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Abstract

A method for desil!nin!! micr01;ave narrowband bandpass

filters ha"inl'( Chebyche,' characteristics is presented. The

method utilizes a 101'pass to bandpass transformation to

achieve the lumped bandpass fi.t"ter circuit from the desired

lumped lowpass protot)'lJ(~ element values. An equivalent

circuit of the lumped bandpass filter consisting of J-

in,'erters and shunt resonators is then developed. Equivalent

circuit of the admittance inverters and the shunt resonators

are next obtained using the previously published theory and

equivalent circuits.Parallel coupled TEM lines in the

configuratioll of rectanl'(ular bars between two parallel ground

planes have been used for fabricating the filter. The

parallel coupled lines of sucl, a filter are grounded on the

same side and open circuited on the other side which results

in comb l!eomet.ery. Lumped r",ralle1 plate capacitances are

added to the open circuit ends of the parallel coupled lines

to complet.e the design. The parallel coupled lines are one

pj,,l!hLh h'B\'(~lf~t11-!t.h lOrl~ at. 'hf~ pas~b'lJld center frequency which

"""H'S this type of filter more compact compared to the

quarter wavelenl!th resonator filters.

Based on tl,e developed analytic design method a

computer progr'amme for PC i,l basic has been prepared for

designing this type of combline filters. With the help of

this computer programme a fi,'e resonator 10% bandwidth

Chebychev filter has been designed for 1.68 GHz center

frequency. From the line parameters thus obtained, the

physic~l dimensions of the filter are next computed with the

help of previously publislled !!raphs and analytical

(~xpres~.;doTls. Uqin~ t.h!~~~f'~\.;due~ all experimental filter has

been fabricatcd and mCllsur",d in the laboratory. The designed

parameter.'s and t.he lllr;ilsul.{~tJ result.s nrc presented.
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(;11i\P~rER-1

Introduction

1.1 IItstortca.1. Backgr.".lmd.:_
A good number of publications in the field of

micrwowave bandpass filters are available in various journals

and periodicals. Here, attention has been given only to

those papers which deal with tilters having physical

structure similar to the one employed in this study i.e. the

structures having parallel coupled lines between parallel

ground plates.

A number of structures consisting of arrays of

parallel conductors between ground planes were analyzed by

Bolljahn and ~latthaei The structure included

interdigital line, meander line, a form of helix. The results

of tl,eir study indicated that certain structure has special
",merit for use as filter. They[,'tA showed that interdigital

line structure has very interesting band-pass filter

properties. Before this discovery, interdigital line

structures had been regarded as slow-wave structures.

Hatthaei ,.~
leg)] g a v e a nap pro x imat e design procedure of

bandpass filters using interdigital arrays of resonator line

elements between parallel ground planes. He presented two

appr'oximate design procedures both of which permit design

directly from lumped element low-pass, prototype filt~rs for

Chebychev response. Both design procedures could work either

1 .
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for narrow or wide-band filters, but one of the procedures

•
gave more practical dimensions for filters having wide band

width (e.li!.. an octave), while the other could give more

practical dimensions for filters having narrow or moderate

bandwidth. Matthaei[~] claimed that the resulting filters

h'ere yer~' cumpact, had relati\'(~ly noncritical manufacturing

tolerances, and strong stop bands wi th the second pass band

centered at three times the center frequency of the first

pass band. For finding out the physical dimensions of the

structure from static capacitance values he[~] used the

expressions and curves of Getsinger [(3)]. He [(il] presented the

djmensiorlS and measured performance curves for a ten percent

bandwidtll and an octave bandwidth designs.

An exact theor~ of interdigital line network and

related coupled strl,ctures were presented by Wenzel

!fAI] .According to Wenzel, an exact theory is .desirable when

optimum network performarlce Or special network configurations

are required and the use of exact synthesis procedures allow

greater flexibility in design and fabrication. At the same

time. the accurate determination of practical circuit

limitations are made possible. He[@] reviewed the theory of

p~rallel coupled line arrays and discussed the derivation of

exact: f~qujvi\lent circuits from the equivaJent matrix using

modern netl.Jork s."nthf~8is techniques. He[~\] also introduced
"

the theory of equivaler.t co"pled structures in order to avoid

t.he length~. analysis required for the impedance matrix
..15>

approach. He ['4/1 showed how to find the equivalent networks

2



for interdil(ital lines simpb' by inspection. The techniques

presented by Wenzel [,:4)1 I'ere simple to apply and allowed to

obtaill a J!,iven transmissj on line response in a variety of

line <:onfi~urations. lie presented the practical drawing of

the desi~n of an experimental interdigital filter. He used a

combination of coaxial int<"rdi~jtal realization in order to

get rel~tively wide line spacings. His paper contains

information in details and discussions on both theoretical

and practical aspects. Despite his claim that the design

procedure '''as exact he had to find out the length of the

input and output lines by means of almost trial and error

method,' Noreover he arhjtraril~' shortened the interdigital

line sections by about one fifth of an inch.He also used

tuning screl's to achieve the desired characteristics.However,

he ultimately succeeded in constructing one such filter that

came out I'ith satisfactory performance, Wenzel also used the

results of Getsinger [13'1 to obtain the physical dimensions

from the matrix of static capacitance.

A design procedure for a practical digital elliptic

function filter capable of providing either band-pass or

bandstop c!,aracteristi,cs was presented by Horton and Wenzel

[~I. They gave examples to illustrate typical design

proc~durp for both band-pass find band stop applications.
However, they presented experimental results only for an

octave band-stop design. Re~arding its advantages, they

mentioned about its hi!!h selectivety in a very compact

configl1ration as because the realization was in the form of a



coaxial and interdi~ital form. About its remarkable drawback

they mentioned that the structure is inherently wide band and

is not suitable for narrol' band designs due to physical

limitations. Moreover, the structure requires series internal

stubs and therefore involves more machined parts.

Hhodes [b)] presenLed a design procedure for narrow-

band bandpass TEM-line elliptic function filter. He proposed

the realization in the form of a stepped-impedance digital

n-wire line which is one-half of a wave length long at center

frequenc~' and short circui ted to ground at both ends. The

digital line is stepped

prescr ibed plane in the

design procedure for

in impedance along any arbitrary

fi1tel'. Hhodes presented a detailed

the construction of the two

characteristic admittance matrices which described the

digital n-wire line from the low-pass prototype element

values. He also showed that the normalized impedance values

of the elements in the filter are all of the order of unity

and independent of the actual bandwidth of the filter except

for the input and output transformer elements. He gave a

numerical example and experimental results on a seventh-

.degree

3.7 GHz
l-I,ercent bandwidth filter with a center frequency at

and demollstrated the significant improvements which

ma~' he obtained from tI", half-wave stepped digital elliptic ....

filter o\'er most of the other forms of microwave TEM-line

narroH-bflnd bandpass f i Iter.s. Another important feature of

Rhodes r{)] filter 1S its compactness and inherent physical

rigidity which maltes it attractive for applications where

4



size, Height, and stabiJ_it~. under mechanical vibrations are

important. The only unfavourable factor of the structure is

its incapability to reject harmonics. HOHever,

suggested that the inclusion of quasi-loH-pass filters

directly into the end blocks of the filter through single

interdigital sections Hould attenuate the harmonics without

increasing the external size of the filters and at the same

time, the advantages of the filter remain ~naffected.

1.2. Objective of this work:

The. first objective of this thesis is to develop an

analytic design technique for a narrowband bandpass filter

Hhich is compact in size. The second objective is to prepare

a program for desktop persollsl computers(PC) so that one can

obtain the line parameters of the filter by simply providing

the 101'. pass prototype element values as input. The last

objective IS to verify the design method by designing,

fabricating and measuring an experimental filter.

The method to obtain bandpass characteristics from a

101' pass protot~'pe filter specifications has been described

in chapter tHO of t.his d.i~sertatjon. It also includes the
deduction of the bandpass filter elements due to the
transformation.

~
In chapter three various methods of filter synthesis

is discussed in details.

5



Chapter four contains some important information

regarding JJllralleJ coupled Tnl lines and their equivalent

circuits. Various configurations like coupling with thick

rectangular bars, uns,'mmetrical parallel coupled lines.

arrays of parallel coupled lines have been discussed

individually in this chapter.

The concept of both impedance and admittance inverters

are given in cl,apter five. It contains the derivation of

inver tel' parameters in t.erms of prot.ot.ype circui t element

values

filter

alld at t.he same time the

circuit using admi ttance

conversion of
inverters have

prototype

been taken

into account. Some invert.er circui ts are also shown in this

chapt.er.

The int.roduct.ion to mi~rowave band pass filter in comb

geometry is presented in chapter six. The salient features of

comb-bine band piss filt.er has been discussed there. How an

approximate equivalent

obtained by replacing

electrically equivalellt.

sho1-.;n.

circuit of como-line filter can be

parallel coupled lines with their

open-wire line circuit has also been

Chapter seven cont.ains t.he design equations of comb-

line fj Iter. The mathematical expressions to calculate

,'arioIJs desi~n paramet~r8 3re tabulated there. Derivations of

t~ese equations considering relevant circuit elements are

also p,"csented in t.his chapter.

Cllapter eight presents t.he design of the experimental

filtel" which is. an impol"tant part of the objectives of this

6



conditions are also presented in

worl<. Details of design procedure has been presented. Various

desi~lled paramf.~ter.8 and physicaJ dimensions thus obtained are

tabulated in this chapter. A complete diagram of the

experimental filter to be constructed is also shown there.

The experimental part of the work is described in

chapter ni.n". It includes the fabrication and measurement

techniques. A complete description about the construction of

the experimental filter is given in this chapter.

Photographs of the constructed filter are also shown there.

The method of measurement and tuning ~rocedure is described

briefly. The plots of insertion loss against frequency

obtained under two tuning

this chapter.

Discussions on results and limitations are presented

in chapter ten. Conclusions and suggestion for further work

I,ave also been included in this chapter.

Computer programs to determine the values of

normalised

resonator

contains

capacitances

elements are

the tables

and the physical dimentions of the

presented in appendices. It also

of the measured ~ttenuation
characteristics of ti,e fabricated filter.

7



CHAPTER-2.__ . -_. __ ..

T})(~ method to obta.i II band paRS characteristics from a

10l"-pass prototype filter specifications has been discussed

in this chapter. The low pass filter with cut off at w = 1

and terminated in a normalised unity load impedance may be

used as a basis for the design of band-pass filter with

arbitrar~' resistive load termination. For this reason it is

referred' to as a proto'-nw filterl(7)). The details of low

pass to bandpass transformation technique is presented in the

following sections.

2.2 l1elJlOd of transformation:

Figure 2. 1 shows the low-pass prototype circui t and

the frequency response of the filter. To obtain a bandpass

fil ter corresponding to the low-pass prototype consider a

change of variable according to

_-_(2..1)

where w' and 101 are the frequency variables for low-pass and

bandpass respectively. 'fhis equation may be solved for w as

(2.2)
If we

~ = 1<1' I (1012-w 1 ) /2) :t ~ {w' 2 ( "'2 -w 1 ) /2

choose w02=w1w2• we eet

t.l = w'11o)2-1o>1)/2:f: (1I2)r~{w,2(W2-W1)2+4Gol1W211 ---(2031

8
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The point w' = a is s<een to map into the points

rrnd lob' = + 1 maps into lhe I')ur- poi nts ~"'2 and ,t"'I' Thus the

prototype filter passbrrn~ bel~een +1 maps into passband

extendinl( from "'I ,lo 1lol2 "nd -wI to -w2 which represents

geometric mean of WI arId "'2 as

bandpass filter wi th band centers at

illustrated

:two equal to the

in figure 2.2.

In. I.~.

He-w - -w
2 we 1 ( b )

-->-
"w

1

~

I
I

( a )
-1

------ ------

Fig. 2.2 Low-pass to bandpass transformation

f~) Low-pass reRpOIlse

Ih) Response "ftpr- 100,-""ss to bnndposs transformation

I 0



2.3 ,Conversip~ of
The required filter elements may be deduced by

considering the frequency behaviour of the prototype element

and the low-pass circui t may be trans fo'rmed to a

corresponding lumped-element bandpass circuit using the

freqlJCrlCY lransformatiort

Hhere

/Al' = ("'I' /1') {(w/Io>O) - (WO/ ••••)}

IolO= ~(W1W2) is knoHn as resonance frequency

- (2./4')

and I' = (w2-"'1)/"'0 is called fractional bandwidth.

