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Abstract

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

cant RF and Microwave components. Transmission line filtarsbe easy to implement,
depending on the type of transmission line used. The aimisfifoject is to develop a
set of transmission line filters for students to do practreak with.

There are different transmission lines due to different RE Blicrowave applications.
The characteristic impedance and how easy it is to incisggeéengths are two important
characteristics of transmission lines; thus they are usaw/estigate which transmission
line to use to implement filters.

The first part of this project looks into which transmissimelto use to erect a filter. Then
the different filter design theories are reviewed. The filtesign theory that allows for
implementation with transmission lines is used to desigfitters.

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

transmission lines with which it is easiest to change theatdtaristic impedance. The
resulting filters are periodic in frequency. The open-wines$ can be used well into the 1
m wavelength region. For characteristic impedance beldv@ms, the performance of
open-wire lines is limited.
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Chapter 1
Introduction

This report describes the design and implementation of RF\Minrowave transmission
line filters. The reason for the initiation of the projectasncrease practical work for the
fourth year electrical engineering course: "RF and Micresvdystems” (EEE 4086F) at
the University of Cape Town. The course has adequate themstibh has to increase the
portion of its practical work.

Filters are amongst the most common RF and Microwave commpen&heir function is
intuitively easy, for instance a low-pass filter should dassfrequency signals. It is easy
to figure out that the characteristic of merit is frequencgc®use of their importance,
there is an immense amount of theory dedicated to the de$ifiiteos. Students learn
about some of the filter design theory in the fourth year amurensequently it is a good
idea to consolidate the theory with some practical work.

The theory required for the design and implementation ofRReand Microwave filters

has been gathered from relevant books, the Internet andssiens with members of the
radar research group at the University of Cape Town. The e@istraint 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 impi¢fRE and Microwave
filters.

Determine which filter types can be built using the transiorsbnes.

Design and implement the filters using the transmissiorslar@ connectors. The
design can be with the aid of the Smith Chart.

In the designs, include the effects of the stray capacitahtiee connectors.

Test the designed filters.



e Prepare an appendix that forms a practical, as the workechborit 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 isnf@he project involves the
design and implementation, thus the aim is to finally subrsiteof working filters. The
first part of the project is researching which transmissioed to use in the implementa-
tion of RF and Microwave filters. The second part is the immatation of filters.

1.2.2 Functional Characteristics

The most common RF and Microwave filters are the low-pas$-pags, band-pass and
band-stop filters. Quarter-wave resonators, shunt stidgped impedance, comb-line
and inter-digital are some of the forms of implementing srarssion line filters. Filters
pass the signals in their pass-band and attenuate signtisiinstop-band. The atten-
uation of the signals in the stop-band depends on the cleaistat design of the filter.
Microstrip, stripline, suspended substrate, open-wire,lcoaxial cable or rods coupled
through an aperture can be used in implementing filters Isectney are all transmission
lines.

1.2.3 Interface Characteristics

The RF and Microwave filters designed in this thesis are tmmfardemonstration for
students taking the course EEE4086F. The students are ¢oignt with the filters. The
dominant RF and Microwave experimentation equipment istevork vector analyzer.
Therefore the filters should be interfaced to connect to #tevork vector analyser. RF
and Microwave connectors come in different sizes and typgansmission lines can
require a non-conducting platform to be mounted on; theegi@nsmission 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 operatlmnfilters should connect to
the network vector analyser which transmits power levelgsbany ionising energy. The

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

network vector analyzer. Open-wire lines easily radiagrg@y) however when connected
to the network vector analyzer the energy levels cannot comise safety as they are
low. Based on the power levels of the network vector ana)ytherdesigns of the filters

do not include safety.



1.2.5 Implementation Issues

There is no specialised machinery to be used in the implatientof the filters. The
design is based on the methods established in the litenavieav. The transmission line
to be used can be processed using cutters and the vernieercdiincise the required
dimensions. Due to the absence of precise specialisedragoipto determine the form
of the transmission lines, accuracy is an issue and it sHmutdken into account. Trans-
mission line materials needs to be purchased, an accoumt cbmpromise between cost
and electrical conductivity of the materials is to be giverekectrical conductivity of the
material affects the performance of the filter.

1.2.6 Timescale

The thesis project is conducted during the second semédtiee aniversity’s academic
year. The commence date is the beginning of semester anautiakeih date of the report
is 23rd October 2006. There are no fixed dates to be adhereditmdhe implementation
of this project. Nonetheless there is a crude order of ei@tuof this project. Firstly the
literature is to be reviewed, then the design, implemeortedind 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 perfameqiured. The tests are part
of the process to ascertain if the project met all the setiremnents. To compare designed
filters against what the design hypothesize, experimemibeaet up.

1.3 Plan of Development

Chapter 2 presents the literature reviewed in this thesis projecter@tare many ways
to design RF and Microwave filters. Chapter two is the reviéwhe literature on fil-
ter design. It compares and contrasts the different filteigtemethods. The filters are
implemented using transmission lines; therefore the @rapscusses different transmis-
sion lines. The motivation for a particular choice of a tramssion line is detailed in this
chapter.

Conceptually, the simplest filter design method is the imag¢hod [1, page 84]. The
image method is compared and contrasted with the networtkegis method. Network
synthesis method is based on the transfer function of tlwiitir An example of the
transfer function is the transmission coefficient. Fromttaasfer function of the circuit
the input impedance of a circuit can be found [2, page 154¢ ifiput impedance can be
expanded to give the element values of the circuit.

There are different types of transmission lines. The dffiétypes of transmission lines
arise because of their different applications. The pdnaile transmission lines are prob-
ably among the earliest types as they arose in the dawn ebrai@unications. Also they
are the easiest to make. Coaxial cable is mainly reserveabfolications of set constant
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impedance. On the other hand, microstrip transmissiondiseitable for printed circuit
boards.

Chapter two discusses the use of different transmissi@s lin the implementation of
transmission line filters. Preliminary filter designs ar@elan order to compare imple-
mentation issues of different transmission lines. Thesmassion line that is perceived
to be the easiest to use to implement filters is chosen. The bithe choice is given in
chapter two.

In conclusion, chapter 2 reviews the RF and Microwave filtesign literature. It es-
tablishes which design theory to use and provides reasdriadthe choice of theory.
Furthermore, the transmission line to implement filterseisided from the initial designs.
The next chapter details the design of filters using the ahditer design theory; the
filters are implemented with the transmission line establisfrom the initial designs.

Chapter 3 presents the Filter Designs. Filters are designed usinthéwy that allows
for the implementation using transmission lines. This ¢tbiags the development of the-
ory that leads to the designs. Low-pass, high-pass, basslquad band-stop filters are
designed. The design involves conversion of lumped elesnetd distributed elements if
the initial design is in lumped-elements. Simulation is éoused to verify the amplitude
and phase responses of the designs.

For most filter design theories the initial designs are ingetitelements. Therefore the
initial designs are given in lumped-elements. The termsetdrence states that the de-
signs should be implemented with transmission lines. Ludrgdements cannot go up to
very high frequencies. Again capacitors and inductors;thea elements, have terrible

tolerances; capacitors can have 20% tolerance [3]. Fittesggned with capacitors have
the worst case designs that are way off the ideal values. ecoesitly lumped element

designs are converted into distributed components designs

The order of the filter determines its behaviour. Usuallyttiggner the order, the better the
filter performs. For transmission line filters the order iated to the ease of implementa-
tion. Accordingly, there is a compromise between the ordéhefilter and the difficulty
of implementation. The order of a filter is selected so thatghysical dimensions of the
transmission line are realisable.

