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Abstract

RF and Microwave filters can be implemented with transmission lines. Filters are signifi-

cant RF and Microwave components. Transmission line filterscan be easy to implement,

depending on the type of transmission line used. The aim of this project is to develop a

set of transmission line filters for students to do practicalwork with.

There are different transmission lines due to different RF and Microwave applications.

The characteristic impedance and how easy it is to incise precise lengths are two important

characteristics of transmission lines; thus they are used to investigate which transmission

line to use to implement filters.

The first part of this project looks into which transmission line to use to erect a filter. Then

the different filter design theories are reviewed. The filterdesign theory that allows for

implementation with transmission lines is used to design the filters.

Open-wire parallel lines are used to implement transmission line filters. They are the

transmission lines with which it is easiest to change the characteristic impedance. The

resulting filters are periodic in frequency. The open-wire lines can be used well into the 1

m wavelength region. For characteristic impedance below 100 Ohms, the performance of

open-wire lines is limited.

ii



Acknowledgements

I would like to thank my supervisor, Professor Michael Inggs, for his guidance and toler-

ance throughout the extent of the project. I have benefitted immensely from his wealth of

knowledge.

I would also like to thank Andile Mngadi and Jonathan Ward fortheir availability when-

ever help was needed.

iii



Contents

Declaration i

Abstract ii

Acknowledgements iii

1 Introduction 1

1.1 Terms of Reference . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

1.2 Review of the Terms of Reference . . . . . . . . . . . . . . . . . . . . .2

1.2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

1.2.2 Functional Characteristics . . . . . . . . . . . . . . . . . . . . .2

1.2.3 Interface Characteristics . . . . . . . . . . . . . . . . . . . . . .2

1.2.4 Safety Characteristics . . . . . . . . . . . . . . . . . . . . . . . . 2

1.2.5 Implementation Issues . . . . . . . . . . . . . . . . . . . . . . . 3

1.2.6 Timescale . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

1.2.7 Test Requirements . . . . . . . . . . . . . . . . . . . . . . . . . 3

1.3 Plan of Development . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

2 Literature Review 6

2.1 Filter Design Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

2.1.1 Filter Design by the Image Method . . . . . . . . . . . . . . . . 7

2.1.2 Filter Design by the Network Synthesis Method . . . . . . .. . 10

2.2 Transmission Lines. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12

2.2.1 Coaxial Cable . . . . . . . . . . . . . . . . . . . . . . . . . . . 12

2.2.2 Open-Wire Lines . . . . . . . . . . . . . . . . . . . . . . . . . . 13

2.2.3 Microstrip . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

2.3 Transmission Line Stub Filters . . . . . . . . . . . . . . . . . . . . .. . 14

2.3.1 Richard’s Transformation . . . . . . . . . . . . . . . . . . . . . 14

2.3.2 Kuroda Identities . . . . . . . . . . . . . . . . . . . . . . . . . . 15

iv



2.3.3 Non-Redundant Filter Synthesis . . . . . . . . . . . . . . . . . .15

2.4 Transmission Line Resonator Filters . . . . . . . . . . . . . . . .. . . . 15

2.4.1 Impedance and Admittance Inverters . . . . . . . . . . . . . . .16

2.4.2 Quarter-Wave Coupled Filters . . . . . . . . . . . . . . . . . . . 16

2.5 Implementation of Filters . . . . . . . . . . . . . . . . . . . . . . . . .17

2.5.1 Stepped-Impedance Filters . . . . . . . . . . . . . . . . . . . . . 17

2.5.2 Waveguide Filters . . . . . . . . . . . . . . . . . . . . . . . . . 17

2.5.3 Fixed Impedance Coaxial Cable Filters . . . . . . . . . . . . .. 17

2.5.4 Open-wire Parallel Lines Filters . . . . . . . . . . . . . . . . .. 21

2.6 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

3 Filter Designs 22

3.1 Design of a Low-Pass Filter . . . . . . . . . . . . . . . . . . . . . . . . 23

3.2 Design of a High-Pass Filter . . . . . . . . . . . . . . . . . . . . . . . .25

3.3 Design of a Band-Pass Filter . . . . . . . . . . . . . . . . . . . . . . . .27

3.4 Design of a Band-Stop Filter . . . . . . . . . . . . . . . . . . . . . . . .29

3.5 Conversion of Lumped-Elements to Distributed Elements. . . . . . . . 31

3.5.1 Low-pass Filter . . . . . . . . . . . . . . . . . . . . . . . . . . 31

3.5.2 High-Pass Filter . . . . . . . . . . . . . . . . . . . . . . . . . . 32

3.5.3 Band-Pass Filter . . . . . . . . . . . . . . . . . . . . . . . . . . 33

3.5.4 Band-Stop Filter . . . . . . . . . . . . . . . . . . . . . . . . . . 33

3.6 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

4 Implementation of Filters 35

4.1 Implementation of the Low-Pass Filter . . . . . . . . . . . . . . .. . . 35

4.2 Implementation of the High-Pass Filter . . . . . . . . . . . . . .. . . . 37

4.3 Implementation of the Band-Pass and Band-Stop Filters .. . . . . . . . 37

4.4 Translation of the Filter Impedance . . . . . . . . . . . . . . . . .. . . 37

4.4.1 The Balun . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

4.4.2 Coaxial Cable . . . . . . . . . . . . . . . . . . . . . . . . . . . 38

4.4.3 Connectors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38

4.5 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

5 Testing 40

5.1 E5071B Network Vector Analyser Calibration . . . . . . . . . .. . . . . 40

5.2 Low-Pass Filter Test . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42

5.3 The High-Pass Filter Test . . . . . . . . . . . . . . . . . . . . . . . . . .44

5.4 Discussion of Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

v



6 Conclusions and Recommendations 49

6.1 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49

6.2 Recommendations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49

vi



List of Figures

2.1 L-section Network. [1, page 56] . . . . . . . . . . . . . . . . . . . . .. 7

2.2 Constant -k half section. [1, page 62] . . . . . . . . . . . . . . . .. . . . 8

2.3 m- derived half section. [1, page 64] . . . . . . . . . . . . . . . . .. . . 9

2.4 A two port network. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

2.5 The Smith Chart. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

3.1 Power loss ratio of the low-pass prototype. . . . . . . . . . . .. . . . . 23

3.2 Lumped elements low-pass filter prototype. . . . . . . . . . . .. . . . . 24

3.3 Simulated low-pass filter circuit. . . . . . . . . . . . . . . . . . .. . . . 24

3.4 Simulation Results for the low-pass filter. . . . . . . . . . . .. . . . . . 25

3.5 Lumped elements high-pass filter prototype. . . . . . . . . . .. . . . . 25

3.6 Simulated high-pass filter circuit. . . . . . . . . . . . . . . . . .. . . . 26

3.7 Simulation results for a high-pass filter. . . . . . . . . . . . .. . . . . . 27

3.8 Lumped elements band-pass filter prototype. . . . . . . . . . .. . . . . 28

3.9 Simulated circuit for a band-pass filter. . . . . . . . . . . . . .. . . . . 28

3.10 Simulation results for a band-pass filter. . . . . . . . . . . .. . . . . . . 29

3.11 Lumped elements band-stop filter prototype. . . . . . . . . .. . . . . . 30

3.12 Simulated circuit for a band-stop filter. . . . . . . . . . . . .. . . . . . . 30

3.13 Simulation results for a band-stop filter. . . . . . . . . . . .. . . . . . . 31

3.14 Inductors andcapacitors converted to series and shuntstubs. . . . . . . . 32

3.15 Series stubs converted to shunt stubs. . . . . . . . . . . . . . .. . . . . 32

4.1 Open-wire line low-pass filter. . . . . . . . . . . . . . . . . . . . . .. . 36

4.2 Transformers connected back-to-back and coaxial cable. . . . . . . . . . 38

4.3 Transformers connected to the low-pass filter. . . . . . . . .. . . . . . . 39

5.1 The test set up. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40

5.2 The plot ofS11. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41

5.3 The plot ofS21. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42

5.4 Magnitude response of the low-pass filter. . . . . . . . . . . . .. . . . . 43

vii



5.5 Phase response of the low-pass filter. . . . . . . . . . . . . . . . .. . . 43

5.6 Group delay of the low-pass filter. . . . . . . . . . . . . . . . . . . .. . 44

5.7 Magnitude response for a high-pass filter. . . . . . . . . . . . .. . . . . 45

5.8 Phase response of the high-pass filter. . . . . . . . . . . . . . . .. . . . 45

5.9 Group delay of a high-pass filter. . . . . . . . . . . . . . . . . . . . .. 46

1 a . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53

2 b . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53

3 c . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54

4 d . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54

viii



List of Tables

3.1 Characteristic impedance of the resonators. . . . . . . . . .. . . . . . . 33

4.1 Centre-to-centre spacing of sections of low-pass filter. . . . . . . . . . . 36

ix



Chapter 1

Introduction

This report describes the design and implementation of RF and Microwave transmission

line filters. The reason for the initiation of the project is to increase practical work for the

fourth year electrical engineering course: "RF and Microwave Systems" (EEE 4086F) at

the University of Cape Town. The course has adequate theory but still has to increase the

portion of its practical work.