Then the series reactance

circuit becomes

of the prototype lowpass filter

- - - - (:2 .5:)

w'L = WI' /~ I (w/wO I - ..,O/",)} L

= ~L' [/~C'

Hhere L' = (~l'/HW>O)L and C' = W/6oI1'wOL

Similarly the shunt reactance w'C transforms as follows

w'C = (w['/H){(w/(WOI-(..,O/Iol)}C

= wC" - l/",L"

where C" = (WI' /H"'O)e and L" = W/""l''''OC

So it is obvious that the series element in the lowpass

protot,ype becomes a serIes combination of Land C and the

shunt element becomes a parallel combination of Land C when

it is transformed into bandpass filter i.e. all the reactive

elemerlts of 10H-pass l,rototype filter transform into
corresponding resonators on low pass to bandpass

transformation. The resultant filter network and the

resjJonse thus obtairled is ilJ,ustrated in figure 2.3 below.

1\
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Figure 2.1Ia) shol's the typical low-pass prototype

under discussion. It "Iso defines the manner in which the

element values gk ar~ to be specified for the purpose of this

discuss ion. And figure 2 ..IIb) shows a typical Chebychev

response such as can be achieved by filters of this type,

It is to be noted that n is the number of reactive element

in the prototype alld that, including the resistor termination

the element values range from '0 to gn+l' An important point

is that a low-pass prototype "ith n reactive elements leads

to a band-pass filter with n resonators. Figure 2.3(b) shows

lhe band-pass filler response lhat corresponds to the low-

pass protot~'pe response. The band-pass filter response will

have the same lype of pass-band characteristic as the

protol~'pe, bul the width of the band-pass filter pass-band

can be specified arbitrarily.

From the low-pass to band-pass transformation, the

attenuation characteristic of the low-,pass prototype as a

function of wi can be mapped to the band-pass filter

attenuation characteristic as a function of the band-pass

filter radian frequency variable w. Since the attenuation is

attenuation

band-pass

which are

of

as

at
related

filters

specifications

filter

the

and

r.'espectively,

the band-pass

pr'edicted frombecancharacteristic

the same for both the

frequencies Wi and &},

given by the mapping,

the lowpass filter.

13



h! !i!,mm"-FJ~

The low pass to band pass transfarmation technique has

been discussed in details. Considering a lumped low pass

prototype filter circuit and its response, the transformed

band pass filter circuit and the corresponding response were

obtained. Both the filter circuits and their .respective

responses are presented. Using the mapping given for the band

pass filter radian frequency variable, the attenuation

characteristics of ti,e band pass filter can be obtained from

the given specificatiolls of the low pass prototype filter.

1 4



3. 1

CIIAPTER-3---_ .. ----~- . ---

Introduction:- --_ .._.-- ._,.--_._---

At low freQuencies the building blocks for filters are

ideal inductor and capaci tors. These elements have very

simple frequency characteristics and very general and

complete synthesis procedure has been developed for the

'design of filters utilizitlj.(them. That is why it is possible

to synthesize filters directly with a wide variety of

prescribed frequenc~,. characteristics. But the filter design

problem 11\. mir:'roh'av('~ freq\.l':t1ci~s Hhere digtributed parameter

elements must be used IS much more complicated, and no

complete theory or synthesis procedure exists. Microwave

filter is realized by replacing all inductors and capacitors

by suitable microwave circuit elements that have similar

frequiency characteristics over the frequency range of

itlteresL. Two different t'echniques of filter synthesis have

been discussed in this chapter.

Thel'e are essctltially h,o low-frequency filter

synthesis techniques I':J)1 in practice. They are

i) Image parameter method

ii I Insertion loss method.

Tile Image ParameLer method provides a filter disign

15
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the required passband and stopband characteristics, but does

not specify the exact frequency characterist:lcs over each

region. While the Insertion-loss method begins with a

complete specifications of a physically realizable frequency

characteristics, and from this a suitable filter network is

synthesized. The image parameter method suffers from the

shortcomings that ~ good d~al of cut-and-try procedures must

often be restored to in o,rder to obtain an acceptable overall

frequency characteristics. For this reason, the Insertion-

loss method is preferable

function:----_._.-

The image view point for the analysis of circuits is

much the same as the wave view point commonly used for the

analysis of transmission lines. In fact. for the case of a

uniform transmission line the characteristic impedance of the

line is also its image impedancelSI. and if rt is the

propagation constant per unit length then rtl is the image

propagation function for a line of length 1.

Consider the case of a two port symmetrical network
but for the'sal,e of generality, is assumed to be
unsymmctrjca] \d.th eli. fferent impedance characteristics at
Endl tl,an at End2. Figure 3.1 sl,ows the case of an infinite

number of identical networks of this type connected in such a

omann era sat e a c h ,i un c t ion e i the I' End Is a I' e con n e c ted

together or End2s. 8i.nee the chain of networks extends to

16



inf ini t;c in each di rec tion. the same impedance 21 I is seen

loold.ng both left and right at a junction of the two EndIs,

while at a junction of two End2s another impedance 212 will

be seen "hen looking ei ther left or right. These impedances,

as indicated in figure 3.1 are defined as the image

impedances for End 1 and End2 respectively. For an

unsymmetrical network they are generally unequal.

It is to be noted that because of the fashion the

infinite chain of networl,s in figure 3.1 are connected, the

• impedances seen looking left and right at each junction are

always equal, hence there is never any reflection of a wave

passing through a junction. Thus, from the wave point of

view, the networl,s in figure 3.1 are all perfectly matched.

If a wave is set to propagating towards the right, through

the chain of networks, it "ill be attenuat~d as determined by

the propagation function of each network, but will pass on

from net~ork to net"ork without reflection. The image

impedances are actually impedance of infinite networks, and

as such they should be expected to have a mathematical form

different from that of ti,e rational impedance functions

obtained for finite, lumped-element networks. In the cases of

lumped element filter structures, the image impedances are

usua]]y irrationaJ fl.lnctjr>n. While in the cases of microwave

filter structures which involve transmission line elements,

the image impedances are usually both irrational and

transcendental.

However, a cascade cOllllection of loss less two-port
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netl.orks behaves similar to a transmission line. For.

unsymmetrical networks two chracteristic impedance occur and

each section has a prop"gation factor. A periodic structure
\

of this form has pass band and stopband characteristics and

is therefore a bandpass filter. Usually, a filter must

operate between resistive load terminations. and to ensure

this either symmetrical networks or matching section at input

and output are used.

3.4 lmag~ parameter ~~thod:

Consider " single two-port network with parameters

A,B,C and D. Let the ouLpuL be terminated in a load

tI,e inpuf be terminated in a load Zi1 as shown in figure 3.2.

For particular values of Zi1 and known as the image

impedances, the input impedance at port 1 equals Zil and

that at port Z equals ZiZ' These impedances then provide

matched terminations for Lhe two port network, and if they

are real they also provide a maximum power transfer when the

generator has an' internal impedance equal to the image

impedance. The govern i'ng equa t ions for the two-port network

are

VI = AV2 + BIZ

II = CVZ + D1Z

(lnd hence

VIllI = z. J =In,

..•.... (3.1)

....••. (3.2)

'If we solve for Vz and 1Z in terms of VI and II' we ohtain

.••.•.•. (3.3)

I 9



.......... (3.4)

He thus have

The requirement that Zil = Zin, I and Zi2 = 2in,2 gives

Zil (C2i2 + D) = AZi2 + 13 .•.••••••• (3.5)

Zi2lC2il + A) = DZil + B ••.••••.•• (3.6)

A simultaneous solution of these equations gives -

2il = "'IAB/CD)

2i2 = VIBD/AC)

Also He find that ZiZ = ID/A) Zi I'

•••••••••• (3.7)

••..•.•••• (3.8)~

If a generator Hith internal impedance

connected at port 1 and the output port 2 is terminated in a

load 2iZ as shoHn in figure :J • 2. the vol tage and current

transfer ratios are readily found from the relations

"Z = DV - BII = (D - B/2il)"1I
12 = - CVI + All = I-ezil + A)II

where "I IS the voltage across the network terminals at port
1 while the generator volbige is 2V I'
Thus we find that

V2/V1 = V( DI A) [ ViAi) \/TBC) ) •••••••••• (3.9)

IZ/1 I = '1/ I A I Dl I {(i\iji .J(fiC) ) ••.•••••• (3.10)

In a similar manner the transfer constants from port 2 to

port are found to lw

V1/VZ = J(7\7D1[{iAD1 + -/TBC»)
I1/1Z - ..JID/A)[{iAD) + (!BC»)

.•.•••••• (3.11)

......•.• (3.12)

~he image propagation factor is defined as
-re = {(ADi - .j( Be )

20



whence

and

it is found that

CoshI' = (lAD)

SinhI' = {iBCi

'where r=~+jB, ,is the ima!!e propagation function, 0<. is the

image atteunation in nepers and B is the image phase in

radians. The factor (AID) is interpreted as an impedance

transformation ratio and ,may be viewed as an ideal

transformer of turns ratio '-/IA/iJ).
For a lossless "etwork, A and D are real and Band

C nre .i maginnr,v. In the pa~gbnnd of a filter, r iB pure

imagina,'~' and equal to jB, and this occurs for :AD:<l. Also,

in the passband the image impedances are pure real,

whereas in a stopband they.afe pure imaginary.In a paBBband,

Band C must be of the same sign, so that BC=j:BU:C:=-:BC:

will make SinhI' pure jmaginar~'. Thus the solution for Zi1

and Zi2 will be real and positive since AD must be

positive t.o give a real solut.ion for CoshI'. Hence the image

impedances are real in a passband.

If N tHo-port f1cLworh:s are connected in caBcade and

these have propagntion constants rn, with n=1,2, .... N, and

t.he voltage transformntiorl ratios '1')' '1'2' '1'3" ..•• TN and

the output seetioT} is ter"lniJlated in an impedance equal to

its output image impedance, th~ overall voltage transfer

ratio is

v IVN )
N

=nT -rnne

n=1
,dth n=1,2,3, .... N

21
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provided also that the output image impedance of any

'section is equal to the input image impedance of the
adjacent section. With tl,is filter network terminated in a

load impedance of the output section, and with the

generator at the input having an internal impedance Zil' the

overall network is matched for maximum power transfer.The

filter operates between impedance l'evels of

which provide

amount
an overall impedance ratio change of the

N
ZiN/ZU =TITn2 .•.•..••• (3.14)

'1=1
In the image-parameter method of filter design, the

two-port parameters A,B,C,D are chosen to provide the

required pass bands and stopbands. In addition, the image
parameters are chosen equal to the terminating impedances
at the center of the passband. The shortcomings of the filter

are nOl~ apparent, because ti,e image impedances are functions

of frequency and normally do not reamin equal to the
terminating impedances over the whole desired passband. This

mismatch results in some loss in transmission within the

passband. And the amount of this loss can not be prescribed
or determined before the, filter has been designed. More
over, there is no means available for controlling the rate at

whicl\ ti,e atteunatiofl b.,llds up with frequency beyond the

edges of the passband apart from increasing the number of
filter sections.
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In general t.he insertion loss is defined as the ratio

of the power delivered to t.he load when connected directly to

t.he generator to the power delivered when the filter is

inserted. The power loss ratio of a network is defined as the

available or incident pOI.er divided by the actual power

delivered to the load. If the incident power is Pi andp is

the reflection co-effici ent, then the the reflected power is
2Y Pi and the power delivered to the load is 2(l-y )Pi• Hence

the pOHer loss ratio is obtained as

and

PLR = 1/( 1-y2) = 11 ( 1- r 1""*

p = JIIPLR-11/PLR1

........• (3.15)

........• (3.16)

r"

Hhere r is the input refect.ion co-efficient for a loss less

netHorl, term ina ted ina res ist ive load. Thus the insertion

loss measured in decibels is

L = 10 1,ogPLR ••••••••• (3.17 )

When the terminating resistive load impedance equals the

internal impedance of the generator at the input end.

The insertion-loss method of filter design begins by
specifying the pOh'e.t' loss ratio P orLR the magnitude of the
reflection co-efficient :r:=p as a function of w. A network"

that ,.ill .ive the desired pOHer loss ratio is then
s~-nthes ized It must be kept in mind that a completeli

arbitrary P(~) can not be chosen since it may not correspond

to a physical IletHork. The restrictions to be imposed onl""(w)

-are knoHn as the conditions for physical realizability. Some

of the conditions are discussed beloH.

