휀 ripple constant is associated with the passband ripple 𝐿𝐴𝑟 in dB by 
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 휀 = √10
𝐿𝐴𝑟
10 − 1 

(3.5) 

𝑇𝑛(𝜔) is the first kind of order 𝑛 Chebyshev’s function, defined as 

 𝑇𝑛(𝜔) = {
cos(𝑛cos−1𝛺)    |Ω| ≤ 1

cosh(𝑛𝑐𝑜𝑠ℎ−1𝛺)    |Ω| ≥ 1
 (3.6) 

Therefore, filters realized from (3.4) are usually known as Chebyshev filters. 

In [13], Rhodes presents a general expression for the rational transfer function from (3.4) for the 

Chebyshev filter, given by 

 
𝑆21(𝑝) =

∏ [𝜂2 + sin2 (
𝑖𝜋
𝑛
)]

1
2𝑛

𝑖=1

∏ (𝑝 + 𝑝𝑖)
𝑛
𝑖=1

 
(3.7) 

Where 

 𝑝𝑖 = 𝑗cos [sin
−1 𝑗𝜂 +

(2𝑖 − 1)𝜋

2𝑛
 ] (3.8) 

 𝜂 = sinh (
1

𝜋
sinh−1

1

휀
) (3.9) 

Hence, just like in the maximally flat case, all the zeros of 𝑆21(𝑝) are at infinity. Nevertheless, 

the location of the poles for the Chebyshev filter are different, as they are located on an ellipse in 

the left half-plane. The major axis of the ellipse is of √1 + 𝜂2 length and is on the 𝑗Ω axis, while 

the minor axis is of 𝜂 length and is on the 𝜎 axis, as depicted in Figure 3.5. 

 

Figure 3.5 Distribution of poles for Chebyshev response [6]. 
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3.1.3 Lowpass Prototype Filter 

Typically, filter design begins with a lowpass equivalent lumped-element filter named as a 

lowpass prototype filter, which is then modified in order to obtain the desired characteristics and 

transfer function, with frequency and elements transformations. 

The lowpass prototype filter is designed to have its element values normalized, i.e., to make the 

source impedance or conductance equal to one, 𝑔0 = 1 and the cutoff frequency 𝜔𝑐 = 1 𝑟𝑎𝑑/𝑠. 

In Figure 3.6, two possible forms of a lowpass filter prototype are represented, suitable to realize 

an all-pole filter response, including Butterworth and Chebyshev responses. Both forms can be 

used as they are equivalent. The 𝑔𝑖 from 𝑖 = 1 to 𝑛 represents the capacitance of a shunt capacitor 

or the inductance of a series inductor and so, 𝑛 represents the number of reactive elements of the 

circuit and is designated as the order or degree of the filter. If 𝑔1 is a shunt capacitance or a series 

inductor, then 𝑔0 is defined as the source resistance or the source conductance, respectively. For 

𝑔𝑛, the same rationale is applied and so, 𝑔𝑛+1 is defined as the load resistance or the load 

conductance depending on the respective 𝑔𝑛 element [3]. 

 

Figure 3.6 Lowpass prototype filter circuits: (a) 𝜋-structure and (b) T-structure. 
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3.1.3.1 Butterworth Lowpass Prototype 

According to (3.1), given an insertion loss 𝐿𝐴𝑟=3.01 dB at the cutoff frequency 𝜔𝑐=1, results that 

 𝑔0 = 1                                                                  

 𝑔𝑖 = 2 sin (
(2𝑖 − 1)𝜋

2𝑛
)       𝑓𝑜𝑟 𝑖 = 1 𝑡𝑜 𝑛 (3.10) 

 𝑔𝑛+1 = 1                                                              

From (3.10), it is easy observable that the Butterworth filters are always symmetrical, i.e., 𝑔0 =

𝑔𝑛+1, 𝑔1 = 𝑔𝑛 and so forth. 

Given the minimum stopband attenuation 𝐿𝐴𝑠 at frequency ω𝑠, the order of the filter is expressed 

as 

 𝑛 ≥
log(100.1𝐿𝐴𝑠 − 1)

2 log𝜔𝑠
 (3.11) 

In order to facilitate the design process of the filters, the table below presents the calculated values 

for Butterworth lowpass prototype filters with order 𝑛 = 1 to 10. Also, Figure 3.7 allows the 

observation of the required order of the filter to meet the specified requirements. 

Table 3 Element values for Butterworth lowpass prototype filters [1] 
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Figure 3.7 Attenuation at cutoff frequency versus normalized frequency for Butterworth filter prototypes [1]. 

3.1.3.2 Chebyshev Lowpass Prototype 

For a Chebyshev lowpass prototype filter to have a transfer function given in expression (3.4) at 

the cutoff frequency ω𝑐=1, results that 

 𝑔0 = 1                                                                                                         

 𝑔1 =
2

𝛾
sin (

𝜋

2𝑛
)                                                                                        

 𝑔𝑖 =
1

𝑔𝑖−1

4 sin (
(2𝑖 − 1)𝜋

2𝑛 ) sin [
(2𝑖 − 3)𝜋

2𝑛 ]

𝛾2 + sin2 [
(𝑖 − 1)𝜋

𝑛 ]
      𝑓𝑜𝑟 𝑖 = 2 𝑡𝑜 𝑛 (3.12) 

 𝑔𝑛+1 = {
1, 𝑛 𝑜𝑑𝑑

coth2 (
𝛽

4
) , 𝑛 𝑒𝑣𝑒𝑛

                                                         

with 

𝛽 = ln [coth (
𝐿𝐴𝑟
17.37

)] 

and 

𝛾 = sinh (
𝛽

2𝑛
) 

Given the minimum stopband attenuation 𝐿𝐴𝑠 at frequency 𝜔𝑠 and the required passband ripple 

𝐿𝐴𝑟, the order of the filter is given by 
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𝑛 ≥

cosh−1√
100.1𝐿𝐴𝑠 − 1
100.1𝐿𝐴𝑟 − 1

cosh−1𝜔𝑠
 

(3.13) 

As with the Butterworth filters, the calculated values for Chebyshev filters with 0.5dB ripple level 

are presented in the table below. Also, in Figure 3.8 it is possible to observe the required order of 

the filter to meet the specified requirements. 

