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ABSTRACT

. & design wmethod is developed for designing a band-
pass elliptic function filter using resonators made up 6f Tﬁﬂ
transmissiqn - line sedments. Each resonsating segment of
trahsmiséibn line is of half-wave length long at the center
frequency of the band-pass filter: Each of these resonating

segment 1is short c¢ircuited at both ends and is stepped in

imped&nce at an electrical distance of n/3 from one end of the

resonator so that the other fraction of length is (m-w/3). The

AN

resonstors are coupled slong the sides with an arrangement to

achieve nesrest neighbor interaction only.

This design method starts with a lumped 1low-pass
prototype. A lumped low-pass to distributed band-pass
transformation is used to transform to a physically realizable
band-pass structurei For physical realization +the obtained
distributed band-pass fiiter is modified ‘50 that it can be
feﬁlized with stepped 1impedance half-wave transmission lines
short circuited at both ends. For this purpose, equivalence is
established between =a segmen; of resonators of the distributed

band-pass filter circuit sand =8 segment of both end short

circuited transmission line considering the point of stepping

(vii)
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as the input port. Ultimately the band pass filter has been
resnlized in the form coupled steppsd impedance lines. Two
transformer elements are needed for coupling at the input  and
output ports of the filter. The transforﬁer coupling allows t§
change the impedance 1levels of the short circuited steéped
impedance coupled lines in the middle porﬁion of the filter.

An elliptic function filter has beeﬁ chosen because
it has got an upper hand over the other filter responses namely
butterworth and chebychev filter responsés. _Butterwdrth
response gives naximallf flat .pass—band) very wide bandwidth
and stop-band to pass-band transition is not steep, which makes
it unsuitable for harrow-bgnd band—pass filtey design. Again
chebychev response has stééper transition from stop-bend to
pass—banﬁ but still not suitable for some .pfactical
épplications. Considering fheses points, an elliétic function
filter may be. designed for narrower bandwidth. It has steeper .
frénsition from stop-band to pass-band and the difference

between maximum pass-band attenuation and minimum stop-band

‘attenpation is larder compared to other two filter responses.

(viii)
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Based on the developed analytic design method a
computer program in FORTRAN has been prepared for designing
this type of filters. With the help of this program a fivé
resonator 1% bandwidth elliptic function filter has been
designed for 2.0 GHz center frequency. From the line parameters

thus obtained, the physical dimensions of the filter are next’

computed with the help of previcusly published graphs eand

analytical expressions. UUsing these values an experimental
filter has been fabricated and measured in the laboratory. The

designed parsmeters and the measured results are presented.

(ix)
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LYST OF PRINCIPAY., SYMBOLS

Radian freéuency variable for band-pase filter
Radian frequency variable for low-pass prototype filter
Fractional bandwidth

Midband radian freguency

Propagation constant per unit length

Image attenuation constant

Image phase constant

Incident power |

Power loss ratio

Reflection coefficient

Input reflection coefficient for lossless network

Conjugate of T

" Insertion loss in dB

Real and non-negative polynomials
Transmission line constants
Voltage transformation ratio
Characferistic admittance

Image iﬁpedances

Arbitrary stepped impedance plane
Resonant angular velocity

Absolute dielectric constant

(x)
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Ck, k+1

Relative dielectric constant
Intrinsic impedsnce of free mpace
Width of the kth bar

Spacing between kth and (k+1)th lines
Thickness of the rectangular bar
Ground plsate spaciné

Fringing capacitance

Self capacitancs

Hutual capacitance between kth and (k+1)th lines
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Introduction

1.1 Historical Backdround : From the beginning of microwave

engineering until today, filter design has been a persistent
and fruitful field of investigation. According to Cohn (1]
there are two very good reasons for the continuing
attraction of microwave filters. The first is the ever
increasing importance of filters to wmicrowave systems, as
these systems become more complex and as the spectrum
becomes more densely filled with signals. The second reason
is ar éingular appeal of microwave filters for creative
study. This appeal results from the amenability of filter
ci;cuits to theoretical analysis, the unlimited variety of
circuits and structures, and the close experimental
agreements that can usually be achieved.

N AaQaﬁceé'{ﬁ filter design fortunately are keeping
pﬁdé ﬁith Athe'éfowiné needs. In early days of microwave
wbrk, rfiltérs were designed by means of hit-or-miss image
par;metér thé&fy and‘ by analpgy to single- and double-tuned
if ;trﬁnéforﬁgrs.iﬂééid progress led to more sophisticated
d;signlfiéld{ﬁg. ﬁﬁximally flat and equal ripple responses.

In wmost practicel cases today filters are designed as

1
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distribnted constant approximations to rigorous prototype

circuits. Developing formulas, simple to use yet vielding
highly accurate approximﬁtions hgs préved to be 8
fascinating occupation for many endineers lesding ’to a8,
wealth of design information in fechnical litersture.

An exacﬁ method of designing microwsve filfers waSs
bgsed on Richards™ (2] trﬁnsformation, which was only for
microﬁave 'circﬁits with.commensurable line lengths. His {2]
transformation mapped the resl-frequency axis of the 1umpéd
constant pratotype onto finite vportions of the _real—
frequency sxis of the fransmission line cirecuit snd then the
response pattern was fepeated periodically. Physically the
this repetition corresponded to repeated increments of one
half wave length in the electrical line lengths of the
transmission line circuit 8s the freguency increased.l A
remarkably accurate formula for the midband—dissipatioﬁ loss
of bandvpﬁss filters was given by Cohn [3] for well matched
filters +that sre designed from a low-pass prototype. Filters

using circulsar rods were constrncted by Cristsl {4]. Each

resonator was one gonarter wave length long 8t bsnd center

‘when the ends of the rods were open circunited. As in the

' parallel coupled filter, the resonstor spacings were not

very criticasl. In sddition +the resonstors commended itself

“for many spplications by its compact form.



A number of structures were analyzed by Bolljiahn

and Matthaei [5] which consist of arrays of parallel
conductors bhetween ground plsnes or sbove s single ground
plane. These included interdigitsl 1line, mesnder line, =

form of helix, "hairpin 1line”, sand resctively losded

combline. They [5} salso derived the egquations for
determining the phase function per section of line in

terms of voltage coupling factors Kln which were obtained
from the static capacitasnces per unit = length of +the

conductors. Their resnlts indicsted +thst certsin of the

structures had specisal merit for use as filters. They

concluded with the construction of s8n interdigital-line
filter using ten conductors which was fonnd to have
excellent band pass charscteristics snd s band width which

was 1in very good agreement with the theory. Interdigitsl

filters are attrasctive in that they sare compsct, easily

fabricated, free of spurious responses at twice the pass

band * frequency fO (second pass band is at 3f0). The

interdigital 1line filter was Ffirst built by Bolliahn an&
Matthaei [5]. Matthaei {6] gave design equations for
interdigitsl filters of pres&ribed bandwidth sand number of
cavities N. The low-pass prototype elements weré found from
tables. He [B] used Getsinger's {7] charts of capacitance

for coupled rectsngulsr bars between parallel plstes for

3
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determination of the widths and spacings of the stripline

resonators. Another very compact structure wss the combline
filtér developed also by Matthaei [8] which was similar in
many ways to the capacitively | loaded interdigital—linel
filter. In this combline filter he [B] placed all the
capacitances on the same side; They were necesssary to the
functioning of the filter, since there was no coupling
between gquarter wave digital rescnators when they were =ll
grounded on one side-and 8ll open circuited on the other.
The rods were fypically oneneigﬁth of 8 wave length 1long st
midband.

An exact theory ﬁf interdigitﬁlnline networks and
relsted coupied structures were presented by Wenzel {9]. He
briefly reviewed the theory.of parallel coupled line srrsys
and the.derivation of exaét equivalent circuits from the
impedance matrix. Wenzel [9] introduced a simplified theory
of equivslent coupled structures in_ order to svoid the
lengthy analysis reguired when using the impedance matrix
approach. Eqﬁivalent networks for the interdigital line were
obtained by inspection, using a transformed cspacitance
matrix sassociated with the two-dimensional geometry of the
conductors send the ground planes. The technigue presgnted by
#enzél (9] were simple to apply and allow = given

transmission response to be obtsined in & vsriety of 1line

T
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configurations. He also gave a practicsl design example and

experimentsal results to illustrste the simpligity of the
approach, along with general c¢riteria for +the design of
pfactical filter networks with oﬁtimum tranzmission
characteristics. His {3] tééhnique-can be nsed +to snalyze
and design a much broader class of microwave netwerks.

Wenzel 1{10] described TEM propagatipn On BN 8Yray
of .parallel conductors  in term§ of the normslized =static

capacitance matrix. JImportsnt properties of capacitsnce

matrices were discussed and a . physical sand network

interpretation was given to & useful linear trasnsformstion
of the static capacitance matrix. Wehzel {10] also used the
resﬁlts of Getsinger [7] to obtain the physicel dimensiong
from the matrix of static capacitance.

A design procedure for a practical digital
elliptic fuhction' filter capable of providing either band
pass or band stop characteristics was presented by Horton
and Wenzel [11]. They gave exampies to 1illustrste tvpical
design procedure for both types of filters. VLevy and
Whiteley [12] devised a synthesis procednre for distribnted
elliptic function filters gtilizing published tsbles of
lumped constant elliptic function filters. It was dependent
upon © the application of a new generalized trsnsfermstion for

distributed networks.

il
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A design procedure for narrow-bsnd band pass TEM-

line elliptic function filters was preseﬁted by Rhodes [13].
He proposed the reslizstion in the form .of 8 stepped-
impedance digitsl n-wire line which was one hslf of-a wave
length long at midbaﬁd.and shﬁrt circuifed to ground at both
ends, where the digitsl line wsas stepped in impedanée along
any arbitrsry prescribed plsne in the filfer. Rhodes [13]
presented.a detailed deéign'proﬁedure for the constraction
of the two characteristic adﬁittancé matrices which
described the digitsl n-wire line from the low pass
prototype element values. He alsc showed that the normalized
impedance values of the elements in the filter were all of
tﬁe order of unity and independent of the sctual bandwidth
of the filter except for the input s&and the output
transformer elements. Rﬁode& [13] éave &kﬁumerical exsmple
snd experimentsal resultsk on 8 seventh dedgree 1% bandwidth
filter with a center frequency of 3.7 GHz. This demonstrﬁted
the significant improvements which might be obtained from
the half wsve stepped digital elliptic filter over most

other known form of microwave TEM-line nsrrow-band band-pass

filters, especially for percentage bandwidth of 5% and

- below. The compactness snd inherent physicsl rigidity also

msde the filter sattractive for spplications where size,

weight and stability under mechsnicsl vibrstions Wwere



important. The only faétor which did not compare  favorably

to conventional forms was that of harmonic rejection.

However, the use of a gquasi-low-pass filter =at the end

blocks of the filter through single interdigital sections
would attenuate the harmonics without increasing the
external size or affecting the othser advantages of the

filter.

1.2 thﬁgiixg_n{_hhis*nnzk: The 6bjective of this work is to

develbp-a design method for designing narrbwaband band-pass
elliptic function filter using = coupled TEN
transmission-lines so0 that .thé filter is compact in size.
One of the targets of this developmént is to achieve =&
design method which is easy to use. The other objectives are
to develop & computer program so that one can readily get
the normalized‘ capﬁcitance values from the low-pass
prototype element values. The last objective is to verify
the design methodlby fabricating a'designed band-pass filtexr
and performing necessary neasurements.
1.5 Brief introduction to this thegis: Some well known
methods of filter design are described in chapter 2.

in chapter 3,ﬁu-‘nethod of obtaining band-pass
characteristic from low-pass prototype filter specifications
has been disouséed; The détermination of characteriatic

admittance matrices of two subnetworks has been given in



chapter 4 with elaboration ol .each step..

.Chapter 5 oconsists of some important information
resafding differenf types of parallel coupled TEH 1lines
between ground planes. Various configurations like coupling
with thick rectangular bars, unsymmetrical p#rdllel coupled
lines, arrays _of lpar&llel coupled lines, etc. have been
discussed individually in this chapter.

Chapter six deals with the design procedure of the
experimental filter and realization of its physical
dimensions using the Gelsinger’'s [7] curves and Saal’'s [16]
catalogue.‘In chapter 7 experimental results of the filter
response and characteristic curves have been given 1in
detail. The experimental set up with the network analyzer
and the discrete frequency denerator are also given in this
chapter.

In chapter 8, a discussion on . the filter
characteristics and its future development have beén Biven.
Computer program to obtain the static capacitance matrices

and some measured values are presented in spppendices.



CHAPTER 2
Some well—-known methods of filter design

2.1 Introduction: Hést of the low psass, high pass, band pass and

band stop filters derive important transmission charsoteristics

from those of a low pass prototype filter used 1in their design.

Element values for such 1low pass protqtypé filters were
criginaelly obtained by network synthesié . methods. However,
afterwards, cornicise equations were developed which -uere
convenient for compute; programming and were used for the element
values of the types of prqtotype filtérsl of infereat. At low
frequencies the filters are designed from ideal lumped inductors
and capscitors. They have very'simple frequency characteristics
and alsoc very ‘accurate and complete design procedure has been

developed for designing filters using them. Therefore at low

‘frequencies it is possible to design filters directly with a wide

variety of prescribed freguency characteristics. But at microwave .
fregquency filter design becomes much wmore complicated and
difficult and =ut that range of frequencies lumped elements are

replaced by distributed parameter eleménﬁa. In fact no complete
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theory or design ﬁrocedure exists for microwave filter. Hicrowave
filters sre re&liéed by replacing 511 induactors snd capacitors by
suitable microwsve circuit elements that hasve similar frequency
characteristics OQer the frequency rsasnge of interest.. In the
present chapter twordifferent methods of filter design have been
discussed.

2.2 Diﬁfg;gnLm*ng;hgds_gt_*filtgx_dgsign; There are two Tfilter
design techniques st low frequency namely (8) Imsde parameter
method and (b)) Insertion 1loss method. The imsge impedance and
attenuation functidn of s filter section are defined in terms of
sn  infinite chain of identical filter sections connected
together. Using s finite, dissipationless filtef network with
resistor terminastions will permit the image impedances_to be
matched oniy at discrete frequencies, and the reflection effects
can cause .sizeable attenuation in the pass band, as well as
distortion of the stop band edges. Proper designing of end
sectioﬁs will reduce these reflection effects. Although such
methods will definitely reduce the size of reflections in filters
designed by the image wmethod, they give no assurance as to how
large the pesk reflection loss values may be in the pass band.

Thus, though the image method is conceptually simple, it requires

10
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a4 good deal of cut-and-try or know-how if a precision design with
low pass band reflection loss &snd very accurstely definea band
edges 1s required. While the insertion loss method begins with a
complete specifications of - & physically reslizable frequency
characteristics, and from this a suitable filter network 1is
designed. Thet 1=z why the insertion loss method 1is more
ﬁreferable than the 1mage parameter method.