23 , I
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For a passive network it is clear that the reflected

poh'cr c~an not exc'eed the incident power. Hence one

restriction on rllOll is :rl&oa) :~1. If the normalized input

impedance of the network is

Z(~) = Rl~) + jX((oD)

we have

_ - - - (3.18)

Again, since R is an even

= IR(~)-l+jX("")} I (R(&<a)+l+jX(~)}
- - - - (3 0I'f)

function of wand X is an odd

function of w, hence we have

Thus

____ (.5,2.0)

- - - (3.2/)

It is apparent from this relation that p2(1loI)='p2(-W). is an

even function of and must therefore contain only even

powers of ~. Now any low frequency impedance function such as

impedance of a network made up of resistors, capacitors and

inductors can be expressed as the ratio of two polynomials in

w. Consequently, rcan also be expressed as the ratio of two

polynomials. It follows that p2(~) can then be expressed in

the form

p2(w) = M(w2)/[M(w2)+NI~2)] = [(R_l)2+X2]/[(R+l)2+X2)
- - - (.3. Z. 2.)

where M and N are real and non negative polynomials in ~2,

The power loss ratio ca., now be expressed as

PLR = 1 + Mlw2)/Nlw2)
= 1 + [(R(Wl-l}2 + {X{lIoIl}2]/4R(w) •.•••.•.• (3.~~)

From the above expression it is obvious that N(w2) must be

an even polynomial in w since it equals 4R{w).Hence we can

24
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2 2Hrite NllW)=Q 16ool), Hhich is clearly an even poly~omial in ••
If He denote ~1lf,,)2) by the even 2polynomial P(w ), we have

.•••• (3 •210

in the above form is also a sufficient

The conditions specified on PLR upto this point are

necessary conditions in order that the network may be

physically realizable. The condition that the power loss

ratio be express~ble

condition for the network to be realizable.

Due to the complex frequency behaviour of microwave

.circuit elements, it is difficult to develop a complete

synthesis procedure to design filters for microwave.

communication systems. In spite of numerous difficulties some

useful techniques have been developed and two such techniques

were described in details. Both the methods are essentially

low frequency filter s~'nthesis techniques. Image parameter

method of filter design provides the pass band and stop band

characteristics, but does rlot specify properly the behaviour

over each region. On t.he other hand, the insertion loss

method provides required specifications for a physically

realizable filter. The concept of image impedance and image

propagation function has also been discussed.
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CIIAPTER-4
- ----~---

Tile natural couplin. existing between parallel

conductors is being uti lized b~' strip-line[l.g)1 components

such as directional couplers. filters, balum, delay lines.

The nature of various types of coupled lines has been

described broadly in the subseguent sections of this chapter.

A number of examples of parallel-coupled lines are

shown in figure 4.1. The (a),lb) and (c) configurations shown

are primarily useful in applications where weak coupling

between the lines is desired. The ld), (c), (f) and (g)

configurations are useful where strong coupling between the

lines is desired. Th" characteristics of coupled .lines can

be s pc c i fie din t e r. IT'" 0 f the ire ve.nan dod d mod e

impedances r~)J r.c. Z, nand Z 0 respectively. Zoe is defined..J _ 0

as the characteristic iITlpedance of one line to ground when

equal currenls are flowin • .In the two lines. While Zoo is

defined as the characteristic impedance of one line to ground

when equal and opposi te currents are flowing in the two

.lines.
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The thiel, rectan~ular bar configuration of coupled

lines, illustrated in figure 4.1Ig) can be conveniently used

Khere tight coupling between lines 1S desired. The

dimensions of the bars far particular values of Zoe and Zoo

can be determined Kith the aid of the.curves shown in figure

4.2(0.) & (b). This family of curves is also known as

Getsinger's cllaI't[~J.A con,'enient procedure for using these
curves is as follows

First 6C/E is determined using the specified values
using the equations avai lable for

disigning filters using coupled rectangular bars. Next a
suitable yalue of t/b is selected and the value of sib
is determined froln the eorr~sponding curve shown in figure
4.2(0.), The

equation

•.alue of W/b is then calculated,,
from the

W/b = (1-t/b)/2 [Coe/2E - Cfe'/E - Cf'IE] •• (4.1)

The value of Coe to use is obtained from specefied design

equation. The frin'1in~ capacitance for the even mO,de Cfe' and

frillgill.~capaci tallce for' isoJ.!lled rect!lnguJ.ar bar are read

from the curves sho~.Jn in figure 4.2(0.) and 4.2(b)
respecti •.ely. The fringillg !lnd parallel plate capacitances

used in the abo •.e discussion and the notations N,b,t are
illustrated in figure

of a bar is gi•.en by
4.3, The total even mode capacitance

••.••• (4.2)

and the normalized per-unit-Iength

28
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capacitance is ,iven b)"

Cr/f: = ZW/(b-t)" alld E: = .225{,r pf/inch

" I
;~.

The even mode frinl(inl( ""pac i tance is derived by conformal

mappirl' techniques arrd i9 n~actl:v ill limits of [W/b/(l-t/b))

to infinit~ .. It is belie,"cd that when [W/b/(l- t/b))>O.35,

the interaction het.",,,,,, fhe frin,in, fields is small enough

so that the value of C If: determined from equation(4.2) isoe

reduced by a maximum of 1.21 percent of its true value. In

situat"ions where an init.ial value of W/b is found from

equation 14.1) to be less than 0.35[l-lt/b)) so that the

fringing fields

"4here

" "
""

interact. t 0. net..;' value of W/b can be used

wJlb = [0.0711-t/b) + K/b)/1.20

provided 0.1 < (K'/bll!l-lt/h)) < 0.35

/

.....•(4•3)

""{
t b
1.

.~

Flgut'. 4.3 Coupl.d
plaT.S
pat'all.

".cTangulat' bat's b.tween parallel
IIIuSTt'aTlng va"lous frIngIng and
I plaT. capacITances
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A pair of unso'mm~trical parallel-coupled lines and

various line capacitances are shown in figure 4.4. Here Ca
is thc capacitance per unit length between line A and ground,

Cab is the capacitance perunit length between line A and line

B, while Cb is the capacitance per unit length between line B

and ground. when Ca is not equal to Cb, the two lines will

have different odd and ev~n7mode admittances. In terms of odd

and even mode capacitances, for line A

while for line B
C b - C + 2('

00 - b 'ab

and

and (' b - C'oe - 'b

..•••• (4.4)

...... (4.5)

For symmetrical parallel-coupled lines the odd-mode

impedances[9J are simply the reciprocals of the odd-mode

admittances, and analogously for the even-mode impedances and

admittances. Howe \' e r , this is not the case for

unsymmetrical parallel coupled lines. The reason behind this

lies. in the fact that when the odd- and even-mode

admittances are computed the basic definition of these

admittarlces assumes that tl,e lines are being driven with
volls.es of identical maRnitude with equal or opposite

phas~, while the current.s in the lines may be of different

magnitudes. When the odrl- and even-mode impedances' are
comput.ed, the basic definition of these impedances assumes
that the lines are being driven by currents of identical

magnitude with equal ~r opposite phases, while magnitude of

the voltages on the t"o lilIes may be different. These two

32
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different sets of boundary conditions can be seen to lead to

different voltage current ratios if the lines

unsymmetrical.
are

Figure 4.5 shows some unsymmetrical parallel-coupled

lines which are quite easy to design. Here both bars have the

same height, and both are assumed to be wide enough so that

the interactions between the fringing fields at the right and

left sides of each bar are negligible or at least small

enough to be corrected for by the use of equatin(4.3). On this

basis the fringing fie Ids are the same for both bars. and

their different capacitances C and Cb to the ground are duea

entirely to differerll parallel plate capacitances C a
p and

C b For the structure .shownp
C = 21C a + Cf

, + Cfe
,

a p
Cab = Cfo

, - Cfe
,

Cb = 2(Cp b + Cf
, + Cfe')

...... (4.6)

.••••• (4.7)

•••••• (4.8)

Table 4.1 below shows .the relations between line admittances

and capacitances per unit length of unsymmetrical

parall.el-coupled lines.

y a = "c y n vIC + 2Cab)=oe a 00 a
y a = vC Yoo a v(Ca + 2Cab)=oe a
C If. = ItoYoea/fEr Cab/f = ('loNEr l(Y00 a Yoea)/2a
Cb/t = ItoYoeb/lEr Cab/€: ('\o/Kr) (Yoob b= Yoe )/2

Where, \' = Velocity of. light in the medium of propagation.



= 1.18* 10' 10 l.JE.r inch/sec.

= Intrinsic impedallce of free space.

= 376.7 ohms.

f = Dielectric constant.

= 0.225E:r pf/inch.

lines

The cross section
generally used in

of an array of parallel-coupled

Comb-line as well as lnterdigital-
line filters is shown in figure 4.6. In the structure
shOlm, all of the bars have the same t/b ratio and the other

dimensions of the bars are easily obtained by generalizing

the procedure described in previous sections.

Here the electrical properties of the structure are

characterised in terms of the self capacitances Ck per unit

length of each bar with respect to ground and the mutual

capacitances Ck,kt1 per unit length between adjacent bars k

and Itt1. This representation is not necessarily always

highly accurate. It is conceivable tl,at a significant amount
of fringing CaI)Bcitarlce cou].d exist between a given 1ine
elemen t, and. say, the 1 ine element beyond the nearest
neighbour. However, at J east. for geometries such as that
shOlvn, have sat.isfactor~' accurac~' for applications such as

comb-line and Interdigit.al filt.er design.

For design of the parallel coupled array structures,

equat.ions are available for the normalized self and mutual
capacitances per Uflit lellgth for all the lines in the
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structure. Then the cro:=;s sectional demensions of the bars

arid the spacings between tllem are determined first by taking

suitable values for t and b. Then, since

Getsinger's chartsr3J can be used to determine Sk,k+l/b. In
this manner, the spacings bet"een all the bars aie obtained.

Also, using Getsinger's Charts, the normalized fringing

cap acit a nee (e fe I )k ,I, + 1IE: associated with the gaps,

betl.;een bars is obtaj !1p.d. The normalized width of the kth

bar is then calculated from the following equation.

Wk I b = [ ( 1 - tI b ) / 2 1 Ie h /2 E - ( C f e I )k _ 1 • h 1(, - (C f e I )k , k + 1 IE: 1

...•...... (4.10)

In the case of the bar at the end of the array (the bar at

the far left in figure 4.6), efe I If::. for the edge of the bar

which has no neighbour must be replaced by Cfl If. which is

determined from figure 4.2(b) i.e. Getsinger's Chart for an

isolated bar. Again, if "k/b < 0..35 (1- t/b) for any of the

bars, the width of the bar should be corrected using the

approximate formula gi,.en in equation (4.3). The need for
t.his cor,rection arlses because of the interaction of the
fringi.ng fields at opposite sides of a bar, which will
occur IJhen a bar is reJBt.ively narrow,

In mallY microwa,"e filter designs, a length of
.<::J

trallsmission line~~ terminated in either an open-circuit or
v
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a short-circuit is ofterl used as a resonator. Some resonators

of this t~pe are ill.ustt'aled if' figure 4.7 together with

their lumped-collstant equivalent circuit. It is to be noted

that the lumped constant equivalent circuit of the

transmission line which is short circuited at one end is the

dual of the equivalent circuit of the transmission line with

an opell ci.rcuited termj.nation.

The equivalence beb;een the lumped constant circuits

and mierol'uve circuits shown in figure 4.7 is established in

the folloldn£( fashion, The ,.ulues of the resistance, R, and

conductance, G, in the lumped-constant equivalent circuits

are determined as th" values of these quantities for the

Y[lrious lines at thr. resonance an~uJ ar frequency ""0' The

reactive elements In the lumped constant equivalent circuits

are determined by equatin£( the slope parameters of the lumped

element circuits to those of the transmission line circuits

I;hich exhibit the same t~"pe of resonance. Slope parameters

are defined in two ,;a~s according to the types of resonance

lr~adj rut to reactance s l.opr'~ parameter and susceptance slope

paramelers. The £(en."",,Jdcfini tion of the reactance slope

applies lo circuits that exhibit a series
type of resonance. is

And the

.. _ t.Jo dXi"- 2- dW!Iol=Gt)
s useep t ane eO

ohms
slope parameter b, which

....•. (4.11)

applies to
circuits that exhibit a parallel type of resonance is

\';)1P.l'f'

Wo dB:
b= -- --: mhos

2 dlol:""=W
X. and B ,lrf~ tRp. r:eH'.;taTlce

38
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The above Reneral definitions for slope parameters
provide a convenient means for relating the resonance

properties of any circuit to a simple lumped equivalent

circuit such as those shown in figure 4.7. The react.nce

slope parameter x given by equation (4.11) is seen to be

equal to ~ L = 1/~ C for the equivalent series, lumped-elementa a

circuit, while the susceptance slope parameter b is equal to

equivalent, parallel, lumped-element

circui t. These parameters are considerably used in dealing

l~ittlbarldpass and bnrld-slop microwave filters.