The two common characteristics of transmission lines aegateristic impedance and
physical dimensions. The two common characteristics @frfilare frequency and rate of
attenuation in the stop-band. The frequency of the filterasenikely to affect the length
of the transmission line than its characteristic impedaft¢erefore a compromise is to
be made between the frequency of operation and the physicahdions of the filter.

Chapter three presents the designs of low-pass, high pasd;gass and band-stop fil-
ters. Cut-off frequencies and the impedance of operatierclaosen with implementation
issues in mind. The designed filters are simulated. The rieqiter discusses filter im-
plementation.

Chapter 4 presents the Implementation of Filters. The distinguighiharacteristic of
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transmission lines is their characteristic impedancéeFdesign methods involve impedance,
as the input impedance or the operating impedance of the fliteis implementation of
transmission line filters is centred on chosen transmidsieis characteristic impedance.
The length of the transmission line is also a significant atigristic, so the ease of de-
termining specific lengths of transmission line is an adaget

Filter designs are done with ease of implementation in mBesides that, some of the
filter designs might still be difficult to implement. The lehgr characteristic impedance
of the transmission line determines the performance of ttee.fiSome of the required
lengths or characteristic impedances may not be met withrémsmission line chosen
based on initial designs. Therefore an account of filtersmplemented should be given.

Chapter four is the implementation of filters. An accountiveg for filters that could not
be implemented. The aim is to use one kind of transmissi@ftinthe implementation of
a filter. The filters have the right connectors to be interdiaoeother RF and Microwave
components or the test equipment. The subsequent chaptefiiter tests.

Chapter 5 documents the testing of the filters. Most design work in tifeaRd Mi-
crowave field follows well established theory. In spite cdtththe designs are tested to
verify that they perform as stipulated by theory. The sanggclapplies to this project.
The filters designed and implemented using transmissias lare tested to prove the
design theory. Chapter five reports on the tests conductin ionplemented filters.

The important filter parameters are the insertion loss ih lfeé pass-band and the stop-
band; the shape of the cut-off point and the insertion losesse rate. Some of the filter
design methods are based on periodicity of structuresgfibrer periodicity of filters can
be observed. The shape of amplitude and phase responses campared to that of the
simulation results.

To test the filters, experiments are set. The objective oeiperiments is to capture the
behaviour of the implemented filters. The main equipment use¢he network vector
analyser. The same filter types should have the same pracefitesting. The methods
of collecting the results are similar for all filters.

The implementation of RF and Microwave filters does not imeahny specialised ma-
chinery in this project. The implementation is crude as msior transmission lines’

stubs that can be attained using only cutters. Some trasgmiline filter designs results
in closely spaced stubs or finely changing lengths or impeegrthey are normally im-

plemented with specific machinery. Such designs cannot peemented for this project.

Therefore the results of the tested filters are less acgunatece they are extensively
discussed.

Chapter five ends with the discussion of the results. Theudon of results explains
the differences between the test results obtained andrtidagion of the designs. The
variations are explained so that conclusions can be dravineoproject.

Chapter 6 is the conclusions and recommendations. The final chapterlwdes and
provides recommendations for the future work on the subject

5



Chapter 2
Literature Review

There are many ways to design RF and Microwave filters. Chapteis the review of
the literature on filter design. It compares and contragdifierent filter design meth-
ods. The filters are implemented using transmission liresgfore the chapter discusses
different transmission lines. The motivation for a pad@richoice of a transmission line
is detailed in this chapter.

Filters are two-port networks used to control the frequeresponse in an RF or Mi-
crowave system. They allow transmission of signal freqiesnwithin their pass-band,
and attenuate signals outside thier pass-band. Common RMenowave filter types
are listed below:

e Transmission line stubs filters. These filters are impleegnising transmission
lines in place of lumped elements.

e Coupled line filters. Filters can be designed using transiomsiines as resonators
coupled together using quarter-wave matching transfaidér

¢ Inter-digital filters. They are formed from short-circudt&ransmission lines that
take the structure of interlaced fingers [4].

e Comb-Line filters. Quarter-wave transmission line resorsdre used in the design
of comb-line filters. Quarter-wave transmission lines aygacitively coupled [4].

e Waveguide discontinuity filters. The low loss and high powandling character-
istics of waveguides lend themselves to the use of wavegumndgpecialized filters

[4]

e Elliptic function filters. They are implemented using N ctagptransmission lines
between parallel plates. The network is a 2N port networkitheeduced to an N
port network by leaving all the ground ports open-circuiedage 73].



2.1 Filter Design Methods

2.1.1 Filter Design by the Image Method

The image viewpoint for the analysis of circuits is a wavemgeint much the same as
the wave viewpoint commonly used for analysis of transrois$ines [1, page 49]. Such
circuits include filters. Therefore filters can be designgdhe image method. Uniform
transmission line characteristic impedance can agairshmége impedance, ft is the
line’s propagation constant per unit length thehis the image propagation function for
a lengthl [1, page 49].

The Image Parameters

The relation between the image parameters and the genemait giarameters, for exam-
ple open-circuit and short-circuit impedances, is thatdnaission properties of general
circuits can be defined in terms of their image parametengdde 52]. For example, the
image properties of the L-section network, Figure 2.1

Za

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

are

le = Za<Za + Zc)

v =coth ™' \/1+2./Z,
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Z11, Z12 and-~y are the image parameters, andZ, 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 thgamaint of view. Below
are the image properties of the dissipation-free sectibhgy are normalised so that their
image impedance B’ = 1 atw’ = 0 and their cut-off frequency occurs@t = 1 radians

/ sec.

Normalised constant -k filter half section

L1=1

— c2=1

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

Its image impedances are

and

Its propagation function is



y=a+jf=0+;jsin} (W)

for the0 < w’ < 1 pass-band, and

vy =a+j8 = cosh (W) + jr/2

forthel < w < oo stop-band, where is in nepers and is in radians [1, page 61].

Normalised series, m- derived half section

Li=(1=m’)/m

Z125_'

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

Its image impedances are

le = 1— (w’)2

and
1-()°
Z12 = i)
1—(w)
where
! _ 1
w oo = T2



the propagation constant is

y=a+j8=0+7(1/2)cos7![1 — %]

L
o7

inthe0 < w < 1 pass-band, and

2

v=(1/2) cosh_l[(%)f_% — 1]+ jm/2

inthel = ' < Ww'oo stop-band, and

7= (1/2) cosh™ 1 — 2]

In thew'oo < W' < oo stop-band [1, page 63].

Constant -k and m- derived half sections can be connectadhegto form a filter. With
sections chosen so that image impedances match at theojusictihe image attenuation
and the image phase for the entire structure are simply tmeo$the image attenuations
and the phase values of the individual sections [1, page 68].

The resistive terminations to an image filter do not matchmesge impedance. Therefore
matching end sections are designed to improve the respétise fiter. The m- derived
half sections are used as the matching end sections [1, 2dg&hky improve the pass-
band response of the filter and can further sharpen the €ahafacteristic of the filter.

The m- derived half sections reduce the reflections at ther Bibds. On the other hand,
they give no assurance as to how large the peak reflectiowahsss may be in the pass-
band [1, page 84]. Thus, though the image method is condgpsilaple, it requires a
great deal of trial and error if accurately defined band edgeldow 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 amefithe circuit. An example
of the transfer function is the transmission coefficienarfthe transfer function the input
impedance of a circuit can be found[2, page 154]. The inppedance can be expanded
to give the element values of the circuit.