2.2.1 VAL ] 1

Network synthesls method of filter design generslly starts out by
specifying = trensfer function, =uch as the transmission

coefficient t as diven by,

ta2 Rl_f& (2.1)
R, E,

where‘Rl and Ry sre the input and output terminstions, and Eg and
Ez are the generator sand load voltages respectively of a two port
fiiter network. This trﬁnsfer function is specified as & function
of complex frequency p. From the transfer function the input
impedance to the circuit is found as & fuﬁction of p. Then by
various éontinued~function or partial-fraction exparision
procedures, the input impedance is expanded to give the element

values of the c¢ircuit. The circuit obteained by these procedures

11



P

#

tizs the same transfer function that was specified at the ocutset,
and 8ll duess work and cut-snd-try is eliminated. But image

concepts never enter such procedures, and the effects of the

- terminations are included in the initisl specifications of the

transfer function. In general, a low pass filter desidned by the
imsge method snd an analogous filter desidgned for the game
spplication by the network synthesis method will -‘be quite
similsr. However, the filter designed by network synthesis me t.hod
w1ll have somewhst different elément vaiunes, to give it the
specified response.

The imsge viewpoint for the &naiysis Uf. circults 1s & wave
yiewpoint much the same as the wave viewpolnt commonly used for
snalysis of transmission lines. In fact, for the case of a
uniform transmission line the characteristic impedance of the
line is =also its image impedsnce, and if'Vt is the proé&g&tion
constant per unit lengthl then y¥1 1is the imade propsagation
function for 8 line of length 1. However, the terms 1image
impedance-gnd image propagstion fqnction have much more general
meaning than their definition with redard to 8 uniform

transmission line slone would sugdest.

12
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Let us consider the csse of &8 two port network which can-be
symmetrical, buﬁ for the sake of generality we assume that the
network 1is unsymmetric&l with different i1mpedance characteristics
ét end 1 snd end 2. Figure @?.%@shows the case of &an infinite
rumber of identical networks of this sort, all connected so thst
at each junction either end 1s are connected together or end Zs
are connected together. Since the chain of network extends to
infinity in each direction, the same impedance Zyy; 1s seen
iooking both left and right.at a junctidn of the two end 1s,
while at a Junction of twe end 2Zs another 1impeduance Zy, will be
seen ﬁhen looking either left or right. The impedsnces 211 and
212 as shown in figureﬁ?.%;are the image impedances for end 1 and
encd 2, respectively of the network. For an unsymmetrical network
they are generally unequﬁl._

The way the infinite chain of network 1in figure gﬁ.f% is
connected, the impedances seen looking. left and right st each
Junction. sre always equal, hence there is never any reflection of
a wave paésing through & junction. Thus from the wave point of
view, the networks in figure@?.ﬁ@are all perfectly matched. It a
wsve is set to propagating towards the right; through the chain

of networks, 1t will be attenuated &ss determined by the

13
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image propagation function
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ofc. to infinlty

-

Infinite chain of identical networks used for
defining image impedances and the

Fig 2.2 A cascade arrangement of two networks
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propagation function of each network, but will pass on from
network to network without reflectioﬁ. Here the image impedances
Zyy and Zyo are actually the impedance of infinite networks, and
#s such they should be expected to have & mathematical form
different from that of the rationsal impedance functions that are
obtained for finite, lﬁmped element networks. In the cases of

lumped element filter structures, the image impedances are

ususlly irrastional functions and in the cases of microﬁave filtér
structures which involve transmission line elements, the image
impedances are usually both irrational and transcendental.

2.4 1made parsmeter method: An equation for the image impedance
is easily derived in terms of the circuit in figureé?.%? I1f 71 is

made to be equal to ZIl then the impedqnce zin seen looking in

from the left of the circuit will also be equal to ZIl' Now if A,

B, C, and D are the general circuit parameters for the box on the
o 5 .
left in figureé&.%@assuming that the network 15 reciprocal, the

B c

gerieral circuit parameters _AS,

and Ds for the two boxes

-

s 's?

connected as shown can be computed. Therefore,

. A2, ¥B,
Zinput™ .7, 4D, | @2

How' setting Zin:ZL:zll and solving for ZIl in terms of A, B, C,

15
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and D, we get,

Zzy= % (2.3)

The same procedure carried cut with respect to end 2 gives,

Z12= Bcg (2 : 4)

-
1B

. Vo X .
Figure \L.%Q shows & network with &a generator whose internsl

“impedance is +the same as the image impedance at end 1 and with a

load impedance on the right equal to the image impedsnce at end
2. With the terminstions matched to the image impedances in this

manner it csn be shown that,

E, 2y _y 6359
-—-="-—.e -
B, Zy;

or

B, A
Yo 1 | Hi12 2.6
BN Zn €9

The image propagation function is defined as,

e =/AD-/BC (z.7)

from where it is found that,

"ot =JE+JBT' (2 . 8)

or

18
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y=a+7Pp =1n (VAD+/BE) - (z.9)

where a 15 the image sttenuation 1in neper and B is the 1mage
phase in radian. [t is to be noted thét the J(ZIZfZIl) factor in
eqr . @.S)has the effect of making y independent of the relative

impedance levels at ends 1 and‘2. Eqn;(2.6)can also be written as,

v=ajf=1n [ % | (2- 10)

where,IltEl/le and 12':E2/2I2

From eqn.(?.ﬂ)it is seen that[CoshyrfEE and Sinhy=¥BC.

The factor D/A 15 1interpreted as an impedance transformation
ratio and may be viewed as an ideal transformer of turns lratio
Y (D/R) .

If the network is lossless, A and D are real and B and C are
iméginary for frequencies je. In the pass band =8, therefore ¥y
is purely imaginary snd equal to jB and this occcurs for | ADI <1.
So the phase angle cqnstant  becomes Cos'ierET or 3in WIBCT.
Becasuse in the pass band B and Clmust be of the same sign, 50
that,BC:letj|C|=-]BC| which will make the second psart of &qn .

@.B)imaginary. Thus the solution for Zjy; and Zj5 will be real and

" positive since AD must be positive to give a real solution for

i
Coshy or CosB. Hence the image Iimpedances are resl in & passf &

LLJ(I '
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Let N two-port networks sare connected in cascade snd they
hsve propsgation constants Yo where n=1,2,3,..... N snd voltsade
transformation ratios Tn, where ﬁ=1,2,3, ..... ,N. 1If the output

section 1is terminated in image impedance, the overall voltage

transfer ratio will be given by,
—V-‘!-HTe“'-,nq,z,a...N (2.13)
v, 8

with the sassumption that the output image impedance of any
section is equal to the input image impedance of the following
section. If &l the sections in the cascade are properly matched
then maximum power will be transferred. Let the generator at the
input has an internal impedance of le _and EIN be the iwmage
impedance of the Bth section. Therefore an overall impedance

ratio chande will be given by,

(Z)y_ .
A [ .n=1.2,3....N (2.12)

In the image parameter method of filter design the two port
parameters A, B, C, D are chose to provide the required pass

bands and stop bands. The image parameters are chdsen equal to

the terminating impedances at the center of the pass band. The r}

20
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maj&r disadvantage of this method is the fréquency dependericy of
the image impedances. that is why the impedances do not remain
constant and egual to the terminating impedances over the entire
pass band.-This mismatch results in some loss in the pass band.
Moreover this amount of transmission loss c¢an neither be
predicted nor can be determined before designing the filter.-Also
there is no means to control the rate at which the attenustion
builds up with frequency beyond the edges of the pass band apart
from increasing the number of fiiter sections.

2.5 Insertion loss method: The insertion loss function is defined
s rthe ratio of power delivered directly to the 1load when
connected across the generator without the network and power
delivered to the 1load when the network 1is inserted.
Mathematically the function can be expressed, with reference to

figure(@.{? as,

Py (B2 Bgpe
5 RaE) IE: | (2.13)

where the gquantity onfis the power in R2 whenr the network is
removed &nd.Rz is connected directly to Rl and Eé and P2 is the
power sabsorbed by R2 when the network is in place as in figure

r

.4ﬁ.The insertion loss function or the power loss ratio can also

21
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be expressed as,

P 1 1
P - F - [ ]
B p,(1-p?) 1-p* 1-TT® @.14)

where p is the reflection coefficient and T 1is the input
reflection coefficient for & lossless network terminated 1in a

resistive load. The insertion loss in decibel is diven by,

L=10logP,, (2.15)
when the terminating resistive load is egqual to the internal
impedance of the generator.

The insertion loss method begins by specifying the power
loss ratio .PLR or the magnitude of the reflection coefficient
Irlzp as & function of @. The network which gives the desired
POWET lqés ratio 1is taken as the design guideline. But a
completely arbitrary I'(@) can not be chosen since it may not dive
s physically realizable network. So there are some restrictions
or I'(®) for physical realizability.

" For s passive network it is obvious that the reflected power
can not excéed'the incident power. So I r¢(a)l <1. If the normalized

input impedance is,

Z{w)=R({w) +jX¥{w) (2.18)
we get,

22
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wlinpue=l | R(@) -1+jX (@)
Flo) Zipurtl R0} +1+jX(w) @.17)

Since R is &an even function of @ and X is an odd function of & we

get,

I'-0)=T" (o) (2.18)

Thus,

M (@) [2=p? (@) TT*=T" (@) T (-&) | @.19) -

From the above relation it is apparent that p*(e@)=p?*(-@) is

an even function of @. Now any low frequency impedance function
such as impedance of a network made of resistors, capacitors, and
- inductors can be expresﬁed as the ratio of two pelynomisals in @.

Therefore p*(@) can be expressed as,

M{w?) o [(R-1)3+Xx3%)
IM{w?)} +N(0?)] [(R+1)2+X?)

P w)= (2.20)
where M and N are real and non negative polynomials in @2. Now

eqgn ., (2. 14) becomes,

cr. M0 o (R(w)-1)2+X3(w)
P 1+N(03) 1+ RS | (2.21)

In the sabove equation N(@?) must be san even polynomial of a
because it is equal to 4R(w). Now writing RB(e®)=Q%*(&) and

H{(w®*)=P(w?*), we get,
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Pl{w?)

P (w)

The conditicens specified on PLR upto this point are

P =1+ (2.22)

necessary conditions in order that the nthork may be physically
realizable. The condition that the power 1loss ratic be
expressible in the asbove form isralso a sufficient condition for
the network to be realizable.

2.6 Snnnnxg: The complex frequency behavior of microwave circuits
nakes it difficult to develop a complete design procedure of
microwave filters. Although the two methods of filter design
described im this chapter are essentially for low frequency
filters, still the study of these desién technigques helpe one to
formﬁlate design procedures for complex microwave filters. The
image parameter method describes the pass-band and stop band but
- does not give anf information about the behavior of the circuit
in. these regions. Oplthe other hand the insertion less method

gives optimum specifications for aphysically realizable filter.
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CHAPTER 3

The design of half wave digital TEM line

band-passe elliptic function filter

3.1 Introduction: In this chapter the design method of half wave
digital TEM line band-pass elliptic function filter has been
discussed. The design method is based on two step. transformation.
Firstly, the bsand pass filter characteristies have been derived
from the specifications of the 1low pass prototype filter. A
functional relationship between the low pass cut-off freguency
@y and the band pass mid-band frequency @3 has been utilized to
transforﬁ the low pass prototype to the band pass filter. But
this transformation only is not sufficient for physical
realization of the filter. So, as the second step, two
characteristic admittance matrices will be derived and expressed
in terms of low-pass element values, which describe the digital

n-wire line. In this chapter, only the first step i.e,

‘transformation from  low-pass characteristics to band-pass

characteristics has been discussed. The second step is covered in

the next chapter.

3.2 The
functional relationship is given by,
O P, 2 | (.0
= ) — .
@) ®, ,

where the primed freduencies refer to the 1low pass prototype
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ST . )
filter as shown in figureig.%%and the unprimed frequencies refer

“F
’

to the band pass filter as shown.in figure E?.i? 01' is the low
pass cut-off frequency and @g is the mid band freguency of the
band pass filter. w is called the fréctional bandwidth of the
band pass filter and is denoted by,

Wm0,
W,

(3.2

where @4 and @, are the lower cut-off and upper cut-off
freauencies of the band pass filter,
For a fixed low pass cut-off frequency eqn. (3.1) can be

written as,
—) (-0 (.3

The above equation when solved for @, gives,

u-—(—)[(ﬁ)’ Diyy J(Q ya, (= ul)"‘ﬂo (3.4)

@

Now 1et 00 ‘“102

Therefore,

(2 =) ( 01201) ;‘J (-9-;-)‘(0,-01)3*-4@10, 3.9
@1 Wy

It is found from equation(?.ﬁ)that when (@'/@y )=0, 0=1J0102=t00
ﬁna hhén'(o’/01'):i1,'6:101, iuz.
Thérefore ‘the zero freauency of the low pass filter

corresponds to a palr of frequencies nsmely +@g and -@g. Again
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(u’/ul’):il or the cut-off freguency of the low pass prototype

filter corresponds to four points namely i“l and tuz. So the low

pess filter characteristics” (e@'/e; )=0 and (& /@{ )=tl are
tfansforned into a band pass filter of mid-band frequency at iao
and cut-off frequencies at te; . 4 te,. Figup%i?.ﬂﬁshows only the
positive portion of the band pass filter charsacteristics.

3.3 Conversion of filter elements: The series and shunt elements
of the requiréd band pass filter will be derived in terms of the
‘series and shunt elements of the low pass prototype filter. From
eqn . (3.3) we find,

. /
w'=(21) (@ _ Do, (3.8

How the series element of the low pass prototype filter becomes,

!

1 « a 1
@ L={)Y({Z2 -3 L=uL-—>_ 3.7
(Sha-2o , (3.7)

where L’={61’/(w00}}L and C'=w/(01’60L}

similarly the shunt élement'becomes,

!

e (Pl (8- 90y ceg oL 3.6
e () (- cmac-—o (3.8)

Where C"={6;/(vwag)}C and L"=u/(e 6¢C)

Thefefore it is Iseeﬁ from the above two equations (3.'?) and
(é.Bjﬁhat the seriéé element of the low pass prototype filter has
become a'series combination of L and C and the shunt element has

become a ﬁaraliel combination of L and C in the band pass filter



when the required transformation is used. The specific function
-F(w,0/09) varies with different filter structures. For two
frequencies @ and &, which satisfy such a mapping, the
attenuation is the same for both the prototype and the band pass
filter. Hence the low pass prototybe attenuation charactefistics
can be mapped into corresponding band pass attenuation
chﬁracteristics by use of such mapping.