Filters are amongst the most common RF and Microwave components. Their function is

intuitively easy, for instance a low-pass filter should passlow frequency signals. It is easy

to figure out that the characteristic of merit is frequency. Because of their importance,

there is an immense amount of theory dedicated to the design of filters. Students learn

about some of the filter design theory in the fourth year course, consequently it is a good

idea to consolidate the theory with some practical work.

The theory required for the design and implementation of theRF and Microwave filters

has been gathered from relevant books, the Internet and discussions with members of the

radar research group at the University of Cape Town. The mainconstraint on the project

has been time.

1.1 Terms of Reference

The terms of reference of this thesis are as follows:

• Investigate which transmission lines can be used to implement RF and Microwave

filters.

• Determine which filter types can be built using the transmission lines.

• Design and implement the filters using the transmission lines and connectors. The

design can be with the aid of the Smith Chart.

• In the designs, include the effects of the stray capacitanceof the connectors.

• Test the designed filters.
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• Prepare an appendix that forms a practical, as the work carried out in this project is

to form practical work for students.

1.2 Review of the Terms of Reference

1.2.1 Introduction

The Requirements Review clarifies what work the thesis entails. The project involves the

design and implementation, thus the aim is to finally submit aset of working filters. The

first part of the project is researching which transmission lines to use in the implementa-

tion of RF and Microwave filters. The second part is the implementation of filters.

1.2.2 Functional Characteristics

The most common RF and Microwave filters are the low-pass, high-pass, band-pass and

band-stop filters. Quarter-wave resonators, shunt stubs, stepped impedance, comb-line

and inter-digital are some of the forms of implementing transmission line filters. Filters

pass the signals in their pass-band and attenuate signals intheir stop-band. The atten-

uation of the signals in the stop-band depends on the characteristic design of the filter.

Microstrip, stripline, suspended substrate, open-wire line, coaxial cable or rods coupled

through an aperture can be used in implementing filters because they are all transmission

lines.

1.2.3 Interface Characteristics

The RF and Microwave filters designed in this thesis are to form a demonstration for

students taking the course EEE4086F. The students are to experiment with the filters. The

dominant RF and Microwave experimentation equipment is thenetwork vector analyzer.

Therefore the filters should be interfaced to connect to the network vector analyser. RF

and Microwave connectors come in different sizes and types.Transmission lines can

require a non-conducting platform to be mounted on; therefore transmission line filters to

be designed should have proper supports to be mounted onto.

1.2.4 Safety Characteristics

There are no safety concerns with this project. In operation, the filters should connect to

the network vector analyser which transmits power levels below any ionising energy. The

only concern could be heat, but this is offset by the low powerlevels transmitted by the

network vector analyzer. Open-wire lines easily radiate energy, however when connected

to the network vector analyzer the energy levels cannot compromise safety as they are

low. Based on the power levels of the network vector analyzer, the designs of the filters

do not include safety.
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1.2.5 Implementation Issues

There is no specialised machinery to be used in the implementation of the filters. The

design is based on the methods established in the literaturereview. The transmission line

to be used can be processed using cutters and the vernier caliper to incise the required

dimensions. Due to the absence of precise specialised equipment to determine the form

of the transmission lines, accuracy is an issue and it shouldbe taken into account. Trans-

mission line materials needs to be purchased, an account of the compromise between cost

and electrical conductivity of the materials is to be given as electrical conductivity of the

material affects the performance of the filter.

1.2.6 Timescale

The thesis project is conducted during the second semester of the university’s academic

year. The commence date is the beginning of semester and the hand-in date of the report

is 23rd October 2006. There are no fixed dates to be adhered to during the implementation

of this project. Nonetheless there is a crude order of execution of this project. Firstly the

literature is to be reviewed, then the design, implementation and testing is to follow. The

plan is to reserve the last month for the thesis write-up.

1.2.7 Test Requirements

The designed filters are tested to establish if they perform as reqiured. The tests are part

of the process to ascertain if the project met all the set requirements. To compare designed

filters against what the design hypothesize, experiments can be set up.

1.3 Plan of Development

Chapter 2 presents the literature reviewed in this thesis project. There are many ways

to design RF and Microwave filters. Chapter two is the review of the literature on fil-

ter design. It compares and contrasts the different filter design methods. The filters are

implemented using transmission lines; therefore the chapter discusses different transmis-

sion lines. The motivation for a particular choice of a transmission line is detailed in this

chapter.

Conceptually, the simplest filter design method is the imagemethod [1, page 84]. The

image method is compared and contrasted with the network synthesis method. Network

synthesis method is based on the transfer function of the circuit. An example of the

transfer function is the transmission coefficient. From thetransfer function of the circuit

the input impedance of a circuit can be found [2, page 154]. The input impedance can be

expanded to give the element values of the circuit.

There are different types of transmission lines. The different types of transmission lines

arise because of their different applications. The parallel wire transmission lines are prob-

ably among the earliest types as they arose in the dawn of telecommunications. Also they

are the easiest to make. Coaxial cable is mainly reserved forapplications of set constant

3



impedance. On the other hand, microstrip transmission lineis suitable for printed circuit

boards.

Chapter two discusses the use of different transmission lines in the implementation of

transmission line filters. Preliminary filter designs are done in order to compare imple-

mentation issues of different transmission lines. The transmission line that is perceived

to be the easiest to use to implement filters is chosen. The basis of the choice is given in

chapter two.

In conclusion, chapter 2 reviews the RF and Microwave filter design literature. It es-

tablishes which design theory to use and provides reasons behind the choice of theory.

Furthermore, the transmission line to implement filters is decided from the initial designs.

The next chapter details the design of filters using the chosen filter design theory; the

filters are implemented with the transmission line established from the initial designs.

Chapter 3 presents the Filter Designs. Filters are designed using thetheory that allows

for the implementation using transmission lines. This chapter is the development of the-

ory that leads to the designs. Low-pass, high-pass, band-pass and band-stop filters are

designed. The design involves conversion of lumped elements into distributed elements if

the initial design is in lumped-elements. Simulation is to be used to verify the amplitude

and phase responses of the designs.

For most filter design theories the initial designs are in lumped-elements. Therefore the

initial designs are given in lumped-elements. The terms of reference states that the de-

signs should be implemented with transmission lines. Lumped elements cannot go up to

very high frequencies. Again capacitors and inductors, reactive elements, have terrible

tolerances; capacitors can have 20% tolerance [3]. Filtersdesigned with capacitors have

the worst case designs that are way off the ideal values. Consequently lumped element

designs are converted into distributed components designs.

The order of the filter determines its behaviour. Usually thehigher the order, the better the

filter performs. For transmission line filters the order is related to the ease of implementa-

tion. Accordingly, there is a compromise between the order of the filter and the difficulty

of implementation. The order of a filter is selected so that the physical dimensions of the

transmission line are realisable.

The two common characteristics of transmission lines are characteristic impedance and

physical dimensions. The two common characteristics of filters are frequency and rate of

attenuation in the stop-band. The frequency of the filter is more likely to affect the length

of the transmission line than its characteristic impedance. Therefore a compromise is to

be made between the frequency of operation and the physical dimensions of the filter.

Chapter three presents the designs of low-pass, high pass, band-pass and band-stop fil-

ters. Cut-off frequencies and the impedance of operation are chosen with implementation

issues in mind. The designed filters are simulated. The next chapter discusses filter im-

plementation.

Chapter 4 presents the Implementation of Filters. The distinguishing characteristic of
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transmission lines is their characteristic impedance. Filter design methods involve impedance,

as the input impedance or the operating impedance of the filter. Thus implementation of

transmission line filters is centred on chosen transmissionline’s characteristic impedance.

The length of the transmission line is also a significant characteristic, so the ease of de-

termining specific lengths of transmission line is an advantage.

Filter designs are done with ease of implementation in mind.Besides that, some of the

filter designs might still be difficult to implement. The length or characteristic impedance

of the transmission line determines the performance of the filter. Some of the required

lengths or characteristic impedances may not be met with thetransmission line chosen

based on initial designs. Therefore an account of filters notimplemented should be given.