Darlington [6] is among the first to come up with network syegis methods. However,
there are recent methods that are more concise. Inserssmiethod is one of the com-

mon network synthesis methods. Itis used in the design efdilty the network synthesis
method below.
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Insertion loss results from the insertion of a device in agmaission line. It is expressed
as the reciprocal of the ratio of the signal power deliveceithat part of the line following
the device to the signal power delivered to that same padréefserting the device [7].
Insertion loss method applies to the design of low-pas$)-pass, band-pass and band-
stop filters. There are trade-offs between insertion losarps cut-off and good phase
response. Thus there are maximally flat, equal-ripple arehti phase filter responses.
Insertion loss (IL) in dB is defined by

IL=10PLR
Where PLR is the power loss ratidL. R = m [2, page 152].

Maximally Flat Response Filter

Maximally flat filter response has the flattest amplitude oesg in the pass band. For the
low-pass filter, it is defined by

PLR =1+ k*(£)2N

whereN is the order of the filter andc is the cut-off frequency. Fap > wc, insertion
loss increases at the rate of/2@B per decade increase in frequency [2, page 153].

Equal-Ripple Response Filter

Equal-Ripple Filter Response is defined by

PLR =1+ K2T3(2)

whereT?(xz)is a Chebyshev polynomial of ordéf. The pass-band response has ripples
of amplitudel + &2, while the stop-band insertion loss increases at the rag®tfdB
per decade in frequency [2, page 153].

Linear Phase Response Filter

Linear phase response filter specifies the phase of the Altemear phase characteristic
has the following response

11



$(w) = Aw[l + p(£)*"]

whereg(w) is the phase of the voltage transfer function arigl a constant. Group delay
is the derivative of the phase characteristic [2, page 153].

Maximally flat, equal-ripple and the linear phase respongihave low-pass filter pro-
totypes. The low-pass filter prototypes can be transformehigh-pass, band-pass, or
stop-pass filters. There are tables to design filters fromawepass filter prototypes.
The tables are derived from the equations for the equivdilésit responses. The tables
list the reactive elements of the filter and the generatountinppedance as well as the
load impedance. The element values are given for filter erffem one to ten. The
impedances and the frequency of operation are normaligedllyfilter prototypes need
to be converted to usable impedance level and cut-off fregyuby scaling.

There are two ladder circuits for low-pass filter prototyp€ke first begins with a shunt
element, and the second begins with a series element. Fémdter circuit beginning
with a shunt element, the generator has series internataesie; whilst the generator has
shunt internal conductance for a ladder circuit beginniiit) & series element. The two
ladder circuits are used interchangeably, with consideratto the final filter symmetry.
Specifying the insertion loss at some frequency within t@-$and determines the size
or order of the filter [2, page 156].

The image method for filter design does not give assurance asw large the peak

reflection loss values are in the pass-band. The networkegistmethod for filter design

applies tables of low-pass lumped elements filter protaypée use of such prototypes
to determine the parameters of the RF or Microwave filter iglates the guess work
inherent in image method filter design [1, page 84]. Thusrtitgeloss method is chosen
for filter design. The discussion of different transmisdiogs follows.

2.2 Transmission Lines.

There are different types of transmission lines. The diffiéttypes of transmission lines
arise because of their different applications. The pdnaile transmission lines are prob-
ably among the earliest types as they arose in the dawn cbial@unications. Also they
are the easiest to make. Coaxial cable is mainly reserveabfolications of set constant
impedance. On the other hand, microstrip transmissiondiseitable for printed circuit

boards.

2.2.1 Coaxial Cable

Coaxial cable is mainly used in applications that requiredixmpedance. It is made
from two conductors, where one is central and the other cetalyl surrounds it. The

12



two conductors are separated by a continuous solid diedemtisometimes by periodic
dielectric spacers [8]. The central line carries the sigwaile the outermost line acts as
ground [9]. The characteristic impedance of coaxial cable i

Lo = \1/? IOg(%)
wheree, is the dielectric constant) is the inner diameter of the outer conductbis the
diameter of the inner conductor. Twisted pair copper wird@ptical fibre are alternatives
to coaxial cable depending on the carrier technology used®axial cable is a solution
to many problems, from wide bandwidth to low loss and higlteition [8].

2.2.2 Open-Wire Lines

Parallel lines are balanced transmission lines. They haviews types, for example the
flat TV 300 Ohm ribbon [10]. Open-wire lines are made out of pEpwire and non-
conducting spacers. Wooden dowels, plastic rods, andsstfipinyl siding are among
the materials that can be used to make spacers [11]. HoweWggsbonate rods with
assured RF characteristics are the most reliable matefials open-wire lines do have
the disadvantage that they must be kept away from other aboiduand earthed objects.
Also as frequency increases the open-wire line spacingmesa@ significant fraction of
the wavelength and the line will radiate [11].

The characteristic impedance of the open-wire line depends physical properties[11].
Itis

Zo=120cosh™'(2)

whered is the diameter of the wire andis the centre-to-centre spacing of the wires. The
equation involving the common logarithms is generally ud4d.

Zo = 276log(%)

2.2.3 Microstrip

Microstrip transmission line consists of a track of coppeotiher conductor on an insu-
lating structure. There is a sheet of the similar conduatdhe other side of the insulator.
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The track of copper acts as a passage of the signal while #et sh the other side pro-
vides a return path; therefore microstrip is a variant of-tmice transmission line [12].
Microstrip is predominantly used in printed circuit boards

If thickness of the copper track isand the widthiV’ of the copper track is less than the
heighth of the insulating material, the effective dielectric camgt,; is [13]

_ ert1 + 57—1[

Eeff = 3 +0.04(1 — h)2]

\/1 12h

wheree, is the relative dielectric constant. If the width of the &as greater than the
height of the insulatog, ;; constant becomes

_ ertl1 + 57—1

Ceff = 73 [\/1+12h]
The characteristic impedance is
Ly 14+8/e. 14+8/e. 141/e,
Zo — 2\/2%—2057» 111{1 4 4h[ /a ff 4h AN \/ /a ff <%)2 + éa ff7r2]}

where:W' =W 4+ AW’
AW = AW [FLetr)

AW = Ln[— de___
n[<t/h>+<v;/t11>]

2.3 Transmission Line Stub Filters

The filters discussed in section 2.1.2 are lumped elemeetdiltLumped elements are
available for a limited microwave frequency range. In addit at microwaves frequen-

cies the electrical distance between filter componentstis@gligible. For this reasons,

distributed components such as open- or short-circuit@astission lines are used as
reactive elements [2, page 168].

2.3.1 Richard’s Transformation

Richards transformations are used to convert lumped elen@transmission line stubs,
where the transformation [2, page 168]

Q=tanpl = tan(f—]f)
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maps thew plane to thel2 plane. If frequency variable is replaced with2, a short-
circuited stub of lengtl#! and characteristic impedance L, replaces the inductotevalni
open-circuited stub of lengthl and characteristic impedance 1/C replaces the capacitor.

The cut-off occurs at unity frequency for a low-pass filtestptype; to get the same cut-
off frequency after applying the Richard’s Transforms,

Q=1=tanpl

should hold. Then the input impedance of the inductor eqnaisof the corresponding
short-circuit; the input impedance of the capacitor eqtreds of the corresponding open-
circuit.