Table 4 Element values for Chebyshev filters with 0.5 dB lowpass prototype filters [1] 

 

 

Figure 3.8 Attenuation at cutoff frequency versus normalized frequency for Chebyshev filter prototypes with 0.5 dB 

ripple level [1]. 
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3.1.4 Lowpass Transformation 

Up to this point, we have just considered lowpass prototype filters with normalized values. As 

previously mentioned, in order to obtain the desired frequency response and element values for a 

projected filter, it is needed to apply frequency and element transformations. 

The frequency transformation maps the Ω frequency domain to the 𝜔 frequency domain in which 

the different practical filter responses (lowpass, bandpass, etc.) are expressed. Regarding the 

element transformation, an impedance scaling is also necessary. It eliminates the 𝑔0 = 1 

normalization and adjusts it to operate with any value of source impedance 𝑍0. The impedance 

scaling factor 𝛾0 is defined as 

 𝛾0 =

{
 

 
𝑍0
𝑔0
, for 𝑔𝑜 being the resistance     

𝑔0
𝑌0
, for 𝑔𝑜 being the conductance

 (3.14) 

The frequency transformation for a lowpass filter to have a cutoff frequency 𝜔𝑐 is given by 

 Ω = (
Ω𝑐
𝜔𝑐
)𝜔 (3.15) 

Combining (3.14) and (3.15), results in the following transformation 

 

𝐿 = (
Ω𝑐
𝜔𝑐
) 𝛾0g      for g representing the inductance 

𝐶 =
(
Ω𝑐
𝜔𝑐
) g

𝛾0
         for g representing the capacitance 

(3.16) 

3.1.5 Bandpass Transformation 

For the bandpass filter, assume that it is designed to have a bandpass response with a passband 

within the frequency limits 𝜔2 −𝜔1. The resulting frequency transformation is 

 Ω =
Ω𝑐
𝐹𝐵𝑊

(
𝜔

𝜔0
−
𝜔

𝜔0
) (3.17) 

with 

 
𝐹𝐵𝑊 =

𝜔2 −𝜔1

𝜔0
 

𝜔0 = √𝜔2 −𝜔1  

(3.18) 

In which 𝐹𝐵𝑊 is the fractional bandwidth, that measures how wide is the bandwidth, and 𝜔0 that 

represents the center frequency, i.e., the midpoint frequency between lower and upper limits of 

the bandpass 𝜔1 and 𝜔2. 
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Resulting from the transformations, the series inductors and parallel capacitors are replaced to a 

series or parallel  𝐿𝐶 circuit, respectively. The elements for the series LC circuit (replacing the 

inductors) of the bandpass filter are given by 

 

𝐿𝑠 = (
Ωc

𝐹𝐵𝑊ω0
) 𝛾0𝑔 

𝐶𝑠 = (
𝐹𝐵𝑊

ω0Ωc
)
1

𝛾0𝑔
  

(3.19) 

For the parallel LC circuit (replacing the capacitors) of the bandpass filter, the following 

expressions apply 

 

𝐿𝑝 = (
𝐹𝐵𝑊

ω0Ωc
)
𝛾0
𝑔
  

𝐶𝑝 = (
Ωc

𝐹𝐵𝑊ω0
)
𝑔

𝛾0
  

(3.20) 

In the figure below, the element transformation for the passband filter is represented 

 

Figure 3.9 Transformation of lowpass prototype filter elements to bandpass filter elements [6]. 
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3.2 Microstrip Filters 

As previously mentioned, filters play a key role on many different RF and microwave 

applications. Due to the increasing need of higher performance, smaller dimensions and cheaper 

circuits, filters are commonly built using microstrip technology. 

3.2.1 Distributed Element Circuits 

Up to this section, filters were solely composed by inductors and capacitors, and circuits built so 

are designated as lumped elements circuits. As the frequency of signals increase, the lumped 

elements model although simple, becomes increasingly unreliable. Therefore, there is the need to 

convert the lumped elements circuit into a distributed elements circuit. 

Distributed element circuits are circuits composed of lengths of transmission lines or other 

distributed components. These circuits have the same functions as conventional circuits composed 

of passive components, such as capacitors, inductors, or resistors. Except for the highpass filter, 

which typically is approximated, distributed element filters can be of the same type of filters built 

using the lumped elements model. Also, all filter classes used in lumped element designs 

(Butterworth, Chebyshev, etc.) can be implemented using a distributed element approach [15]. 

The main difference between circuit theory and transmission line theory lies in electrical size. We 

can say that a transmission line is a distributed-parameter network where voltages and currents 

can vary in magnitude and phase across the network. Also, lumped elements in generic electronic 

circuits are generally only available for a limited range of values and are difficult to implement at 

microwave frequencies, where distance between filter components is not negligible. 

3.2.1.1 Richard’s Transformation 

Distributed transmission line elements are of great importance in the design of microwave filters. 

A commonly used approach used for the design of a distributed filter is to replace the capacitive 

and inductive elements by distributed elements, finding an approximate equivalence between 

lumped and distributed elements. This equivalence can be established by applying Richard's 

transformation [16].  

Richard demonstrated that distributed networks, composed of transmission lines and lumped 

resistors with equal electrical lengths, could be considered in analysis or synthesis as lumped 

elements LCR networks by means of the following transformation, known as Richard’s 

transformation 

 𝑡 = tanh
𝑙𝑝

𝑣𝑝
 (3.21) 
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With 𝑝 = 𝜎 + 𝑗𝜔 being the complex frequency variable and 𝑙/𝑣𝑝 the ratio between the length of 

the basic transmission line element and the phase velocity in that transmission line element. The 

𝑡 variable is a new complex frequency variable and is designated as Richard’s variable. For 

passive networks without losses, 𝑝 = 𝑗𝜔 and 𝑡 is simply 

 𝑡 = 𝑗 tan 𝜃 (3.22) 

where the electrical length is 

 𝜃 =
𝜔

𝑣𝑝
𝑙 (3.23) 

One can express 𝜃 = 𝜃0𝜔/𝜔0, where 𝜃0 is the electrical length at a reference frequency  𝜔0 

Considering phase velocity 𝑣𝑝 as being independent of frequency, which is the case for TEM 

transmission lines, then electrical length is proportional to frequency, meaning that it can be 

expressed as 𝜃 = 𝜃0𝜔/𝜔0, where 𝜃0 is the electrical length at a reference frequency 𝜔0. For 

discussion purposes 𝜔0 shall be the radian frequency where all line lengths are quarter-wave long 

with 𝜃0 = 𝜋/2 and Ω = tan𝜃, leading to the following expression 

 Ω = tan (
𝜋

2

𝜔

𝜔0
) (3.24) 

As illustrated in Figure 3.10, the frequency mapping shows that 𝜔 varies between 0 and 𝜔0 and 

Ω varies between 0 and ∞. Thus, the mapping from 𝜔 to Ω is not identical but instead periodical 

reflecting the periodic characteristics of the distributed network. 