3.4 Summary: The low pass prototype to band pass transformation
has been discussed in this chapter. The lumped low pass prototype
filter circuit and its ‘response are used to trensform into
corresponding band-pass filter circuit and its response.
Using the mapping given for the band pass filter radisn freauency
variable, the attenuation characteristics of the band pass filter
can be obtained froﬁ the given specifications of the low pass
prototype filter since the application of the mapping suggests
the same attenuation characteristics for both the prototype and
the band pass filter. But this transformation 1is not sufficient
to realize the physical dimensions of the elliptic function
band-pass filter. For physical realizability, the characteristic
admittance matrices are needed which is described in the next

chapter.
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CHAFPTER 4

Obtaining characteristic admittance matrices

4.1 Introduction : A distributed resonated pi-section is derived
upon spplication of the frequency transformation f12] to the low
pass prototype elliptie function filter for n=5. The resonated pi-
section is then decomposed in te two subnetworks each consisting of
single short circuited trgnsmission line and relating the low pass
prototype element values and admittsnces are derived for both the
subnetworks and thus the characteristic sadmittance matrices are
formed.

4.2 Transformation from low pass prototyee Lo resonated pi-section :
The input impedance sand admittance of s shorted transmission line as

. . PP .
shown 1in flgureﬁd.ﬁ'are given by
R ?

Z,~jZ,cand 4.1
Y,~-j¥,cot6 | @.2)
Where Z, = Characteristic impedance

Y, = Chqracteristic admittance
8 = wl/v |
WVhere @ = angular velocity of propagation
. v = velocity of propagation
1 =+ length of the transmission line

) a0 .
Fig@?.zyShOHS'the same for cpen transmission line. In this figure
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Fig 4.1 Input impedance of a short circuited
transmission line

L

Fig 4.2 Input Impedance of an opeh circuited
transmission line



 Zi=-7Z,cotl G.3)

Yi=j¥,tand (.4 .
The low pass prototype filter for n=5 is shown in figure G?.léﬁ A
section of the low pasé prototype of the band-pass filter 1is shown
in figure(?.é? which is _ transformed into resonated pi-section as
shown in figure(ﬁ.4)by the frequency transformation method given by

Rhodes {13].

For the shunt element of the resonated pi-section as shown in  the

figureﬁi.éﬁ

Y
- aCj‘ ’n__.__]:_.__
! t:am(!c,"r'1 ac,tan@,
=1 __ tanf, et = tand
Yix ;";"I‘;; jﬂq(m):%x J“C:{ jac}(m)

(Conversion from lumped to distributed element is made with the
sssumption © + tan@)
Similarly, for the series element of the resonated pi-section as

shown in the figure@?.é@,

R 1 _ 1
L’-‘.- ac, (1+A3,) tan®, «ta- ac,(1+43.) tan®,

_aCy(1+13) _ac;(1+13,)
‘tan@,’ ’ - tanf,

d+
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Fig 4.5 Low—pass prototype of the
band—pass filter

L =

r-1 ’ C r * C r r+1

Fig 4.4 Distributed resonated pi—section
of the low—pass prototype
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Fig 4.5 Shunt element of the resonated pi~section
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fig 4.6 Series element of the resonated pi—section



tand,
Y, w—jac, (1+A3.)
Iﬂo Ju-l-";'. j C:‘-"' 2 a
tand,
"-— 1+A3)
Yo" Jul,,._ jac, | tané
1 . . 2 tanf
Y, S C = C 1 l -
[ ~ Jo F23 Ja :-( + 2) aneo
0C;,
1 , , 2, tand
Y, se———=J0C,_=Fjal, (1+4],
ct_ ~ Jm 2~ Ja 2( + 3) aneo
o, _ :

How to determine the distributed element parasmeters from low

prototype, we get from figure%%.ﬁi

1
JOL y ——
z.- r ij -JorL,
ij‘r“- jﬁ)C’ GZLI'CI—J'

For distributed pi-section . m*a[Q/QO—QOIQ]
Here Q —1fJ r

Therefore,

ig the resonant angular velocity

Q
L R

==
Q Q.. _
[Do u].i:.,c',1

B ¢
a[j—a‘-’--j—bﬂu;,
1]

a*[ j—‘%— j-%‘l] 2L ¢ +1

In S—pl&ne' JR~s
I =als/Rg-Qo/s)L /{a%(s/Q-R¢/s)?L C +1}
36
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Fig 4.7 A section of the low—pass prototype
filter

A
S,
| Tl
o _

\l/ | | N

Fig 4.8 Both end shorted opprOXtmohon of the ¥
resonated pi—section




0
fasl(s*+@0*)/C 1/ {a* (sh2sra g+ ghies?agr /L C L)

:;&E,'QUL 1"( Sz"'ﬁ!ﬂz )/{BE(S4+252Q02+Q04 }chr+52 202

={asty (524907 /C 1/ {a® (sd+ 2520524004 4520520 2 /5) }

:tﬁos(s“+902)faCr}/{s4+(2902+Q029r=/a2)52+QO4} @.6)
4.72.1 Caleulation of poles : Auxilisry equation of the

characteristic impedance is given by
544 (205242420 % /8% )52 494 =0
s*:[~(2QOE+QGEQrQ/&E)if{(290=+9029r2f&“)2—4Q§ 1i/2
:[—(2@02+9039r2/a2)tf(4ﬂg‘Qraf&2+ﬁg Qf i& 12
=-Qq% 10,7/ (28 )+ 1}4(Qg3 0 /a )W {1+Q */(48® )}
SRR 8 - {(Qp/28)+8/Q 11 {(14(Q 7 /482 ) } ]
Let the roots of the suxiliary equdtion are Qla and 922

Therefore,

2 2
2_ oor or__ a r (4.7)
Q;= a ( >a ﬁ';* + 462]
Q2= an:(_&__a_ 1+ Qi] (4.8)
2 a 2a QI aag?

Therefore,
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Ql- . ’t—1§-+1rj
2 D:Dz a
fa=—5— g, ~3s)

From the expression of Z., we can write,
5

r

=(Qg/uC)Z,

1!
i~
.

]
h

S(s+9)% }/aC, 1/ {(82-01 * (52 -2}

.

]

8(82+Q3) G.110)

where, 2Z'=
7T (82-02) (82-02)

Let, I, =5(8%4Q3%)/((8%-2;2)(5%-0,%)]

=Ky 8/ (8%-01 2 )+Ky8/(5%-2,2)

g2+ Q2

“(82-07) (s7-02)

where, K, (92-07) | g

Q%07 A
R%-p% A *A.,

=1+1,\2 [ using A, .A, =1 ] G.12)
. r-

simil&rly,
,=n:+ug= A’ro— = 1 ' @_13)
Qg “Qi }"r—"l‘n 1+1§--

Now, Kys/(s2-0y%)={s/(1+1,,%)}/{s*~(Q*Q,/a)(-8/Qu+A, )}
21/08C1HA L, 2 )~ {(902Q,/8) (~8/Q +A__)(1+A_,?)}/s]
Similarly, |

G,

-

-
i v
e 7



Kgs/(59-5% )= {5/ (14A,_=)}1/{5°4(Qq7Q /o) (a/Qu+A_ )}
=1/E8(1+A . 20+ {(R02Q,/a)(a/Q +A  )(1+A__*)}/5]
Therefore,
Zr:(QUfaCr)Zr’:(QO/aCr)[Kls/(sa—Q1‘)+K23/(52-92“)]
3(QUF&Cr)[1ﬁ[S(1+1r+2)-{(Qoaﬂr/&)(-&/9r+lr_)(1*1r+a)}/S]
/08142, 2 )+ {(Q4%Q, /) (8/Q,+A, ) (14 _2)1/s]]
From the sbove equation the following parameters are equated,

.aC{1+17)) _ac, (1+A}.) . G.14)
o, tan@,

C,.

, Lr_=(90/&cr )/{(anﬂr/a)(a/gr_lr_')( 1+A‘r+2 31

:1/{CrQUQr(&er+(a/Qr)lr{_a_lr;_l X%

r-r+
=1ffcr909r{&f9r+(&/9r){ﬂr/2a+{{1+(Qr=/4a2)}]2—(1r++1r_)}]

“LC 9% (2670 4(20/2,0(8,/28)2 40 {1+(2 2 /4a?) )

~2¥{1+(Q % /4a%)11]
=L/0C Q00 (a/Q ) {2+2(R,./28)%-2(Q,. /28 W {14+(Q .2 /487 ) } } ]
=1/0aC Q{14 14(Q ./ 28)24(Q ./ 28)2-2(Q ./ 2a )W {14(Q_* /482 )1} ]
=1/{aCQq(1+4 %)}

1

2 L _= ' 4.15
" aC, (1+A%) tans, G-19)

similarly equating from the second term of the expression of Zr we

get

?

c -E"at','(1+lf-_) _ac (1+A7) (8.16)
z+ Q, tan8,

v
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a,
ac, 1

= (a.17)

ac, (1+12,) tan6,

L,

i ngnx a 2
e (B, 1)

I

4.3 Both end shorted approximation : The basic pi-secticn in the
resonated distributed prototype consists of a ladder formation of
second order reactance functions whose susceptﬁnces may be expressed
in the form,

tand _, tand, ‘ (a.18)

Y tan6, ! tan®

This susceptance 1is now equated to a single stepped impedance half
wave cavity ﬁt the center frequency 0=80. The half wave cavity
consists of two short circuited transmission lines of characteristic
admittance Yl' and Yo' connected in parallel at the nodes. The
combined length of these stubs is w radian long sat 8=68; with the
step in impedance occurring at 83 radian from one end as shown in

¢ e
figuregg.éa because,
0’-1:(—09-)-0 G.19)
(!

so that at mid band freduené; ﬁhen,ﬂweo, '8’~u—80

The susceptance of this cavity at the stepped impedance nodes is

giﬁen_bY,
-v Y; p
= 4.20
tam® an((F-1)] )
o
How let, H=Y,tan8/tan@5-Y, (4.21)
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and, N=-Y; /tan@-Y, /tan{8(n/8;)-8} | @.22)
At 8380

=Y 2"Y i
N:“Yl '/t&ﬂeo'f'fz '/t&ﬂeo

Y,sec?d,

L ST
dd '#% ~ tan,

+Y, tanf,cosec?d, (a.23)
dN ® R _

e |H°=Yicosec"’8°+l’; (-Fo -1) cosec* [8, ( -5; 1)]
=Y1’coseca80+Y2'(K/GO—l)cosecz(n-Go)

={Yy " +Yy (n/8g-1)1lcosec8g @.24)
. dd dN
Equating H'N‘E"o_ﬁ at 8=8,, we get

To-¥y3=-Yy /tanBg+Y, /tanBg
or, Yy =¥y +(Y{-Y,)tan8, @&.25)
and,
_stecaﬂo/tan80+Y1t§n8000300'80=(Yl?+Y2ﬁ(n/ﬂo-l)]oosec°ﬂo '
or, Y;sec®8y/tanBg+Y;tan@yoo86c°8
=Y (Y -Yo)tan@g+Y, " (n/@g~1) JcosecBy
or, Yz(cosﬂofsinﬂo)(1/005“00)+Y1taneocosec°90
:YZ’cosec=80+Y1tanﬂocosec=80—Y2tanﬂooosecaﬂo
+Y2f(n/80)coséc“80—Y2'cosec“&o |
or, Y3(2/sinBjcosly)=Y, (n/0g)cosecBy

1420 cang, Iy, @.26)

Adgain, Yl':Y2'+(Y1-Y2)tan00

=(28g/1)l tanBpl Yo+ (Y ~Y5)tan8g
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Fig 4.10 Network 2 of the distributed element




r‘l’-[y1+(_2_22-1)yz] |tand, | .27)

4.4 thmﬂumhm_e_mm]_ : From figure @.9),

one can write the node current equations as,

Node 1:
_ _ : ' (4.28)
LYV Yo (Vy-V )= (Y (#Y 5,005, v,
. : |
_— - v G-29)
LV Vo (Vg V)Y p =Y Vs (Y g 4 Y 3V oY 3
: _
I3:(V3"~V2)Y2_+Y3V3+(Va—V4)Y4+:"Y2_V2+(YZ__+Y3+Y4+)V3—Y4+V4 ("'30)
14=(v4-v3)Y4++(v4-v5)Y4_=~Y4+y3+(Y4++Y4_)v4—y4_v5 G-31
Node 5: ° ' -
I5=Y5V5+(V5"V4)Y4_='—Y4_V4+'(Y4_+Y5)V5 (1...'52)
Now writing the above node equations in mAatrix forw,
r_. 1 r
I = (Y+Y¥0y) 0 0 0 v
1 2+ 1
I3 0 Yoo (Y2_+Y3+Y4+) Y4, 0 Vg | &33)
Ig 0 0 0 ¥, (Y4;$Y5) 3

HP now make the followzng subst:tutlons

V1T #Yp,) Yiav¥ar 5 Yope(Ypuav,) Y23=Ya_

Y337 (Va4 Y3+Y 4,05 Y34=Y44 Taam(Ygut¥yg0) Y45°¥4
Vo5=(¥45Y5) | |

Hith'these substltutlons, the characteristic admittance matrix of

network 1 may be wrltten as
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‘ Yi4 Y5 0 0 0 }
Y2 Yo2 a3 0 0
S R B R

34}

The matrix element values are calculated from the following
equations, |
Y11=¥ 1+ Vo,
3 tan8gl {aC;+(28g/w-1)aC, }+l tan@gl (aC,(1+2,,2)
+(28g/w-1)aCo(1+d5_2)}
4 tan@gl (2a05C; /m)H tanBph(aCy(142,,2)-aCo( 142, %)
+(20G/n)aCy (144, %)} |
=2a(8g/m)l tanBgl C1+2a(8y/m)l tan®yl ((n/200)Cy(1+42,,°)
~(w/28G)Co( 1425 _*)+Co( 1425 _*)}
=28(8g/m)l tan@pl [Cy+Co{1+25 *+(w/280)(Az,%-25_ )11

§.5
o ¥y,5b[C+C, [1+zg_+_2!5_ (A3.-23.)11 G-39)
o .

where, b-2a:?|tan0d

Y12=Y0,
4 tanBgl (aCo(1+45,2)+(28p/n-1)aCo( 142, _2)}
=2a(8g/m)l tandgl Co[(n/280)(Ag,2-Agy_*)+14d, ]
4.36)
W ¥ambGCy [1*12-*?'6—0 (23.-33.)] ¢
Y227 Yp4+¥3_
S tansof{a02(1+12+“)+(200/n—1)&cz(1+12_a)}
H tar@gl {(aC,(1+25_2)+(20g/n-1)aC,(1+3,,2)}
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=2a(8g/m)l tanBgl Col1+d, 2+142,,2]

L Y=bCy (2447447} 439
¥a3=Yy_
1 tan@gl (aCp(1+25_2)4(208g/m-1)aCy(1+2,,2))

=2a(8g/m)l tanBgl Co( 1425, 24+ (n/280) (A5 2-2,,2)]