4.7 J>ar~llel coupled line filter sections and its

The natural electromagnetic coupling that exists

between parallel lines can be used to advantage in the design

for filter sections constructed of parallel coupled lines of

the t~'pes illustrated in figure 4.1 The coupling
arrangements that can be obtained from a pair of symmetrical

coupled lines by p][\C'in~ open or short-circuits on various

terminal pairs are sl,own in figure 4.8. In this figure,

sclwmatic diaRrams Qf sinRle section of different types ar.e
shown together with their open-circuit im~edances or short-
circuit admittances. In addition, equivalent open-wire
transmission-line circuits of the coupled transmission line

sections are show., beside the corresponding schematic diagram

.using a t"o-wire line representation. In each case, the

:19
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characteristic impedance or admittance of the lengths of

transmission line IS shoHn tol!ether '-lith the electrical

lenl!th,8.

Fil!ure 4.9 shoHs the same parallel coupled sections as

transmission lines have unsymmetric~l. cross

appeared In

the strip

figure 4.8tb),tc) and (d),but for cases where

sections. The line capacitances Ca, Cab and Cb per unit

length are as defined earlier. The line capacitances

unit length for the left and right shunt stub in

equivalent open-h'ire T'epr~gentalion are the same as

per

the

the

here is the

corresponding capacitances per unit length between line A and

ground and line B and ground respectively. And the

capacitance per unit length for the connecting line in the

open-Hire circuit IS the same as the capacitance per unit

length betHeen lines A and B of the parallel coupled

representation. The quanti t~" v associated

velocit"" ai,' light in t.lE' medium of propagation.

In the case of circuit in figure 4.9, if the parallel-

coupled sectiorl is prol,erly terminated, its equivalent open-

Hire line circuit simplifies in a ver"' useful way. This is

illustrated in figure 4.10. \Vhen the' indicated constraints

arc applied, the equi,'alellt open-Hire circuit reduces to

simply an ideal trClnsfol'mer and a single stub. In spite of

the constraint. equation "hich is enforced in this circuit,

there are still sufficent degrees of freedom so that for

specified Ys and GT a I~ide range of Yl>" can be accomodated.

For this reason, this structure proves quite useful for use

42



realizinQ a series

\-.lit}) certain

effectively

types of bandpass filters for the

stub resonator

(

purpose of

along with

will accomodateobtainifl.t! an impedance transformation which

some desi_red termirluti.llg impedance.

Figure 4.11 shol's the parallel coupled section in

figure ,1.8(dl generalized to cover the case where the two

strip lines may be of di fferent widths. The open-wire line

structure is equivalent electrically to the strip-line

structure. As indicated' ea'rlier, parallel coupled stru~tures

of tllis sort are all-stop structures as they stand, but when

properly used with lumped capacitances, they become the basis

for Lhe Comb-line fOl'm of' filter.

admi ttance, the

4.8 ~_!!-,!!mary:

TI,e characteristics

coupled TE~I lines have been

and add mnde impedance

of various

illustrated.

as well as

ty'pes of

Defining

parallel

even mode

relationship of these quantities with the velocity of light

in the medium of propagaLion has been tabulated. A complete

procedure to calculate the widhts and gaps between adjacent

bars using sonle sJJccifjc ~~r)ressi,ong and curves has be~n
described.
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Conyersion of Prototype U.!J".er:

5 • 1 !I1J,x_~QI!~.t..i_Qn_:

In der;v;n!! design equations for certain type of

bandpass filter, it. is desirable to convert the prototype

lo\-,- pass filter consist.ing of both inductances and

capacilartces in.to an cqui,'alent form which uses only
inducta.,ces or capacit.a"ces. This is achieved with the aid of

the idealized i.llverters llumely Impedance inverter and
Admit.tance inve.-ter or l{-i.".erter and J-in\'erter[.a~j as they

are othendse called. Details of t.hese inverters, equivalent

fornlof prototype filt.er circuit using inverters and some

inverter circuit.s are presented i., tl,is chapter.

5. 2 !l.f~D.•,_ij;).O.!l. Q.[ lnip<;dan.ce IlI1Q !!g.m.J.t tance irlVerter.!!....J..

An ideal impedallcP i.n\'~rter operates like a quarter-

,.avel.enetl, line of c!,aral:teristic impedance K at all

frequencies. A loud jmp(:~dallct::' conrl~cted at one end ia seen
as an impedance tha l has been invert.ed wi th respect to the

characterist.ic impedance squared at. the input. Therefore, if

an impedance inverter is {erminated in an impedance Zb on one

end, the impedance Za

Za = 1\2 / Zb

seen looking in at the other end is

.• (5.1)

AI tel' a na 'to i ,",eI v, ,u, i.dcal i zed ad mil. t.an c c in v e r t e r i s the



admittnnce respres"ntntian af the same thin~, i.e., it

operates I ike a '1ullrter.-, ..,,\.',lelll!th line of characteristic

admittance J at all frc'l"'''IC;''s. Thus, if an admittance Yb is

attached at one end. th e admit tance Ya seen looking in the

other end is

Y = J2 / ya . b .•.••••••• {5.2)

Using these inyerters a prototype filter network can

be cunverted into a conyenienl for.m for analyeie as has been

described in subsequent sections.

Because of the in\.ertin!( action of the inverter, a

series inductance "ith an inverter on each side looks like a

shunt cllpacit.ancn. fr.oHl i~s exterior termina1e. Likewise; B

shunt capaci tance ld th an i nyert.er on both sides looks like B

series itlduclarlce l'.om Its exl.ernal terminala. This has been

o

illustrated in figure 5. I.

O....----r----o
0.....-1

O>--_fll'\

o

o

o

EquivolenCll 01 serillS inductor and shunt capacitors
wi th J - invHlers

15

I"
f
I

L
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~lal<ing use of' this propert;', the prototype ciruit shown in

figure 5.2Ia) can be modified .to either of the equivalent

forms shown in figure 5.2Ib) and (c) which has identical

transmission characteristics to the prototype. It is obvius

from equation 15.1) and 15.2) that the inverters have the

ability to shift impedance or admittance levels depending on

the choice of the K or J parameters. For this reason the

terminal resistances and the series or shunt reactive

components may be chosen arbitrarily with identical response

t.o t.h"t. of lhe or'igianJ prot.otype provided that the inverter

paranlolers KI<,I<+l or JI<,I<+I are specefied as indicated by te

equations in figure 5.2{b) and Ic) respectively. It is to be

noted that the gl< values referred to in the equation are the

prototype element values.

~...!D"ri va tion of t.,he eXjJerssjons for Inverter jJarametera:

The equations for the inverter parameters as shown

l.ith figure 5.2 can be derived by extracting relation between

t.he prototYTH:~ circuit. and the corr(~Hponding circuits using

inverters. The concepl of duality can of course be a way to

work it out. A given circuil as seen through an inverter

lool<s lil,e the dual of t.hat circuit. Thus, the admittance

seen from the capacit.or Cal in figure 5.2(c) is the same as

that seen from the capacitance C1 in figure 5.2(a) except for

an admittance scale fact.or. Similerly the admittances Been

,from capacitor Ca2 is identical to that seen from C3, In this

mBnrler, tile adlnitta11~es i,n ~n3' poinl of the modified circuit
r"



Calk-') J k-' k Cak Calk .1) . CoCk H,l

( b )

\
Opfn circuit
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with admittance inverter may be quantitatively related to the

correspondinJt admittance in the prototype circuit. S.ince J-

inverters are used in the equivalent circuit of comb-line

filter only the equation for the J-inverter parameters are

derived here. However, the equation for the K-inverter

parameters can also be derived in a similar manner

considering impedances instead of admittances.

Figure 5.3 (a) shows a portion of the low-pass

prototype circuit that has been short circuited just after

the inductor Lk+1 while fig.,re 5.3(bl shows the corresponding

circuit usin~ J-irlverters. Tile short and hence open circuits
are introduced to simplify the derivation of the formula for

the inverter parameters,Jk,k+1

From figure 5.3(a)& (bl we have

.•....••.•• (5.3)

and

....... (5.4)

Now Yak must be identical to Yk except for an admitt~nce

Therefore

and hence we get,

replacing Ck and Lk+l by gk and Ik+l respectively, we obtain,

........ (5.5)

Here it is obvious that by moving the positions of the short

and open circuit points cOl'respodingly, the same procedure

would apply for calculation of the

,19

J-parameters for all the



inverters except those at the ends. Hence, equation (5.5)
applies for K = 1,2,

Considering figure 5,4,

and

tn-I.

h'e hQ.\'c

••.....••.• (5.6)

Yan = jWCan + In,'l+12/GB ........•.. (5.7)

Again they are identical except a difference in magnitude by

the factor Can/Cn. It implies that

Yall = ICan/CnlYn
and hence we get

In,n+1 = ~(CanGB/f!ngn+1J ........•.. (5.8)
Also the parameter J01 may be evaluated in a similar fashion

considering the input end portion of the prototype circuit as

well as the corresponding circuit with J-inverter. The

equation for the parameter can be obtained as

•••••.••• (5.9)

5.5 ~Qm~ Inverter ~~rcuj~s~

A simple form of inverter is a quarter wavelength of

transmission line. Such" line obeys the basic impedance
in \'C I' tor do fin i tion and t hat it will have an inverter
par"metcr of K = Zo ohms. where Zo is the characteristic
impedence of tho line" Of "ourse, a quarter-wavelength of

line also serves as an admittance inverter and the inverter
parameter I,ill be J = Y mhos,o where y o is the
characteri~tic admittance of the line.

are Tlumerous other circuits which
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operate as i"verters. All "e~essarily give an image phase of

odd multiple of +90 degp,',s, 3nd man~' have good inverting

properties over a Hider b311dwidth than does a quarter-

Havelentl, li"e. Figure 5.5 sh0ws some inverting circuits

specially used as K-inverlers i.e. i"verters to be used with

series lype reSOllators. TI,~SC sl,own i" figure 5.5(al and (b'

are particlJlarly useful i" cIrcuits where the negative L or C
can be absorbed into adjuo::ent positive series erements of

!..

the same type so as to give a resulting circuit having all
r-
I

positi"e elements ..lihile th" inverters shown in figure 5.5(0";,
: ",

, '-L -L -e e
0 II

I.e
II 0

(0 I ( b I I0 0
K ,(j)L K = 1;we

I- s "\ I- e .1

:' 5X

-"';"':

0 I 0

(cl ( d , 20 X - n 12go t iv 12T0 0

9-Negotivl2 9-Posilivl2 "

Fig. 5,5 50m12 K - inver feT circuits
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subtracted from adjacent line of the same impedance. The

and (d) are particularly useful in circuits where the line of

-;Sl
."i
0
(J)
?:'
C

0c

\
D
N•..•

positive 0" ne!,!ative e.l.cctrieal len!,!th,G can be added or

circui ts shown at (a) and (c) have an overall image phase

circuits.

shift of -90 degrees "hile those at (b) and (d) have +90

degrees, The impedance inverter parameter K indicated in the

Some .i.nvertill~ eiI"cuits ,,'hieh are of special interest

negativeand

\,

positiveoflines

"etl'orks. These circuits can also be considered to

Figure 5.7 51,0"s yet another form of inverter composed

transmission

in\'ert-er

the inverter parameters .J are the' image admittances of the

be the duals of those sho"n in figure 5.5 as K-inverter

of

for the. use as J-iJl\"crter's are shown in figure 5.6. Here

transmjssion line.

figure is equal to the image impedance of the inverter

netl'oI'l, and i. e. analogous to the characteristic impedance of

3: I•...
n ,.,

\
0

cr
ill
::J

\

0.
"0

...•...
>-'
r+
III ,
C I,n•...
::J
0
n
0
C
0
>-'
III
0.

0'"
t-..l
C••~

(('..,
-D

characteristics admittance. The." negative admittances are in

pruct),ce ah8or~bed in'.o udjoc:~nt lineR of positive admittance.

~Ia n~' 0 I.her c ire u j Lsop era tea sad mit tan c e or
impedance inverter's. The requirements are that their image

impe!}ance be ,'cal in the frequency band of operation, and

their image phase be some odd multiple of + 90 degrees.

,\ method to con,'ert the protot~'pe filter circuit

consisting of both series and shunt elements into an
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equivalent circuit consisting of either series or shunt

elements usin!! the concept of impedance and admittance

inverters has been descr; bed in details. The derivation of

the expressions for J-inverter (admittance inverter)

parameters in terms of circuit elements have been developed.

Some circuits usually used as impedance inverter and

admittance' inverter are also presented.



CHAPTER-6..._-----

Ji._,) Introducti on-=

Comb-line 'eometry IS a popular structrue in

microwave bandpass filter desing and fabrication. The

structure contains arrays of parallel lines between ground

planes. The resonator's in this type of filter consist of

TEM-mode transmission line elements that are short-circuited

at one cYid and hllve ;).lumped (~apacitance between the other

end of each resonator line element and ground. Comb-line band

pass filter and its equivalent circuitry using identical

open-wire line and inverters are described in details in the

following sections.