Chapter four is the implementation of filters. An account is given for filters that could not

be implemented. The aim is to use one kind of transmission line for the implementation of

a filter. The filters have the right connectors to be interfaced to other RF and Microwave

components or the test equipment. The subsequent chapter ison filter tests.

Chapter 5 documents the testing of the filters. Most design work in the RF and Mi-

crowave field follows well established theory. In spite of that, the designs are tested to

verify that they perform as stipulated by theory. The same logic applies to this project.

The filters designed and implemented using transmission lines are tested to prove the

design theory. Chapter five reports on the tests conducted tothe implemented filters.

The important filter parameters are the insertion loss in both the pass-band and the stop-

band; the shape of the cut-off point and the insertion loss increase rate. Some of the filter

design methods are based on periodicity of structures, therefore periodicity of filters can

be observed. The shape of amplitude and phase responses can be compared to that of the

simulation results.

To test the filters, experiments are set. The objective of theexperiments is to capture the

behaviour of the implemented filters. The main equipment used is the network vector

analyser. The same filter types should have the same procedure of testing. The methods

of collecting the results are similar for all filters.

The implementation of RF and Microwave filters does not involve any specialised ma-

chinery in this project. The implementation is crude as it aims for transmission lines’

stubs that can be attained using only cutters. Some transmission line filter designs results

in closely spaced stubs or finely changing lengths or impedances; they are normally im-

plemented with specific machinery. Such designs cannot be implemented for this project.

Therefore the results of the tested filters are less accurate; hence they are extensively

discussed.

Chapter five ends with the discussion of the results. The discussion of results explains

the differences between the test results obtained and the simulation of the designs. The

variations are explained so that conclusions can be drawn onthe project.

Chapter 6 is the conclusions and recommendations. The final chapter concludes and

provides recommendations for the future work on the subject.
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Chapter 2

Literature Review

There are many ways to design RF and Microwave filters. Chapter two is the review of

the literature on filter design. It compares and contrasts the different filter design meth-

ods. The filters are implemented using transmission lines; therefore the chapter discusses

different transmission lines. The motivation for a particular choice of a transmission line

is detailed in this chapter.

Filters are two-port networks used to control the frequencyresponse in an RF or Mi-

crowave system. They allow transmission of signal frequencies within their pass-band,

and attenuate signals outside thier pass-band. Common RF and Microwave filter types

are listed below:

• Transmission line stubs filters. These filters are implemented using transmission

lines in place of lumped elements.

• Coupled line filters. Filters can be designed using transmission lines as resonators

coupled together using quarter-wave matching transformers [4].

• Inter-digital filters. They are formed from short-circuited transmission lines that

take the structure of interlaced fingers [4].

• Comb-Line filters. Quarter-wave transmission line resonators are used in the design

of comb-line filters. Quarter-wave transmission lines are capacitively coupled [4].

• Waveguide discontinuity filters. The low loss and high powerhandling character-

istics of waveguides lend themselves to the use of waveguides in specialized filters

[4].

• Elliptic function filters. They are implemented using N coupled transmission lines

between parallel plates. The network is a 2N port network that is reduced to an N

port network by leaving all the ground ports open-circuited[5, page 73].
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2.1 Filter Design Methods

2.1.1 Filter Design by the Image Method

The image viewpoint for the analysis of circuits is a wave viewpoint much the same as

the wave viewpoint commonly used for analysis of transmission lines [1, page 49]. Such

circuits include filters. Therefore filters can be designed by the image method. Uniform

transmission line characteristic impedance can again be its image impedance, ifγt is the

line’s propagation constant per unit length thenγtl is the image propagation function for

a lengthl [1, page 49].

The Image Parameters

The relation between the image parameters and the general circuit parameters, for exam-

ple open-circuit and short-circuit impedances, is that transmission properties of general

circuits can be defined in terms of their image parameters [1,page 52]. For example, the

image properties of the L-section network, Figure 2.1

Figure 2.1: L-section Network. [1, page 56]

are

Z11 =
√

Za(Za + Zc)

Z12 = ZaZc√
Za(Za+Zc)

γ = coth−1
√

1 + Zc/Za
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Z11, Z12 andγ are the image parameters.Za andZc are the transmission properties of the

L-section network [1, page 54].

Constant -k and m- Derived Filter Sections

Constant -k and m- derived sections are designed from the image point of view. Below

are the image properties of the dissipation-free sections.They are normalised so that their

image impedance isR′ = 1 atω′ = 0 and their cut-off frequency occurs atω′
1 = 1 radians

/ sec.

Normalised constant -k filter half section

Figure 2.2: Constant -k half section. [1, page 62]

Its image impedances are

Z11 =
√

1− (ω′)2

and

Z12 = 1
Z11

Its propagation function is

8



γ = α + jβ = 0 + j sin−1(ω′)

for the0 ≤ ω′ ≤ 1 pass-band, and

γ = α + jβ = cosh−1(ω′) + jπ/2

for the1 ≤ ω ≤ ∞ stop-band, whereα is in nepers andβ is in radians [1, page 61].

Normalised series, m- derived half section

Figure 2.3: m- derived half section. [1, page 64]

Its image impedances are

Z11 =
√

1− (ω′)2

and

Z12 =
1−( ω′

ω′∞
)2√

1−(ω′)2

where

ω′∞ = 1√
1−m2

9



the propagation constant is

γ = α + jβ = 0 + j(1/2) cos−1[1− 2m2

( 1

ω′
)2−(1−m2)

]

in the0 ≤ ω ≤ 1 pass-band, and

γ = (1/2) cosh−1[ 2m2

( 1

ω′
)2−(1−m2)

− 1] + jπ/2

in the1 = ω′ ≤ ω′∞ stop-band, and

γ = (1/2) cosh−1[1− 2m2

( 1

ω′
)2−(1−m2)

]

In theω′∞ ≤ ω′ ≤ ∞ stop-band [1, page 63].

Constant -k and m- derived half sections can be connected together to form a filter. With

sections chosen so that image impedances match at the junctions, the image attenuation

and the image phase for the entire structure are simply the sum of the image attenuations

and the phase values of the individual sections [1, page 68].

The resistive terminations to an image filter do not match itsimage impedance. Therefore

matching end sections are designed to improve the response of the filter. The m- derived

half sections are used as the matching end sections [1, page 72]. They improve the pass-

band response of the filter and can further sharpen the cut-off characteristic of the filter.

The m- derived half sections reduce the reflections at the filter ends. On the other hand,

they give no assurance as to how large the peak reflection lossvalues may be in the pass-

band [1, page 84]. Thus, though the image method is conceptually simple, it requires a

great deal of trial and error if accurately defined band edgesand low pass-band reflection

loss are required.

2.1.2 Filter Design by the Network Synthesis Method

The network synthesis method is based on the transfer function of the circuit. An example

of the transfer function is the transmission coefficient. From the transfer function the input

impedance of a circuit can be found[2, page 154]. The input impedance can be expanded

to give the element values of the circuit.

Darlington [6] is among the first to come up with network synthesis methods. However,

there are recent methods that are more concise. Insertion loss method is one of the com-

mon network synthesis methods. It is used in the design of filters by the network synthesis

method below.
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Insertion loss results from the insertion of a device in a transmission line. It is expressed

as the reciprocal of the ratio of the signal power delivered to that part of the line following

the device to the signal power delivered to that same part before inserting the device [7].

Insertion loss method applies to the design of low-pass, high-pass, band-pass and band-

stop filters. There are trade-offs between insertion loss, sharp cut-off and good phase

response. Thus there are maximally flat, equal-ripple and linear phase filter responses.

Insertion loss (IL) in dB is defined by

IL = 10PLR

Where PLR is the power loss ratioPLR = 1
(1−|Γ(ω)|2)

[2, page 152].

Maximally Flat Response Filter

Maximally flat filter response has the flattest amplitude response in the pass band. For the

low-pass filter, it is defined by

PLR = 1 + k2( ω
ωc

)2N

whereN is the order of the filter andωc is the cut-off frequency. Forω � ωc, insertion

loss increases at the rate of 20N dB per decade increase in frequency [2, page 153].

Equal-Ripple Response Filter

Equal-Ripple Filter Response is defined by

PLR = 1 + k2T 2
N( ω

ωc
)

whereT 2
N(x)is a Chebyshev polynomial of orderN . The pass-band response has ripples

of amplitude1 + k2, while the stop-band insertion loss increases at the rate of20N dB

per decade in frequency [2, page 153].

Linear Phase Response Filter

Linear phase response filter specifies the phase of the filter.A linear phase characteristic

has the following response
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φ(ω) = Aω[1 + p( ω
ωc

)2N ]

whereφ(ω) is the phase of the voltage transfer function andp is a constant. Group delay

is the derivative of the phase characteristic [2, page 153].