" YyymbC, {1443, 4 2'0 (A3.-33)1 (r38)
0 |

Y3370 +¥3+¥4,
Here Y3 tan@gl (aCq+(28p/n-1)aCy)
:2&(60/u)|tan90103

Y,=bC, (39

Vgs tauBgl.(aCq(1424,%)+(280/n-1)aC (1424 _*)}

Y, =bC (1+a3_+- X (a3,-22)] (4.40)
28,

Therefore

¥337bCo 0 1+A5, *+(7/200) (R5_ -5, )]+bCy
+bC4[ 1+14_2+(“/280)(14+2 ‘14_2 )]
:bECz{1+12+2+(n’./280_)(12_2—12+2 }}"'03
& Yay=blG [1+1:.+?"e_d (23--23.)1+C+C, [1+1’_+3%; (A3.-23-) 11 G4
Y34=Y4,4

L N mBCLLHAL R (AL-AL) ] (42)
(1]

T447Yg4+Y,_ |
BCT1+Ay 2+ (n/200) (g, -2y 2)1+bC (1424, 2+ (n/28G) (Ay_=-2y, % )]
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Y =bCe [2+A%,+A%] ((9A))
Yy5=Y42
o Yeu=bC, [1+4A7,+ 2; (23.-23)1 @bt
0
Y553Y4_+Y5

=bCql1+Ry,*+(n/28g)(A4_*-24,%) 14 tanBgl {aCg+(26;/n-1)aCy)
;bC4£1+l4+2+(Kf290)(14_2"14+2)]+bC5

. YoumbIG+C (1+A3,+ 2’; (A3--23011 (4-48)
’ [+]

4.5 Characteristic admittance matrix of network 2 : From figure

@.10), one can write the current node equations as,

Node 1:

ST ST ETRS FYS G SIE FISEIC SIS FYRD L FRES PYS PY RO
Bode 2

AP IR FRA S PIF 10) FIC Ly IS PIS TS PSS PHS | PAES PURE PN (1))
Hqgig ;3‘

137=(Y3'—V2')Yz_’+Y3'V3'+(V3'—V4')Y4+'

FSAFIRASE TR E IR FIDLF 1t FIL VY (4-48)
Iqhz(v4’-V3')Y4+‘+(V4'"V5')Y4_':"Y4+IV3’+(Y4+'+Y4_')V4’“Y4_IVS' @p“ﬂ
. ;. . ‘
I5':YSrVS'+(VSf—V4?)Y4_’;“Y4*'V4'+(Y4_’+Y5')VS' - GLﬂD

Now writing the above node equations in matrix form,
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I, =Y 4, ) Y, 0 0 0 v, -
0 Y, (v, .y v, 0 0 v
:[3 ’ b ~Y. _ (Yz_ “*'%3 '+Y4+ ’ ) —Y4+ ’ 0 Vg ’ (‘r.SI)
14 : a % -Y + ’ (Y4 +Y4__ ") "Y4_ ’ V4 !
I’ 0 0 B T ol | v
We now make the following substitutions,
Y11=y ¥, ) 5 YypsVay” 5 Yapu(¥py 4V ) 5 Ypae¥y
Yag=(Yp_ "+¥3™4¥4, ") 5 Vgq=¥4y " 5 Yau=(Vy, +Y4 ') 5 Yge=¥,

Y55:(Y4_ ’+Y5 ')
With these substitutions, the characteristic adwittance of network 2

may be written as,

e -Y ' ) 0 0 \
_Ycl}é V35 Y23 0 0 52
Y23 Y33 “Yay 0
O - Y44 “ch
0 ) gt -Y Yoo
45 55

The matrix element vﬁlues are calculated from the following
equations,
ST SIEa P

=(28g/)l - tan@gl aCy+(28g/m)l tan@gl aCy( 1+, %)

=2a(8g/m)l tanBgl [C;+Co(1+d, %) ]

-53)
Y =blG+ G (1425))]

Y12=Ya, "~

‘ Go50)
o ¥ia=bGy (1423)

Y2253, "+¥3_ ")
=bCa(L+dy 2 )+bCo (1445, %)
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(#55)
o Y=bC (2443, 422 ]

Ya3=1p
(4-5¢)
i Yp=bC, (1+43,)
Y33=(Y¥g. "+¥3 "+¥4, ")
:bCZ( 1+12+2 )+bC3+bC4( 1_’_14-2 )
G459
Yy3=b[C, (1+43,) +C+C (1+A2.) ]
34=Y44 "
(%-58)
s Yy=bC (1+A3))
Vyq=Ygy 44 7)
=bC4C 1+14_2 )+bC4( 1+14+2 )
(X3)
e Y“"‘-bc‘ [2+12¢+13n]
Ty5=Y. "
' 2 (- 60)
Ys=bC, (1+A7)
Y55:(Y4__ ’+Y5 - )
=bC(1+dy, = )+bC
%-6D)

" Yee=b G+ C (1+42))]
4;8 Snnnnxi;' Thé distributed resonated pi-section has been formed
from fheliow pass.pfo£otype elliptic function filter. The resonated
pi-section has been converted to a half wave cavity which is stepped
in  impedance &nd has two short circuited transmission lines
connected in parallel at the nodes. The transformation equations

from prototype element values to characteristic admittence values
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have been deduced in detail and the characteristic admittance
matrices for both the networks have been formed using the calculated

sdmittance values.
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CHAPTER 5

Parallel coupled lines between ground planes

5.1 Introduction: & number of strip line components utilize the
natural coupling existing between parallel conductors between
Bround plates. Examples of such components are directional
couplers, filters, baluns, and delay lines such as interdigital
lines. The present chapter describes elabofately the nature of

various types of parsallel coupled lines between ground plates.

5.2 DiIIﬁxnnx__Ix2ss,gI_&nnxnllﬁl__annnlgd__linga; A number of

examples of paraliel cqupled lines are shown 1in figure£§.é} The
configurations (a), (b) and (¢) are primarily useful in

applications where wesak coupling between the lines desired. The
configurations (d), (e), (f) and (8) are useful where strong
coupling between lines is desired. The characteristic of these
coupled lines can be specified in terms of Z,e and Z_ . i.e. their

even and odd impedances [14] respectively. Z is defined as the

0
characteristic impedance of cone line to ground when equal
currents are flowing in the two 1lines in the same direction. Z
is defined as the characteristic impedance of one line to ground
when equal and opposite.currents are flowing in the two lines.
The even and odd. mode characteristic impedances shown in figure
Q@,ég(a){ (d) and (e) are modified slightly when the strips have a

finite thickness. Correction terms that account for the effects.

‘of finite,thiqkness have been derived by Cohn [15].
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5.3 Coupling with interleaved thin lines: The configurstion of
coupled strip lines illustrated in figure <§.gb(f) in which the
two lines of width ¢ are always opersted st the same potentisal,
is particularly useful when 1t is desired to obtain tight
coupling with thin strips that are supported by = homogeneous
dielectric of relative dielectric constsnt €. that completely
fiils the region between the ground planes. The dimensions of the
strips for particulsr values of zoe and Zoo can be determined

from graphs. For this purpose one needs the definitions'that,

‘/e_,z“=—-——-—3"g:e o G.1)
Ja2,,= 318 :6¢ 6.2

[2]]

el

where Coe and Coo 8re the total capacities to ground per unit
length of the strips of width ¢ or the strip width &, when the
lines s&re excited in the even and odd modes respectively. The
sbsolute dieloctrio constant € is equal to 0.2256r pf per inch,
Using the vaslues of L,e 8®nd Z,0 Which are assumed to be known one

then computes AC/€ from,

Ac_188.3( 1 _ 1 }ad (Lo Cooy (5.9
€ J&, Zoo 2,5 2 € €. -

Values of g/b are then selected snd d-g is determined from the
graph. Next, vslues of Cow 7€ and C._ "/€ are read from the

graphs. These quantities together with the value of Coe/E_from



LV

eyl . G§.9 are then substituted in the following equstion to get
esb,

= 1_% [ Cae’— Ci‘.._

(5.4)

|

tin
%]
\8 ]
a
-]

Finslly Cae’fe is found from the graph and substituted in the

following egustion to get &b

[ Loo c‘;"—o.aal] G.5)
2e e

e

a_
b

In this way &all the physical dimensions are determined for
coupling with interleaved thin_lines‘ These formulas are exact in
the limit of & and ¢ » b 56 that fringing fields st opposite
edges of the strips do not interact.

5.4 Coupling with thick rectangular bars: The thick rectangular
bar configuration of coupled tr&nsmission 1ines_ as shown 1in
figure%é.ﬁi(h) can alsoc be conveniently used.where tight coupling
between lines is desired {7}. the dimensions of the strips for
particular values of I, and Z,, can be determined with the =aid

of Getulnger s [71 curves in figure| @ ?) figure Lé Q)and flgure

,uﬁ %) The above curves are used in the following way. First, AC/€

is determined from eqn.kﬁ.%yuglng the specified vaslues of 20e and

Eoo' Hext & convenient value of b is selected and the valiue of
. ¢
s/b is determined From figure,ﬂé,%ﬂ The value of w'b 1s then

determined from,

a7

o‘__‘|-}
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Fig 6.4 Normalized
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bar [7] .
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The value of C is determined from the specified value of Z

oe oe

using eaqn. l@:];}lhe frlnglng capacltance Lfe' for the even mode
can be read from flgurekﬁ %}and Cf can be determined from figure
u 4J The curves 1n flgureiw %}glve the vsalue of Cfoi directly.

The wvarious frlnglng ~and parallel plate capacitances ars
shown in figureﬁé.éﬁ The odd mode friﬁging cap&citances Ceo’
correspond to the fringing capacitances between the inner edges
of the bars and a metallic wall halfway between the bars. The
" total odd mode capacitsnce of & bar 1is given by the following

equation,

‘ Eﬂ:z[&+d°+£f l @7)
e e e e .

and the totsal even mode capacitances of & bar is given by,
..__._..°°=2[_C.'2+_+__... : 7 @8)
€ e

The normalized per unit length parallel plate capacitance
: CpﬂEZwa(b—t} and €=0.225¢€ . pf per inch. The even and odd mode
fringing capacitances are derived by conformal mspping technigques

-and are exact in limits of [w/b/(l-t/b}]-w. It is believed that

when ([(w/b/(l-t/b3]1»0.35 the interaction between the fringing

fields is small enough so that the vslues of C_ /€ and C_ /¢
determined from eans. (5.7)and (5.8) are reduced by a maximum of
1.24% of their true values.
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In situations where an initisl value, w0 is found from eqn.
(6.6)to be less than 0.35{1-(t/b)} so thet the fringing fields

interactlt, s new value of w b can be used where,

A T 4 '
1,=(o.o7[1 Z1+3) 6.9
b 1.2 ' |

provided O.1<(w /b)/{1-{t/b)]<0.36
5.5 Coupling with unsymmetricasl parallel coupled lines: Figure
4

s
A

Kg.égshows arn unsymmetrical pailr of parsllel coupled lines and

various line capacltances. C& is the cspacitance per unit length

between line & and ground, Cab is thst between line & and b,
while Cp 1s the cspucltance per unit length between 1line & and
ground., When Cg 1s not equal to Cpy the two lines will have
ditferent odd and even mode admittsnces. In terms of odd and even

moede capscitances, for line a,

(Coo) a=Cat2C, s (Cp) 4=C, 5.10
while for line b,
(C;o)b=63+26;b,(6;,)§=63 5.11
For symmetrical parallel coupled lines the odd mode

impedances are simply the reciprocsls of the odd mode admittances
sznd analogously for the even mode impedances sand sdmittances.

However this is not the case for unsymmetrical parallel coupled

lines. For unsymmetrical.lines the odd and even mode impedances

sre not simply the. reciprocals of the odd snd even mode
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Fig 5.6 An unsymmetrical poir_of parallel

coupled lines



admittences. The reascen for this lies in the fact that whem the
odd and even mode admittances are computed the basic definition
of these admittances assumes that the lines are being driven with
voltages of identical magnitude with equal or opposite phase,
while the current in the lines may be of qifferent magnitudes.
While for the case of odd and even mode impedances it is the
other way round. These two different sets of boundary conditions
can be seen to lead to different voltage-current ratios if the
lines sre unsymmetrical.

S5ome unsymmetrical parallel coupled 1lines which are‘quite
easy to design are shown in figure @%.%ﬁ Both bars have the same
helght and both are assumed Ato be wide enough o that the
interactions between the fringing fields at the right and left
sides of esch bar are negligible or at least small enough to be
corrected. On this basis the fringing fields are same for both
bars and their different capacitances C& and‘Cb are due entirely
to different parsllel plate capacitances (Cp)a and (Cp)b. For the

structure shown in figure (5.'?),
Co=2 ((C,) (+Ch+Clg)
Cap= (ChoCo) G.12)

Cp=2 ({C,) p+ Tt C)
To design & pair of 1lines such 8s those in figure (ﬁ.?)to
have specified odd and even mode admittances or impedances, first

el

the wvsalues of LaME, CabjE and 'Cbﬁe are computed from the

following equations,
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Fig 5.7 Cross sectlon of a pair of coupled rectangutar—bar
parallel coupled lines. The two lines 'a' and 'b' are
unsymmetrical in width '



&=notrw)£, Cap_ Mo ( (Yw),—(ro,),)

- o ¢ e z [5.13¢a)]

52= no(roc)b Cah S { (Yoo)b_(roo)_g)

"\/8—;""/‘9—; 2

{5.13¢b)]

Next a convenient value of t/b is selected and using figure(ﬁ.z)
both s/b and Cfe'/e are calculated. Lastly the value of Cf‘/e is
determined from the selected value of ¢/b and figure {%.4@:Then

the width of the bars are calculated from the following equations,

ol i tyr Ca_Cho_Chko 5. 14
js"s(l.js}lii & € € ))
M 1y by S Cre_Ch 5.15
p 20 B3 E! ®.15)

This procedure also works for the thin strip ocase where
t/bz0. If either wy/b or w,/b is less than 0.35{1-t/b], eqn. (5.8)
should be applied to obtain corrected values. \
5.6 AnHa;zn1_Q£_gn;gllgl_ggnglgn_linga: Figure@@.@@shous an array
of parallel coupled lines which is used in the interdigital line
filters. In the structurq shown all of the bars have the same t/ b
ratio snd the other dimensions of the bars are éasily obtained by
generalizing the procedure described in designing tﬁe

~unsymmetrical parallel coupled lines. In the structure of figure
gé.éﬁthe electrical properties of the structure are characterized

in terms of self capacitances Cy per unit length of each bar with
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Fig 5.8 Cross section of an array of parallel

—coupled lines between ground planes



nrit length of each bar with respect to ground ~and the mutual

capacitances Ck,k+1 per unit length between adiacent bsrs k and
k+1. This representation 1is not necessarily always highly
accurate because there can conceivably be a significant amount of
fringing capsacitance 1in éome cases between a given line element,
and for exsmple, the line element bevond thg nesrest neighbor.
However, at lesst for geometries, experiment has shown this
representation to have sstisfactory accuracy for applications
such as interdigital filter design.