Theoretically the attenuation through the filter will

bp. infinite at the frequ{~lIcy for l-lhich the resonator lines
of the comb-line filler are quar.ter wavelength long. Because

of th.i~ property, th,.2 uttunatioll above the primary passband

will be very high and depending on the electrical lerigth of

the resonator line at the passband center, the rate of cut

off on the upper side of the passband can be made to be very
steep. Comb-line geomelr~' IS popular also for its

compacl"c,ss. ~Ioreo,'or; ,.;i Ih this struct.ure, adequate coupling

can be lIIalntaifled bcth'(~'.~n r'~sonalor elements with sizeable

I
I
!'



spacing between resonator lines. Filters of this type can

usually bc fabricated "ithout usin£( dielectric support

materials so that diclectric losses can be

considerably.
eliminated

comb-line bandpass filter in strip line
configuI"ution is presellted in figure 6.1. Here, line 1 to n

along with their as~ociated capacitances, C s to C s1 n

comprise resonators, Hhile lines 0 and n+1 are not
resonators but simp] y part of impedance -transforming
sections at the ends of the filter. Coupling between
resona'tors is aehie,"ed in this type of filter by way of the

fringing fields between resonator lines. Due to the presence

of the lumped capac; tors, the resonator lines will be less

than quarter wave length long at resonance. Als.o the coupling

between the resonators J.S predominantly magnetic in nature
under the aforesaid situation. In absence of the lumped

capaci tors, the length of the resonator lines would be equal
to quarter wavelength long at reSOJlance. As a consequence,
the S1~rIJct~ur0 ~Jo'lJ.d }13\"e no pasRhand. Because, without some
kind of rcactive '.loading at the ends of the ,resonator line

elements, the magnetic and eletric coupling effects would

null if~' e" Chot her. As a I' esui t. the com b -1 in est rue tu I' e

would become a~ all-stop filter.

To avaid ttle difficult situation described above, it
is the usual prac.tic to mal,e the lumped capacitances in this

,type of filter sufficicntly lange. As a result, the resonator

I
lines ,dll be near Ie' 1/8 wavelen£(th or less long at
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resonaflce. Moreover, with sizeable spacings between adjacent
lines it offers efficient coupling between resonators. And

the resulting filter is relatively small.

In this type of filter the second pass-band occurs

when the resonator line elements are somewhat over one-half

wa \' e len g t h Ion g. So, j f the I' e son a t a I' lin e s a I'ell 8

wavelength long at the primary pass-band, the second pass-

band will be centred slightly over four times the centre

frequency of the first T,,-,ss-band, If they are made to be

less than that at the pri1llar~" pass-band, the second pass-band

will be even further remo\"ed. Thus,. a very broad stop band

above the primary passbarld can be achieved with Comb-line

f i 1tel'. Bes ides, proper coup 1i ngs can be rnaintained in

manufactured filters without unreasonable tolerance

requirements.

6. 3 1.'g\!i~-.J~"'"f!t<;.LI:-c\!i-tof Q.omlJ.::.lif!~Elte!:..;..

An approximate equivalent circuit of Comb-line filter

can be obtained by replacing parallel-coupled lines with

their electricall)" equivalent open-ldre-Iine circuit. Using

equivalences between parallel-coupled strip lines and open-

wire-line circuits as shown in figures 4.8 to 4;11 in chapter

4: I such an approxima.Le open-wire-line representation of the

Comb-line filter is sl,o,'n in figure 6.2. Here, it is to be

noted that the nodal points in figure 6.2 correspond to the

nodal points indicated in fi gure 6.1. The circuitry between

nodal points 0 and ]n figure 6.2 is specified with the
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aid of the equivalences shown in figure 4.9 to correspond to

the parallel coupled strip lines between nodal points 0 and

1 in figure 6.1. And the circui try between nodal points 1

and 2. 2 and 3 ,n-l and n, are specified with the

aid of the equivalences shaWl! in figure 4.11 to correspond to

Lhe pairs of parallel coupled sections formed by the strip

lines connected to nodal points 1 and 2, 2 and 3 etc.

In order to modify the circuit shown in figure 6.2 to

a form such that it can be represented using admittance

inverter, the series stubs between nodal points 1 and 2. 2

5.7. "'hus the equivalent circ~it in figure

etc. are

in figure

incorpornted into .J-inverters of the form

6.2 modifies to the form shown in figure 6.3. In the

rearranged circuit each of the inverters consists of a pi-

configuration of a series stub of characteristic admittance

Y=vC", "+1: It=1
admittance

to n-l'

- Y. So,

and

i t

t,,,O

is

shunt stubs

necessary
of characteristic

to increase the

characteristic admittances of the actual shu~t stubs on each

side irl order to compellsa1..e for the ne~ative admittances

ascribed to the inverters. 1his is why shunt stubs 2 to n-l

in figure 6.3 now have the admittances Yak=vICktCk_

l,ktC","+llinstead of just vC". The portion of the circuit in

figure 6.3 between n6dal points 0 and 1 can be converted to

a form consisting ideal transformer by use of the simplifying

con8tr::dnl. that brings about the! properties summarized in

-figure 4.10 with an additional constraint veo = YA

The equivalent circuit of Lhe Comb-line bandpass filter
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Fig. G.3 Rearranged form of fig,' G2 to introducll J- invllrtllr

N = YA
veol

1 2 3

Fig.G.4 Rearranged equivalent form of lhli ,network shown in
fig. G.3
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obtnin~d is as il]ustrntp,.' in fil!ure 6.4.

The equh-alent "i !"'.Ii t. can further be simplified to

J!i,"e a £!ertcornlized for'm. 'Ihi~ c-en bf:' nchievp.d by replcaing

t.he transformer ,dth tll" aid of an admittance inverter J01

in such a fashion as th,' terminatin>! admi ttance GT1 in

fi>!ure 6.4 is specified so that GTI = JoI
2/YA' where the

required ,-alue for J I is as noted in fi>!ure 5.2(e). Finally,o • _

the Comb-line bandpass fil ter takes the generalized

equivalent form as represer,ted in figure 6.5. Here the

boxes marlled AI,Idoll represent resonators which exhibit a

suscept.ance characteris!.;" lil,e that of a shunt resonator in

the vicinity of

defined as

/1.>0' The resonator functions Bk(441) are

"her'e 80 is the midband ele"trical length of the resonator

lines.

Jo~

Fig. 6.S Comb-lin~ bandpas!

\l~neralizQd bandpass

inver ters.

filtH

filtH

Ii 1

r~pr~sQnt~d in thQ form

nQt work with admittancQ

of



6.4 S_umm'!n'_~"

A complete description of the comb-line structure with

necessary illustrations has been presented. Various features

and advantages of this parti.cular structure for microwave

bandpass filter has also been discussed. Equivalent form of

the structure using microwave equivalent networks and

admittance inverter ci.rcuit has been obtained. Finally a

gCI.eralized fOI"m of comb-line bandpass filter is presented.

r,2



CHAPTER-7- .._-_. __ ._-

Comb-line structure is formed with arrays of parallel

lines between ground planes. These lines are also called

resonators. In the structure, the coupling between resonators

is distributed in nature and the el.ectrical properties of

tlle strucl:ure are cllaracteriscd in terms of self and mutual

capacitances. So it is conyenient to workout the design of

the resonator line in terms of capacitances Ck per unit

length of each bar with respect to the ground, and the mutual

capacitances C1t,lt+1per unit. length between adjacent bars K

and K+l. The following sect.iollscontains the design equations

to cnlculal:e these cUJ)ucllonc(~s and other necessary
parameters. The procedure Icc) derive the equations are also

discussed broadly.

The equiyalent circuit. obtained in previous chapter
was the combinatioTl of shunt resonators and J-inverters.
They t.hemsel,"es are defined in terms of self, mutual and

{.

lumped capacitances per unit. length of the resonator lines,

low-pass circuit parameters and some ot.her quantities related

to electrical properties of tI,e structure. So, the design

eql.1aLjon~ for comb-Jjn(:~ ~~Lruct.uT.'e is In terms of the said
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quantities and parameters. The complete set of equations

required to design comb-line band filter are given below. The

notations used 1n the equation are already mentioned in
previous chapters.

I)eHi~n equal~jO[lS iT} mathematical expressions
Equatioll for suscepturlcc sJ.ope parameters:

........ (7.1)

where 9" is the electricoal lenl(th of the resonator elements

at midband frequency "'0'

Equations for terminating admittances are given as:

••••••• (7.2)

and

••••• (7.3)

",llere W is the frnctianal bandwidth.

The nnr'malized capacitances per unit length between each line

and ground can be calculated from the following equations:

ColE: = (376.7y",l.ffr.lll-.,fIGTl/YAI) ..•. (7.4)

C1/E: = (376.7/{Er)IYal-Yi\+GT1-.JI2tan9o)+Co/E. ..(7.5)

C"/(::k=2 to 11-1 = 1376.7/~)IYak-Jk_l.1{tan90-

J J, • i,+1tan90 ) ...•.•.• (7 .6 )

Cn/E:=(376.7/~rl(Yan-YA+GTI1-Jn_l.ntan90)+Cn+l/t .•(7.7)

Cn+1/f. = (37G./Y,\I.[€rlll-J(GTr/YA)) ..•..•.• 17.8)

where E: is the absolute dielectric constant of the medium of

propal(atian and fr is the relative dielectric constant.
-The 11ornl~11ized nll.II.IJnl cnpaci.tatlces
nd,janc'clIt 1 j nc~ a.rr~ P-: i \"~Tl b~,

IH

per unit length between



CollE: = 1376'/YJ\/{E> - ColE: ...•.••• (7.9)

Ck.k+l/E::k=l to n_l=1376.7/~)(Jk.k+ltango) ••. (7.10)

C +1/1 = (376.7y,/JE ) - C +l/E: ..•.•.• (7.11)n,n ~ .'-\ r p

The lumped capacitances are obtained from:

C s,
1< '1<=l.to n- .•..•.. (7.12)

Also the J-inverter

equation:
parameters can be calculated from the

J, I l:k 1 t 1 = (H/Wl')rJlbkbk+1//!,kgk+l)] ... (7.13)',t+ = on-

The comb-line fi 1 tel' design equations can be derived

by usc of the approximale. open-wire .line representation and

other equivalent eircui ls obtained in chapter 6 following

the out lines gh'en b," Cohn[IM. Derivation of all the

equations listed in section 7.2 are presented below.

The expression for J-inverter parameters shown in

equation 17.1~1 can be de;'i"ed by exploiting the expression

for tI,e same paran,eleI's obtained in chapter 5 for a low pass

prototype e;'Tuit. Using 10lo'pass to bandpass transformation

in the same CiITuit lh,~ required expression is available with

simple mathematical manipulation. The lowpass circuit with J-

inverters as shol~n ill figure 5.2(c) can be transformed to a

correspond illg Jumped

frequency transformation
element band pass circuit using the

I I
&l = ('-11/1;)11"'/1,\,)-(11)0/1<1))

"here Iv = (t./2-W11/1o>0 and Wo = JlW2W(l

- - - - (70 I~)

~/, Ul l.tr ".:~t h (~ 1 () t.; p ~J .'::'s r.lTid ban d p 11R8 r n d ian f r e que n c y
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Variables respecti"ely. Then the shunt reactances ""eak in

fl~ure 5.21cl take tI,e form

It cnn be rearrarl~ed as

Hhere

Cr-I,W - I/Lrk.,

Crl< = WI/Cal, /\i~o and L I = Ii / "'I'1tb C kr'< .- oa

Thus the lowpass circuit of filure 5.21cl is transformed to
•

the batldpass circuit as illustrated in figure 7.1 below.

In I

n .1

Fig. 7.1: 8andpass filtH
usinll frC?quency

nC?twork oblained
trans formation.

from low po ss pro tot YPQ

...-

. ~----- ':



The shunt elements in tl,eabo,'e circuuit is equivalent to the

resonators in comb-litl(-! structure. Here

functioll is given by

the resonator

- - - - (7."5)

Now. tl,e resonator slope param~ter i.e. the susceptance slope

parailletel' is gi\'Crl by

lW=t&), 0'

Therefore.