Maximally flat, equal-ripple and the linear phase response filters have low-pass filter pro-

totypes. The low-pass filter prototypes can be transformed into high-pass, band-pass, or

stop-pass filters. There are tables to design filters from thelow-pass filter prototypes.

The tables are derived from the equations for the equivalentfilter responses. The tables

list the reactive elements of the filter and the generator input impedance as well as the

load impedance. The element values are given for filter orders from one to ten. The

impedances and the frequency of operation are normalised. Finally filter prototypes need

to be converted to usable impedance level and cut-off frequency by scaling.

There are two ladder circuits for low-pass filter prototypes. The first begins with a shunt

element, and the second begins with a series element. For theladder circuit beginning

with a shunt element, the generator has series internal resistance; whilst the generator has

shunt internal conductance for a ladder circuit beginning with a series element. The two

ladder circuits are used interchangeably, with considerations to the final filter symmetry.

Specifying the insertion loss at some frequency within the stop-band determines the size

or order of the filter [2, page 156].

The image method for filter design does not give assurance as to how large the peak

reflection loss values are in the pass-band. The network synthesis method for filter design

applies tables of low-pass lumped elements filter prototypes. The use of such prototypes

to determine the parameters of the RF or Microwave filter eliminates the guess work

inherent in image method filter design [1, page 84]. Thus insertion loss method is chosen

for filter design. The discussion of different transmissionlines follows.

2.2 Transmission Lines.

There are different types of transmission lines. The different types of transmission lines

arise because of their different applications. The parallel wire transmission lines are prob-

ably among the earliest types as they arose in the dawn of telecommunications. Also they

are the easiest to make. Coaxial cable is mainly reserved forapplications of set constant

impedance. On the other hand, microstrip transmission lineis suitable for printed circuit

boards.

2.2.1 Coaxial Cable

Coaxial cable is mainly used in applications that require fixed impedance. It is made

from two conductors, where one is central and the other completely surrounds it. The
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two conductors are separated by a continuous solid dielectric or sometimes by periodic

dielectric spacers [8]. The central line carries the signal, while the outermost line acts as

ground [9]. The characteristic impedance of coaxial cable is

Zo = 138√
εr

log(D
d
)

whereεr is the dielectric constant,D is the inner diameter of the outer conductor,d is the

diameter of the inner conductor. Twisted pair copper wire and optical fibre are alternatives

to coaxial cable depending on the carrier technology used [9]. Coaxial cable is a solution

to many problems, from wide bandwidth to low loss and high isolation [8].

2.2.2 Open-Wire Lines

Parallel lines are balanced transmission lines. They have various types, for example the

flat TV 300 Ohm ribbon [10]. Open-wire lines are made out of copper wire and non-

conducting spacers. Wooden dowels, plastic rods, and strips of vinyl siding are among

the materials that can be used to make spacers [11]. However polycarbonate rods with

assured RF characteristics are the most reliable materials. The open-wire lines do have

the disadvantage that they must be kept away from other conductors and earthed objects.

Also as frequency increases the open-wire line spacing becomes a significant fraction of

the wavelength and the line will radiate [11].

The characteristic impedance of the open-wire line dependson its physical properties[11].

It is

Zo = 120 cosh−1( s
d
)

whered is the diameter of the wire ands is the centre-to-centre spacing of the wires. The

equation involving the common logarithms is generally used[11].

Zo = 276 log(2s
d
)

2.2.3 Microstrip

Microstrip transmission line consists of a track of copper or other conductor on an insu-

lating structure. There is a sheet of the similar conductor on the other side of the insulator.
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The track of copper acts as a passage of the signal while the sheet on the other side pro-

vides a return path; therefore microstrip is a variant of two-wire transmission line [12].

Microstrip is predominantly used in printed circuit boards.

If thickness of the copper track ist and the widthW of the copper track is less than the

heighth of the insulating material, the effective dielectric constantεeff is [13]

εeff = εr+1
2

+ εr−1
2

[ 1√
1+ 12h

W

+ 0.04(1− W
h

)2]

whereεr is the relative dielectric constant. If the width of the track is greater than the

height of the insulator,εeff constant becomes

εeff = εr+1
2

+ εr−1
2

[ 1√
1+ 12h

W

]

The characteristic impedance is

Zo = 120π
2
√

2π
√

εr+1
ln{1 + 4h

W ′
[
14+8/εeff

11
4h
W ′

+
√

(
14+8/εeff

11
)2 + ( 4h

W ′
)2 +

1+1/εeff

2
π2]}

where:W ′ = W + ∆W ′

∆W ′ = ∆W [
1+1/εeff

2
]

∆W = t
π

ln[ 4e

(t/h)+(
1/π

W/t+1
)
]

2.3 Transmission Line Stub Filters

The filters discussed in section 2.1.2 are lumped element filters. Lumped elements are

available for a limited microwave frequency range. In addition, at microwaves frequen-

cies the electrical distance between filter components is not negligible. For this reasons,

distributed components such as open- or short-circuited transmission lines are used as

reactive elements [2, page 168].

2.3.1 Richard’s Transformation

Richards transformations are used to convert lumped elements to transmission line stubs,

where the transformation [2, page 168]

Ω = tan βl = tan(ωl
vp

)
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maps theω plane to theΩ plane. If frequency variableω is replaced withΩ, a short-

circuited stub of lengthβl and characteristic impedance L, replaces the inductor; while an

open-circuited stub of lengthβl and characteristic impedance 1/C replaces the capacitor.

The cut-off occurs at unity frequency for a low-pass filter prototype; to get the same cut-

off frequency after applying the Richard’s Transforms,

Ω = 1 = tan βl

should hold. Then the input impedance of the inductor equalsthat of the corresponding

short-circuit; the input impedance of the capacitor equalsthat of the corresponding open-

circuit.

2.3.2 Kuroda Identities

There are four Kuroda identities [see appendix A]. They use redundant transmission line

sections to achieve a more practical microwave filter implementation by performing any

of the following operations:

• Physically separate transmission line stubs.

• Transform series transmission line stubs into shunt stubs and the other way around.

• Change impractical characteristic impedance into more realisable ones.

The additional transmission lines are called unit elements[2, page 169].

2.3.3 Non-Redundant Filter Synthesis

The unit elements alleviate the implementation limitations set by the practical considera-

tions. They enable the construction of transformer end sections and admittance inverters

for band-pass filters [5, page 193]. The unit elements can also be used to improve filter

response in addition to easing filter implementation [5, page 193]. Such implementation

is called non-redundant filter synthesis. But redundant filter synthesis relies on tables of

lumped element prototypes; these tables do not contain unitelements. Therefore non-

redundant filter synthesis does not have a lumped element counterpart [2, page 169].

2.4 Transmission Line Resonator Filters

Band-pass filters are very important in RF and Microwaves systems. Their pass-band

is very selective in a wide frequency range. In wireless systems they are used to reject
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out of band and image signals. They attenuate unwanted mixerproducts, and set the IF

bandwidth. Because of their importance, a large number of different types of band-pass

filters have been developed [2, page 178].

2.4.1 Impedance and Admittance Inverters

Band-pass filter prototypes are derived from low-pass filterprototypes. The transforma-

tions result in conversion of an inductor to an LC series resonator for band-pass filters and

to an LC parallel resonator for band-stop filters. Resonators are difficult to implement us-

ing transmission line sections. While the Kuroda Identities are useful for transforming

capacitors or inductors to either series or shunt transmission line stubs, they are not useful

for transforming LC resonators [2, page 178]. For this purpose, impedance and admit-

tance inverters are used. These techniques apply to band-pass and band-stop filters that

have bandwidth less than 10%[2, page 178].

An impedance inverter converts load impedance to its inverse, while an admittance in-

verter converts load admittance to its inverse:

Zin = K2

ZL

Yin = J2

YL

K is the impedance inverter constant andJ is the admittance inverter constant [2, page

179]. Impedance and admittance inverters transform between series-connected and shunt-

connected elements. For example, an admittance inverter converts a parallel LC resonator

into a series LC resonator. Quarter-wave transformers can be used to implement inverters.

The characteristic impedance of the transformer would equal the inverter constant.

2.4.2 Quarter-Wave Coupled Filters

Quarter-wave short-circuited transmission line stubs behave like parallel resonant circuits,

hence they are used as the shunt parallel LC resonators for band pass filters [2, page 179].

Shunt parallel resonators are connected by quarter-wave transmission lines which act as

admittance inverters. If open-circuited stubs are used, band-stop filters results.