 

Figure 3.10 Real frequency variable 𝜔 and distributed frequency variable 𝛺  frequency mapping. 
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According to Richard’s transformation, there is a similar correspondence between lumped 

capacitors and inductors in the 𝑝-plane and short and open circuited transmission lines in the 𝑡-

plane. Thus, as an inductive element has an impedance 𝑍 = 𝑝𝐿, the lumped inductor is equivalent 

to a short-circuited line element with an input impedance given by 

 𝑍 = 𝑡𝑍𝑐 = 𝑗𝑍𝑐 tan 𝜃 (3.25) 

with 𝑍𝑐 being the characteristic impedance of the line. Similarly, as a lumped capacitor has an 

admittance 𝑌 = 𝑝𝐶, it is equivalent to an open-circuited stub with an input admittance given by 

 𝑌 = 𝑡𝑌𝑐 = 𝑗𝑌𝑐 tan 𝜃 (3.26) 

with 𝑌𝑐 being the characteristic admittance of the line. In Figure 3.11 these correspondences are 

illustrated. 

 

Figure 3.11 Correspondence of lumped and distributed elements as a result of Richard's transformation. 

3.2.1.2 Kuroda Identities 

While designing transmission line filters, sometimes it is useful to obtain filter networks 

electrically equivalent but with different forms or element values. In order to do that one may use 

the four Kuroda identities, represented in Figure 3.12 that allow [1]: 

• Physically separate transmission line stubs 

• Convert series stubs into shunt stubs, or vice versa 

• Modify impractical characteristic impedances into more practical values 
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Figure 3.12 The four different Kuroda Identities. 

3.2.1.3 Impedance and Admittance Inverters 

When implementing a filter, it is often desirable to use only elements in series or in parallel. As 

seen, Kuroda identities can be used for this purpose, however, there is another solution that 

consists in using impedance (K) or admittance (J) inverters, which are particularly useful for 

bandpass or bandstop filters with narrow bandwidths (<10%) [1]. Fundamentally, these inverters 

form the inverse of the load impedance or admittance, so they can be used to convert series-

connected elements to shunt-connected elements, or vice versa. An impedance inverter can be 

used to convert the filter circuit into a circuit with only series-connected elements. In a similar 

way the use of admittance inverters allows the conversion of the filter circuit, in a circuit with 

only parallel-connected elements, which will be extremely useful in our case for the Parallel 

Coupled Lines Bandpass Filter. In Figure 3.13 below, the aforementioned is illustrated. 
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Figure 3.13 (a) Impedance inverters used to transform a shunt capacitor into an equivalent circuit with series 

inductor. (b) Admittance inverters used to transform a series inductor into an equivalent circuit with shunt capacitor. 

Using the results presented in the figure above, one can obtain a bandpass circuit with only parallel 

elements, using admittance inverters (Figure 3.14) 

 

Figure 3.14 Bandpass filter using admittance inverters. 

3.2.2 Stepped-impedance Lowpass Filter 

A stepped-impedance lowpass filter, represented in Figure 3.15, is one of the most common 

structures of microstrip lowpass filters, mainly due to its compact size and ease of fabrication. 

Due to its structure of alternating sections of high and low characteristic impedance lines, it is 

also called a hi-Z, low-Z filter. The high impedance lines (with characteristic impedance 𝑍ℎ) act 

as series inductors and the low impedance lines (with characteristic impedance 𝑍𝑙) act as shunt 

capacitors. Thus, this filter implementation is the direct realization of the typical L-C ladder 

lowpass filter. 
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Figure 3.15 Lowpass filter design. (a) Lowpass filter prototype. (b) Stepped-impedance lowpass filter 

implementation. (c) Microstrip layout of the filter. 

In the designing of a stepped-impedance lowpass filter, as the expressions for inductance and 

capacitance depend both on the characteristic impedance and length, some a priori information 

must be provided. The characteristic impedance for both high and low impedance lines are 

initially fixed, considering 

• 𝑍𝑙 < 𝑍0 < 𝑍ℎ and 𝑍0 is usually 50 ohms for microstrip filters. The 50 ohms value for 

the source impedance is a compromise between minimum attenuation and maximum 

power capacity [1] 

•  Lower 𝑍𝑙 leads to a better approximation of a lumped capacitor, but the resulting line 

width must not allow any transverse resonance to occur at operation frequencies 

• Higher 𝑍ℎ results in a better approximation of a lumped inductor, but 𝑍ℎ can not be so 

high that its fabrication becomes impossible as the line gets more narrow 

The electrical lengths of the inductor sections are given by [1] 

 𝛽𝑙 =
𝐿𝑍0
𝑍ℎ

     (inductor) (3.27) 

While the electrical length of the capacitor sections are calculated as 

 𝛽𝑙 =
𝐶𝑍𝑙
𝑍0
     (capacitor) (3.28) 

where 𝐿 and C are the normalized lumped element values of the lowpass prototype (the 𝑔𝑘). 

Figure 3.16. illustrates an example of the frequency response of a stepped-impedance lowpass 

filter and the corresponding lumped-element filter response 
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Figure 3.16 Frequency response of a stepped-impedance lowpass filter and the corresponding lumped-elements filter 

response. 

Although the passband feature is similar to the one of the stepped-impedance filter, the lumped-

elements filter provides increased attenuation at higher frequencies. The reason for this lies in the 

fact that stepped-impedance filter elements deviate significantly from the lumped-element values 

at higher frequencies. The stepped-impedance filter may have other passbands at higher 

frequencies, however, the response will not be perfectly periodic as the lines are not 

commensurable. 

3.2.3 Parallel Coupled Lines Bandpass Filter 

There are multiple different topologies to implement microstrip bandpass filters, such as parallel 

coupled lines, interdigital, hairpin, among others [17, 18]. As previously mentioned, the chosen 

topology for the present research was the Parallel Coupled Lines Bandpass Filter due to its 

compact size, large coupling for a small space between lines and a wider bandwidth when 

compared to other topologies, such as the end-coupled microstrip filter [19]. 