2 dw
= Cr1<lolo

= (WltIH)Cal<

_ - - - (7.16)

Substi tuting this value of Cal< in the expression for J-

inverter parameter obtained in chapter 5. we get

- - - ~ (7.18)
The J-inverters used in the equivalent circuit of

comb-line bBllllpass fil ter j s of the form as shown in figure

5.7. The negative shunt admittances required for these

invertel's are lumped will, the resonator capacitan6es to yield

somewhat smaller net shunt capacitance actually used in

constructing the filter'. However, in the case of the

inverters bet~,;een the r~Ild. resonators and the terminating

Ildmi t lances, this procedure does not HarK since there is no

wa," of absorbing the negath"e admittance that would appear

across the resisti,"" lerminal,ions. This difficulty directly

limi ts the \'alue of I, in the above expression for J-inverter

parameters from 1 to n-l

J ''1<.1<+1'1<=1 t" n-I

l"llus, we can write

- - - (7. 1'1)
NOh', thE' expresBions for th!~ end inverters can be obtained
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directly from equations 15.91 and f5.IO) by replacing thel6w

pass reactance val.ues h'i lh t.he :respective transformed -band

pass values. Then we Ret

The difficulty in analysis mentioned above can be avoided by

analyzing the end couplin£!s In a different way. This method

of analysis for the end couplings leads to the deduction of

the expression of tenninating admittance. Loolting left from

resonator in figure 7.1 into the inverter JOl,the
terminating admittall~e appears

GTI = Jo1
2lYA

= "bl/""l' gog I

SimilarI)", l~e can de<3uce.

- - - (7.21)
'rhe equations for the susceptance slope parameters and

lumped capacitance~ ca" be deduced considering the behaviour

of resonat.ors at midband frequency. At resonance,the

influence uf resonatur fu"ctiol'S Bkfw) becomes null. we have

- - ---(7,22)
at 60) = 1C0• Fe require that B1,lloto"= 0, which calls for

=
=

Now, the susceptance slupe parameter is defined as

bk = f {o)o/ 2) d/ d"" Bk 1Il<'): 101=1010

= (1o)0/2)d/dlo)rwcks - YakcotfEloW/Wol)
/'

llolo/2)1(Yal,c<>I.90)/Wo + f80Yakcosec2Elo)/W)o)

(Yak/2)(cot90 + eocosec2eo) \7.24)
The slope' parameter is meant onl;\' for the resonators. Hence
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the ,-alue of k is limited beth'een 1 and n, i.e. the number
of reSOTlators, so we call ,~rite

and
c S I =I, 'k = 1 to n

- - - (7.25)

The equation describing the mutual capacitances

betHeen resonator line elem,.,nts can be deduced taking into
account the equivalent circuit shoHn in figure 6.3 and its

reorganized form as shown in figure 6.4. Here. the J-inverter

parameters are gi,"erl L~-

- - - - (7.27)

From the above equation we can get the expression for mutual

capacitances per unit length between resonator lines as

Agai" from table ~.l which displays the relations of parallel
coupled

hellee

lines, '~e can easil~' obtain

\" = flE;i IE '\0 - - - - (7. 2.'3)

'CI<, k+ 1. = IE,\::,! IE,.) l.lk ,1,+ 1tan8o)

or, Ck,k+l/E: = 1371).71..jTr)(Jk,!<+ltan90! _ - . (7.30)

The 'expression for the ,1-in,-erter parameter used to deduce

the above equation is due to the inverters Jl2,J23,~ ..Jn-l,n
shm-m in figure 1).4 because of identical construction and

defining equation. But the end in'-erters i.e. Jol and In,n+l

are made of different stY'llcture. It has also got defining
-equaL-ion different fl'()1Jl t.h(~ others. So, the value of k in
th(~ HiJo,-e f~xpr~s~j QT!. J~" r.I1Jviousl.;.' Jimited

1,9
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(n-l). Thus, we obtain the equation for the normalized mutual

capacitance per unit length between the resonator lines as

Now the equation for the mutual capacitance between

the el,d bars and their ad,iacent resonators is to be deduced

e~ploiting the special conslrainls menlioned in figure 4.10
under seclion 4. (; of chapler 4. Consider t.he end bar and
its ad,jacenl resonator i .e. the rect.angular bar marked o
and 1 j,T) figure 6.1, we can write

(y 0 _ y 0)/2
00 oe

using lhe special constraint Y a + Y a = 2YDe 00 A

_ - - - (7,32)

and the usual phenomena Y a = vCoe -a

here YA is the terminali"g admittance as mentioned elsewhere.

we can rearrange the abo\"e equatj.on as

vC' .1"a = (2Y A
Y a _ Y 0)/2
De oe

= YA - \"Co

or, Col = t:'loYA/Hr -Co

"Therefore, Colle = 376. 7Yl',/iE r - ColE
Similarl" • we can obtain for the other end

- - - (7.33)

The self capacitances per unit length of the resonator

lines can be obtained by considering t.he admittances of the
shunt stubs ~earran~ed to illtroduce J-inverters as shown in
figure 6.4. Since each of 'lhe inverters consis"t of a pi

confi~lJrBtioll havin~ a series stub of char"acterietic
admittance Y and tT';O shunt stubs of characteristic
admi ttr.lllce -Y, i t i~ 1l(~r.'.'c'SHi1r:,>' to i nCrCllRC the characteristic
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admittances of the actual shunt stubs on each side in order
to comperlsate for the hc~ati_\re admittances ascribed to the

inverters. For this reason shunt stubs

admittances as follows

will have the

Yal<
or, vCI< = Yal< - vCk_1,k - vCk,k+l

or, C1,/E:= '\.oYak/-lEr- Ck_1,I,/E.- Ck,k+1/E:
= 1376.7/{rr)(l'ak - Jk_1,ktanGo - Jk,k+1taneo)'--(7.36")

The above analysis is justified for the shunt stubs 2 to
In-l) in figure 6.3, Hhich in fact provides the range of
the subscript k. So, He get the equation for the normal.ized

self capacitance per unit

elements as
length of the resonator line

Since the equation obtained above does not
- Jk,k+1tanGo)

- - - - (7,36)give the self
capacitance. of the end bars as Hell as the adjacent

rres.onators, He require different equations for them.-The

equations valid for them are as deduced beloH. . ,
Let us consider th" portion upto node 1 of the

circuit shoHn in figure 6.4 isolated from the rest. Under

this condi tion, from the equivalence shown in figure 4.10.

the admittance of the shunt is supposed to be

- - - - - (7, 37)
But, since it is integrated Hith the rest of the circuit ,in
order t.o accornodate the neJtative shunt admittance -vC12
introduced to form the inverter J12, the admittance of the

IIIUSthe increased h.v the same amount. Hen~e, the
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accurate expression for the said admittance should be

or,
= Y",[1-GT]/Y'")+

CI/E. = ('toIJEr) (Ya1

(since

. (7,3&)

N2:YA/GT)

ColE:•.(7.3'1)

Therefore,

Cl/c = (376.7/JEr)(Yal - YA + UTI - Jl2taneo) + ColE

Similarly, we can deduce .'.'(7.40)

C,/E.. = (376.7/Kr)(Yan-YA+UTn-Jn_l,ntaneol + Cn+l/E:
.... (7".-41)Finally the expression for the self capacitance of the

end bars can be obtained from the equation describing the

mutual capacitance bet"een the end bar and the adjacent

reSOIlator. we have already deduced
..... (7.42)

rearranging the above equation we get
(7.A3)

Now the characteristjc admittance of the inverter

the equivalent ci rc'ui t shot-nl in previous chapter can be
obtained as Jo1=:VCo1:' It implies that.

= 376.7YA/J[ - 376.7J l/JE.:"\ r a r

= (376.7/.fE,.IIY,~-IGT]Y",IJ

( 7.44)

Thus we obtain.

In a similar fashion, ~,'e can deduce

- - . - (7.46)

Equations ShOHillC: yari.ol.1s capaci trlTlces associa.ted with
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,the comb-line structure and equations of some other

parameters necessar'y to design bandpass filter in comb

geometry are listed in this chapter. Derivation of all the
J

equations considering relevant circui ts and equivalent

networks has been carried nut with brief descriptions.



CIIAPTER-8---_ .._------

By [lOW l~e are In n position to go for the design of

an experimental five resonator Comb-line bandpass filter.

Vari ous terms I paranH:ter":,:, and quantities discussed in

previous chapters will nOl' be used to compute necessary

dimensions in order to realize the filter physically. It has

alread" been mentioned earl ier that the Comb-line filters

contain arrays of parallel lines between ground planes. So,

the design of the experimental filter must be directed to

obtain various dimerlsions of the line elements comprising the

arra,' as I;e11 as the sepa ra t iilg di stances between adjacent

plernent:s. This ()b,j~C't:iv(: is achieved in steps together with

the selection of 1Oh'-PT.l3~ pr'olot~"pe fi 1ter parameters' from

Saal's catalogueUtiJ]. The design of the experimental 'comb-

line filter under consideration is, presented in details in

the following,section.

8.2 Des iJ:l!! Procedu re :

In the desi.gn procedure, the lumped-element prototype

filter parameters are used to achieve bandpass filter having

approximately the salllC response properties. Thus, using a

l.u mpe d - e 1e men t pro tot ,Y P" h a " i n g a Che b yc h e v res po n s e

characteristics, the corr'e~p()ndin.g hand-pass filter response



"ill also be Chebychev 1n nature. FiAure 8.1 shows the low-

pass prototype circuit under cOllsideration. The corresponding

band-pass filter circuit "hich can be obtained directly f~om

the prototype by a lOH-pass to bandpass transformation

discussed in chapte 2 IS shoHn 1n figure 8.2. Note that the

r i ve f' e u c t i. v (~ c 1. (~III C fI f. s i JI the pro tot ypee ire u i t i B

traIlS formed into five reSOllators 1n the corresponding band-

pass ci rcui t as has lJeen exp.la inen in chapter 2.

The band-pass filter circuit contains both series and

shunt resonators, Such type of structure is difficult to

realize practicall)', In order to facilitate the practical

realization of the filter, the series resonators in the above

structure 1S transformed into shunt reosnators using

admittance i,flverlet's as tlas been discussed in chapter 5. The

equivalent circuit t.hus obt:aicnd is illustrated in figure

8 .3, Se ries res anat 0 rs (L2 'C 2) and (L 4 :C 4) are now shu n t

resonators lille ILI,Cll etc. and incorporated in B2(&.l)and

To carry out the desiAn of a five resonator comb-line

bandpass filter usi,,'g the design 'formulas discussed in

previous chapter, the 10Hpass prototype filter parameters

10,11"", ,g6 and the cut off point are selected first. Next

the tel'minati"A line '''Jmit.tance, the midband electrical

length of the resonator line, the fractional bandwidth and

the normalized line admittances must all 'be specified

proper I)'. Usua 11)' iI, J S conv en ien t: to make th'e midband

e] ect.ri cal len!:!th r;~qua.l to 7C:./1J radinns or less. The choice of
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Fig. 8.1 A fivQ QlemQnt low pass prototype filter circuit having
cheby ev response
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go C1

Fig. 8.2A five resonator bandpass filter circuit. corresponding to
the lowpass prototype shown in fig.8.1

Fig. 8.3 Equivalent network of the fiH resonator bandpass filter
circuit. using admittance inverter,'
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the resonator line admittance fixes the admittance level

",ithin the filter. The term line admittance is interpreted

physically as the admittance of line k with the adjacent

lines lit-I) and lk+ll l!rounded. Then the dimensions of the

resonalors and the spacin~s bet'.;een adjacent resonators is

obtained from Getsinl!er's dlart[(3J b~' computing the required

capacitance ,.alucs usin.e: t.he equalions l!iven in chapter 7.

Table belo'H surnmarizps \.arlOUS parameters selected and used

in the desil1n of the experimental five resonator Comb-line

bandpass filter.

Low-pass prototype filter parameters

go = I, gl = 0.9732, l!2 = 1.372, g3 = 1.803.

g<j = 1.372, gs = 0.9732, g6 = 1

Terminatinl! admittance, YA = 0.02 mho

l'lidbandelectrical lcnl!th of resonator line,Qo=ir/4 rad.

Fractional barld"idth, W = 0.10

Normalized line admittance, (Yak/YAI = 0.677

Separation between l!round plates, b = 0.625 inch.

Thicklless of resonator line element t = 0.188 inch.

Passband Chebychev ripple = 0.1 dB.