2.3.2 Kuroda ldentities

There are four Kuroda identities [see appendix A]. They eskindant transmission line
sections to achieve a more practical microwave filter imgetation by performing any
of the following operations:

e Physically separate transmission line stubs.
e Transform series transmission line stubs into shunt stotstee other way around.

e Change impractical characteristic impedance into morésedde ones.

The additional transmission lines are called unit elemghtsage 169].

2.3.3 Non-Redundant Filter Synthesis

The unit elements alleviate the implementation limitasiget by the practical considera-
tions. They enable the construction of transformer end@ecaind admittance inverters
for band-pass filters [5, page 193]. The unit elements canlssused to improve filter

response in addition to easing filter implementation [5,g0893]. Such implementation
is called non-redundant filter synthesis. But redundamrfdynthesis relies on tables of
lumped element prototypes; these tables do not containelemtents. Therefore non-
redundant filter synthesis does not have a lumped elementerpart [2, page 169].

2.4 Transmission Line Resonator Filters

Band-pass filters are very important in RF and Microwavesesys. Their pass-band
is very selective in a wide frequency range. In wirelessesyistthey are used to reject
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out of band and image signals. They attenuate unwanted pigeucts, and set the IF
bandwidth. Because of their importance, a large numberftdrdnt 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 fiitetotypes. The transforma-
tions result in conversion of an inductor to an LC seriesmagar for band-pass filters and
to an LC parallel resonator for band-stop filters. Resoisadog difficult to implement us-

ing transmission line sections. While the Kuroda Idergitee useful for transforming

capacitors or inductors to either series or shunt transomdise stubs, they are not useful
for transforming LC resonators [2, page 178]. For this paggompedance and admit-
tance inverters are used. These techniques apply to basdapa band-stop filters that
have bandwidth less than 10%[2, page 178].

An impedance inverter converts load impedance to its ie/emhile an admittance in-
verter converts load admittance to its inverse:

_ K?
Zin—Z_L
_J?
Yin—y—L

K is the impedance inverter constant ahds the admittance inverter constant [2, page
179]. Impedance and admittance inverters transform betseges-connected and shunt-
connected elements. For example, an admittance invergeds a parallel LC resonator
into a series LC resonator. Quarter-wave transformers earséd to implement inverters.
The characteristic impedance of the transformer would legeanverter constant.

2.4.2 Quarter-Wave Coupled Filters

Quarter-wave short-circuited transmission line stubsitselike parallel resonant circuits,
hence they are used as the shunt parallel LC resonatorsrididaess filters [2, page 179].
Shunt parallel resonators are connected by quarter-wawsrtrission lines which act as
admittance inverters. If open-circuited stubs are useal4shop filters results.

The designs do not apply to low-pass equal-ripple filter giggies with even order be-
cause the input and output impedances of the filter ought eqghbal [2, page 182]. The
disadvantage of the design is that the resulting charatiteimpedances of the stubs are
very low; capacitively coupled quarter-wave resonatorslmaused 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 microstriptopkne lines of alternating
high and low characteristic impedance. Such filters aredatepped impedance filters;
they are easy to design and take up less space compared o dgiag stubs [2, page
173]. Due to their nature, highest and lowest feasible imaped transmission lines, their
performance is lower than that of stub filters. They are uskdnasharp cut-off is not
required.

There are numerous equivalent circuits for a short sectfoa wansmission line. T-
equivalent circuit is an example of an equivalent circuit foshort transmission line
section. For a transmission line section with electricagth much smaller tham /2
radians, if it has large characteristic impedance it reprtssan inductor; if it has small
characteristic impedance it represents a capacitor. Tdrereeries inductor of low-pass
prototype filter can be replaced with high impedance trassiom line section, and shunt
capacitor with low impedance section. The ratio of the ingrexs should be as high as
possible [2, page 175].

2.5.2 Waveguide Filters

Filters designed using insertion loss method can be impiésdeusing waveguides. The
waveguide filter is in most respects the dual of the cap&egap coupled filter; it operates
like a filter with series resonators [1, page 450]. The lowspfiter prototype transfor-
mations for waveguide filters are the same as those of theit@pagap coupled if both

transformations are expressed in terms of guide wavelddgthage 450]. Waveguide
parameters can be determined from the waveguide handbagols clthe implementation
assumes the presence of only the TE10 mode. If other modesesent, they disrupt the
performance of the filter.

2.5.3 Fixed Impedance Coaxial Cable Filters

Coaxial cable is the first transmission line to be reviewedHe implementation of filters.
There are different types of coaxial cable each categobgéd characteristic impedance.
Lengths of coaxial cable can be connected together using 8h@ectors. A T BNC
connector connects two redundant elements and a tranemigse stub together. Smith
Chart is used to determine the input impedance of the cahtghe while the network
vector analyser is used to test the filter designs. The design be tested by observing
the scattering parameters of the filter.

Insertion loss filter design method allows for two degreesegdom when implementing
filters using transmission lines. The degrees of freedontharéength of the transmission
line and its characteristic impedance. Coaxial cable hasl foharacteristic impedance,
but allows for the second degree of freedom - the length ofrHresmission line.
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BNC Connectors

There are various types of connectors used to connect RF amdwave components.
The BNC connectors connect transmission lines sectiorethieg They are ideally suited
for cable terminations for miniature or sub-miniature daézable [14]. A 75 Ohm BNC

connector can provide constant 75 Ohm performance with I8WXR for the frequency
range DC-4 GHz [14].

S-Parameters

The set of two-port parameters used for high frequency gra known as the scattering
parameters, S-parameters. The input and output paranagteisiown as the incident
and reflected parameters respectively. S-parameters araliged to the characteristic
impedance of the system. Figure 2.4 shows the S-paraméteitsvo port network.

S21

PORT 1 S ) Q PORT 2
11 822

S12

Figure 2.4: A two port network.

e Sy is the reflection coefficient seen at port 1.
e S,,is the reflection coefficient seen at port 2.
e S, is the transmission coefficient from port 1 to port 2.

e S;,is the transmission coefficient from port 2 to port 1.
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Smith Chart

The RF and microwave transmission line equations show hHesetare important rela-
tionships between:

e \Dltage reflection coefficient.
e Load, characteristic and input impedances.

¢ \ltage standing wave ratio (VSWR).

The equations linking there relationships are complex amalersome. The Smith Chart
offers a graphical method to determine these inter-redatigps [15]. It is composed of
curves of constant resistance and reactance. The regstatends from zero to infinity
along the horizontal axis; the reactance extends from zerofinity and is symmetric
about the horizontal axis. The Smith Chart can be used foedapces or admittances
calculations. It is mainly used for stub matching and impegaransformation.

Network Vector Analyser

Network vector analyser (NVA) is used to analyse the eleatperformance of RF and
microwave components. Vector network analysis is a metHagcourately character-
izing such components by measuring their effect on the angd@iand phase of swept-
frequency and swept-power test signals [16]. The NVA isuisefmeasuring the trans-
mission and reflection characteristics, S-parameters)yfwao-port device over a range
of frequencies.

Analysis of Filter Implementation by Coaxial Cable

Insertion loss filter design method utilises transmissine sections of fixed length and
varying characteristic impedance. Transmission lineisestof fixed length are com-
mensurate lines. The input impedance of any of the commateslines depends on its
characteristic impedance.