This filter uses half-wavelength line resonators, with each consecutive line placed in parallel 

along each other half length, as illustrated in Figure 3.17. The length of each segment of the 

resonators is denoted as 𝑙1, … , 𝑙𝑛+1, the width is denoted as 𝑊1, … ,𝑊𝑛+1 and the gap between 

lines is denoted as 𝑠1, … , 𝑠𝑛+1. 
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Figure 3.17 General layout of a parallel coupled-lines microstrip bandpass filter. 

In order to obtain the desired filter, the following design equations apply [20] 

 

𝑍0𝐽01 = √
𝜋

2

𝐹𝐵𝑊

𝑔0𝑔1
  

𝑍0𝐽𝑗,𝑗+1=
𝜋𝐹𝐵𝑊

2√𝑔𝑗𝑔𝑗+1
      𝑗 = 1 to 𝑛 − 1 

𝑍0𝐽𝑛,𝑛+1 = √
𝜋𝐹𝐵𝑊

2𝑔𝑛𝑔𝑛+1 
 

(3.29) 

where 𝐹𝐵𝑊 is the fractional bandwidth specified in section 3.1.5, 𝑔0, 𝑔1, … , 𝑔𝑛+1 are the element 

values of the lowpass prototype filter and 𝐽𝑗,𝑗+1 are the characteristic admittances of J-inverters, 

while 𝑍0 is the characteristic impedance of the terminating lines. 

So as to achieve the J-inverters shown above, the even and odd mode characteristic impedances 

of the coupled microstrip line resonators are expressed as 

 

(𝑍0𝑒)𝑗,𝑗+1 = 𝑍0[1 + 𝑍0𝐽𝑗,𝑗+1 + (𝑍0𝐽𝑗,𝑗+1)
2]    𝑗 = 0 to 𝑛 

(𝑍0𝑜)𝑗,𝑗+1 = 𝑍0[1 − 𝑍0𝐽𝑗,𝑗+1 + (𝑍0𝐽𝑗,𝑗+1)
2]    𝑗 = 0 to 𝑛 

(3.30) 

The values of the widths 𝑊, the gaps 𝑠 and the lengths 𝑙 are calculated so that they match the 

respective even and odd mode characteristic impedances, so to obtain the characteristics of the 

desired filter. 

In Figure 3.18 is illustrated an example of the frequency response of a five-pole microstrip 

bandpass filter. 
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Figure 3.18 Frequency response of a coupled lines bandpass filter [6]. 

In the following chapter, the presented filters – Stepped-impedance Lowpass and Coupled Lines 

Bandpass – will be designed and simulated. 
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Chapter 4 – Digital Simulation 
 

Digital Simulation 
 

4.1 Software 

For the simulation of the circuits, two different softwares were used with different purposes, 

which will be explained in the next sections. 

4.1.1 CST Studio Suite 

For the simulation of the projected filters, CST Studio Suite was the chosen software from the 

many different available. It is a recognized simulation software that offers accurate and efficient 

computational solutions on a user-friendly environment. This software includes many 

independent studios with different functionalities and purposes, such as CST Microwave Studio 

(CST MWS), CST Cable Studio (CST CS), CST PCB Studio (CST PCBS). Its applications range 

from the wireless communications & networking to the aerospace & defence industries, among 

others. 

CST MWS, the selected tool to analyse and optimize the circuits, allows efficient electromagnetic 

analysis and design of circuits and components in the high frequency range. It grants the 

validation of the theoretical concepts presented on the previous chapters. Its main advantages 

encompass the features of accurate calculation of lossy and loss-free structures, feature-based 

hybrid modeller for quick structural changes and a huge material database. All of these make up 

the main reason for choosing this software for this research. 

4.1.2 Quite Universal Circuit Simulator (QUCS) 

QUCS [21] is an open source software that allows, in a simple but accurate environment, to 

simulate different circuits. Also, QUCS includes in its library many different useful tools, such as 

the QUCS Transcalc, which allows the synthetization of coupled microstrip lines dimensions. For 

this research, this integrated tool was widely used for the designing of the Parallel Coupled Lines 

Bandpass filter. 

4.2 Circuits Specifications and Design 

4.2.1 Substrate Materials 

For this research and in order to analyze the effect of using different substrate materials with 

different dielectric constants, the RT DUROID 5880 and the FR-4 substrates were selected to be 
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simulated and tested on both filters. These two substrates are widely used in the industry in the 

microwave frequency range and for printed-circuits applications. 

4.2.1.1 RT Duroid 5880 

The RT Duroid 5880, fabricated by Rogers Corporation, is an isotropic substrate with dielectric 

constant 휀𝑟 = 2.2 and low dielectric loss, thus suitable for high frequency applications, such as 

the microwave frequencies. Its low dissipation factor makes it usable above 18 GHz. According 

to the manufacturer, it is “designed for exacting stripline and microstrip circuit applications” and 

“resistant to all solvents and reagents, hot or cold, normally used in etching printed circuits or in 

plating edges and holes” [22]. It is a flexible material composed by glass microfiber reinforced 

PolyTetraFluoroEthylene (PTFE) composites randomly oriented which maintain the dielectric 

constant uniform. It also characterizes by having a height ℎ = 0.787 mm and a loss tangent 

tan 𝛿 = 0.0009.  

4.2.1.2 FR-4 

The FR-4, created by NEMA in 1968, is an anisotropic substrate with a dielectric constant ranging 

from 4.2 to 4.8 [23] and a height ℎ = 1.6 mm. It is a low-cost and widely available PCB composite 

material, manufactured from fiberglass cloth embedded in epoxy resin that is flame resistant. The 

“FR” of its name stands for Flame Retardant. Also, its high electrical isolation and mechanical 

strength make it a popular choice among the available substrates. This substrate also characterizes 

by having a loss tangent tan 𝛿 = 0.025. Its popularity is also due to its low cost and high 

availability, being widely used for teaching and academic purposes, as its lossy properties make 

it almost unusable and become very expressive above 2 GHz. 

4.2.2 Filters Dimensioning 

When designing a filter, a series of steps should be followed in order to obtain the desired result. 