•
The cross-section of an array of parallel-coupled

.lines used in a cOlllb-.lirH:~ filter is similar to tha.t as shown

I'

all. the bars have the same
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thic}tJleSS giving same t/b ratio. The other cross-sectional

dimensions of the bars can be obtained with the aid of the

Getsinger's charts after computing the values of normalized

self and mutual capacitances per unit length of the line

elements using the respective equations given in previous

chapter. Since,
.. - . ,(~.I)

Getsinger's charts shol.n in filure 4.2(a) can be used for the

specific value of t/b (,...hich is 0.3 for the design under

consideration) to determine Sk,ktl/b. In this manner, the

spacings Sk,ktl betl.een all the bars are obtained. At the

same time, using the chart shown in the same figure, the

normalized fringing capacitances, (efe'lk,ktl associated with

each gap, Sk,ktl bet,.een the bars is obtained. The normalized
Hi dl:h of the Id.h haT' is then c:aIculaterl

as fu.l.loHs:

from the equation

_ .. (8.2) I'
'.,

In case of the bars at the ends of the array (i. e. bar 0

and 6 ln figure 6.1), Cfe'/E. for the edge of the bar that

has no neighbour must be replaced by Cf'/E. i.e. the
normalized frineiTlg capacitance for aTI isolated bar which is

directly available from the plot show in figure 4.2(b). Then

Hidth of bar 0 sl,oulrlbc c:alculated as

Also the width of bar G i.s'.calculat.edin a similar fashion.

78 't'

, '
'!



Various par~meters thus computed in the design of the

experimental. fiye resonator comb-line band-pass filter are

given in table 8.1 belo,".

T'~lJLeJ!..J

Ck,k+l/f Cks

<*10-12)

Wk
linch)

Sk,k+1
(inch)

0 0.000 5.281 2.252 0.000 0.353 O. 109
1 0.075 2.953 0.567 1.445 0.151 0.328
2 0.055 4.116 0.416 1.445 0.192 0.386
3 0.055 4.266 0.416 1.445 0.195 0.386
4 0.075 4 .116 0.567 1.445 0.192 0.328
5 0.000 2.953 2.252 1.445 0.151 0.109
6 5.281 0.000 0.353

A complete diaqram of the experimental filter hence

designed is illusLrated in filure 8.4.

Procedure to desiqn a five resonator comb line filter

taking lumped low-pass filter parameters from published paper

has been presented. Selection of parameters and quantities

other Lhor, the 10" pass "lamenL values has also been

discussed. Physical dimcnLions of the resonator elements were

calculated followilll Lhe procedure discussed in chapter four.
-Computed results has been tabulrlted.
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CIIAPTER-9

\!!1. 1ntroduct,ion:

1n or.-der ,to c,stablish the validity of the design

technique deyeloped in this Hork and described in previous

chapte1~s, an experimental filter has been constructed and

tested by measurin, ti,e inserti6n loss characteristics of the

filter. Details of fabric"tion and 'the method of measurement

is described in subsequerlt sections.

9. 2 f~J)'.:ic~tion 9f .the exp!"s,i.me.T1.talf.iJ. ter..;,

A complete dnlldng of the filter with the dimensions

l.Jas presented in fi!:!un, 8.4 1n the previous chapter. An

exper.imenLal filter has been constructed by machining and

cutUn!:! b[-ass plates. T1w cross section"l view of the f'ilter

shops that the resonator elements are flanked by two cover

plates "hieh are meetin!! the purpose of ground plates. These

ground plates "ere made b~--cutting and machining brass plates

"ith .Less eff6rt as ti,e dimensions were large enough and

precision could be obtained easil~'. But the cutting and

machining of the resonator elements llnd the pieces in between

"ere n6t that easy. Since the dimensions of these pieces were

in f1'i1C:I. i on of i.nchf~~~ lJptn Ltd rd decimaJ place it took much

attention "nd careful machining to obtain accuracy in making

Lhes'~: snliJ.ll pieC:f~s 17j\'~ r"esottat:or e].ements. and two
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transformer eleme"ts of identical thickness but different

widths "ere cut from a br'ass plate having a thickness of 0.25

inch and machined

accoI'dirl~ to the

carefully to obtain proper dimensions

desiR,•. And the adjustable blocks ensuring

proper separations betweeri transforming element~ and

reSOfla tors and respons,i ble for the lumped capacitance were

made of a 0.50 inch thiel< brass plate. In order to make. the

total thickness of the physicall~' realized filter equal to

1.0 inch, eacl. of the cover plates were made of brass plates

having a thicJ<ness of 0.25 inchs. Finall~' the machined pieces

"ere arrayed in the designed fashion and tied together with

flat-top machine screws made of brass. With a view to make

communication ,.ith the instruments connected at the input and

output terminals b.o RS SO 239 socJ<ets were set at the

,'espeetive transfo)"mer eJemer,ts. Fi~ure 8.4 clearly shows the

connection of these connectors to the input and output

transfor"mer elements. Photographs of the constructed filter

without the top cover plate are shown in next two pages,;~ f~.q.7
6lhd. ri9. q.8

0.
(
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9.3 Measurement of Insert,ion 1_9_S.,!~h~J"-"ct~_t:.is.tics:

The block diagram of the arrangement for measuring the

insertion loss 0 f a f i 1 ter b~' means of a power meter()~1and

thermistor mount is shown ,in figure 9.1. Before going into

the measurement let us have a brief discussion on the

mcasur'j,ng T.lr'rl.ln,gemf-,~llt. Th,_~ 1.lf'r'an~emcnt: consists of a hp-430C

micrOl~ave pOl~er meter and a 177B coaxial thermistor mount as

sho,m in figure 9.2. Hi lh the help of this arrangement

averalle power upto 10 mli may be measured if the frequency

range is within 10 mcls t.o 10 Gc/s. The thermistor is a

resisli,'e device capable of dissipating radio frequency power

and can change resislance using t.he thermal energy

absorbed.It has a negative co-efficient of temperature and is

constructedgenerall)' of a ,small amount of semiconducting

mat,ed"J suspended 10,' t,,<, fine ,.ires. The hI' 477B coaxial

thermistor moullt is designed to operate at 200 ohm

resislnrlce with Tlegati,'c temperature coefficient.

In this measuring arrallgement. the thermistor mount

forms one leg of a self balancing bridge of the power meter.

Ti,e power meter contaills such a bridge, a 10.8 Kc oscillator,

a d.c. bias circuit and a met.er circuit. Initially, the

thermistor element is connect.ed to the instrument bridge

cir<.:ui t. I",eping the bi as off but is not connected to the r. f.

power source. The t.henJlistor mount bridge is balanced when

the element changes from it.s cold resistance to its

operating resistance. The change tal,es place as the element

absorbs pOl",~r from the usc.i .lla tor and d. c. power from the
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bias circuit of the pOl,er meter.

NOH, we intend to measure the insertion loss

characteristics of the constru~ted experimental comb-line

bandpass filter. To achieve this, the input and output power

of the filter were m",asured at different frequencies within

t.he. pa~gband using t.he pr)h'er' meter and thermistor mount. This

was done in the foll.ol:;n!! marmer. First, the indicator of the '.,l

pOHer mete-I' is set zero b~' means of zero setting nabs.The

power range indicator is I<ept at 10 mlYposition. The r.f.

pOl,er source 1S then connected to the thermistor mount. The

ther'mis tor element absorbs the external r. f. power, gets

heated, and changes its ['esistance which unbalances the

bridge. This Bctiorl causes th", output from the oscillator

inside the po"er meter to decreBse to accomodate the external

r,f. po"cr through the thermistor element. The meter circuit

inside the power m~t.cr measures the am6unt of this power

decrease from the oscillator of the po"ermeter and displays

the result of measurement over a calibrated scale as the

power irler'ease clue t() the external r.f. source. This power is
noted as input po"er,Then the filter whose insertion loss

characteristics is to be measured is inserted ih between the

r. f, pOh'er source and the thermistor mount. The power now

indicated by the needle on the calibrated display board is

noted as the output Ti()l'er, Repeating this procedure readings

l-ifc_'J'(' ":.lh(~n 1.1t eli ff(?f'f~Jl1 fT"f~r:Juen(::i es within the passband.

0utpu'L pcn.;er be-in.£! \-~r~. to,.; outsidethe pass band, it was

measured b:,-- h.eepinlt t.hr~ po\.'f~r ru.nJte indicator ~of the power
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meter at 0.1 mWposition, Then the ratio of the output power

to the input po"er is calclliated and the insertion loss is

calculated in dB.

Follo"ing the procedure described above, there sets of

readings "ere talren, Fi rsl set "as taken immediately after

assemblillg the fil tel' "i thoul proper tuning. Second set of

readings "ere talrell cr'eating proper tuning by following'the

lunillg methorJ described in section 9.4. Third set of readings

were laken under same tunic,g condition "ith the connection to

the input and output' terminals of' the filter interchanged.

Insertion loss in dB for all the individual readings of, the

three sets of observations "ere calculated and are tabulated

in appendix-C, appendi x-I) and appendix-E, The curves of

insertion loss against frequency are plotted using three sets

of reudings und ar', presented in figures 9.4, 9.5 and 9.6

respectively. The theoretic,d plot of the insertion loss is

s.lo,~rl iTl fj.~tJre 9.3.

It fS obvious from the measured plots that tuning

plays a significant role in this t~'pe of filters. Without

p,'oper tuning the desired respose can not be obtained. It

capacitance bet"eenmeans the lumped

resonators and ttlC ~l'ound has significant

one end of

influence on

the

the
response of the filt,,,,, A little ,'ariation of the values of

thesr~ capaci Lances chall'lcs the performance including shifting

the position of the pass hand.
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The f i 1tel' has been tuned with the grounded sliding

blocks. each of which form one side of the parallel plate

lumped capacitances connected at the open circuited tip of

each of the resonator's. Since the structure has symmetry so

it was thought I.hat fo,' a fj "" resonator the tuning should be

done by sliding tile blocks with resonator lines 1 and 5

first, then lines 2 and 4, and then line 3. In this way by

small incr'(~rnental ctlanJ!es a first luning was obtained.

Usually such a tuning proced.ure requires a sweep generator

and display system. or.a Net"'ork Analyzer, or a Time Domain

ReflectometerlTDR) system so tl,at one can observe the effect

of the adjustments on the passband and stopbands

simultaneously. Unfort"nately only discrete frequency

m~'~;:l~llr~m(~rlt s"'gt(~,,, l,'j t,ll f1 T)()h'~~r meter j s availble in the

laboratory. As a result. it was not possible to observe the

effect of any adjustment o\'er the entire passband. However,

tuning was done by first improving the attenuation value at a

frequency near the lower bandedge and then at another

frequency near the upper bandedge. The process was continued

on tllose tlJO fi,xed freque?ci,CR un1:il no further improvements

could be obtained.

Construction of the experimental fil ter .has been

described. ~Iethorl of measurement and the working principles

with brief description of mcasurin~ instruments are also

94
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l!i,"en In t.his chapter", '"!easured at.t.enuat.ion charact.eristics

of the const.ruct.ed filt.er under t.wo tuning conditions have

been presented, Tuninl! procedure used to obtain desired

response lIas beerl discussed.



Q!!APTER-IO

A method has been developed for designing narrow band

mi c r en.:,J \" ~ b a IJd pas 5 . f i J t. (~ r' inth i s w 0 r h:. 1 nth ism e tho d a

Chebyc!"',,, lumped 10H-pass protot.~'pe has been transformed to

dist.ributed bar.dpass filter. Such a distribut~d bandpass

fil tel' contains bot.h series and shunt resonators. Using

admittance inverter and other microHave equivalent network of

shunt resonat.or, ultimatel~' t.he equivalent network of the

filter is obt.ained in the form of coupled TEM lines in comb

geometry.

Follo\,oing the realization procedure developed in this

h'orh:, a bandpass f'i I LeI' .i s (h.'~i !tried and constructed for a

center fn"cl'J!""'~' of 1680 ~ll1z Hith 10% bandwidth i.e. a

bandHidth of 168 ~llIz. The fi Iter is designed to have a

maximum passband attenuation of 0.10 dB. The attenuation

character.j.sLies measur"ed after lurlin~ are shown in fi~ure 9.5
and figul'e 9.6 Both these plots were supposed to be

ident.ical since the 'calculat"d dim,ensions of the resonators

and the tt'ansformeI.~ elell1'~nt.~ are symmetrical. But a little

variati.on is observed bet"'een the t".o curves. This is due to

the fa c t t.hat the ph," s i, c a I dim ens ion s oft h e t I' a nsf 0 I'mer

elements as Hell as the irl"ntical r"sonators could not be

ma(ic exactJ.y equal. ~loreo,'er ~ap between resonators could not
be IIInitujJlc.d i.dentic:ll n.nd tllcreby ~ymrnetry was lost to a



little extent resultin>!, a little variati.on between the

cur\re~. Tile nlcnsured attclluat:ion characteristics obtained

arter tuning shows that the rn,,,,imum passband attenuation is

about 3,25 dB an.d the bandwidth is around 160 MHz and the

midband fr'equene,' is J,15 ~IBz, So, it is observed that the

mllx.illlulll pus~batld attcJlual.ioll is more than the theoretically

predicled ,"al.ue and t.ile center frequerlcy has increased by

2,08% ,.,hi J." the iJar"h,Ldth ,'emained almost equal to the

desired value, If a comparison is made between the

atlenuation curves of the filter before and after tuning I it

is observed that tuning improves the response to a large

extent.