Coaxial cable can be used to implement a filter designed byn#etion loss method.
Coaxial cable has fixed characteristic impedance but thgthen flexible. In Figure 2.5,
Smith Chart is used to analyse the usage of coaxial cablepteiment an insertion loss
method filter.
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The Smith Chart
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Figure 2.5: The Smith Chart.

A transmission line of length /8 and characteristic impedance 100 Ohm is terminated by
a 50 Ohm load. The transmission line is shown in blue on thetS@hart. The point that
intersects the horizontal axis is the load. The input impedaf the transmission line is
measured on the other end of the curve. The coaxial cableeplaices\ /8 transmission
line has 75 Ohm characteristic impedance. The coaxial ¢alégminated in a 50 Ohm
load. The plot is in red. The point that intersects the harabis the load. The input
impedance of the\/8 transmission line is re-normalised by 75 Ohms, the chariatite
impedance of coaxial cable, and it is plotted as a red stagrelTbught to be a point on
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the coaxial cable plot that intersects the red star for ttaied cable to replace the/8
transmission line. But such intersection does not occuerdfore there is no length of
coaxial cable for which the input impedance is similar tot thiathe \/8 transmission
line. Coaxial cable cannot replace th& transmission line. Hence coaxial cable of fixed
characteristic impedance cannot be used to implementntias®n 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 transamsme filters. Transmission
line filters have stubs that are either open-circuited ortsticcuited. Open-wire lines can
implement such stubs. The stubs are connected togethey ieglondant unit elements,
such elements can be realised by the open-wire lines. Thewje line unit elements
and stubs can be welded together.

Redundant filter synthesis yields filters that have transimnsline stubs of varying char-
acteristic impedances. Such filters are designed using#leetion loss network synthesis
method. The transmission line stubs can be realised witim-opes lines of varying
centre-to-centre spacing for different characteristipeaances.

2.6 Summary

Chapter 2 reviews the RF and Microwave filter design litexatuT he filters are to be
implemented with transmission lines. Filter design by thage method is conceptually
the easiest filter design theory. There are two fundamenti&gdibg blocks for image
method filters, they are the contant -k and m- derived filtetises. The downfall of filter
design by the image method is that the designs do not speasfy-pand behaviour of the
filter. Filter design by the insertion loss method define ibhthpass-band and stop-band
performance of the filter. Insertion loss method is chosetetign the filters.

Transmission line filters are more versatile than lumpechelds filters. Insertion loss fil-
ter design method produces lumped element filters. Rich&natisforms translate lumped
element filters into distributed components filters. Kuratinties are used to achieve a
practical filter implementation. For certain wavelengtlnansmission lines can acts as
resonators; therefore they can be used to implement basslgpdand-stop filters.

There are different transmission lines due to various apptins. Coaxial cable is the ma-
jor transmission line. It is the first to be investigated fttefis implementation. However
coaxial cable cannot be used to implement filters designeétidjnsertion loss method.
It is feasible to implement insertion loss method filters pg-wire parallel lines.
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Chapter 3
Filter Designs

Filters are designed using the theory that allows for thdementation using transmission
lines. This chapter is the development of theory that leadhé¢ designs. Low-pass,
high-pass, band-pass and band-stop filters are designeddeBign involves conversion
of lumped-elements into distributed elements if the ihdiiesign is in lumped-elements.
Simulation is to be used to verify the amplitude and phasgomeses of the designs.

The filters are designed by the insertion loss method. Thiguleguations from the text
Microwave and RF Design of Wireless Systems [2] are usedhifitter designs. There
are tables of element values for low-pass filter prototyppée. source impedance and the
cut-off frequency are normalised to one. The elements gadve derived from the power
loss ratio. Power loss ratio depends on the reflection caaiticThe reflection coefficient
in turn depends on impedance; at the input, the reflectiofficieat is calculated from
the input impedance with respect to the filter load impedaimbe tables list the reactive
element values and the resistive load of the filter for oréfers one to ten.

There are two ladder circuits for low-pass filter prototybae ladder circuit for the pro-
totype beginning with a shunt reactive element and the ladieuit for the prototype
beginning with a series reactive element. If the first elengen series reactive element,
the generator has internal parallel resistance. Else ffitbieelement is a shunt reactive
element, the generator has internal series resistancagg, 166].

Signals in the pass-band of a filter are either maximally fldtave equal ripples in mag-
nitude. The cut-off point is the point where the signal is atB3of attenuation. In the
stop-band, signals are attenuated at a rate that depents type of filter. For the same
order, equal-ripple filters have the higher rate of atteonathan maximally flat which

in turn have higher rate of attenuation than linear phaserdilt 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 bypbever loss ratiq PLR)

PLR =1+ k*T3(2)

whereT{(z) is a Chebyshev polynomial. High-pass, band-pass and dapdiers are
designed from the low-pass filter prototype. Figure 3.1 ésNfatlab plot of the” L R for
a 3 dB equal-ripple low-pass filter prototype of order 3.
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Figure 3.1: Power loss ratio of the low-pass prototype.

The element values of the normalised prototype are as fellow

o gl=3.3487
e 92=0.7117

o g3 =23.3487

and the outputimpedance is 1. The internal conductancesigimal source is normalised
to one. A ladder circuit that begins with a series elemenh@sen. Therefore gl is an
inductor so is g3, while g2 is a capacitor, Figure 3.2.

23



L =3.3487 L =3.3487

1 C=07117 1

Figure 3.2: Lumped elements low-pass filter prototype.

The cut-off frequency is set at 750 MHz and the impedance @tQlims. Figure 3.3 is
the circuit simulated in 5Spice Analysis software. The datian results are shown in
Figure 3.4.

8 z ) 5 4 3 2 1
>
L3 L2
/71.06 nH 71.06 nH
Y . Y Y,
J— C1 R2

c Is1 1.51pF 100
T DC: Amps undefined
AC: Amps 10 AC: Phase

Tran: Step 1.0
Distort: Sine undefined
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A Number
Date Sizg S
Sheet of Rav
File: UnTitled

8 7 =} 5 4 3 2 1

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 byeoloss ratio

PLR =1+ K*T3(7)

The element values of the normalised prototype are as fellow

o gl=23.3487
e 92=0.7117
e g3=13.3487

and the output impedance is 1. The signal source has inteonaluctance normalised
to one. A ladder circuit that begins with a series elemenhizsen. Therefore gl is a
capacitor so is g3, while g2 is an inductor, Figure 3.5.

C =3.3487 C =3.3487
— I

1 L=0.7117

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 atQms. Figure 3.6
is the lumped elements circuit simulated in 5Spice Analgsiiware. The simulation
results are shown in Figure 3.7.

8 Z 8 5 4 3 2 1
(b3
C1 c2
ID|.6337 pF ID|.6337 pF
1 T 11
Isl L1 RZ
T DC: Amps undefined R1 29.817 nH 100
AC: Amps 1.0 AC: Phase 100

Tran: Step 1.0
Distart: Sine undefined

c l TPil

B
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A Number
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Sheet of Rev
File: UnTitled
8 7 6 5 4 3 2 1

Figure 3.6: Simulated high-pass filter circuit.

26



AC - New, UnTitled + UnTitled, 12 October 2006

Q—TPH (left) TPi1 (right) y | -8.74666E+0
x| 7.55712E+8

-6.00; 150

-7.00;

-8.00] / FreE
-9.00 L =

10.0 / : B

« / 7 o
-11.0: ’

12,0 £ o
2
13.09 I

; -50.0
-14.0 / 7
-15.0 s

16.0: /

-17.0 ’/ .