The designs do not apply to low-pass equal-ripple filter prototypes with even order be-

cause the input and output impedances of the filter ought to beequal [2, page 182]. The

disadvantage of the design is that the resulting characteristic impedances of the stubs are

very low; capacitively coupled quarter-wave resonators can be used to improve the char-

acteristic impedances.
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2.5 Implementation of Filters

2.5.1 Stepped-Impedance Filters

One way to implement low-pass filters is to use microstrip or stripline lines of alternating

high and low characteristic impedance. Such filters are called stepped impedance filters;

they are easy to design and take up less space compared to filters using stubs [2, page

173]. Due to their nature, highest and lowest feasible impedance transmission lines, their

performance is lower than that of stub filters. They are used when sharp cut-off is not

required.

There are numerous equivalent circuits for a short section of a transmission line. T-

equivalent circuit is an example of an equivalent circuit for a short transmission line

section. For a transmission line section with electrical length much smaller thanπ/2

radians, if it has large characteristic impedance it represents an inductor; if it has small

characteristic impedance it represents a capacitor. Therefore series inductor of low-pass

prototype filter can be replaced with high impedance transmission line section, and shunt

capacitor with low impedance section. The ratio of the impedances should be as high as

possible [2, page 175].

2.5.2 Waveguide Filters

Filters designed using insertion loss method can be implemented using waveguides. The

waveguide filter is in most respects the dual of the capacitive-gap coupled filter; it operates

like a filter with series resonators [1, page 450]. The low-pass filter prototype transfor-

mations for waveguide filters are the same as those of the capacitive-gap coupled if both

transformations are expressed in terms of guide wavelength[1, page 450]. Waveguide

parameters can be determined from the waveguide handbook charts. The implementation

assumes the presence of only the TE10 mode. If other modes arepresent, they disrupt the

performance of the filter.

2.5.3 Fixed Impedance Coaxial Cable Filters

Coaxial cable is the first transmission line to be reviewed for the implementation of filters.

There are different types of coaxial cable each categorisedby its characteristic impedance.

Lengths of coaxial cable can be connected together using BNCconnectors. A T BNC

connector connects two redundant elements and a transmission line stub together. Smith

Chart is used to determine the input impedance of the cable length; while the network

vector analyser is used to test the filter designs. The designs can be tested by observing

the scattering parameters of the filter.

Insertion loss filter design method allows for two degrees offreedom when implementing

filters using transmission lines. The degrees of freedom arethe length of the transmission

line and its characteristic impedance. Coaxial cable has fixed characteristic impedance,

but allows for the second degree of freedom - the length of thetransmission line.
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BNC Connectors

There are various types of connectors used to connect RF and microwave components.

The BNC connectors connect transmission lines sections together. They are ideally suited

for cable terminations for miniature or sub-miniature coaxial cable [14]. A 75 Ohm BNC

connector can provide constant 75 Ohm performance with low VSWR for the frequency

range DC-4 GHz [14].

S-Parameters

The set of two-port parameters used for high frequency signals are known as the scattering

parameters, S-parameters. The input and output parametersare known as the incident

and reflected parameters respectively. S-parameters are normalised to the characteristic

impedance of the system. Figure 2.4 shows the S-parameters of a two port network.

Figure 2.4: A two port network.

• S11 is the reflection coefficient seen at port 1.

• S22 is the reflection coefficient seen at port 2.

• S21 is the transmission coefficient from port 1 to port 2.

• S12 is the transmission coefficient from port 2 to port 1.
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Smith Chart

The RF and microwave transmission line equations show that there are important rela-

tionships between:

• Voltage reflection coefficient.

• Load, characteristic and input impedances.

• Voltage standing wave ratio (VSWR).

The equations linking there relationships are complex and cumbersome. The Smith Chart

offers a graphical method to determine these inter-relationships [15]. It is composed of

curves of constant resistance and reactance. The resistance extends from zero to infinity

along the horizontal axis; the reactance extends from zero to infinity and is symmetric

about the horizontal axis. The Smith Chart can be used for impedances or admittances

calculations. It is mainly used for stub matching and impedance transformation.

Network Vector Analyser

Network vector analyser (NVA) is used to analyse the electrical performance of RF and

microwave components. Vector network analysis is a method of accurately character-

izing such components by measuring their effect on the amplitude and phase of swept-

frequency and swept-power test signals [16]. The NVA is useful in measuring the trans-

mission and reflection characteristics, S-parameters, of any two-port device over a range

of frequencies.

Analysis of Filter Implementation by Coaxial Cable

Insertion loss filter design method utilises transmission line sections of fixed length and

varying characteristic impedance. Transmission line sections of fixed length are com-

mensurate lines. The input impedance of any of the commensurate lines depends on its

characteristic impedance.

Coaxial cable can be used to implement a filter designed by theinsertion loss method.

Coaxial cable has fixed characteristic impedance but the length is flexible. In Figure 2.5,

Smith Chart is used to analyse the usage of coaxial cable to implement an insertion loss

method filter.
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Figure 2.5: The Smith Chart.

A transmission line of lengthλ/8 and characteristic impedance 100 Ohm is terminated by

a 50 Ohm load. The transmission line is shown in blue on the Smith Chart. The point that

intersects the horizontal axis is the load. The input impedance of the transmission line is

measured on the other end of the curve. The coaxial cable thatreplacesλ/8 transmission

line has 75 Ohm characteristic impedance. The coaxial cableis terminated in a 50 Ohm

load. The plot is in red. The point that intersects the horizontal is the load. The input

impedance of theλ/8 transmission line is re-normalised by 75 Ohms, the characteristic

impedance of coaxial cable, and it is plotted as a red star. There ought to be a point on
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the coaxial cable plot that intersects the red star for the coaxial cable to replace theλ/8

transmission line. But such intersection does not occur. Therefore there is no length of

coaxial cable for which the input impedance is similar to that of the λ/8 transmission

line. Coaxial cable cannot replace theλ/8 transmission line. Hence coaxial cable of fixed

characteristic impedance cannot be used to implement transmission line filters designed

by the insertion loss method.

2.5.4 Open-wire Parallel Lines Filters

Open-wire parallel lines can be used to implement transmission line filters. Transmission

line filters have stubs that are either open-circuited or short-circuited. Open-wire lines can

implement such stubs. The stubs are connected together using redundant unit elements,

such elements can be realised by the open-wire lines. The open-wire line unit elements

and stubs can be welded together.

Redundant filter synthesis yields filters that have transmission line stubs of varying char-

acteristic impedances. Such filters are designed using the insertion loss network synthesis

method. The transmission line stubs can be realised with open-wire lines of varying

centre-to-centre spacing for different characteristic impedances.

2.6 Summary

Chapter 2 reviews the RF and Microwave filter design literature. The filters are to be

implemented with transmission lines. Filter design by the image method is conceptually

the easiest filter design theory. There are two fundamental building blocks for image

method filters, they are the contant -k and m- derived filter sections. The downfall of filter

design by the image method is that the designs do not specify pass-band behaviour of the

filter. Filter design by the insertion loss method define boththe pass-band and stop-band

performance of the filter. Insertion loss method is chosen todesign the filters.

Transmission line filters are more versatile than lumped elements filters. Insertion loss fil-

ter design method produces lumped element filters. Richard’s transforms translate lumped

element filters into distributed components filters. Kurodaidenties are used to achieve a

practical filter implementation. For certain wavelengths,transmission lines can acts as

resonators; therefore they can be used to implement band-pass or band-stop filters.

There are different transmission lines due to various applications. Coaxial cable is the ma-

jor transmission line. It is the first to be investigated for filters implementation. However

coaxial cable cannot be used to implement filters designed bythe insertion loss method.

It is feasible to implement insertion loss method filters by open-wire parallel lines.
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Chapter 3

Filter Designs

Filters are designed using the theory that allows for the implementation using transmission

lines. This chapter is the development of theory that leads to the designs. Low-pass,

high-pass, band-pass and band-stop filters are designed. The design involves conversion

of lumped-elements into distributed elements if the initial design is in lumped-elements.

Simulation is to be used to verify the amplitude and phase responses of the designs.

The filters are designed by the insertion loss method. The design equations from the text

Microwave and RF Design of Wireless Systems [2] are used for the filter designs. There

are tables of element values for low-pass filter prototypes.The source impedance and the

cut-off frequency are normalised to one. The elements values are derived from the power

loss ratio. Power loss ratio depends on the reflection coefficient. The reflection coefficient

in turn depends on impedance; at the input, the reflection coefficient is calculated from

the input impedance with respect to the filter load impedance. The tables list the reactive

element values and the resistive load of the filter for ordersfrom one to ten.

There are two ladder circuits for low-pass filter prototypes; the ladder circuit for the pro-

totype beginning with a shunt reactive element and the ladder circuit for the prototype

beginning with a series reactive element. If the first element is a series reactive element,

the generator has internal parallel resistance. Else if thefirst element is a shunt reactive

element, the generator has internal series resistance [2, page 156].