Equstions s&re given for ther normalized self and muatual
capacitances Ck/E and Ck,k+1/e per unitrlength for all +the lines
in the structure for dpsigﬁ‘ of the parsllel coupled array of
rectsngular bars between dround planes. The c¢ross sectional
dimensions of the bsrs and spacinﬁs between them are determined

by first, choosing values for ¢t and b and then since,

(Ac)k,kdECk,kﬂ a9.16
) 2 G.16)

figureﬁé.%ﬁ can be used to detérmine Sg k+1/D. In this way the
spacings Bk k+1 between all the bars are obtained. Alsc, using
figure{%.Z} the mnormalized fringing capacitances (Cre Dk, k+1/€
associated with the gaps Sk, k+1 between bars are obtained. Then
the normalized width of the kth bar is,

W,
b

C _ (d["e)k—]_,k__ (le'o)t..b-l] (5.17)

=2 1Ly ik
2(1 b”ze e R

In the case of the bar st the end of the srrsy i.e. the bar
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at the far left in_figure{@.ﬁg Cfe’/e for the edge of the bar
which has no neighbor must be replaced by Cf'/E which is to be
determined from figurei%.%? As for example, for bar "0  egn. (.17
will become,
!ﬁghi(l-.E)[fi-ufé—jféhlﬁi] .18
b 2 b " 2¢ e e _
it W /b<0.35[1-t/b] for any of the bars, the width
correction given in egn. GLE@ should be applied to those bars
where this condition exists.
9.7 Summary: Coupling between s pair of parallel coupled TEHM
lines between ground plates have been described in terms of even
and odd mode impedances and sadmittances. The procedure of
calculating the widths of coupled rectangular bsrs sand the
interiine spacings of the rectangular bérs from self and
interline capacitance are presented following Getsinger's [7]

chart analysis.
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CHAPTER 6

besigning a filter and obtaining its

physical dimensions

S.i Introduction: This chapter deals in detail with the design
procedure of the band pass filter and camlculation of its physical
dimensions. In determining the widths and spacings of the
rectangulsr bars, the cﬁrves by Getsinger {7] and the low pass
prototype values from the catalogue by Szal [16] are used.

6.2 Dg5ign_gI_hhg_gxég;ingnhal_filhg;: The filfer to be designed
should have the following specifications : The stop band
attenuation level (AS[dB]) is 60.1 dB or as[H]=6.91 Heper. Pass
band VSHR ( Voltage Standing Wave Ratio ) is less than 1.222. The
percentage bandwidth is 1.0. The center. frequency is 2000 MHz.
From the given VSWR the reflection coefficient is found to be
equal to 0.1 i.e. p=10%. Also the maximum sttenustion in the pass
band is found . to be 0.044 dB for a VSWR=1.222. The bandwidth

scaling factor calculated from the following equation is 41.395,

£,|8in20,|
400(fz-f1) ) CS‘ 1)

whérelfoﬁ(f1+f2)f2 is the center Jfrequency of the filter and fl
.and f2 are the pass bﬁnd edde frequenqies which are 1990 HHz and
2010 MHz respécﬁively. 83 1is the arbitrary stepped impedance

piane and equals to /3.
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6.2.1 Low pass prototvpe element wvalues: The following low pass

prototype element velues are obtained from the "filter katalog’
by Saai. The vslues are given for n:S, p=104, A,=60.1 dB,

Q.=2.202688, 8:=27°,

S
C1=0.9265 C,=0.05866 C4=1.6660
C4=0.1607 C5=0.8363
25=3.611683 Q,=2.303827

By using the equsations 4.9 snd 4.10 the follewing transmission
" zZeros are calculated,

12+:1.045 12_20?957 14+:1.028

14_:0.973

6.3 Length of the networks: AIf the center frequency is fO, the
wave length of the signal can be calculated from the relation
lD:c/fO, where ¢ 1s the velocity of 1ight and equasls to 3x1010
cm/sec. Therefore the length of Lhe rectangulsr bars of network 1
will be Ap/(6xZ.54) inch and that of the network 2 ~will be
[Ag/(2x2.54-4g/(Bx2.54)) inch. From the above relation the
length iy of network 1 is 0.9842 and 15 of network 2 is 1.8685.
6.4 Characteristic admitiance matrices of two networks: All the
elements of the matrices sre camlculsted using the equaticns given
in chapter 4. How putting the values of the eiements in the
matrices, the following two characteristic sdmittsnce matrices

are formed for network 1 and 2 respectively,

e



HETWORK 1

1 2 3 4 a
r50.3392 -6.1021 0.0000 0.0000 0.0000
-6.1021 11.2246 ~-5.1225 0.0000 0.0000 |
0.0000 -5.1225 100.8811 -16.2130 0.0000 6.2)
0. 0400 0.0000 -16.2130 30.7153 ~14.5023
0.0000 0.0000 0.0000 -14.5023 54,4327
- -

HETWORK 2

[
w
1

1 5
49.6045 -5.3674 0.0000 0.0000 0.0000
~5.3674 11.2246 -5.8572 0.0000 0.0000
0.0000 -5.8572  100.3328 -14.9300 0.0000 (6.3)
0.0000 0.0000 -14.9300 30.7153  -15.7853
0.0000 0.0000 0.0000  -15.7853 55.7157
- d
6.4.1 input sand oytput L:gnsfgzng; elements: The input snd ocutput

terminals of the filter s&re shown 1in figure @é.iﬁ Direct
connection of the input ﬁnd output terminsls to the externsl
ports will lower the impedance-of the intern&i elements. To
overcome this problem, two transformers are used at input and
output between the external ports and the corresponding internal
elements as shown in figure g@.é@ The transformer elements have
uriity characteristic impedances and one sixth of & wavelength
long st the center frequency, After adding the unit elements &at

input and output the characteristic admittance matrix of network

1 becomes,
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Network 1

Input : oufput
Neiwork 2

— e e e —
—_— — — —— ——

Fig 6.1 Realization of the two networks of a filter using

TEM lines short circuited at one endfor n=5. The open

ends of the coupled lines of the two networks are
~ joined together

Input‘l’ = "‘l"“ = = = TOufpuf

Fig 6.2 The complete fiiter with the input and output
transformer elements



0 1 2 ' 3 4 5 6

™ 1.0000 -~1.0000 0.0000 0.0000 0.0000. 0.0000 0.0000
-1.0000 51.3382 -6.1021 £.0000 0.0000 0.0003 0.00G0
0.00003 -B.1021 11.2246 -5.1225 D.00060 D.00D0 ©.0000
b.0000 0.0000 -5.12Z25 100.8811 -16.2130 0.06000 0.0000
0.0000 0.0000 0.0000 -16.2130 30.7153 -14.5023 0.0000
.0000 0.0000 0.0000 0.0000 -14.5023 55.4327 -1.0000
. 000D J.0000 C.0000 0.08000 0.0000 -1.0000 1.90000

The chsracteristic admittance matrix of network 2 reﬁ&ins same
becsuse the unit element is not connected with network 2.

6.4.2 Admittiance scaling faetor: Admittance scaling factor is
necess&r& for physical realizability of the filter. This fTactor
is chosen 1in such & way so that capacitances from 1line to g:ound
for all lines except the ihpuf and output lines are almost ssme.
Generally, st first, all the lineé excepl. the lines on which the

input and output ports are connected are scaled by s factor 1/¥b

where1
0
2a (=2 )
b= i (6.5
[tan8, ]
snd & is given by eqn. (6.1)
In the present ocase, firstly, the modiflcation of the

networks is made in lines 1 and 5 { because line O and 6 are thé
input and output port connection ). After scsling of Lhe lines 1
and 5 of beth the networks by the factor 1/[5 ttie resultsnt

sduittsnce matrices become,
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RETWORK 1

£ 1 2 3 4 5 B
r.l.UUUU -0. 1447 G.0000 0.0000 0.0000 0.0000 0.0000
~0. 1447 1.0752 -0.8831 0.0000 .0.0004 3.0000 g.0000
0.0000 -0.8831 11.2246 -5.1225 0.0000 0.0000 0.0000
3.0000 0.0600 -5.1225 100.8811 -16.2130 0.0000 D.0000
0.a000 0.0000 0.0000 . -16.2130 30.715%3 -2.0988 0.0000
.00400 0.0060D 0.0000 0.0000 -2.09868 1.1610 -0.1447
0.00300 0.0000 0.0000 0.0000 U.0000 -0.1447 1.0000
bt C
NETHORK 2
1 py 3 4 5
p— ~—
1.0389 -0.7788 0.6000 0. 3000 0.0000
-0.7768H 11.2246 ~9.8572 G.0G000 0.0000
§.0500 -5.6572  100.3328  -14.9300 0.0000 6G.7)
0.06000 0.8000 -14.9300 30.7153 -2.2845
u 0.0000 0.00600 0.0000 -2.2845 1.16868

After scaling line 1 snd 5 of both the netwprks, the remaining
lines sre scaled in such & way that the différence among the
disgonal elements of the matrices is not too large. In doing so,
the fallowing procedure is followed.

In network 1, the second diagonal element i.e. Y49 (1.0752)
is multiplied by 1.2 snd the product is trested as the new value
of third diagonsl selement i.e. Y22 ( which was previously 11.2246
Y. Similgrly the new value of fifth disgonal element Y44 { which
was previousiy 30.71563 ) is found by multiplying Y55 (1.16810} by
1.2, Finully the cenﬁer diagonal element Y35 ( which was
previocusly 100.8811 ) is found from the product of 1.2 sand the
new velue of- Y22 (1.29803). While wmultiplying the diagonsl
elements- by 1.2 the corresbunding row  and column elements are
multipiied by J1.2 which is demonstrated by =a simple exsmple in
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multiply the column

by n
YOD YO' YOZ . . . YO.I'I—' YO,n
multiply the row '
by n '
e 5 Yio Yu Y2 . . Yyae Vi
Y20 Yo Y22 v ’ Y2.n---l Y2.n
‘ . . Y
YmO Ym! Ym2 m.n=1 A

Fig 6.3 Modification of different elements of an admittance
matrix by multiplying with a factor n



Figure é%.B@ The same procedure is applied to network 2, where,

aakqen™1 2x{Tyy)41q> (Ygqdpee™l 2x(Yg5) 444 and

H

(YBB)newzl‘zx(YEE)neW‘ After this scaling the sdmittsnce matrices

take the following shspe,

NETWORK 1
0 1 2 3 4 5 6
= -
1.0000 -0.1447  0.0000 0.0000 0.0000 0.0000  0.0000
-0.1447 1.0752 -0.2994 0.0000 0.0000 0.0000 0.000O
0.0000 -0.29984 1.2903 -0.2152 0.0000 ©0.0000 0.0000
0.0000 0.0000 -0.2152 1.5484 -0.4278 0.0000 0.0000
0.0000 ©0.0000 0.0000 -0.4278  1.3932 -0.4470 0.0000
0.0000 0.0000  G.0000 0.0000 -~0.4470 1.18610 -0.1447
0.0000  0.0000  0.0000 0.0000 0.0000 -D.1447  1.0000
NETWORK 2 \ )
{ | 2 3 4 5
[~ 1 0389 -0, 2589 0.6000 0.0000 0.0000
-0.2589 1.2476 ~0.2384 0.0000 0.0000
0. 0000 ~0.2384 1.4960 -0.3893 00000 6.9
0.0000 0.0000 ~0.3893 1.4005 -0.4878
0.0000 0.0000 0.0000 ~0.4878 1.1668
. e
5.5 Mow ean. (6.8) and ean. (6.9 give

the characteristic sdmittance matrices of network 1 and 2

In

€

spectively sfter the required scaling and changing of level. In
_order to get the static capscitance matrices all the elements of
both the characteristic admittance matrices sre multiplied by 5.
Finsally to convert the values to a 50 Q termination impedsnce the
elements are‘ divided_by 50. So, to coqvert the characteristic
admittance matrices to static capscitance matrices sll the
elements of the former are multiplied by Ng/dg or 376.7/50=7.534 .
Now multiplying &8ll the elements of the two networks by
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‘.u34 the following static capacitence mstrices sre formed,

NETWORK 1
0 1 2 3 4 5 6
7.5540 -1.0932  0.0000 0.0000 0.0000 0.0000 0.0000
-1.0832  8.1224 -2.2617 0.0000  0.0000  (.0000  0.0000
0.0000 -2.2817 9.7489% -1.6254 0.0000 0.000C 0.0000
0.0000  0.0000 -1.6254  11.6963 -3.2314 0.0000 0.0000
0.0000 0.0000 0.0000 -3.2314 10.5240 -3.3765 0.0000
0.0000  0.0000  0.0000 0.0000 -3.3765 8.7700 -1.0932
0.0000  0.0000 0.0000 0.0000 0.0000 -1.0932  7.5540
NETWORK 2 . ’
1 2 3 4 5
[ 78480 ~1.9555 0.0000 G.0000 ~  ©0.0000
-1.9555 8.4176 -1.8006 0.0000 0.0000
0.0000 -1.8008 11.3011 -2.9405 G.0000 G.1D
- 0.0000 0.0000 -2.9405 10.5778 -3.6846
0.0000 0.0000 0.0000 -3.68486 8.8148-

From the asbove two matrices the physical dimensions of the

filter asre now calculated. The procedure described in sectiongg.ég

of chapter o 1s applied to find the mutual capacitsnce 1i.e.
capacitance between line to line and self capascitsnce 1i.e.
capacitance between line to ground of the coupled rectangular
bars.rThe mitusl capacitances can be easily calculated from the
static capscitance matrices. For example, the wmutusl capacitance
between line 1 and 2 of network 1 will simply be Y19 or Yoy which
is 2.2617 ss seen from eqn. (6.10) On the other hand the self
copacitance of any line to ground can be calculated by adding up
the respective row or column elements. For example, t@e self
capacitence of line 2 of network 1 will be the addition of
-2.2617, 9.7469 and ~1.6254 which .is equal to 5.8598 as seen from
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eqn.(ﬁ.lﬂ) This capscitance value is same for either the row or
the column sddition. After calculating the normsalized capacitance

values of both the networks, eaqns. (5.1%9), (5.18) and Getsinger’'s (7]

curves 1in figures@;.@ @.33&“‘1 @&B sre used, a5 described in

section@@.@?of chapter 5, to find the physicai dimensions of the

filter,

6.6 Calculation of physical dimensions: After cslculating sll the
widths and spacings of the rectangular bars the following table
15 constructed.

TABLE 6.1 Calculation of widths and spacings of
Network 1

S R N e Ul S I W S BV L Sk, k+ 1/P 5k,k+l_H
0 6.4608 0.6651 | 0.4430 ﬂ
0,1 1.0932 0.5300 0.3350 | 0.2230
1 4.7674 0.5704 §0.3800
1,2 2.2617 | 0.2240 0.1700 | 0.1130 W
2 15.8598 1 0.8386 | 0.5580

12,3 1.825 0.3100 0.2450 | 0.1631 1
3 6. 5395 1.034 | 0.6880
3,4 3.2314 0. 1560 0.1170 | 0.0780
4 39161 0. 5782 1 0. 3850
4,5 3.3765 7. 1500 0.1120 | 0.0750
5 4. 3003 0.5145 | 0. 3430 n
5,6 ' 1.093% 0.5300 | 0.3350 | 0.2230 E
&5 5 . 46U 0.6651 1 0.4430 ﬂ

In the above table,
k ~ line number

Cyu/€ = normslized static capacitsnce of kth line to ground
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ck,k+l/e ~ normalized static capacitance between kth snd (k+1)th
line
(Cfe’)k,k+l/e ~ normalized even mode fringing cspscitance between
kith snd (k+1)th line
Wy ~ wWidth of kth line in inches
lSk,k+1 ~ spacing b91weeu kth =and (k+13th line in inches
In the k column of the above Ltable 0,1 ; 1,2 etc. means between
the lines O and 1, 1 and 2 etc.