-18.04

100

Magnitude (dB)

-19.0
600M 1.00G 2.00G

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

3.3 Design of a Band-Pass Filter

The following frequency substitution transforms the poless ratio of the low-pass filter
to that of the band-pass filter

W —wo (i_wo

wo—w1 \wo w )
for the same order and typeo is the centre frequency, while, andw, denote the edges
of the pass-band.

The third order low-pass filter prototype yields the follogyivalues for the normalised
band-pass filter elements:

o gl=3.3487
e 92=0.7117
o g3 =23.3487

and the outputimpedance is 1. The internal conductancesigmal source is normalised
toone. Aladder circuit that begins with a series elemerttasen. g1 and g3 are inductors
and g2 is a capacitor. For a band-pass filter, low-pass yeateries inductor converts
into a series LC circuit, whereas a shunt capacitor conugidsa 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 aDh@ts. The fractional
bandwidth is 10%. Figure 3.9 is the circuit simulated in B8pAnalysis software. The

simulation results are shown in Figure 3.10.

8 Z & 5 4 3 pd 1
(M [
L1 1 c3 L3
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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. Tdvegp loss ratio of a band-
stop filter is determined from that of the low-pass filter witle following frequency
substitution

W L@ woy-l

wo wo w

The third order low-pass filter prototype yields the follogyivalues for the normalised
band-stop filter elements:

o gl=3.3487
e g2=0.7117
o g3 =23.3487

and the outputimpedance is 1. The internal conductancesigmal source is normalised
to one. Aladder circuit that begins with a series elemerttasen. g1 and g3 are inductors
and g2 is a capacitor. For a band-stop filter, low-pass prp&oseries inductor converts
into a parallel LC circuit, whereas shunt capacitor cors/ertio a series LC circuit. Figure
3.11is 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 aDh@@ The fractional
bandwidth is 10%. Figure 3.12 is the circuit simulated in i88@nalysis software. The
simulation results are shown in Figure 3.13.
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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 cosegigs inductors to series short-
circuited stubs, and shunt capacitors to shunt open-té@dstubs. The characteristic
impedance of a shunt stub is 1/C, whilst that of the seridsssgiL.

A Kuroda identity is used to convert a series stub into a sistuid. First redundant
elements are added to each end of the filter, redundant mieeysid not affect the fil-
ter performance since they are matched to the normalisedesaupedance. Then the
Kuroda identity is used. It states that if the unit elemerd #re serial short-circuited
transmission line are swapped, the impedance of the tras@miline is multiplied by:?
and the characteristic impedance of the resulting shumm-gpeuited stub is divided by
n?. The process is illustrated by Figures 3.14 and 3.15.

31



Lo =3.3487 Z, = 3.3487

Z,=1.405

Figure 3.14: Inductors andcapacitors converted to sengshunt stubs.

1 Z,=435 Z,=4.35 1

S N |
S

Z,=1.405

Figure 3.15: Series stubs converted to shunt stubs.

where
2 _ Zo _ 1
n _1+Z_f_1+3.3487

The length of the stubs and redundant elemenig &sat cut-off frequency.

3.5.2 High-Pass Filter

Transmission lines are periodic structures [4]. Periottiecsures generally exhibit pass-
band and stop-band characteristics in various bands of wander determined by the
nature of the structure [4]. Accordingly transmission fiitters are periodic in frequency;
their frequency response repeats evkry. For the same type and order, low-pass filter
response is the reverse of high-pass filter response. Ttidbdisd components high-pass
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filter is established by changing the termination to lowsddser stubs from open-circuit
to short-circuit.

3.5.3 Band-Pass Filter

Quarter-wave short-circuited transmission line stubsumed to implement shunt par-

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

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

inverters. They convert alternating parallel resonatoiseties resonators. The character-
istic impedance of the connecting transmission line eqtisnverter constant section

2.4,

The characteristic impedance of the nth resonator is

_ wZ,A
Zon - 4gn

Table 3.1 shows the characteristic impedance of the resmat

Table 3.1: Characteristic impedance of the resonators.
\n| g, | Zy(ohms)]

1]3.3487| 2.345

210.7117| 11.036

3(3.3487| 2.345

3.5.4 Band-Stop Filter

If the short-circuited transmission line stubs for a baadgfilter are substituted with

the open-circuited stubs, a band-stop filter results. Tlaeatheristic impedances of the
resonators for a third order equal-ripple band-stop filtereqjual those of the band-pass
filter Table 3.1.

The centre frequency of the transmission line filters is 868 MHz. Transmission line
electrical length equalsgi [15]. The electrical length of a transmission line is inwdys
proportional to its wavelength. Wavelength is inverselggartional to the frequency
of operation; therefore for high centre frequency an emoglectrical length becomes a
significant fraction of the electrical length.

3.6 Summary

Insertion loss method yields lumped elements filters. Edtdr tiype has a power loss
ratio from which normalised reactive element values arevddr Filters are designed us-
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ing the low-pass filter prototypes. High-pass, band-pads$and-stop 3 dB equal-ripple
filters are designed from their equivalent low-pass filtetptypes. Richard’s transforms
are used to convert lumped elements filter into distributechents filters. The impedance
of operation is selected as 100 Ohms.

The order of the designed filters is chosen to be three. Thieel®made to ease im-
plementation. The implementation of transmission linefdtis based on characteristic
impedance changes. The higher the order of the filter, thieulifthe required changes
in characteristic impedance become. However, performahasfilter improves with an
order increase.

The reactive values of an insertion loss method filter arveléifrom the power loss ratio
of the filter type designed. To verify the designs, the fileessimulated using the 5Spice
Analysis simulation software. The filters designed are efahder three, therefore the
simulation shows the minimum performance characteristi¢ke filter types designed.
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Chapter 4
Implementation of Filters

The distinguishing characteristic of transmission lineghie characteristic impedance.
Filter design methods also involve impedance, as the inppedance or the operating
impedance of the filter. Thus implementation of transmisdioe filters is centred on
chosen transmission line’s characteristic impedanceldrgth of the transmission line is
also a significant characteristic, so the ease of deterggpecific lengths of transmission
line is an advantage.

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

ter design method allows for two degrees of freedom whenemphting filters using
transmission lines. The degrees of freedom are the lengtredfansmission line and its
characteristic impedance. Open-wire lines have the twoedsgf freedom.

The higher the characteristicimpedance of the open-wiee the less change in impedance
is brought by an error in the spacing of the parallel lines. n¢¢ethe characteristic
impedance of the filters should be set as high as possibleertheless, the characteristic
impedance of the open-wire lines has a limit. It is limitedhg spacing of the conductors
that constitute the open-wire lines. For a diameter less ham, if the centre-to-centre
spacing of the conductor exits 150 mm, radiation of the cotws becomes very signif-
icant [11]. Furthermore at impedances corresponding todB0spacing, a transformer
with an impedance ratio of about 1:12 is needed to converintipedance to 50 Ohms.
Such transformers are very rare, especially at frequentiege 500 MHz.

The characteristic impedance of the filters is 100 Ohms;éhizssen so to do away with
the problem of stubs that have characteristic impedancevasas 80 Ohms. Such stubs
can not be implemented using open-wire lines because eententre spacing is less
than the diameter of the line. For characteristic impedahoye 100 Ohms, the centre-
to-centre spacing is always greater than the diameter afiteeused.