Signals in the pass-band of a filter are either maximally flat or have equal ripples in mag-

nitude. The cut-off point is the point where the signal is at 3dB of attenuation. In the

stop-band, signals are attenuated at a rate that depends on the type of filter. For the same

order, equal-ripple filters have the higher rate of attenuation than maximally flat which

in turn have higher rate of attenuation than linear phase filters. Design of third order

equal-ripple low-pass filter follows.
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3.1 Design of a Low-Pass Filter

The equal-ripple low-pass filter of order N is specified by thepower loss ratio(PLR)

PLR = 1 + k2T 2
N( ω

ωc
)

whereT 2
N(x) is a Chebyshev polynomial. High-pass, band-pass and band-stop filters are

designed from the low-pass filter prototype. Figure 3.1 is the Matlab plot of thePLR for

a 3 dB equal-ripple low-pass filter prototype of order 3.

Figure 3.1: Power loss ratio of the low-pass prototype.

The element values of the normalised prototype are as follows:

• g1 = 3.3487

• g2 = 0.7117

• g3 = 3.3487

and the output impedance is 1. The internal conductance of the signal source is normalised

to one. A ladder circuit that begins with a series element is chosen. Therefore g1 is an

inductor so is g3, while g2 is a capacitor, Figure 3.2.
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Figure 3.2: Lumped elements low-pass filter prototype.

The cut-off frequency is set at 750 MHz and the impedance at 100 Ohms. Figure 3.3 is

the circuit simulated in 5Spice Analysis software. The simulation results are shown in

Figure 3.4.

Figure 3.3: Simulated low-pass filter circuit.
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Figure 3.4: Simulation Results for the low-pass filter.

3.2 Design of a High-Pass Filter

The equal-ripple high-pass filter of order N is specified by power loss ratio

PLR = 1 + k2T 2
N(−ωc

ω
)

The element values of the normalised prototype are as follows:

• g1 = 3.3487

• g2 = 0.7117

• g3 = 3.3487

and the output impedance is 1. The signal source has internalconductance normalised

to one. A ladder circuit that begins with a series element is chosen. Therefore g1 is a

capacitor so is g3, while g2 is an inductor, Figure 3.5.

Figure 3.5: Lumped elements high-pass filter prototype.
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The cut-off frequency is set at 750 MHz and the impedance at 100 Ohms. Figure 3.6

is the lumped elements circuit simulated in 5Spice Analysissoftware. The simulation

results are shown in Figure 3.7.

Figure 3.6: Simulated high-pass filter circuit.
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Figure 3.7: Simulation results for a high-pass filter.

3.3 Design of a Band-Pass Filter

The following frequency substitution transforms the powerloss ratio of the low-pass filter

to that of the band-pass filter

ω ← ωo
ω2−ω1

( ω
ωo
− ωo

ω
)

for the same order and type.ωo is the centre frequency, whileω1 andω2 denote the edges

of the pass-band.

The third order low-pass filter prototype yields the following values for the normalised

band-pass filter elements:

• g1 = 3.3487

• g2 = 0.7117

• g3 = 3.3487

and the output impedance is 1. The internal conductance of the signal source is normalised

to one. A ladder circuit that begins with a series element is chosen. g1 and g3 are inductors

and g2 is a capacitor. For a band-pass filter, low-pass prototype series inductor converts

into a series LC circuit, whereas a shunt capacitor convertsinto a shunt LC circuit, Figure

3.8 illustrates.
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Figure 3.8: Lumped elements band-pass filter prototype.

The centre frequency is set at 750 MHz and the impedance at 100Ohms. The fractional

bandwidth is 10%. Figure 3.9 is the circuit simulated in 5Spice Analysis software. The

simulation results are shown in Figure 3.10.

Figure 3.9: Simulated circuit for a band-pass filter.
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Figure 3.10: Simulation results for a band-pass filter.

3.4 Design of a Band-Stop Filter

Band-stop filter is the opposite of the band-pass filter. The power loss ratio of a band-

stop filter is determined from that of the low-pass filter withthe following frequency

substitution

ω ← ω2−ω1

ωo
( ω

ωo
− ωo

ω
)−1

The third order low-pass filter prototype yields the following values for the normalised

band-stop filter elements:

• g1 = 3.3487

• g2 = 0.7117

• g3 = 3.3487

and the output impedance is 1. The internal conductance of the signal source is normalised

to one. A ladder circuit that begins with a series element is chosen. g1 and g3 are inductors

and g2 is a capacitor. For a band-stop filter, low-pass prototype series inductor converts

into a parallel LC circuit, whereas shunt capacitor converts into a series LC circuit. Figure

3.11 is a lumped element band-stop filter.
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Figure 3.11: Lumped elements band-stop filter prototype.

The centre frequency is set at 750 MHz and the impedance at 100Ohm. The fractional

bandwidth is 10%. Figure 3.12 is the circuit simulated in 5Spice Analysis software. The

simulation results are shown in Figure 3.13.

Figure 3.12: Simulated circuit for a band-stop filter.
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Figure 3.13: Simulation results for a band-stop filter.

3.5 Conversion of Lumped-Elements to Distributed Ele-

ments

3.5.1 Low-pass Filter

The next step is to use Richard’s transformations to convertseries inductors to series short-

circuited stubs, and shunt capacitors to shunt open-circuited stubs. The characteristic

impedance of a shunt stub is 1/C, whilst that of the series stubs is L.

A Kuroda identity is used to convert a series stub into a shuntstub. First redundant

elements are added to each end of the filter, redundant means they do not affect the fil-

ter performance since they are matched to the normalised source impedance. Then the

Kuroda identity is used. It states that if the unit element and the serial short-circuited

transmission line are swapped, the impedance of the transmission line is multiplied byn2

and the characteristic impedance of the resulting shunt open-circuited stub is divided by

n2. The process is illustrated by Figures 3.14 and 3.15.

31



Figure 3.14: Inductors andcapacitors converted to series and shunt stubs.

Figure 3.15: Series stubs converted to shunt stubs.

where

n2 = 1 + Z2

Z1
= 1 + 1

3.3487

The length of the stubs and redundant elements isλ/8 at cut-off frequency.

3.5.2 High-Pass Filter

Transmission lines are periodic structures [4]. Periodic structures generally exhibit pass-

band and stop-band characteristics in various bands of wavenumber determined by the

nature of the structure [4]. Accordingly transmission linefilters are periodic in frequency;

their frequency response repeats every4ωc. For the same type and order, low-pass filter

response is the reverse of high-pass filter response. The distributed components high-pass
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filter is established by changing the termination to low-pass filter stubs from open-circuit

to short-circuit.

3.5.3 Band-Pass Filter

Quarter-wave short-circuited transmission line stubs areused to implement shunt par-

allel LC resonators for band-pass filters [2, page 179]. The resonators are connected

together by quarter-wave transmission lines. The transmission lines act as admittance

inverters. They convert alternating parallel resonators to series resonators. The character-

istic impedance of the connecting transmission line equalsthe inverter constant section

2.4.

The characteristic impedance of the nth resonator is

Zon = πZo∆
4gn

Table 3.1 shows the characteristic impedance of the resonators.

Table 3.1: Characteristic impedance of the resonators.
n gn Zon(ohms)

1 3.3487 2.345
2 0.7117 11.036
3 3.3487 2.345

3.5.4 Band-Stop Filter

If the short-circuited transmission line stubs for a band-pass filter are substituted with

the open-circuited stubs, a band-stop filter results. The characteristic impedances of the

resonators for a third order equal-ripple band-stop filter are equal those of the band-pass

filter Table 3.1.

The centre frequency of the transmission line filters is set at 750 MHz. Transmission line

electrical length equalsβl [15]. The electrical length of a transmission line is inversely

proportional to its wavelength. Wavelength is inversely proportional to the frequency

of operation; therefore for high centre frequency an error in electrical length becomes a

significant fraction of the electrical length.

3.6 Summary

Insertion loss method yields lumped elements filters. Each filter type has a power loss

ratio from which normalised reactive element values are derived. Filters are designed us-
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ing the low-pass filter prototypes. High-pass, band-pass and band-stop 3 dB equal-ripple

filters are designed from their equivalent low-pass filter prototypes. Richard’s transforms

are used to convert lumped elements filter into distributed elements filters. The impedance

of operation is selected as 100 Ohms.

The order of the designed filters is chosen to be three. The choice is made to ease im-

plementation. The implementation of transmission line filters is based on characteristic

impedance changes. The higher the order of the filter, the difficult the required changes

in characteristic impedance become. However, performanceof a filter improves with an

order increase.