The center plate of the designed filter is shown in figure
h?.%ﬁ The vertical cross section of two networks of the filter 1is
shown  in figure@%.%ﬁa) and (b). From figure%@.%@it is geen that
the thickness of the center blate iz ¢=0.2 inch and the spacing
Letween the two ground plates is b=0.666 inch, so thet £/60.3.
The widths of all the coupled lines of network 1 except the input
snd  output unit elements are calculated using egn. .17 and
flgurekj é;)For width caleculation of two unit elements eqn. §.18),
ilgureug J/and flgure~5 {>are used. The width calculation of line

1 and one of the unit elements line D are shown below.

For line 1,  Cy/€=4.7674, (Cge g, 1/€=0.5300, and
(Cfef}l,z/e:0.2240. The self capacitance 1is found from table! 6 %}
and .the . fringing capacitsnces are found Trom figure &g.%}
corresponding to the given values of t/b snd the mutual

capacitance Ck k+1/€ or (Ac)k,k+1/€ of 1able/8 1) Now putting
Lhese values in egn (J 10
w; 1 1
—==(1-0.3)[=(4.7674) -0.5300-0.224
b 2( )[2( 674) 0]
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Fig 6.5(a): Vertical cross section of network 2
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Fig-6-5(b): Vertical cross section of network 1
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LW =L 3800 inch
But for line U, egn. GLlB)will be used instesad of(ﬁ.l?} because
this line has no neighbor and that 1s why (Cfe')k~1,k/e 1ft eqrt.
G.17 is replaced by Cp'/€ in  ean. (5.18). For line 0, Cp'/€ is
found, from figureé?.%% to be equal to 0.8000 snd this is same
for both the wunit elements. From tableé@.%ﬂ Cy/€=6.4608, and

(Cfe’)o 1{620.5300. How putting these values 1n eqn.(@.ﬂ@,

W 1 1
L= (1-0. =(6.4608) -0.8000-0.
b 2( 0.3)[2(6 608) 8 0.5300]

wy=0.4430 inch.
A similar table 1is formed for network 2 under the same
symbols which is given below. Only in the k column G means ground

snd G,1 5,G.etc. means between ground and 1, Y and ground etc.

TABLE 6.2 Calculation of widths and spacings of
Network 2

k /€ | C,ue17€ | Cre Mk, 10 1/E | Wb i Sk, k+1” | Sk, kel H
G,1

1 58924 : 0.6590 | 0.4390

1,2 1.9555 0. 2630 0.2027  |0.1350 |
2 5.6614 ' 0.8010 | 0.5330 |
2,3 1.8006 - | 0.2800 0.2192  |n.1480 H
3 6. 5600) 3.9850 | 01,8580 H
3,4 2.9405 | 0.1780 0133 |0.0890 |
4 3.9557 0.5820 | 0.3880

4,5 3.6846 . 1350 0.1006  {0.0870

5 5.1302 0.5710 | 0.3800

o
fop
| —
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6.7 Correcltion of widths of pnetwork 2: It is seen from table@é.é}
that spacings between ground and line 1 and that between line 5
snd ground of network 2 are not given. In network 1 the widths of
the unit elements as well as their spscings with the nearest
neighbor lines sre identical at both ends thus making the network
symmelrical st both ends. To restore the symmetry in network 2
i.e. to wmodify the widths of line 1 snd 5 in such & way thst
their spacings with ground at botﬁ ends are identiéal, Lhe
following iterstions are carried out without sffecting the widthg
and spacings of rest of the lines.

It 1s seen from table@?.%@ thet w1:D.439”. If the ground
spacing of line 1 is sssumed  to be D.2% l.e. s 1=0.27, Wy and
Sq,1 adds up to 0.638". The objective is te modify the width Wy
snd to find = new value of 50,1 in such & way that the sum of Wi
and 8G,1 remaing 0.639" . The iterations are carried out until two
successive lterstions give same result. ALl the values and

calculations refer to eqn. @.l?)and figureﬂ?.%ﬂ

lteration 1: SG)l:D.ZT {assumed ) sullﬁb:0.3

(Cfe’}G’I/G:G.BSS (from fig.(ﬁ;zn (AC)R,R+1/E:1.27 (fig. (. 2);
(Cplpen=7 -8480-1.9555-1.27=4.6225 (from eqn. (3.11)

- (ul)“eH:U_BSZ" s (SG,l)neu:0“247“

Iteration 2: SG’1:G‘247" (from previous iterstion) sa’lfb:ﬂ.371
(Cpe Vg, 1/€%0.430 (from flg@ﬂ) (AC) 14+1/€=0.96 (fig. 6.2

(Cklpey=7-8480-1.9555-0.96=4.9320 (from eqn.(E.lD)
(W1)heu=0-413"  and (SG,l)new:U'ZZB"

Iteration 3: s 1<0.226" (from previous iteration) sz ;/b=0.340
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(Cpe dg,1/€=0.410 (From fig. (b 2 - (ACh ., q/e=1.08 (rig. ($.4))
(Cp a7 8480-1.9555-1.08=4.8125 (from eqn. (6.1
© (M) pey=0.404"  and  (5g )y 0=0.235"

ILteration 4: e 1:0.235” (from previcus ifterstion) SG,1/b20.353

; -~ . . - D S LT
(Cp ' dg, 1/€=0.420 (from fig. (. 2p (AT)) 4y1/€51.03 (Fig.{5.3)

(Cy)pey=7.8480-1.9555-1.03=4.8625 (from egn. B.1D)

© (W1 ) eg=0 407" mnd (sg ) )pe,=0.2327

lteration 5: Sg 1=0.2327 (from previous iteration) 5y, 1/0=0.348
(Cpe ), 1/€=0.418 (From fig. f%z.ﬁ (AC)y gp1/€=1.05 (tig. (§.2)
(Cy ) pee=7-8480-1.9555-1.05=4.8425 (from eqn. G. 11}

L (W) en=0-406"  and (8g, 1 ney=0-233"

Iteration B6: SG,120.233” (ffom previous iterstion) SG)1/b20.350
che')c,l/e:0.418 (from tig.(.p.2) (ACyp y1/€1.08 (fig (6.5
(Ck}neN:T.848071.9555—1.05:4.8425 (from eqn.@?.lﬁﬁ

~ (W1)pen=0-406"  and (SG,l)neH:0‘233"

S50 the final value of w; and sg,1 are 0.406" and 0.233"
respectively, An  exsctly 'similar procedure of iteration is
carried ont at the other end of the network 2. Here 55 .G ié
assumed to be D.2”_which gives the summation of We, and 55 G to be

\7

(0.380“+0.2”):D.580“. How the following iterations. sre carried

out,

Iteration 1: SS,G:D.ZH (assumed ) SS’GbeD.B

(Coo Ve n/€=0.365 (from fig. 15.2) (AT '€=1.27 (fig. 5.2
fe 5,G =), aba rom Lg.@;g 4 \"’k,k."'l/ =l.a lg%d{?

(Cplpey=H.8148-3.6846-1.27=3.8802 .(from ean. B.11)
© (W) pee=0-333"  and  (sy g)pe,=0.247"

lteration 2:'55 g=0.247" (from previous iteration) 55 @/b=0.371
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(Cpe )g g/ €=0.430 (from fig.(5.2) (AC)) y4+1/€=0.96 (fig. (6.2
(€ pen=8.68148-3.6846-0.96=4.1702 (from eqn. (8.1D)

- (W5)eu=0-354" and (85 glpey=0-228"

Iteration 3: 8g | G:O.228" {(from previous iteration) SS,G/b:D'340
(Cge )5,6/€=0.410 (from fig.(§.3) (AC)y yy1/€=1.08 (£ig. ;5.2
(Cplpen-B8-8148-3.6846-1.08=4.0502 (from egn. (B.11)

- (M5)pey=0.345"  and (85 gl eu=0-235"

Iteration 4: 55,G:0'235" {(fron previous iteration) S5 G/b=0.353
(Cpp )5 g/€0.420 (from fig.H.2Z) (ACYy p1/€=1.03 (Fig. $5.2)
(Cdpew=8-8148-3.6846-1.03=4.1002 (from egn. (6.11)

» (W5)pey=0.348" and (85 glpey=0-232"

Yteration b: s =0.232" {(from previous itersation) sz ~/b=0.348
5,G 5,G

.3))

E

(Cpo )s5,0/€50.418 (from fig. (I5.2) (AC)y y41/€=1.05 (fig.K

(Cydney=8.8148-3.6846-1.05=4.0802 (from eqn. B.11)

- (W5)pew=0-347" and (85 gl ew=0-233"

Iteration 6: S5, G:U.ZBBL (ffom previous 1iterstion) 55,G/b:U.350
(Cpe g, g/€=0.418 (from fig.; @ 2) (AC)y s 1/€51.05 (fig. (- 2))
(Ck)new:8.8148—3.6848—1.05:4.0802 (from egn. .11)

L (M5 ) pew=0-347"  snd (55 glnew=0.233"

.Thus the final value of GS and sg g are 0.347" and 0.233"
respectively. The . interesting point to be noted 1is that
agssumption of any valus fqr_sG,l or Sg g leads to the same result
after the required iterations. Now the new entries sre made to
table #8.20to form the following table for network 2 which is

finally used to realize the phy=zical dimensions.

A.ﬁ
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TABLE 6.2 Calculation of widths and spacings of
Network 2 (Modified)

k C/€ | tnt/€ | Coo i et/ | W | Wi S, ke1” | Sk kel
G,1 0.3498  |0.2330
1 | s.8024| . S 0.6500 | 0.4060

1,2 | 1.9555 0.2630 0.2027 10.1350
2 5.6614 | 0.8010 | ©0.5330

2,3 | li.e008 | 0.2800 0.2192  {0.1460
3 6.5600 ' 0.9880 | 0.6580

3,4 2.9405 | 0.1780 1 0.1336__ |0.0890
4 | 3.9527 0.5820 | 0.3880

4,5 3.6846 | 0.1350 0.1006 |0.0670
5 . 5.1302 - : 0.5710 | 0.3470

5,G 0.3498 |0.2330

6.8 Summarv: In this ch&pfer the physical dimensions of the
parallel coupled 1l1ines of both the networks of the filter are
calculated using some specified expressions for width and spacing
calculation and the curves of Getsinger {7]. Alsco for network 2
modifications in width and spacing are made at the two ends to
keep the symmetry of the netwo that are used for modification aré

also given at the end.

88



CHAPTER 7

Fabrication of the designed filter and

measurement of insertion loss

7.1 Introduction: In this chapter, the fabrication technique
of the designed filter has been presented 1in details. After
.construction, the filter has been tested by measuring the
insertion loss characteristics directly from the network
an&ly;er and also with the help of Microwave signal gdenersator
and wmicrowave power. meter. The exXperimental results are
presented gnd discussed in this chapter.

7.2 Fabrication of the designed filter: A neat drawing of the

designed filter with all dimensions has been given in figures

1,

f""}
5.4
)

:@.éﬁa) andé%.ﬁﬁb) of chapter 8. The experimental filter
has been construéted- by cutting and msachining brass plstes.
From figuresﬁ?.ﬁgéﬁ and@%.ﬁ%b) it is clesr that the resonator
elements are supported by two cover plates which actually act
as.the g;ouﬁdlpiates. These ground plates were made by cutting
and machiningl brass plates with less hardship because the
dimensions were lafge enough to - maintain precision. But the
cutting snd machining of the resonator elements sand the small
pPieces 1in between them were Qery mach difficult because of

their precise dimension upto the third decimal of an inch.
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Five resopnator elements and two treneformer elewents  of

_ ‘ _ ) .
thickness 0.233 inch , ss shown figure Q‘.qﬂa). were cut  and

machined very carefnlly from = brass plate of thickness 3.2%

v

inch, Esch of the cover plstes were snlso made of Erasa plates
and placed 0.2 inch sway from the center plate of the filier.
The center plste or the resonstor elements slong with the
transformer elements were first assembled together by light
welding. After welding, the résonatﬁr elements and the smsll
pieces were ‘screwed tightly in between two s=spacers of

thickness 0.2 inch. After this the two ground plates were

screwed to the center plate. In order to connect the filter to

¢

the messuring instruments, two Flange Mount Jack HReceptacles

( Captured Center Contact Straight Terminal; Psrt Rumber 3052—7

1201-10 ) were mounted on the input and output tresnsformer
] IE
elements as shown in figure ég.%ﬁ Some photographs of +the

N

constructed Filter sre zhown in figuresﬁg.ﬁfa) snd (b).

7.3 Heasurement of insertion loss characteristies: The disgram
of the ﬁrrangement rfor measuring the insertion loss of =3
filter by means of a power meter snd thermistof mount is ghown
in figures @.1) andég.%? The arrangement, consists of 8 hp-430C
microwave power meter, =8 hp—4f?B coaxisl thermistor mount and

hp-616B UHF signal generstor. The thermistor is 8 resistive

device cspsble of dissipsting radico frequency power and can

change resistance using the thermsl energy sbsorbed. It hss s

a0
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h,- 430 C

Microwave power meter

hp- 4773 10 mw

Coaxlal thermlstor mount

R.F.
power
input

1~
L

O

Fig. 7.1 Measurement of mlcrowave power of a microwave
source al discrete trequency polnia wlith the help of a
microwave power meter,

FILTER | | um— | na]).\J? |

Fig. 7.2 Measurement of Input and output power of a
microwave fliter tor obtalning power toss ratio at a
particular treguency.
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negative temperature co-efficient asnd is designed to operste

at 200 ohm resistance.

In this measuring arrangement, the thermistor mount Torms
one leg of & self balancing bridge of the POWET meter. The
power meter contains such 2 bridge, a 10.8 KHz oscillstor, s
dec bias circuit and a meter circuit. Initiélly the thermistor
element is connected to the instrument bridgé circuit keeping
the bias off but is not connected to the r.f. power source.
The thermistof mount bridge is balanced when the element
changes its cold resistaﬁce state to its operating resistance
state. The change tskes plsce as the lelement shsorbs powver
from the oscillator and dc  power from the biss cirenit  of the
power meter.