Initially, the filter specifications are chosen such as the type of filter, filter response, operation 

frequency and materials to be used. After the definition of the desired filter one can use the 

lowpass prototype design technique and then transform it to the intended filter in a lumped-

elements model, obtaining the respective 𝑔𝑘 values. When the 𝑔𝑘 values are defined, there is the 

need to convert the lumped-elements model filter to the distributed-elements model, calculating 

the final dimensions of the resulting elements. The obtained model of the filter is then 

implemented, simulated and fine-tuned in a simulation software such as CST MWS. A diagram 

of the above explained can be found in Figure 4.1. 
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Figure 4.1 Filter design process. 

The conductive layers of the circuits present on this research, i.e., the circuit itself and the ground 

plan, are composed by copper with a thickness of 0.035 mm. Also, all the circuits include SMA 

connectors (SubMiniature version A). This semi-precision coaxial RF connector is characterized 

by a light weight and compact structure, low fabrication costs, low losses and a broad range of 

frequency applications (from DC up to 18 GHz). 

4.2.2.1 Stepped-impedance Lowpass Filter 

The filter to be designed is a stepped-impedance lowpass filter with maximally flat response or 

Butterworth response, cutoff frequency 𝜔𝑐 = 2.5GHz and more than 20dB attenuation at 𝜔 =

4GHz. The characteristic impedance of the filter is 50Ω while 𝑍ℎ = 120Ω and 𝑍𝑙 = 20Ω. 

From Figure 3.7 and because |
ω

𝜔𝑐
| − 1 = 0.6, the order of the filter is 𝑛 = 6, which is enough to 

obtain the required attenuation. The normalized values of the lowpass prototype filter of order 6, 

previously presented, are as following 

Table 5 Element values for a 6th order maximally flat response lowpass prototype filter 

N 𝒈𝟏 = 𝑪𝟏 𝒈𝟐 = 𝑳𝟐 𝒈𝟑 = 𝑪𝟑 𝒈𝟒 = 𝑳𝟒 𝒈𝟓 = 𝑪𝟓 𝒈𝟔 = 𝑳𝟔 

6 0.517 1.414 1.932 1.932 1.414 0.517 

The lowpass prototype filter circuit is illustrated in Figure 4.2. 

 

Figure 4.2 Lowpass prototype filter circuit of order 6. 

As mentioned above, the filters will be designed using two different substrates: RT DUROID 

5880 with 𝜖𝑟 = 2.2, ℎ = 0.787 mm and FR-4 with 𝜖𝑟 = 4.3, ℎ = 1.6 mm. 

After obtaining the elements values of the lumped-elements model, there is the need to convert it 

to a distributed-elements model, using expressions (3.27) and (3.28) to obtain the electrical 

lengths 𝛽𝑙𝑖 of the transmission lines and the Analytical Line Impedance Calculator macro of CST 
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MWS to obtain the remaining dimensions. To obtain the best response near cutoff, these lengths 

were evaluated at 𝜔 = 𝜔𝑐, i.e., 𝜔 = 2.5 GHz. 

For each substrate, the following values were obtained: 

o 𝜖𝑒𝑓 – effective dielectric constant of each section; 

o 𝜆𝑔 – guide wavelength (in m), calculated using the expression from Table 2; 

o 𝑊𝑖 – width of the transmission lines (in mm); 

o 𝛽𝑙𝑖 – electrical lengths of the transmission lines (in degrees); 

o 𝑙𝑖 – length of the transmission lines (in mm); 

The characteristic values and dimensions of each section for the different substrates are presented 

on the tables below. 

Table 6 Physical dimensions of the stepped-impedance lowpass filter using the RT Duroid 5880 substrate 

RT Duroid 5880 (𝝐𝒓 = 𝟐. 𝟐, 𝒉 = 𝟎. 𝟕𝟖𝟕 𝐦𝐦 𝐚𝐧𝐝 𝐭𝐚𝐧 𝛅 = 𝟎. 𝟎𝟎𝟎𝟗) 

Section 𝒁𝒊 = 𝒁𝒍 or 𝒁𝒉 (𝛀) 𝝐𝒆𝒇 𝝀𝒈 (cm) 𝜷𝒍𝒊 (deg) 𝒍𝒊 (mm) 𝑾𝒊 (mm) 

1 20 2.01 8.464 11.85 2.79 8.084 

2 120 1.73 9.123 33.78 8.56 0.457 

3 20 2.01 8.464 44.28 10.41 8.084 

4 120 1.73 9.123 46.12 11.69 0.457 

5 20 2.01 8.464 32.41 7.62 8.084 

6 120 1.73 9.123 12.34 3.13 0.457 

 

The width and length of the source and load impedance lines (𝑍0 = 50Ω) are 𝑊 = 2.445 mm 

and 𝑙 = 3.45 mm. Therefore, the circuit board is 16 mm wide and 60 mm long. 

Table 7 Physical dimensions of the stepped-impedance lowpass filter using the FR-4 substrate 

FR-4 (𝝐𝒓 = 𝟒. 𝟑, 𝒉 = 𝟏. 𝟔 𝐦𝐦 𝐚𝐧𝐝 𝐭𝐚𝐧𝜹 = 𝟎. 𝟎𝟐𝟓) 

Section 𝒁𝒊 = 𝒁𝒍 or 𝒁𝒉 (𝛀) 𝝐𝒆𝒇 𝝀𝒈 𝜷𝒍𝒊 (deg) 𝒍𝒊 (mm) 𝑾𝒊 (mm) 

1 20 3.65 6.281 11.85 2.07 11.270 

2 120 2.93 7.011 33.78 6.58 0.419 

3 20 3.65 6.281 44.28 7.73 11.270 

4 120 2.93 7.011 46.12 8.98 0.419 

5 20 3.65 6.281 32.41 5.66 11.270 

6 120 2.93 7.011 12.34 2.40 0.419 

 

The width of the source and load impedance lines (𝑍0 = 50Ω) is 𝑊 = 3.137 mm and 𝑙 = 3.29 

mm. Thus, the circuit board is 20 mm wide and 48 mm long. 

After accurately calculating the circuit dimensions, CST MWS was used to implement the 

proposed circuits, illustrated in Figures 4.3 and 4.4. 

Both circuits include 50Ω source and load impedance lines and six sections of high and low 

impedance lines. Also, as mentioned before, they include SMA connectors. As one can observe 

in the previous tables, using different substrates leads to different dimensions of the circuits. 
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Figure 4.3 Stepped Impedance Lowpass filter with RT Duroid 5880 substrate. 