The reactive values of an insertion loss method filter are derived from the power loss ratio

of the filter type designed. To verify the designs, the filtersare simulated using the 5Spice

Analysis simulation software. The filters designed are of the order three, therefore the

simulation shows the minimum performance characteristicsof the filter types designed.
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Chapter 4

Implementation of Filters

The distinguishing characteristic of transmission lines is the characteristic impedance.

Filter design methods also involve impedance, as the input impedance or the operating

impedance of the filter. Thus implementation of transmission line filters is centred on

chosen transmission line’s characteristic impedance. Thelength of the transmission line is

also a significant characteristic, so the ease of determining specific lengths of transmission

line is an advantage.

Open-wire parallel lines are used to implement the designedfilters. Insertion loss fil-

ter design method allows for two degrees of freedom when implementing filters using

transmission lines. The degrees of freedom are the length ofthe transmission line and its

characteristic impedance. Open-wire lines have the two degrees of freedom.

The higher the characteristic impedance of the open-wire line, the less change in impedance

is brought by an error in the spacing of the parallel lines. Hence the characteristic

impedance of the filters should be set as high as possible. Nevertheless, the characteristic

impedance of the open-wire lines has a limit. It is limited bythe spacing of the conductors

that constitute the open-wire lines. For a diameter less than 5 mm, if the centre-to-centre

spacing of the conductor exits 150 mm, radiation of the conductors becomes very signif-

icant [11]. Furthermore at impedances corresponding to 150mm spacing, a transformer

with an impedance ratio of about 1:12 is needed to convert theimpedance to 50 Ohms.

Such transformers are very rare, especially at frequenciesabove 500 MHz.

The characteristic impedance of the filters is 100 Ohms; it ischosen so to do away with

the problem of stubs that have characteristic impedance as low as 80 Ohms. Such stubs

can not be implemented using open-wire lines because centre-to-centre spacing is less

than the diameter of the line. For characteristic impedanceabove 100 Ohms, the centre-

to-centre spacing is always greater than the diameter of thewire used.

4.1 Implementation of the Low-Pass Filter

The third order low-pass 3 dB equal-ripple filter is implemented with open-wire parallel

lines. Parallel lines are balanced transmission lines. Thecharacteristic impedance of the
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open-wire line depends on its physical properties.[11], itis

Zo = 276 log(2s
d
)

whered is the diameter of the wire ands is the centre-to-centre spacing of the wires.

The diameter of the wire is 2.4 mm. The wire is an Aluminium wire with an electrical

conductivity of 61% relative to copper, which is taken to be 100% [17]. The centre-to-

centre spacings is given by

s = d
2
10Zo/276

Table 4.1 gives the centre-to-centre spacing of the different sections of the low-pass filter.

Table 4.1: Centre-to-centre spacing of sections of low-pass filter.
section impedance (ohms) centre-to-centre spacing (mm)

unit elements 435 45.2
central stub 140.5 3.858
outer stubs 129.9 3.54

The central stub is welded to the mid-point of the filter length.

Figure 4.1: Open-wire line low-pass filter.

I used the spacers made out of the wood to keep the separation of the open wires. The

filter is mounted on a non conducting board.
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4.2 Implementation of the High-Pass Filter

The filters are designed from the insertion loss method. Insertion loss method yields the

lumped-element filter. Richard’s transforms are used to transfer the lumped-elements to

the distributed components. The resulting design has short-circuited stubs in place of

inductors and open-circuited stubs in place of capacitors.Kuroda identities are used to

change the filter so that it only has shunt stubs. In the case ofthe low-pass filter all the

shunt stubs are open-circuited.

The high-pass filter is the converse of the low-pass filter. With lumped elements, if capac-

itors are changed for inductors and inductors are changed for capacitor the low-pass filter

turns into a high-pass filter with the same cut-off point. With distributed components, if

an open-circuited stub is replaced with a short-circuited stub and a short-circuited stub

is changed to an open-circuited stub then the low-pass filterturns into a high-pass fil-

ter. Therefore a high-pass filter is implemented by shortingthe open-circuited stubs of a

low-pass filter, for a high-pass filter of the same order and type.

4.3 Implementation of the Band-Pass and Band-Stop Fil-

ters

The characteristic impedances of the resonators of the designed band-pass and band-stop

filters are shown in Table 3.1. The filters are implemented using open-wire parallel lines.

Open-wires parallel lines used have 2.4 mm diameter. Open-wire lines with centre-to-

centre spacing of 2.4 mm, equal to the diameter of each lines,have the characteristic

impedance of 83 Ohms. Therefore band-pass and band-stop filters cannot be implemented

using open-wire parallel lines.

4.4 Translation of the Filter Impedance

4.4.1 The Balun

A balun is a device used to convert a balanced line to an unbalanced line, and vice-versa

[10]. It is used to connect the balanced open-wire line filterto the unbalanced coaxial

cable. Each end of the filter is connected to a balun. The coaxial cable connects the filter

to the signal source as well as to the filter load. If the open-wire line and the coaxial are

connected without a balun, the open-wire line currents run on the outside of the coaxial

to balance it, consequently coaxial cable radiates.

Transformers are used as baluns. The transformers, JTX-2-10T, used are unbalanced to

balanced centre tap bought from MinicircuitsR©. They have a frequency range of 50 -

1000 MHz and an insertion loss of 1 dB in that range. The typical phase unbalance for

1 dB bandwidth is 3 degrees, while the typical amplitude unbalance for 1 dB bandwidth

is 0.4 dB. The primary side connects to the coaxial cable. Thesecondary connects to
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the filter. The transformers are again used for impedance transformation. They trans-

form impedance of the filter to 50 Ohms, which is the standard impedance for RF and

Microwave components.

4.4.2 Coaxial Cable

Coaxial cable is an unbalanced transmission line. It is usedto connect a filter to the

network vector analyser. One end of the coaxial cable is connected to the primary side

of the transformer. The central conductor is connected to the primary DOT [Appendix

B]. The outer conductor of the coaxial cable connects to the primary. The signal from

the network vector analyser travels in the inner conductor of the coaxial cable. On the

secondary side, the two open-wire parallel lines connect tothe secondary DOT and the

secondary.

4.4.3 Connectors

The coaxial cable is terminated with a BNC connector, which is fitted with a BNC to SMA

connector. SMA connectors have a frequency limit of 18 GHz and have a maximum in-

sertion loss of 0.3 dB [18]. Figure 4.2 shows the transformers connected back-to-back,

the coaxial cable leads to the network vector analyser. Figure 4.3 demonstrates the trans-

formers connected tp the filter to transform impedance from 100 ohms to 50 ohms.

Figure 4.2: Transformers connected back-to-back and coaxial cable.
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Figure 4.3: Transformers connected to the low-pass filter.

4.5 Summary

Open-wire lines are used to implement filters as they providethe two degrees of freedoms

required for transmission line filter implementation. The length is fixed, while the charac-

teristic impedance is changed by changing the centre-to-centre spacing of the two parallel

open-wire lines.

The implemented filters have the right connectors to interface them to RF and Microwave

equipment. The RG 58 C/U coaxial cable is used to feed the filter. Coaxial cable is ended

with male BNC connectors to interface with RF and Microwave equipment. Coaxial

cable is an unbalanced line, hence it needs a balun to link it to balanced open-wire lines.

JTX-2-10T MinicircuitsR© transformers are used as baluns.

Band-pass and band-stop filters could not be implemented. The lowest characteristic

impedance open-wire lines can attain is 83 Ohms. The highestimpedance for band-pass

resonators designed is 11 Ohms. As a result open-wire lines cannot implement filters

using quarter-wave coupled quarter-wave resonators. The subsequent chapter details the

testing of the filters.

39



Chapter 5

Testing

Most design work in the RF and Microwave field follows well established theory. In spite

of that, the designs are tested to verify that they perform asstipulated by theory. The same

logic applies to this project. The filters designed and implemented using transmission

lines are tested to prove the design theory. Chapter five details tests conducted on the

implemented filters.

5.1 E5071B Network Vector Analyser Calibration

The E5071B network vector analyser is used to test the filters, hence it is calibrated. The

calibration is done with the frequency range set from 500 MHzto 1.1 GHz. The velocity

factor is set to 1. The power level is put at 0 dB. The sweep timeis automatic, while the

sweep mode is set to standard stepped. Test signal is continuous. There is one marker that

is placed at the cut-off point. Figure 5.1 demonstrates the test set up.

Figure 5.1: The test set up.
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The first step is the open-circuit calibration on both ports.The calibration correction is

put on. Port 1 is open-circuited, the logarithmic magnituderesponse is observed. The

procedure is repeated on port 2. Then the network vector analyser is calibrated with the

coaxial cable connected from port 1 to port 2. The coaxial cable has the two transform-

ers connected back-to-back inserted midway. Figures 5.2 and 5.3 are theS11 andS21

magnitude responses of the coaxial cable transformers connection.