The input snd oﬁtput power of the filter were messured st
different fréquencies withinr the pass lband usiﬁg the UHF
signal gener&tor az the input power source, the power meter ss
the output power measuring device sand fhe thermistor mount.
The following procedure was followed to take the resdings.
First; the indicstor of the power meter 15 sefb 8t zero
position by the "zero =zet  knobs. The power range indicator is
set'at 1 mW position. The r.f. power squrce ( UHF signal
generstor ) is then connected to theﬂthermistor mount. The
thermistor element absorbs the externsl r.f. power, dets

hested s=mnd changes its resistsnce which unbslsnces the bridge.
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Fig 7.8(c) Latera] view of the constructed filter
with top plate removed

Fig 7.8(d) Front view of the constructed filter
with toap and bottom plates removed



This action csuses the output from the oscillator inside Lhe

power meter to decrease to accomodate Lhe external r.f. power
through the thermistor element. The meter circuit inside the
powe¥ neter measures the smount of this power decrease from
the oscillgtor of the power meter and displays the results qf
measurement over & calibrated scale as the power increases due
to the external r.f. source. This pover isfﬁtaken as the input
power. Then the constructed filter is insefted in betﬁeen the
r.f. power source and the thermistor mount. The power now
indicated by the power meter is taken as the output power. The

sbove procedure was carried out repeatedly at different

frequencies over the pass band. Finally the ratic of output

power to input power was determined and the 1nsertion loss was

calcul&téd in dB. Following the abové procedure, 8 set of
reading was taken with the experimental filter which ﬁas been
given in appendix-D. The curve of attenuation vs. freaquency 1s
plotted using this set of reading in figureii.fg

The insertion loss chsracteristics of the constructed
filter was also obtsined from hp-8510B network analyzer. The

nietwork analyzer gives directly the ingertion loss

characteristic curve 1in attenunation ( dB ) vs. frequency when

o

the filter is connected between port 1 and port 2 of the

network. The insertion loss chsracteristic curves &S were

obtained from the network analyzer are given 1in figures
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a0 At . e P M B
4@.3ﬂa}, (b) and gg.%ﬂ Also figures Qg.§;>and Qg.@ﬁ give the

insertion 1loss characteristics of the same filter for

‘different adjustments of the ground plates., So it 1is obvious

that spacing of the ground plates from the center plate plays
an important role iﬁ ﬁetermining the characteristics of these
types of filters.

7.4 Sunmary: The method of fabrication of the designed filter
has been discussed in this chépter. Operation of the measuring
devices has been described in short. The insertion loss
characteristic carves of the filter have been obtained both

from experimental data and from the network analyzer.
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CHAFPTER 8

Discussions and suggestions for

future work

Discussions: A ﬁethod of designing microwave band pass filter
using half wave digital TEH lines have been presented in this
work. In this method a 1low pass prototype filter has been
transformed in to a distributed band-pass filter. The distributed
band-p#ss filter has both series and shunt resonant elements.
Using fregquency transformation and static capacitance matrices
these resonators have been converted to equivalent network of the
band pass filter in the form of coupled half wave digital TEN
lines. Using the design procedure developed, a band pass filtef
has been constructed for a center frequency of 2000 MHz with 1%
bandwidth i.e. 20 MHz. The filter has been designed to have
meximum pass band attenuation of $.044 dB. The insertion loss
characteristic cﬁrve as obtained from lthe network analyzer is

:%a). It was found that the center fregquency

givenrr in figure Q§~%

has shifted to 1923.285 MHz and pass band width has increased to
about .85 MHz. Figureﬁé.é}b) gives the same curve-within a shorter
span'of_frequéncy._Figureéygéﬁshogs'the extended plot of the pass
band to have a better look at the pass band ripples. The pass

band attenuation as seen from figure@?.éﬁa) is abou£ 1.1 dB.

;

I o
Figure %g.%h andiﬁ.gﬁ give the characteristic curves from the

netwWwork analyzer ‘for’pwo different adjustmeants of the upper

103



ground plate of the filter. The. center frequency in figure 7.5
has occured st about 1910 HHz but the bandwidthk becsme much
larger than expected. In figure 7.6, the center frequency has
further shifted to a value of about 1850 MHz and bandwidth still
larger than before. In figure 7.7(s) the characteristic curve has
been obtained by plotting the experimental data. It was found
from this curve that the center frequency has ogcured at around
1905 MH= and.the bandwidth =about 80 MH=z. Haximﬁn..pasé band
attenuation was about 2 dB. So it 1is observed that the wmaximum
pass band attenuation is wmore than the thebretically predicted
‘value and the center frequency has increassed by about 3.8% =znd
the bandwidth has also increased substantially. Figure 7.7¢(b)}
shows the  expected theoretical characteristic curve of an
elliptic function band-pass filter.

The filtef‘ was constructed by cutting and machining brﬁss
plates. A high degree of accurscy in physical dimension is
required for the construction of this type of filters.
Introduction of inaccuracy to physical dimenzion of resonator or
transformer elemént highly influences the overall performance of
the filter characteristic. Also the position of the ground plate
Breatly influences the charscteristics Vas was‘ seen from the
curves in figures 7.5 and 7.6 obtsined from network analyzer. The
length of the resonator elements influences the center frequency
of the filter. If the lendth is increased the center freguency
Will decrease and vice versa. Probably this was the reason behind

the shifting of the center frequency.
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Annother reason of introduction of error in dimensions is tﬁe
reading of Getsinge;’s chart. Curves of AC vs. s/b in figure 5.2
shows that a8 change iﬁ tﬁe spacing between the 1lines causes
considerable change in wutusl capacitance between 1lines (AC).
Moreover the curves are given for t/b=0, 0.025, 0.05, 0.10, 0.20,
0.40, 0.80, 0.80; whereas the present filter was designed for
t/b=0.30 which was not supplied by Getsinger's chart. As a result
the AC vs. s/b curve for t/b=0.30 has to be drawn by averaging
the two curveé for t/b=0.20 and t/b=0.40. All physical dimensions
were then calculated using this newly drawn curve for t/b=0.30.
It was very much likely that the feadings taken from this curve
Wwere erroneous. On the other hand, lack of precision cutting,

nachining and Jjoining the esmall parts together 1introduced some

.error in the interbar spacings. This causes a change in the value

of mutual capacitance which in tern causes &8 change in the

response of the filter.

Next, the setting of input - and output connectors to the
respective transformer elements was also & precision job. Due to
the unavailabilify of two identical connectors to connect the
filter to the network analyzer, two different types of connectors
were used at the two ports of the filter which miﬁht‘have changed
the characteristic impedance of 50 ohm of the filter. In fact,
the difficulties féced in machining and setting made it s&almost
impossible to maintain = high degree of accurascy at those
connections. As a result impedance mismatch might have occured st

the input and output portz. This type of impedance mismatch is

105



very much unwanted_ because it increases the 1loss in the pass
band. At -the same time loss of power in the connéctors itself
" increuases tﬁe attenuation in the pass band. Theoretically this
type of filters should be Qonstructed Wwith mnaterials having
‘infinite conductivity. The brass plates were purchased from the
loéal market which were not meant for this type of work. This
impurity of ‘'material may cause some deviation in filter
characteristics.

This type of elliptic function filtér is constructed from
resonator elements grounded at both ends ﬁhich make this filter
superior over the filters with resonators grounded at one end.
Becauss ;he f;ee'ends of the resonators ' of thé later type are
prone to bend due to mechanical shock or rcugh handling. But the
presént filter is free from that problem because o¢f its solid

binding &t_both ends of the rescnators.
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APPENDIX A
FDRTRAN PROGRAM FOR COMPUTATION OFf STATIC CAPACITANCE

MATRICES FROM LOW-PASS PROTOTYPE ELEMENT VALUES
*:lr***rk**'kfk************’k*’k*****#************#*****#**************J**#**
X PROGRAM FOR *
¥ HALF WAVE STEPPED DIGITAL ELLIPTIC FILTER *

REAL L2P,L2M,L4P,LdaM, M2, M4

OPEN(9, FILE='FLTR’)

WRITE(S,*) DETERHINATION OF CHARACTERISTIC ADMITTANCE

WRITE(9,*) MATRICES FOR A 5 ELEMENT STEPPED DIGITAL"

WRITE(S,*) ELLIPTIC FILTER’

WRITE(S, %)

WRITE(9,%) SPECIFICATIONS GIVEN ARE:

y=1.2222

S$=60.1

WRITE(9,20) V,S
20 FORMAT(/ VSWR= °,F10.3,2X, STOPBAND LEVEL= °,F10.3)
X MAXIMUM PASSBAND ATTENUATION X
****************************************************:k****‘f****#*******

RHO=(V-1.0)/(V+1.0)

AMAX=-10.0%( ALOG10(1.0-RHO*%2))

WRITE(S,*)

WRITE(8,30) AMAX
30 FORMAT(/ "'MAX PASSBAND ATTN AS CALCULATED FROM VS¥R IS',

+ F10.3,2X, 'DB")

**************#*******************************************************

X LOWPASS. PROTOTYPE ELEMENT VALUES X
AR A ORI AOK A ACK ACH AR AR KA AR K AKAOK HOK KKK KK KKK O KK KKK K ACK K AOK KKK ACK R K A KKK

WRITE(2,%*)

110



WRITE(9,*) LOWPASS PROTOTYPE ELEMENT VALUES ARE:~
WRITE(S,*)
€C1=0.92865
C2=0.05866
C3=1.666
C4=0.1607
C5=0.83863
M2=3.611883
M4=Z2,303827
WRITE(9,40)C1,C2,C3
40 FORMAT(/"C1=",F7.4,2X,°C2=",F7.4,2X,'C3=",F7.4)
WRITE(9,50)C4,C5
50 FORHMAT(/ 'C4=",F7.4,2X, 'C5=",F7.4)
WRITE(9,60)H2,H4
60  FORMAT(/ 'M2=",F7.4,2X, "H4=",F7.4)

SACHCI A A KKK A0 A RO 0 ORI I S 0 RO S OK KKK K 33K 3K 3O S S K YK R O

* CENTER FREQUENCY, EDGE FREQUENCIES, PASSBARD, % BANDWIDTH *
AR RO SR ARSI KKK K 3K K K ORI K HOROK S HHOROK R K CICHCK K K K ORIk ¢
F0=2000.0
PB=20.0

F1=(2.0xFO-PB}/2.0
F2=(2.0¥FU0+PB /2.0
PBW=100.04PB/F0
WRITE(S,70)F0,PB,PEW,F1,F2
70 FORHAT(/ "CENTER FREQUENCY OF THE FILTER = °,F9.3,2X, MHZ',
+ / PAGSBAND=",FQ.3,2X, "MHZ , " ,2X, "% BARDWIDTH=",F9.3,2X, ‘%",
+ /S 'PASSBARD EDGE FBEQUENCIES ARE: F1=",F9.3,2X, 'F2=",F9.3)
WRITE(Q,*)

111 _ .



S o KSR S S SK K KSR K S KK KKK AR A KRR K KK ORI KKK OR R ACE KO

K

STEPPED IMPEDANCE PLAHE (THETAG) *

***************************#**k****k**********************************

80

90

PI=4.0%ATAHC1.0)

THETAO=P1/3.0

WRITE(9,80THETAO

FORMAT(/ 'CHOSEN STEPPED IMPEDANCE PLANE=THETAO=",F7.3,2X, "RAD "}
WRITE(S,%)

X1:2.0*FDXSIB(Z.O*THETAO)

X2=4.0*THETAO*PB

A=X1/X2

WRITE(9,90)A

FORMAT (/ 'CALCULATED BANDWIDTH SCALING FACTOR= ",F7.3)

*********b**t***#F**#****A#***k**#*********k****#*ﬁ**k*k*&*E++ki*##$+K

*

CALCULATION OF WAVELENGTH #

*********4***********k******#****#**#**L*k**************i***#i#ik*###*

110

2. 0kAXTHETAO¥ (ABS(TAN(THETAD ) 3/PI
AB=HZ¥0.5/A
BC=M4*0.5/4
LZP=SQRT(ABx#2+1.0)+AB
LZM=SQRT(AB**2+1.0)-AB
L4P=5QRT(BC*x2+1.0+8C
L4M=SQRT(BC**2+1,0)-BC
WRITE(Q,*)
WRITE(S,110)L2P,L2ZM,L4F, L4H
FORMAT(/ "LAMBDAZ+=",F7.3,2X, 'LAMBDAZ-=",F7.3,2¥,
"LAMBDA4+=",F7.3,/ LAMBDA4-=",F7.3)

WRITE(S,%)
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3‘1*-‘fl**********-*****ﬁ*ﬁl‘i*****-***-‘k**171"-*****5}7-**************Z***?k*******-?ﬁ*'f#"rf*'&i’-'al".
" CHARACTERISTIC ADMITTAHCE HATRIX (METWORK 1) s
S R S AR SR KK R KK K S KR KA KK KKK KKK KKK KK HOK AR A Kok

2=0.5%PT,/THETAQ |

¥11=1.0

¥12=-1.0

Y22=Bx(C1+C2K( 1. D+ L2HKK2+Z% (L2PH*2-L2M#F%2)))

Y23=Y22-B4C1

¥33=B4C2%( 2. 0+ L2Mk*2+L2PHk2)

Y34=B4C2H( 1. O+LZPRK2+ 24 (LZMA*2-LIPFX2))

Y45=BHCAK (1. 0+LAMKK2+ Tk (LAPHEZ-LAMKX2 ) )

Y44=BKCH+YI4+YL5

Y55=BACAX( 2. 0+LAH**2+LaPK¥2 )

Y56=BHCAK( 1. 0+LAPK* 24 7% (LAHAk*2-L4PH*2Z))

YB6=B% (C5+C4% (1. 0+LAPK42+ 2% (LA#K2-LAP¥%2)))

Y67=-1.0

¥77=1.0

¥=0.0

WRITE(S,*)

WRITE(9,%) THE CHARACTERISTIC ADHITTANCE MATRIX'

WRITE(S,%) OF NETWORK 1 1S (WITHOUT SCALING):’

WRITE(S,%)

WRITE(9,100)Y22,~Y23,Y,7,¥

WRITE(9,100)-Y23,Y33,-¥34,Y,¥

WRITE(9,100)Y,~Y34,Y44,-Y45,Y

WRITE(S, 100)Y,Y,-Y45,Y55, -Y56

WRITE(S,100)Y,Y.Y,-Y56, Y66

100 FORHAT(S(F8.4,2X%)



SR A A KK o KK SR KKK 3R R KR SR KKK KKK SRR A KK HOKICIOR SO O OR K S ACKIOR S KRRk
* AUGMENTED CHARACTERISTIC ADMITTANCE MATRIX (NETWORK 1) *
R AR AR KA KA A AR R SKOR KKK KKK A ORI KR KKK KKK AR SOROROR K
WRITE(9,*)
WRITE(Y,*) 'THE AUGMENTED CHARACTERISTIC MATRIX OF NETWORK 1°