4.1 Implementation of the Low-Pass Filter

The third order low-pass 3 dB equal-ripple filter is impler@ehwith open-wire parallel
lines. Parallel lines are balanced transmission lines. CHagacteristic impedance of the
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open-wire line depends on its physical properties.[11§ it

Z, = 2761og(%)

whered is the diameter of the wire andis the centre-to-centre spacing of the wires.
The diameter of the wire is 2.4 mm. The wire is an Aluminiumemivith an electrical
conductivity of 61% relative to copper, which is taken to % [17]. The centre-to-
centre spacing is given by

s = g10Z0/276

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

Table 4.1: Centre-to-centre spacing of sections of lovs fiésr.
| 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 ldngt

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

| used the spacers made out of the wood to keep the separdtiba 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.riieseloss method yields the
lumped-element filter. Richard’s transforms are used tasfex the lumped-elements to
the distributed components. The resulting design has slvortited stubs in place of

inductors and open-circuited stubs in place of capacitirgioda identities are used to
change the filter so that it only has shunt stubs. In the catieedbw-pass filter all the

shunt stubs are open-circuited.

The high-pass filter is the converse of the low-pass filtethWimped elements, if capac-
itors are changed for inductors and inductors are changezhfacitor the low-pass filter
turns into a high-pass filter with the same cut-off point. Mdistributed components, if
an open-circuited stub is replaced with a short-circuited ind a short-circuited stub
is changed to an open-circuited stub then the low-pass fitas into a high-pass fil-
ter. Therefore a high-pass filter is implemented by shotregopen-circuited stubs of a
low-pass filter, for a high-pass filter of the same order apé ty

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

The characteristic impedances of the resonators of thgmesgiband-pass and band-stop
filters are shown in Table 3.1. The filters are implementedguepen-wire parallel lines.
Open-wires parallel lines used have 2.4 mm diameter. Openiimes with centre-to-
centre spacing of 2.4 mm, equal to the diameter of each lin@# the characteristic
impedance of 83 Ohms. Therefore band-pass and band-s&wp iinnot 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 unbadiline, and vice-versa
[10]. It is used to connect the balanced open-wire line filkethe unbalanced coaxial
cable. Each end of the filter is connected to a balun. The abeable connects the filter
to the signal source as well as to the filter load. If the op@&e-line and the coaxial are
connected without a balun, the open-wire line currents mthe outside of the coaxial
to balance it, consequently coaxial cable radiates.

Transformers are used as baluns. The transformers, JTOF2esed are unbalanced to
balanced centre tap bought from Minicirc@®s They have a frequency range of 50 -
1000 MHz and an insertion loss of 1 dB in that range. The tygpbase unbalance for
1 dB bandwidth is 3 degrees, while the typical amplitude laribze for 1 dB bandwidth
is 0.4 dB. The primary side connects to the coaxial cable. Sdwndary connects to
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the filter. The transformers are again used for impedancsfwsemation. They trans-
form impedance of the filter to 50 Ohms, which is the standarpeidance for RF and
Microwave components.

4.4.2 Coaxial Cable

Coaxial cable is an unbalanced transmission line. It is usectbnnect a filter to the
network vector analyser. One end of the coaxial cable is ected to the primary side
of the transformer. The central conductor is connected egotimary DOT [Appendix
B]. The outer conductor of the coaxial cable connects to tivegry. The signal from
the network vector analyser travels in the inner conductdhe coaxial cable. On the
secondary side, the two open-wire parallel lines connethiécsecondary DOT and the
secondary.

4.4.3 Connectors

The coaxial cable is terminated with a BNC connector, whsditted with a BNC to SMA
connector. SMA connectors have a frequency limit of 18 GHz lasve a maximum in-
sertion loss of 0.3 dB [18]. Figure 4.2 shows the transfommennected back-to-back,
the coaxial cable leads to the network vector analyser.reigi8 demonstrates the trans-
formers connected tp the filter to transform impedance frodhms to 50 ohms.

e

Figure 4.2: Transformers connected back-to-back and abeable.
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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 praideéwo degrees of freedoms
required for transmission line filter implementation. Taedth is fixed, while the charac-
teristic impedance is changed by changing the centretitre&espacing of the two parallel
open-wire lines.

The implemented filters have the right connectors to intertaem to RF and Microwave
equipment. The RG 58 C/U coaxial cable is used to feed the fdt@axial cable is ended
with male BNC connectors to interface with RF and Microwageipment. Coaxial
cable is an unbalanced line, hence it needs a balun to liokdakanced open-wire lines.
JTX-2-10T MinicircuitgRr) transformers are used as baluns.

Band-pass and band-stop filters could not be implemented IGWest characteristic
impedance open-wire lines can attain is 83 Ohms. The higimgeidance for band-pass
resonators designed is 11 Ohms. As a result open-wire liaesat implement filters
using quarter-wave coupled quarter-wave resonators. Ulbgeguent chapter details the
testing of the filters.
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Chapter 5
Testing

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

of that, the designs are tested to verify that they perforstipslated by theory. The same
logic applies to this project. The filters designed and imp@ated using transmission
lines are tested to prove the design theory. Chapter fivelslé¢sts conducted on the
implemented filters.

5.1 E5071B Network Vector Analyser Calibration

The E5071B network vector analyser is used to test the filkensce it is calibrated. The
calibration is done with the frequency range set from 500 M#¥.1 GHz. The velocity
factor is set to 1. The power level is put at 0 dB. The sweep igm@@itomatic, while the
sweep mode is set to standard stepped. Test signal is coninlihere is one marker that
is placed at the cut-off point. Figure 5.1 demonstratesaledet up.

~ Boue
0 |
- (Lg Coue
a

-

Figure 5.1: The test set up.
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The first step is the open-circuit calibration on both pofftee calibration correction is
put on. Port 1 is open-circuited, the logarithmic magnitueiponse is observed. The
procedure is repeated on port 2. Then the network vectoyserais calibrated with the
coaxial cable connected from port 1 to port 2. The coaxialechhs the two transform-
ers connected back-to-back inserted midway. Figures 5d25a® are theS;; and Sy,
magnitude responses of the coaxial cable transformersection.

1 Shart SO0 MH: IFRIM 20 kHz Stop 1.1 S R

Figure 5.2: The plot 0f1;.

41



| s =a s I e

Figure 5.3: The plot 0f5;.

5.2 Low-Pass Filter Test

Procedure

The low-pass filter is inserted between the two transfornmiénre network analyser is not
turned off. The BNC connectors are disconnected. The toamsfrs are joined to the
two sides of the filter, and then the connectors are recoadéotthe ports of the network
analyser. The network analyser ports are fitted with the NN&€Bdapters. The filter is
placed as far away from conductors as possible as conduntassvicinity distorts the
open-wire lines electromagnetic pattern.

The logarithmic magnitude response of the low-pass filteafgured. Figure 5.4 is the
logarithmic response of the low-pass filter. Figure 5.5 éslthv-pass filter phase response
in degrees. The group delay of the low-pass filter is shownguare 5.6.
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1 Sram 500 MHz IFEW FO kH: Smop 1.1 5Hz A

Figure 5.4: Magnitude response of the low-pass filter.

[=1 7E0.22112 MHz -100

Figure 5.5: Phase response of the low-pass filter.
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F50.33113 MHz 2.1967

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 cdrtogbe network analyser.
The network analyser is calibrated with the transformemnected back-to-back midway.
The high-pass filter is placed in between the two transfosmBEne connectors are clipped
back to the network analyser after the insertion of the lpghs filter. Any conductors
close to the filter affect its electromagnetic waves.