The filter was cOllstrucled by machining brass plates,'

A high degree or accuracy i.n physical dime~sion is required

for the consLruct.ion or this tn,e of filters, Introduction of

inaccuracy to physical dimension of resonator or transformer

element influences Ihe over' all performarlce highly. Such as a

little irraccuracy introduced in the lengths of resonator

elements Ch,:Hlges the center frequenc;v. Increase in length of

resonator decr'eases the ",!lue of the center frequency while

a little bit of decrease in Jer,gth increases the value of the

center frequency, llere it is to be noted that a small change

ill J_erlgt:h of the resonnt:or IJ,nes causes a significant change
in the center frequene,', This is probably the reason behind

the shifting of the CI,nter frequency of the experimental

filter,

Atlother area responsible for i.ntroducing error is the
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Getsinger's chart. Curyes of AC against sib in figure

4.2(a) sho"s that a change in the spacing between the

lines(s) causes considerable cllange in mutual capacitance
be tlveen 1 illes ( 6.CI. It is yen- likel~' that due to the

inaccuriJ.CY of machinin~ SOllIe error may be introduced in the

interbar spacings. This causes a change in the value of

mutual capacitance ~.;h j chi n t ern causes a change in the

response of the filter. ~loreover during measurement it has

been obseryed that lumped c"pacitance bet"een the resonator

arid grotJlld llas gol a sensitive effecl all the response of the

filter. Slight adjustment of the grounded sliding block by

means of tuning Beret.' chan~es the response very much. The

influellCC of the sliding blocks nearest to the input and

out put t l-a nsf a rille l- e 1Crn e n ton the I' e spa n s e ish i g h I y

remarlwbJ e. Since thes,", blocl<s "ere not identical in shape

and sjze, it may br~ l'f~spoflgible to some extent for the

\'ari11tion in tile attenunt.iorl cllaracteristics of the filter.

The setting of il'put and output connectors to the

respecti.ve transformer el.ement. "as'a difficult job. For the

connection bet"een t.he transformer element and the connector

it l~as necessary to constract 3 coaxial transmission line of.
50 ohm. But. due to t.he l.ack of accuracy in physical dimension

and for the fact. t.hat. the central conductor may become

eccentric 1Jith the outer COJ1rluclor of the transmission line,

the c!laJ°rlcLeri st i.e i.mpcdalJc~2' may not rema.in 50 ohm. In fact,

due t.o the difficult,'- faced in m"chi.ning and setting it was

to maiIltnfn
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those connections, As a result at' the inp'ut and output ports

impedance mismatch may be present, This type of impedance

mismatch is ,"ery mucll unl~nnted. It causes an increase in loss
in the passband, At the same time loss of power in the

connectors itself increases attenuation in the pass-band.

~1a I' e 0 vcr. the a I' e tic a 1 .1y t his t)' Pe 0 f f i 1 t e r s h 0 u 1 d be

constructed with materials having infinite conductivity. The

brass plates used for the construction of the filter were

purchased from local market and were not meant for this kind

of work. This ordinary brass material may also cause some

loss in the passband.

Tal,ing into consideration the availab'ility of

materials and fabrication facilities, it can be said that the

discrepancies that appear:ed between the theoretical and

measured charact.erist:ics ,,'as '-cry much within tolerable

range, Even it can be concl'uded that utilizing the existing

facili ties fil tel'S in lhe GlIz frequency range can be

desigr,ed and constructed with satisfactory measured

performance and the experimental filter was more or less in

good agreement with tl,eory,

Suggestions for future work

The design method presented in this work is valid for

Chehychcy filLers anI)', It JS wort,hwhile

"-possibilit). of extending this method for

investigating the

elliptic-function

,bandpass filters and secing whether for elliptic function

also one can obtain sim,i lar physically realizeable 'combline

gc()met:ry. This remains to be ~lofle i.n future.
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Appendix-A

Program to calculate line parameters
g (7 ),b (7),j (7,7),c (7 ,7 ),cs(7 ),ya (7 )
combline filter design.
open "a:dfile.app" for output as #3: close #3

rem
rem
cIs
Iprint "designing a 5 resonator combline filter with chebychev
characterstic"
pi = 3.14159: print "dummy";pi;sin«pi*60)/180)
epsiIonO=8.854*10'12: epsiIonr=l
epsilon=epsilonO*epsilonr
g(1)=1:g(2)=.9732:g(3)=1.372:g(4)=1.803:g(5)=1.372:g(6)=.9732:g(7)=1
f1=1.57*10'9: f2=1.8*10'9
fo=1.68*10'9
wo=2*pi*fo
w1u=2*pi*f1
w1lp=1
lambda=(3*10'10/fo)/2.54
w1=1: wb=.l: ya1=.02
Iprint l'f1=11; f2=";f2;";fo=";fo
for k=2 to 6: b(k)=.87*ya1: ya(k)=.677*ya1: next k
ya(1)=1/50: ya(7)=1/50
thetaO=pi/4: b=.625: t=.188: rho=.l
rem w1=2*pi*1.1*10'9
ap=10*10g(1-rho'2) ,
Iprint Ilmaxm. passaband attenuation=";ap;'1dbll

Iprint "rho=!t;rho;"; w=!I;wb
for k=2 to 6
b(k)=ya(k)*«1/tan(thetaO»+thetaO*(1/'sin(thetaO»'2)/2
next k
gt2=wb*b(2)/(g(1)*g(2)*w1lp)
for k=2 to 5
j(k,k+1)=(wb/w11p)*sqr(b(k)*b(k+1»/(g(k)*g(k+1»)
next k
gt6=wb*b(6)/(g(6)*g(7)*w1lp)
c(1,1)=(376.7*ya1/sqr(epsilonr»*(1-sqr(gt2/ya1»
c(2,2)=(376.7*ya1/sqr(epsilonr»*ya(2)/ya1)-1+(gt2/ya1)-
(j(2,3)/ya1)*tan(thetaO»+c(1,1)
for k=3 to 5
c(k,k)=(376.7*ya1/sqr(epsilonr»*(ya(k)/ya1)-
(j(k-1,k)/ya1)*tan(thetaO)-(j(k,k+1)/ya1)*tan(thetaO»; next k
c(7,7)=(376.7*ya1/sqr(epsilonr»*(1-sqr(gt6/ya1»
c(6,6)=(376.7)*ya1/sqr(epsilonr»*(ya(6)/ya1)-1+(gt6/ya1)-
(j(5,6)/ya1)*tan(thetaO»+c(7,7)
c(1,2)=376.7*ya1/sqr(epsilonr)-c(1,1)
for k=2 to 5
c(k,k+1)=(376.7*ya1/sqr(epsilonr»*«j(k,k+1)/ya1)*tan(thetaO»
next k
c(6,7)=376.7*ya1/sqr(epsilonr)-c(7,7)
for'k=2 to 6: cs(k)=(ya(k)*(l/tan(thetao»/wo: next k
Iprint "lowpass parameters:"
Iprint "g(1...7):"g(2);g (3);g (4) ;g (5) ;g (6);g (7)
lprint "j inverter impedances j12 ...j67:"

10 dim
20
30
40
50

350
360

370
380

390
400
410
420
430
440
450
460
470

60
70
80
90

100
110
120
130
140
150
160
170
180
190
200
210
220
230
240
250
260
270
280
290
300
310
320
330
340
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480 Iprint j(1,2)/ya1;j(2,3)/ya1;j(3,4)/ya1;j(4,5)/ya1;j(5,6)/ya1;
j(6,7)/ya1

490 Iprint "----------------------------------------------------"
500 Iprint "coupling ,capacitances:"
510 Iprint c(1,2);c(2,3);c(3,4);c(4,5);0(5,6);0(6,7)
520 Iprint "----------------------------------------------------"
530 Iprint "self oapaoitanoes:"
540 Iprint 0 (1,1) ;c (2,2) ;0 (3,3) ;c (4,4>';c(5,5) ;0 (6,6) ;0 (7,7 )
550 Iprint "----------------------------------------------------"
560 Iprint "lumped capaoitances:"
570 Iprint "os(1 ...7):"
580 Iprint os(l) ;os(2) ;os(3) ;cs(4) ;os(5) ;os(6) ;os(7)
590 Iprint "----------------------------------------------------"
600 Iprint "za=l'/ya= ";/ya1;"; za1=1/ya1=";1/ya(1);" za2=";1/ya(2);"

za3=";1/ya(3);" za4=";1/ya(4);"za5=";1/ya(5);" za6=";1/ya(6);"
za7=";1/ya(7)

610 Iprint "-------------.----------- -------------------- --------"
620 Iprint"lambda=";lambda;";lambda/4=";lambda/4;"; lambda/8=";

lambda/8; "inoh"

Appendix-B

Program to oalculate widths of rectangular bars
10 dim oc (7,7) ,s (7,7) ,m (6),fo (7,7) ,w (7),so (7)
20 rem oombline filter desine
30 rem open "a:dfile.app" for output as #3: olose #3
40 cIs
50 Iprint "oaloulation of widths of reotangular bars and fringing

capacitances using getsinger's charts"
60 t=.188: b=.625: 1=.8
70 Iprint "fringing oapaoitanoe for an isolated reotangular bar

from getsinger's ohart(for t/b=.3),1=.8"
80 00(1,2)=2.252879: 00(2,3)=.567379: 00(3,4)=.416847:oc(4,5)=.416847:

00(5,6)=.567379: cc(6,7)=2.252879
90 m(1)=.175: m(2)=.525: m(3)=.62: m(4)=.62: m(5)=.525: m(6)=.175

100 fc(1,2)=.225: fo(2,3)=.56: fo(3,4)=.62: fo(4,5)=.62: fo(5,6)=.56:
fo(6,7)=.225

110 for k=l to 6:s(k,k+1)=m(k)*b: next k
120 so(1)=5.281121: so(2)=2.953934: so(3)=4.116291: sc(4)=4.266824:

so(5)=4.116291: so(6)=2.953934: so(7)=5.281121
130 w (1)=b* .5*(1- .3)*((.5*sc (1))-I-f0 (1,2))
140 for k=2to 6: w(kl=b*.5*(1-.3)*«.5*so(k»-fo(k-1,k)-fo(k,k+1»:

next k
150 w(7)=b*.5*(1-.3)*( .5*so(7»-fo(6,7)-1)
160 Iprint "separation between rectangular bars:"
170 Iprint s (1,2) ;s(2 ,3);s (3,4 );s (4,5);s (5,6 );s (6 ,7 ); "inohs"
180 ~print "--------------------------------------------------"
190 Iprint "widths of reotangular bar's:"
200 Iprint w(l); w(2); w(3); w(4); w(5); w(6); w(7).; "inohs"
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Appendi1S.-::9

~leasured altenuation characteristics

of the constl-ucted filter. (Before tuning)

Frequency I in Hlizi At.tenuation (in dB)

1930 30.15
1940 26.85
1950 22.46
1960 1i.28
19iO 15.3i
1980 10.68.
1990 1.80
2000 0.00
2010 2. 16
2020 3.li
2030 1.63
2040 10.91
2050 18. 12
2060. 28.05

1()~,



~Ieasured attenuation characteristics

of the construcled filler (After tuning)

Frequency

lin ~lHz)

Attenuation
lin dB)

Frequency

(in ~lIIz)

Attenuation

(in dB)

1565 39.03 1710 3.39
1570 34.25 1720 2.76
1580 26.02 1730 1.69
1590 21. 25 1740 0.20
1600 16,02 1750 1.82
1610 13.li ]760 2.30
1620 10.21 1770 0.40
1630 9.37 1780 1.16
1640 3.50 1790 0.06
1650 0.44 1800 7.92
166ll 1.91 18]0 11.97
]670 0.23 ]820 18.12
]680 0.70 1830 24.15
1690 0.00 1840 36.37
1700 ].51
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~Ieasured atttenuation characteristics of the

constructed filter after tuning with the

connection to the input and output terminals interchanged.

Frequenc~- Attenuation Frequency Attenuation
(in ~IHz i (in dB) Iin HHz) (in dB)

1565 39.0Q 1710 1.63
1570 34.25 1720 3.25
1580 26.50 1730 2.09
1590 21.00 1740 0.00
1600 17.26 1750 1.14
1610 12.15 1760 0.56
1620 10.0!) 1770 0.84
1630 6.87 1780 0.26
1640 0.30 1790 0.00
1650 1.64 1800 6.99
1660 2. 12 1810 11.90
1670 0.41 1820 18.06
1680 1.28 1830 24.25
1690 -0.00 1840 36.45
1700

106'
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