 

Figure 4.4 Stepped Impedance Lowpass filter with FR-4 substrate. 

4.2.2.2 Coupled Lines Bandpass Filter 

The second filter to be designed is a coupled lines bandpass filter, with a 0.5 dB equal-ripple 

response (Chebyshev), center frequency 𝜔0 = 2 GHz and an attenuation greater than 15 dB at 1.8 

GHz, bandwidth of 200 MHz (10% fractional bandwidth) and characteristic impedance 𝑍0 =

50Ω. 

Firstly, there is the need to find the order of the filter. Using (3.17) to convert the frequency to the 

normalized lowpass frequency, we obtain 

|
𝜔

𝜔𝑐
| − 1 = |

1

𝐹𝐵𝑊
(
𝜔

𝜔0
−
𝜔0
𝜔
)| − 1 = |

1

0.1
(
1.8

2
−
2

1.8
)| − 1 = 1.11 

which, observing Figure 3.8 and considering the specified attenuation of 15 dB, results that the 

order of the filter is n=3. The normalized values of the lowpass prototype filter of order 3 and 0.5 

dB equal-ripple, previously presented, are as following 

Table 8 Element values for a 3rd order 0.5 dB equal-ripple lowpass prototype filter 

𝒏 𝒈𝟎=𝒈𝟒 𝒈𝟏 𝒈𝟐 𝒈𝟑 

3 1 1.596 1.097 1.596 

Using the element values 𝑔𝑛 along with expressions (3.29) and (3.30) allows the calculation of 

the admittance inverters constants 𝐽𝑛 and finally the even and odd mode characteristic impedances 

𝑍0𝑒 and 𝑍0𝑜. The obtained results are summarized in Table 9 below. 
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Table 9 Admittance inverters constants and respective even and odd mode characteristic impedance 

𝒏 𝒈𝒏 𝒁𝟎𝑱𝒏 𝒁𝟎𝒆 (𝛀)  𝒁𝟎𝒐 (𝛀) 

1 1.596 0.3137 70.61 39.24 

2 1.097 0.1187 56.64 44.77 

3 1.596 0.1187 56.64 44.77 

4 1.000 0.3137 70.61 39.24 

In order to synthetize the dimensions of the microstrip sections that lead to the respective even 

and odd mode impedances, QUCS Transcalc was used. For each substrate, the following 

dimensions were obtained: 

o 𝑙𝑖 – length of each microstrip section (in mm); 

o 𝑊𝑖 – width of each microstrip section (in mm); 

o 𝑠𝑖 – gap between two consecutive microstrip sections (in mm); 

The calculated dimensions for the two different substrates are presented in the following tables. 

Table 10 Physical dimensions of the Coupled Lines Bandpass Filter using the RT DUROID 5880 substrate 

RT Duroid 5880 (𝝐𝒓 = 𝟐. 𝟐, 𝒉 = 𝟎. 𝟕𝟖𝟕 𝐦𝐦 𝐚𝐧𝐝 𝐭𝐚𝐧 𝛅 = 𝟎. 𝟎𝟎𝟎𝟗) 

Section 𝒁𝟎𝒆 (𝛀)  𝒁𝟎𝒐 (𝛀) 𝒍𝒊 (mm) 𝑾𝒊 (mm) 𝒔𝒊 (mm) 

1 70.61 39.24 27.82 1.922 0.145 

2 56.64 44.77 27.44 2.345 0.807 

3 56.64 44.77 27.44 2.345 0.807 

4 70.61 39.24 27.82 1.922 0.145 

For the RT Duroid 5880 substrate, the width and length of the source and load impedance lines 

(𝑍0 = 50𝛺) are 𝑊 = 2.445 mm and 𝑙 = 4.74 𝑚𝑚. Therefore, the circuit board is 35 mm wide 

and 128 mm long. 

Table 11 Physical dimensions of the Coupled Lines Bandpass Filter using the FR-4 substrate 

FR-4 (𝝐𝒓 = 𝟒. 𝟑, 𝒉 = 𝟏. 𝟔 𝐦𝐦 𝐚𝐧𝐝 𝐭𝐚𝐧𝜹 = 𝟎. 𝟎𝟐𝟓) 

Section 𝒁𝟎𝒆 (𝛀)  𝒁𝟎𝒐 (𝛀) 𝒍𝒊 (mm) 𝑾𝒊 (mm) 𝒔𝒊 (mm) 

1 70.61 39.24 21.16 2.473 0.439 

2 56.64 44.77 20.77 3.001 1.768 

3 56.64 44.77 20.77 3.001 1.768 

4 70.61 39.24 21.16 2.473 0.439 

For the FR-4 substrate, the width and length of the source and load impedance lines (𝑍0 = 50𝛺) 

are 𝑊 = 3.137 mm and 𝑙 = 3 𝑚𝑚. Therefore, the circuit board is 40 mm wide and 98 mm long. 

The implemented circuits are presented in Figures 4.5 and 4.6. Each circuit is composed by a 

source and load impedance line of 50Ω and four sections of parallel coupled lines. 
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Figure 4.5 Coupled Lines Bandpass Filter with RT Duroid 5880 substrate. 

 

Figure 4.6 Coupled Lines Bandpass Filter with FR-4 substrate. 

 

4.3 Simulation Results 

In this section, the outcome of designing, implementing and simulating the filters on CST MWS, 

is presented. 

4.3.1 Stepped-impedance Lowpass Filter 

4.3.1.1 RT Duroid 5880 

For the RT Duroid 5880 substrate, which is characterized by a dielectric permittivity 𝜖𝑟 = 2.2, a 

thickness of 0.787 mm and also low losses and good homogeneity, the following results were 

obtained for the originally designed filter. 



44 

 

 

Figure 4.7 Originally designed RT Duroid 5880 Stepped-impedance Lowpass Filter S-parameters 

It is evident in Figure 4.7 that although the attenuation at 4 GHz is greater than 20 dB, the cutoff 

frequency does not meet the specified requirements, i.e., the filter is presenting a cutoff frequency 

𝜔𝑐 = 2.3 GHz (frequency at which the attenuation is -3 dB) instead of the specified 𝜔𝑐 =

2.5 GHz. In order to fulfill the desired specifications, a fine-tuning process was applied. By 

reducing the length 𝑙4 from 11.69 mm to 9.49 mm it was possible to shift the cutoff frequency to 

the desired 𝜔𝑐 = 2.5 GHz, as can be observed in Figures 4.8 and 4.9 which compares the original 

and the fine-tuned results. It is also important to note that the return loss is lower than 15 dB on 

the bandpass range and around 0 dB in the rejection band, as it should be. 