The magnitude response of the high-pass filter is observikd.phase response and the
group delay of the filter are also observed and compared setbbthe low-pass filter.
Figure 5.7 is the logarithmic magnitude response of the-piggs filter, Figure 5.8 is the
phase response, while Figure 5.9 is the group delay of tlee filt
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[1 S1an 500 paH: IFE 70 kHz Stop 1.1 GH: Bl

1 Stan 500 MHz IFEW 7O liHz Stop 1.1 GHz [EE (Y

Figure 5.8: Phase response of the high-pass filter.
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[1 Start 500 MH: IFEAM 70 kH = Stop 1.1 GH- A

Figure 5.9: Group delay of a high-pass filter.

5.4 Discussion of Results

Phase Response

The implemented filters phase response is periodic, whiss@mesponse of the simu-
lated filters is not. The implemented filters phase respoases/ from the simulated
filters phase response. For high-pass filter, the phasenssms the implemented filter
represents a positive shift in frequency of the simulatéerfphase response. The cut-off
point of the implemented high-pass filter is at -77.9 degreddle that of the simulated
filter is at -180 degrees.

The phase response of the implemented low-pass filter islgkstorted. But due to pe-
riodicity, the phase response of the low-pass filter can beatifrom that of the high-pass
filter. On a phase response graph, high-pass filter cut-cfirscat an absolute minimum,
whilst low-pass filter cut-off occurs at an absolute maximuhmerefore the high-pass
filter phase response can represent low-pass filter phgsengs The implemented low-
pass filter cut-off point leads the simulated filter cut-afirg.

Group Delay

Equal-ripple filters have the worst group delay compared &ximally flat and linear
phase filters. The group delay of the implemented filtersleppat the cut-off point by
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about 2.1967 ns; the ripple repeats at higher and lower ftsitdoie to periodicity and
averages 20 ns. Ripples in group delay are responsible doaksdistortion as certain
frequencies in a signal are transmitted faster than others.

Magnitude Response

Low-pass and high-pass filters’ magnitude response is cardpa the simulated filter
response of the lumped elements designs. Distributed coemp® are periodic, so the
implemented filters response is periodic while simulatddrfilesponse is not. The peri-
odicity of the filters isiwc. Therefore the magnitude response repeats as seen ing-igure
5.4 and 5.7. Furthermore the response is symmetric. Foplssg-filters, the pass-band
extends from the set cut-off to the lower cut-off. The shagmirs at higher frequencies.
As the frequency increases the shape gets distorted bemaeisevires radiation increases
with frequency of operation. Errors in lengths or spacingmén-wire lines also rise with
frequency.

Simulated low-pass and high-pass filters have cut-off atB9lthplemented low-pass
filter has cut-off at -12 dB, while high-pass filter has cut-aff -17 dB. The high-pass
filter is implemented by shorting the open-circuited stulthe low-pass filter; that is the
translation of the low-pass filter. The low-pass filter idtga such that the lower cut-off
of its pass-band becomes the cut-off of the high-pass flRass-band power level of the
low-pass filter has a maximum of -6 dB; high-pass filter powgel reaches a maximum
of -12 dB. The high-pass filter has lower power level than tive-pass filter because it
results from the translation of the low-pass filter.

The simulated low-pass filter has the 3 dB ripple more prooedrthan the simulated
high-pass filter. For implemented filters the 3 dB equaldeppand is deformed. The
implemented low-pass filter rate of attenuation is inigialow in the stop-band. On the
other hand the implemented high-pass filter cut-off is ole#ito be below 750 MHz.
The reason for the deviations is the filters’ physical diniems It is difficult to precisely
separate wires by 1.1 mm - spacing for outer stub open-wiesli for instance. As the
filter has to be elevated to keep it at a distance from grounsl ai challenge to keep the
alignment of the wires.

The biggest source of error is the connection of a filter tostmndary transformer side.
0.5 mm wire is used to connect a filter to a transformer on biollss Secondary DOT
and the secondary connect to the two lines of a filter. Singdamented filter have 100
Ohm characteristic impedance, the 0.5 mm wire should bergegubby 0.575 mm. The
required separation is not realised, the separation wa2om. With the 2 mm centre-
to-centre separation, a filter is connected by 276 Ohm lines}00 Ohm as intended) to
the transformer. Soldering the wires to a filter furtheradiices error because the solder
decreases the separation of the lines.

The Q factor of the resonant circuit is important becauséects the sharpness of the
response curve [19]. All practical inductors exhibit lasskie to the resistance of the
wire [19].
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Q=wL/R

The skin effect increases the apparent resistance of thee[R@], thus it lowers the Q
factor. Skin effect is the tendency of current to flow in thésolayer of the conductor; it
increases greatly over 1MHz [19]. Over 1 MHz, the resistarf¢he wire increase with a
decreasing diameter of the wire [20].

R = (8.32)1075¥f
For a 2.4 mm diameter wire the resistance is 0.95 Ohm. Thersgguexplains the blunt
cut-offs observed for the implemented filters. The highstesice results in low Q factor.
To get the low impedance stubs the open-wire lines are bermtras to reduce centre-to-
centre spacing. The bent wire is effectively an inducta,ititcrease in inductance results
in an increase in resistance as inductors exhibit losses.inkdnease in resistance due to
bent wire further decreases the Q factor.

Characteristic impedance of free space relates the eextd magnetic field intensities
in an electromagnetic field propagating through a vacuurh [R1is approximately 377
Ohms, the impedance of implemented filters ranges from 13B%Ohms. Therefore
the filter wires radiate energy as their impedance is aroaddf air, the radiated power
contributes to the total losses of the signal passing thrdig filter. The other contribu-
tion to losses draws from the insertion loss of the trans&wemThe insertion loss of the
transformer is 1.2 dB at the 750 MHz cut-off. Figure 5.3 ithases 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 conclosibave been drawn.

2.4 mm diameter open -wire parallel lines are used to implefRE and Microwave
filters. It is easy to change the characteristic impedanopeh-wire lines.

Insertion loss method is used to design low-pass, high;eswl-pass and band-
stop filters. Band-pass and band-stop filters could not béemmgnted with open-
wire lines.

The periodicity of the open-wire line filters is not regulaccurate implementation
improves the filter performance.

A practical for the RF and Microwave engineering studentsriat been prepared.

6.2 Recommendations

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

e Work must be done straight away to prepare practical worlsfiodents taking RF
and Microwave Systems course. For the practical studenssineLgiven open-wire
lines, spacers, connectors and coaxial cable. They mugheutansmission lines
themselves, use spacers and connectors to build filterffefetit types and orders.
Students can then compare the behaviour of various filters.

e Low impedance microstrip should be investigated as anratse means of imple-
menting band-pass and band-stop filters.

49



e Suspended Substrate filters have air for a dielectric. Agrdnhigh dielectric con-
stant; therefore such filters could have a wide impedanagerand should be ex-
plored.

e One way to implement band pass and band-stop filters is byleduines, it is
recommended combline and interdigital filter design thdmryeviewed for imple-
menting filters.

e Filters are not constraint to tests on the network vectotyaea They are used
together with other RF and Microwaves components, whichnadly have differing
impedances of operation. Therefore filter design by thechime method ought to
be investigated to have filter of different input - output iEdjances.
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Appendix A

The Kuroda Identities
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