Figure 5.2: The plot ofS11.
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Figure 5.3: The plot ofS21.

5.2 Low-Pass Filter Test

Procedure

The low-pass filter is inserted between the two transformers. The network analyser is not

turned off. The BNC connectors are disconnected. The transformers are joined to the

two sides of the filter, and then the connectors are reconnected to the ports of the network

analyser. The network analyser ports are fitted with the N to BNC adapters. The filter is

placed as far away from conductors as possible as conductorsin its vicinity distorts the

open-wire lines electromagnetic pattern.

The logarithmic magnitude response of the low-pass filter iscaptured. Figure 5.4 is the

logarithmic response of the low-pass filter. Figure 5.5 is the low-pass filter phase response

in degrees. The group delay of the low-pass filter is shown in Figure 5.6.
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Figure 5.4: Magnitude response of the low-pass filter.

Figure 5.5: Phase response of the low-pass filter.
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Figure 5.6: Group delay of the low-pass filter.

5.3 The High-Pass Filter Test

Procedure

The coaxial cable is ended with the BNC connector that connect to the network analyser.

The network analyser is calibrated with the transformers connected back-to-back midway.

The high-pass filter is placed in between the two transformers. The connectors are clipped

back to the network analyser after the insertion of the high-pass filter. Any conductors

close to the filter affect its electromagnetic waves.

The magnitude response of the high-pass filter is observed. The phase response and the

group delay of the filter are also observed and compared to those of the low-pass filter.

Figure 5.7 is the logarithmic magnitude response of the high-pass filter, Figure 5.8 is the

phase response, while Figure 5.9 is the group delay of the filter.
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Figure 5.7: Magnitude response for a high-pass filter.

Figure 5.8: Phase response of the high-pass filter.
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Figure 5.9: Group delay of a high-pass filter.

5.4 Discussion of Results

Phase Response

The implemented filters phase response is periodic, while phase response of the simu-

lated filters is not. The implemented filters phase response varies from the simulated

filters phase response. For high-pass filter, the phase response of the implemented filter

represents a positive shift in frequency of the simulated filter phase response. The cut-off

point of the implemented high-pass filter is at -77.9 degrees, while that of the simulated

filter is at -180 degrees.

The phase response of the implemented low-pass filter is greatly distorted. But due to pe-

riodicity, the phase response of the low-pass filter can be derived from that of the high-pass

filter. On a phase response graph, high-pass filter cut-off occurs at an absolute minimum,

whilst low-pass filter cut-off occurs at an absolute maximum. Therefore the high-pass

filter phase response can represent low-pass filter phase response. The implemented low-

pass filter cut-off point leads the simulated filter cut-off point.

Group Delay

Equal-ripple filters have the worst group delay compared to maximally flat and linear

phase filters. The group delay of the implemented filters ripples at the cut-off point by
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about 2.1967 ns; the ripple repeats at higher and lower cut-offs due to periodicity and

averages 20 ns. Ripples in group delay are responsible for signal distortion as certain

frequencies in a signal are transmitted faster than others.

Magnitude Response

Low-pass and high-pass filters’ magnitude response is compared to the simulated filter

response of the lumped elements designs. Distributed components are periodic, so the

implemented filters response is periodic while simulated filter response is not. The peri-

odicity of the filters is4ωc. Therefore the magnitude response repeats as seen in Figures

5.4 and 5.7. Furthermore the response is symmetric. For low-pass filters, the pass-band

extends from the set cut-off to the lower cut-off. The shape recurs at higher frequencies.

As the frequency increases the shape gets distorted becauseopen-wires radiation increases

with frequency of operation. Errors in lengths or spacing ofopen-wire lines also rise with

frequency.

Simulated low-pass and high-pass filters have cut-off at -9 dB. Implemented low-pass

filter has cut-off at -12 dB, while high-pass filter has cut-off at -17 dB. The high-pass

filter is implemented by shorting the open-circuited stubs of the low-pass filter; that is the

translation of the low-pass filter. The low-pass filter is shifted such that the lower cut-off

of its pass-band becomes the cut-off of the high-pass filter.Pass-band power level of the

low-pass filter has a maximum of -6 dB; high-pass filter power level reaches a maximum

of -12 dB. The high-pass filter has lower power level than the low-pass filter because it

results from the translation of the low-pass filter.

The simulated low-pass filter has the 3 dB ripple more pronounced than the simulated

high-pass filter. For implemented filters the 3 dB equal-ripple band is deformed. The

implemented low-pass filter rate of attenuation is initially slow in the stop-band. On the

other hand the implemented high-pass filter cut-off is observed to be below 750 MHz.

The reason for the deviations is the filters’ physical dimensions. It is difficult to precisely

separate wires by 1.1 mm - spacing for outer stub open-wire lines - for instance. As the

filter has to be elevated to keep it at a distance from ground, it is a challenge to keep the

alignment of the wires.

The biggest source of error is the connection of a filter to thesecondary transformer side.

0.5 mm wire is used to connect a filter to a transformer on both sides. Secondary DOT

and the secondary connect to the two lines of a filter. Since implemented filter have 100

Ohm characteristic impedance, the 0.5 mm wire should be separated by 0.575 mm. The

required separation is not realised, the separation was over 2mm. With the 2 mm centre-

to-centre separation, a filter is connected by 276 Ohm lines (not 100 Ohm as intended) to

the transformer. Soldering the wires to a filter further introduces error because the solder

decreases the separation of the lines.

The Q factor of the resonant circuit is important because it affects the sharpness of the

response curve [19]. All practical inductors exhibit losses due to the resistance of the

wire [19].
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Q = ωL/R

The skin effect increases the apparent resistance of the wire [20], thus it lowers the Q

factor. Skin effect is the tendency of current to flow in the outer layer of the conductor; it

increases greatly over 1MHz [19]. Over 1 MHz, the resistanceof the wire increase with a

decreasing diameter of the wire [20].

R = (8.32)10−5
√

f
d

For a 2.4 mm diameter wire the resistance is 0.95 Ohm. The argument explains the blunt

cut-offs observed for the implemented filters. The high resistance results in low Q factor.

To get the low impedance stubs the open-wire lines are bent inwards to reduce centre-to-

centre spacing. The bent wire is effectively an inductor, the increase in inductance results

in an increase in resistance as inductors exhibit losses. The increase in resistance due to

bent wire further decreases the Q factor.

Characteristic impedance of free space relates the electric and magnetic field intensities

in an electromagnetic field propagating through a vacuum [21]. It is approximately 377

Ohms, the impedance of implemented filters ranges from 130 to435 Ohms. Therefore

the filter wires radiate energy as their impedance is around that of air, the radiated power

contributes to the total losses of the signal passing through the filter. The other contribu-

tion to losses draws from the insertion loss of the transformers. The insertion loss of the

transformer is 1.2 dB at the 750 MHz cut-off. Figure 5.3 illustrates insertion loss of the

transformers - cable arrangement.
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Chapter 6

Conclusions and Recommendations

6.1 Conclusions

Based on the preceding information the following conclusions have been drawn.

• 2.4 mm diameter open -wire parallel lines are used to implement RF and Microwave

filters. It is easy to change the characteristic impedance ofopen-wire lines.

• Insertion loss method is used to design low-pass, high-pass, band-pass and band-

stop filters. Band-pass and band-stop filters could not be implemented with open-

wire lines.

• The periodicity of the open-wire line filters is not regular,accurate implementation

improves the filter performance.

• A practical for the RF and Microwave engineering students has not been prepared.

6.2 Recommendations

On the basis of the conclusion made, the following recommendations are made.

• Work must be done straight away to prepare practical work forstudents taking RF

and Microwave Systems course. For the practical students must be given open-wire

lines, spacers, connectors and coaxial cable. They must cutthe transmission lines

themselves, use spacers and connectors to build filters of different types and orders.

Students can then compare the behaviour of various filters.

• Low impedance microstrip should be investigated as an alternative means of imple-

menting band-pass and band-stop filters.
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• Suspended Substrate filters have air for a dielectric. Air has a high dielectric con-

stant; therefore such filters could have a wide impedance range and should be ex-

plored.

• One way to implement band pass and band-stop filters is by coupled lines, it is

recommended combline and interdigital filter design theorybe reviewed for imple-

menting filters.

• Filters are not constraint to tests on the network vector analyser. They are used

together with other RF and Microwaves components, which normally have differing

impedances of operation. Therefore filter design by the bisection method ought to

be investigated to have filter of different input - output impedances.
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Appendix A

The Kuroda Identities

Figure 1: a

Figure 2: b
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Figure 3: c

Figure 4: d
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Appendix B

Transformer Data Sheet
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