 

Figure 4.8 RT Duroid 5880 Stepped Impedance Lowpass Filter insertion loss comparison between original and fine-

tuned design. 
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Figure 4.9 RT Duroid 5880 Stepped Impedance Lowpass Filter return loss comparison between original and fine-

tuned design. 

As a summary, the final fine-tuned dimensions of the filter are presented. 

Table 12 Final dimensions of the Stepped-impedance Lowpass Filter using the RT Duroid 5880 substrate 

RT Duroid 5880 (𝝐𝒓 = 𝟐. 𝟐, 𝒉 = 𝟎. 𝟕𝟖𝟕 𝐦𝐦 𝐚𝐧𝐝 𝐭𝐚𝐧 𝛅 = 𝟎. 𝟎𝟎𝟎𝟗) 

Section 𝒁𝒊 = 𝒁𝒍 or 𝒁𝒉 (𝛀) 𝝐𝒆𝒇 𝝀𝒈 (cm) 𝜷𝒍𝒊 (deg) 𝒍𝒊 (mm) 𝑾𝒊 (mm) 

1 20 2.01 8.464 11.85 2.79 8.084 

2 120 1.73 9.123 33.78 8.56 0.457 

3 20 2.01 8.464 44.28 10.41 8.084 

4 120 1.73 9.123 46.12 9.49 0.457 

5 20 2.01 8.464 32.41 7.62 8.084 

6 120 1.73 9.123 12.34 3.13 0.457 

The width and length of the source and load impedance lines (𝑍0 = 50Ω) are 𝑊 = 2.445 mm 

and 𝑙 = 3.45 mm. Therefore, the circuit board is 16 mm wide and 57.8 mm long. 

4.3.1.2 FR-4 

The FR-4 substrate used in this study has a thickness of 1.6 mm and a dielectric permittivity 𝜖𝑟 =

4.3, and presents low losses but not as homogeneous as the RT DUROID 5880. Regarding the 

initially designed filter, the obtained results are presented in Figure 4.10. 

 

Figure 4.10 Originally designed FR-4 Stepped-impedance Lowpass Filter S-parameters. 

As with the RT Duroid 5880 substrate, although the attenuation fulfills the required specification, 

which is to be greater than 20 dB at 4 GHz, the cutoff frequency is lower than required, i.e., the 
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cutoff frequency is around 1.99 GHz instead of the required cutoff frequency of 2.5 GHz. Also, 

it is important to observe the lossy properties of the FR-4, shown in the passband frequencies, 

with a loss around -0.6 dB. Performing fine-tuning, it was possible to achieve the required 

response, reducing the length 𝑙2 from 6.58 mm to 5.38 mm and 𝑙4 from 8.98 mm to 4.98 mm, 

resulting in the desired 𝜔𝑐 = 2.5 GHz. In Figures 4.11 and 4.12 the S-parameters of the originally 

designed and fine-tuned filters are compared. Once again, the return loss behaved as expected. 

 

Figure 4.11 FR-4 Stepped Impedance Lowpass Filter insertion loss comparison between original and fine-tuned 

designs. 

 

Figure 4.12  FR-4 Stepped Impedance Lowpass Filter return loss comparison between original and fine-tuned 

designs. 

On the table below are summarized the final fine-tuned dimensions of the filter. 

Table 13 Final physical dimensions of the Stepped-impedance Lowpass Filter using the FR-4 substrate 

FR-4 (𝝐𝒓 = 𝟒. 𝟑, 𝒉 = 𝟏. 𝟔 𝐦𝐦 𝐚𝐧𝐝 𝐭𝐚𝐧𝜹 = 𝟎. 𝟎𝟐𝟓) 

Section 𝒁𝒊 = 𝒁𝒍 or 𝒁𝒉 (𝛀) 𝝐𝒆𝒇 𝝀𝒈 𝜷𝒍𝒊 (deg) 𝒍𝒊 (mm) 𝑾𝒊 (mm) 

1 20 3.65 6.281 11.85 2.07 11.270 

2 120 2.93 7.011 33.78 5.38 0.419 

3 20 3.65 6.281 44.28 7.73 11.270 

4 120 2.93 7.011 46.12 4.98 0.419 

5 20 3.65 6.281 32.41 5.66 11.270 

6 120 2.93 7.011 12.34 2.40 0.419 

The width and length of the source and load impedance lines (𝑍0 = 50Ω) are 𝑊 = 3.137 mm 

and 𝑙 = 3.29 mm. Therefore, the circuit board is 16 mm wide and 42.8 mm long. 
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4.3.2 Coupled Lines Bandpass Filter 

4.3.2.1 RT Duroid 5880 

The simulation using the RT Duroid 5880 substrate led to the best results, due to its low losses 

and good homogeneity characteristics. In Figure 4.13 below, the initially obtained results are 

presented. 

 

Figure 4.13 Originally designed RT Duroid 5880 Coupled Lines Bandpass Filter S-parameters. 

As can be observed above, the lower and upper cutoff frequencies are at 1.899 GHz and 2.08 

GHz. The fractional bandwidth is ~9% and the attenuation at 1.8 GHz is around -24 dB, almost 

fulfilling the requirements. 

As processed with the previous filter, after a light fine-tuning, it was possible to meet the required 

response, increasing the fractional bandwidth to 10%, after reducing the lengths 𝑙1 = 𝑙4 = 27.82 

mm to 27.6 mm and 𝑙2 = 𝑙3 = 27.44 mm to 27.2 mm. Observing Figures 4.14 and 4.15, in which 

are represented the originally designed and fine-tuned results, it is possible to verify that the 

fractional bandwidth is 10%, the central frequency is 𝜔0 = 2 GHz and the attenuation at 1.8 GHz 

is lower than -15 dB, so achieving the desired response. It is also important to note that exists 

asymmetry on the response of the filter, due to the variation of the impedance and electrical length 

with the frequency, which is also not symmetric. 

 

Figure 4.14 RT Duroid 5880 Coupled Lines Bandpass Filter insertion loss comparison between original and fine-

tuned designs. 
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Figure 4.15 RT Duroid 5880 Coupled Lines Bandpass Filter return loss comparison between original and fine-tuned 

designs. 

In the table below, the final fine-tuned dimensions of the filter are presented. 

Table 14 Final physical dimensions of the Coupled Lines Bandpass Filter using the RT DUROID 5880 substrate 

RT Duroid 5880 (𝝐𝒓 = 𝟐. 𝟐, 𝒉 = 𝟎. 𝟕𝟖𝟕 𝐦𝐦 𝐚𝐧𝐝 𝐭𝐚𝐧 𝛅 = 𝟎. 𝟎𝟎𝟎𝟗) 

Section 𝒁𝟎𝒆 (𝛀)  𝒁𝟎𝒐 (𝛀) 𝒍𝒊 (mm) 𝑾𝒊 (mm) 𝒔𝒊 (mm) 

1 70.61 39.24 27.60 1.922 0.145 

2 56.64 44.77 27.20 2.345 0.807 

3 56.64 44.77 27.20 2.345 0.807 

4 70.61 39.24 27.60 1.922 0.145 

For the RT Duroid 5880 substrate, the width and length of the source and load impedance lines 

(𝑍0 = 50𝛺) are 𝑊 = 2.445 mm and 𝑙 = 4.74 𝑚𝑚. Therefore, the circuit board is 35 mm wide 

and 127.08 mm long. 

4.3.2.2 FR-4 

Comparing the results from Figure 4.16 below with the obtained results for the RT Duroid 5880 

substrate, one can observe the expressive lossy characteristics of the FR-4 substrate, observable 

on the bandpass frequencies in which the insertion loss is around -7 dB, making this circuit almost 

unusable. The fractional bandwidth is around 6% and outside the passband the insertion loss 

attenuation requirement is satisfied. 

 

Figure 4.16 Originally designed FR-4 Coupled Lines Bandpass Filter S-parameters. 
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In order to obtain the desired response and reduce the insertion loss on the passband, a similar 

fine-tuning process was applied, by changing the lengths 𝑙1 = 𝑙4 from 21.16 mm to 21.70 mm, 

the widths 𝑤1 = 𝑤4 from 2.473 mm to 1.800 mm, the widths 𝑤2 = 𝑤3 from 3.001 mm to 2.200 

mm, the gaps 𝑠1 = 𝑠4 from 0.439 mm to 0.420 mm and 𝑠2 = 𝑠3 from 1.768 mm to 1.500 mm. In 

Figures 4.17 and 4.18 it is possible to observe the final result of the fine-tuned filter, which is 

much more approximated to the required output, presenting a fractional bandwidth of ~10%. Also, 

it was possible to improve the response both in terms of insertion loss, which has a final value of 

-5dB, and return loss. 

 

Figure 4.17 FR-4 Coupled Lines Bandpass Filter insertion loss comparison between original and fine-tuned design. 

 

Figure 4.18 FR-4 Coupled Lines Bandpass Filter return loss comparison between original and fine-tuned design. 

The table below presents the final fine-tuned dimensions of the filter. 

Table 15 Final physical dimensions of the Coupled Lines Bandpass Filter using the FR-4 substrate 

FR-4 (𝝐𝒓 = 𝟒. 𝟑, 𝒉 = 𝟏. 𝟔 𝐦𝐦 𝐚𝐧𝐝 𝐭𝐚𝐧𝜹 = 𝟎. 𝟎𝟐𝟓) 

Section 𝒁𝟎𝒆 (𝛀)  𝒁𝟎𝒐 (𝛀) 𝒍𝒊 (mm) 𝑾𝒊 (mm) 𝒔𝒊 (mm) 

1 70.61 39.24 21.70 1.800 0.420 

2 56.64 44.77 20.77 2.200 1.500 

3 56.64 44.77 20.77 2.200 1.500 

4 70.61 39.24 21.70 1.800 0.420 
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For the FR-4 substrate, the width and length of the source and load impedance lines (𝑍0 = 50𝛺) 

are 𝑊 = 3.137 mm and 𝑙 = 3.00 𝑚𝑚. Therefore, the circuit board is 37 mm wide and 99 mm 

long. 
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Chapter 5 - Conclusion 

 

Conclusion 

5.1 Review of the Performed Work and Main 

Findings 

The main goal of this dissertation was to study, design and simulate two different microstrip filters 

– the stepped-impedance lowpass filter and the parallel coupled lines bandpass filter – on two 

different substrates – the RT Duroid 5880 and the FR-4, with the main purpose of studying the 

impact of each substrate and the differences between these two circuits in terms of frequency 

response and scattering parameters. 

The objective of this work was successfully fulfilled, obtaining simulation results according to 

the designed filters and fulfilling the requirements in terms of bandwidth and attenuation. All of 

these resulted in five chapters. The second chapter provides the theoretical background needed 

for the application of the microstrip line technology, including a complete explanation of some 

fundamental concepts such as the different types of microstrips, dimensioning equations and 

coupled lines technique. The third chapter describes the fundamental concepts of filters and 

presents the needed tools for the transformation of lumped-elements circuits to distributed 

elements. This included Richard’s transformation, Kuroda Identities and Impedance and 

Admittance Inverters. In this chapter, the implementation of the two filters in a distributed 

elements structure is also presented. The fourth chapter starts with the presentation of the used 

software – CST Microwave Studio and QUCS. This chapter also details the dimensioning, design 

and layout of the filters in the different substrates. Lastly, the fifth chapter summarizes the main 

findings of this research and potential future work on this subject. 

The used methodology was validated as the obtained results were in accordance with the defined 

requirements, in terms of bandwidth and S-Parameters. Also, the two different substrates – the 

RT Duroid 5880 and the FR-4 – shown to be suitable for this purpose, although RT Duroid 5880 

led to much better results. 

With this dissertation one can conclude that the project of designing filters incorporates many 

different important aspects, such as the electrical, physical and economic properties of the circuits. 
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5.2 Future Work 

This work presents a complete and structured methodology for the design and simulation of two 

different microstrip filters. This way, this dissertation can serve as a solid basis for future projects 

of different filters such as interdigital, hairpin, combline or patch, in order to compare the 

differences between the different topologies. 

An important topic for further work could be the fabrication and measurement of the obtained 

circuits in order to validate the process end-to-end, from study phase until the fabrication. 

Finally, the optimization of the obtained filters using software suitable for that, such as KeySight 

Technologies Advance Design System (ADS), could also be interesting. 
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