WRITE(S,*) AFTER ADDING A UNIT ELEMENT TO EACH EHD OF METWORK

WRITE(S,*)
Y222Y22¥1.D
¥YB8B=YB6+1.0
WRITE(S,10)Y11,Y12,Y,Y,Y,Y,Y
WRITE(S,10)Y12,Y22,-Y23,Y,Y,Y,Y
WRITE(9,103Y,-Y23,¥Y33,-¥Y34,Y,Y,Y
WRITE(9,10)Y,Y,-Y34,Y44,-Y45,Y,Y
WRITE(9,10)Y,Y,Y,-Y45,Y55,-Y56,Y
WRITE(S,10)Y,Y,Y,Y,-Y56,Y66, Y67
WRITE(9,103Y,Y,Y,Y,Y,¥67,Y7Y

10 FORMAT(7(F8.4,1X})

‘*»IOL*k*****************‘*********#************************#****4‘*k****'ﬂk

* CHARACTERISTIC ADMITTANCE HMATRIX (HETWORK 2) *
KKK A K SRR KR KK OK K SRR K SK K A K KL A KSR KRR IORAOK IO KKK AR S KKK HOR K KRR ACK K
WRITE(S,#*)

HRITE(Q,*)’CHARACTERISTIC ADMITTANCE HATRIX FOR NETWORR 2:°
WRITE(Q,*) (WITHOUT GSCALIMG)”

WRITE(S,%)

Z11=B*(C1+C2%(1.0+L2M**2))

£12=211-B*C1

222=BxC2# (2. 0+LZM*#kZ2+LZP* %2}

223=BAC2%{1.0+L2P¥%2)
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Z234=B*C4k{1.0+L4H*%2)

Z233=B*C3+223+7234

Z44=B*Cda% (2 .0+L4AHxkZ2+L4P*%*2)

- Z45=B*kC4x(1.0+L4P*x%2)

Z55=B* (C5+C4#x(1.0+L4P**2))

WRITE(9,*)

WRITE(S,1205211,-212,Y,Y.Y

WRITE(9,120)-212,222,-223,Y,Y

WRITE(9,120)Y,-223,233,~234,Y

WRITE(Q,1203Y,Y,-234,7244,-7245

HRITE(Q,120)Y,Y,Y,—Z45,255

120 FORMAT(5(F8.4,2X}}

S 3K S K AR SR KKK AR AR KKK K R R KKK K K KKK KK KKK KK oK KA AOK Ko K K K oK o
* FIRST HODIFICATION OF ADHITTANCE MATRIX : NETWORK 1 *
S S SR KoK K A K K S K SK KKK KSR SROK S SKOK K KKK KK K SR KK A KK K KK KK K ok KRR AR KK K

R=1.0/SQRT(B)

Y22=Y22%R¥kR

Y1Z2=Y12%R

Y23=Y23%R

YOB=YBE8*R*R

YB7=YB7*R

Yob=YOB*R

WRITE(9,%*)

WRITE(S,*) FIRST MODIFICATION OF ADMITTANCE MATERIX

+ METWORK 1°

WRITE(9,*)

HRITE(S,ZDO)Yll,Y}Z,Y,Y,Y,Y,Y

WRITE(S,200)Y12,Y22,-Y23,Y,Y,Y,Y
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WRITE(Q,2003Y,-Y23,Y33,-Y34,Y,Y,Y
WRITE(S,200)Y,Y,-Y34,Y44,-Y45,Y,Y
WRITE(S,200)Y,Y,Y,~Y45,Y55,-Y56,Y
 WRITE(S,200)Y,Y,Y,Y,-Y56,Y66,Y67
WRITE(9Y,200)Y,Y,Y,Y,Y,¥67,Y77

200 FORMAT(7(F8.4,1X))
S S KR 3K o K o S o R o bR KA S A K K S KK KK A R SK T KR K RO K K KK Sk S K K S K KRk
* FIKST MODIFICATION OF ADHMITTAHCE MATRIX : NETWORK Z *
S5 oSS oK S S 3K S K KSR K SO SK oK R K K K K o K H o oK K K K K K K SR SR A0 K A KK ok K
Z11=211%xR*R
212=Z12%R
Z245=Z45%K
Z55=Z55L%R*¥R
WRITE(S,*)
WRITE(9,%) FIRST HODIFICATION OF ADHMITTANCE MATRIX
+ HETWORK 2°
WRITE(S,%)
WRITE(S,210)Z211,-212,Y,Y,Y
HRITE(Q,210}—212,222,—223,Y,Y.
WRITRE(9,210)Y,-223,233,-234.Y
WRITE(3,z210)Y,Y,-7234,244,-245
WRITE(S,210)Y,.Y,Y,~-Z245,255
210 FORMAT(5(FB.4,24X)
o ok KK K S K oK ok KK KoK o KK K K SRR KK SR oK KK S KKK KKK K o K A KK KoK o 44
* SECOND MODRIFICATIOHN OF ADWMITTAMCE MATRIX : HETWORK 1 B3
KKK KRR SRR K HOKSR KA KK A O K AR K KKK AR KSR KR AOKAOR K KK A KK ROK Sk K KOk o
F1=54RT{(Y22%1.2/Y33}
B1=-SQRT(YB6X%1.2/YH55)

¥Y33=Y33%F1*F1
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Y23=Y23%F1
Y34=Y34%F1
Y55=Y55*%B14B1
-Y56=YoL6*B1
Y45=-Y40%B1
Fzz5QRT(Y33%1.2,/Y44)
Y44=-Y44*F2*F2
Y34=Y34%F2
Y45=Y45%F2
WRITE(9,%*)
WRITE(9,%) SECOND HODIFICATION OF ADMITTANCE MATRIX

+ NETWORK 1°
WRITE(S,*x)
WRITE(9,300)Y11,Y12,Y,Y,Y,Y,Y
WRITE(9,300)Y12,Y22,-Y23,Y,Y,Y,Y
WRITE(9,300)Y,-Y23,Y33,-Y34,Y,Y,Y
WRITE(9,300)Y,Y,-Y34,Y44,-Y45,Y,Y
WRITE(S,300)Y,Y,Y,~Y45,Y55,-Y506,Y
WRITE(S,300)Y,Y,Y.Y,-¥56,Y68,Y67
WRITE(S,300)Y,Y,Y,Y,Y,YBY,¥77

300 FORMAT(7(F8.4,1X))
* SECOND MODIFICATION OF ADMITTANCE MATRIX : HETWORK Z *
SKCSKC T S SRR A KR S K b oK TS KSR A TR SR A SRR RCROK A R KK RO R SR ORI K

F1=SQRT(Z11%1.2/222)
LZ22=7222%F1%F1
Z212=212%F1
L23=223%F1
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B1=5QRT(Z55%1.2/244)

£44=744*%B1*B1

Z34=234%B1

Z45=7245*%B1

F2=5QRT(Z22%1.2/233)

Z233=Z33xF2*FZ

L23=Z23%F2

£34=734%F2

WRITE(9,%*)

WRITE(9,%) SECOND MODIFICATION OF ADHITTANCE MATRIX :
+ NETHORK.Z’

WRITE(9,*)

WRITE(9,400)Z11,-212,Y,Y,Y

WRITE(9,400)-212,222,-223,Y,Y

WRITE(9,400)Y,-Z223,233,-234,Y

WRITE(S,400)Y,Y,-234,244,-245

WRITE(S,400)Y,Y,Y,~Z245,Z35

400 FORMAT(5(F8.4,1%X))

**********************************************************************

* STATIC CAPACITANCE MATRIX OF NETWORK 1 *
****************************************#*******************X*********
E=377.7/50 . .
Y11=Y11%E
Y122V 12KE

Y22:=Y22Z%E
Y23=YZ3%E
¥33=Y33%E
Y34=Y34%E
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Y44=Y44%E
Y45=Y45%E
Y5575 54E
Y56-Y56XE
766=YBEHE
Y67=YB7*E
Y77=¥TTHE
WRITE(S,*)
WRITE(9,%) STATIC CAPACITANCE MATRIX OF NETWORK 1°
WRITECY,#)
WRITE(S,500)Y11,Y12,Y,Y,Y,Y,¥
WRITE(S,500)Y12,Y22,-Y23,Y,Y,7,¥
WRITE(9,500)Y,-Y23,Y33,-Y34,Y,Y,Y
WRITE(, 500)Y,Y,-Y34,Y44,-745,Y,Y
WRITE(S,500)Y,Y,Y,-¥45,¥55,-Y56,Y
WRITE(S,500)Y,Y,Y,Y, Y56, Y66, Y67
WRITE(9,500)Y,Y,Y,Y,Y,Y67,Y77

500 FORHAT(?(E8.4,1X))

SR A o o3 S SRRSO SR S KKK KA KK R A O K KKK AR KR K KKK HOR O OK A OK E k.

& STATIC CAPACITANCE HATRIX OF WETWOREK 2 ¥

HOKCE T KKk S I AR R TR SR K SR ORI A R R RO R O R AR A R AR RO R sk
Z11=211%E -
Z12=212%E

E22=L22HE
Z23=223*E
Z33=Z33%E
£34=734%E
Z44=C44%E
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745=745%E

75522 55%E

WRITE(9,%)

WRITE(9,%) STATIC CAPACITANCE WATRIX OF NETWORK 2°

WRITE(S,%)

WRITE(9,6000211,-212,Y,Y,Y

WRITE(9,600)-212,222,-223,Y,¥

WRITE(9,600)Y,-223,233,-234,Y

WRITE(9,B00)Y,Y,-L34,244, 245

WRITE(S,600)7,Y,Y,-245,255

800 FORMAT(S5(FS.4,1%))

*’*****«‘K*‘rk**************.***Ik*******ZF****************"rk*****lk***?kik:}'J'li'i'lf-‘r'l»’-*iﬁ*
* HORMALIZED CAPACITANCE VALUES OF NETWORK 1 *
******'r'k'************************>i‘-?*‘-*******-***********************‘#*’-**Iik**

WRITE(9,%) ‘

WRITE(9,*) NORMALIZED CAPACITANCE VALUES OF NETWORK 1°

WRITE(D,*)

WRITE(9,510)Y11+Y12

WRITE(9,620)-Y12

WRITE(9,610)Y22+Y12-Y23

WRITE(9,620)Y23 |

WRITE(S,610)Y33-Y23-Y34

WRITE(9,620)Y34

WRITE(S,610)Y44-Y34-745

WRITE(9,520)Y45

WRITE(S,610)Y55-Y45-Y56

WRITE(S,6203Y56

WRITE(9,610)YBB-Y536+Y6Y



WRITE(S,620)~YBY
WRITE(9,810¥Y77+Y67
610 FORMAT(FS8.4)

620 FORMAT(S8X,F3.4)

***t*********k*k*****************L*****k*#********************bFLk**+4

% NORMALIZED CAFACITANRCE VALUES OF NETWORK 2 *
*43****k*L***+******$*k*#**##4L***K*******#*******#******+**r***kV*F**
WRITE(9,%*)

WRITE(Q,*) HORMALIZED CAPACITANCE VALUES OF NETWORK 2°
WRITE(Y,#*)
WRITE(9,7103211-212
WRITE(Q,720)212
WRITE(9,710)222-214-4223
HRITE(S,?EO}ZZB
WRITE(9,710)Z33-223-434
WRITE(9,7203234
WRITE(S,710)244~7234-7245
WRITE(9,7203Z245
WRITE(9,710)Z55-240

710  FORMAT(FH.4)

720 FORMAT(BX,F8.4)
STOP
END

WA A KA K SR S K A K K S R K AR KR K KK K K KRR R SRR RO ARG ACKROR R
**m**x*m***x***x*********mm****mm******m*#xx*m****w**m**mm*m$mmx**$x1m



APPENDIX B
RESULT OF THE COMPUTER PROGRAM

DETERHIHATION OF CHARACTERISTIC ADHITTANCE
MATRICES FOR A 5 ELEMENT STEPPED PIGITAL
ELLIPTIC FILTER
SPECIFICATIONS GIVEN ARE: |
VSWR= 1.222 STOPBAND LEVEL= 60.100 |
MAX PASSBAND ATTH AS CALCULATED FROHM VSWR IS 0.044 DB
LOWPASS PROTOTYPE ELEMENT VALUES ARE:
Cl= 0.9265 C2= 0.0587 C3= 1.6660
Cd4= 0.1807 C5= 0.8363
M2= 3.6119 M4= Z.3038
CENTER FREQUENCY OF THE FILTER = 2000.000 HHZ
PASSBAND=  20.000 MHZ , % BANDWIDTH= 1.000 %
PASSBAND EDGE FREQUENCIES ARE: Fiz= 1990.000 F2= 2010.000
CHOSEN STEPPED IMPEDANCE PLAME=THETAO= 1.047 RAD
CALCULATED BANDWIDTH SCALING FACTOR= 41.350
LAMBDAZ+= 1.045 LAMBDAZ-= 0.957 LAMBDA4+= 1.028
LAMBDA4-= 0.973 |
THE CHARACTERISTIC ADMITTANCE MATRIX OF NETWORK 1
CHITHOUT SCALING):
' 50.3392 -6.1021  0.0000 0.0000 © 0.0000
-6.1021  11.2246  -5.1225 0.000D 0.0000
¢.0000  -5.1225 100.8811 -16.2130 0.0000 N

0.0000 0.0000 -18.2130 30.7153 -14.5023
0.0000 0.0000 0.00U0 -14.5023 54 .4327



THE AUGMENTED CHARACTERISTIC MATRIX (OF NETWORK 1
AFTER ADDING A UNIT ELENMENT TQ EACH END OF NETWORK I

1.0000 -1.0000 0.0000 0.000C G.00060 0.0000 0.00600
-1.0000 51.3392 -6.1021 0.0000 0.0000 0.0000 0.0000
0.0000 -6.1021 11.2246 -5.1225 0.0060 0.0000 0.0080
{1.0000 0.0000 -5.1225 100.8311 -16.2130 G.0000 0.0000
0.0000 G.000G0 0.0000 -16.2130 30.7153 -14.5023 G.0000
0.0000 0.0000 0.0000 0.0000 -14.5023 55.4327 -~1.0000
0.0000 0.0000 0.0000 0.0000 0.0000 -1.0000 1.0000

CHARACTERISTIC ADHITTANCE MATRIX FOR NETWORK 2: (WITHOUT SCALING)

49.6045 -5.3874 0.0000 0.0000 0.0000
~5.3874 11,2246 -5.8572 0.0000 0.0000
. 0000 ~-5.8572 100.3328 -14.8300 0.0000
0.0000 §.0000 -~-14.9300 30.7153 -15.7853
0.0000 0.0000 0.0000 -15.7853 55.7157

FIRST MODIFICATION OF ADMITTANCE MATRIX : NETWORK 1

1.0000 -0.1447 0.0000 0.0000 0.0000 0.0000 0.0000
~J. 144 1.0752 -0.8831 0.0000 0.0000 0.0000 0.00060
0.0000 -0.8831 11.2248 -5.1225 0.0000 0.0000 g.0000
0.0000 0.0000 -5.1225 100.8811 -186.2130 0.0000C 0.0000
0.0080 0.0000 0.0000 ~16.2130 30.7153 -2.0988 0.0000
0. 0080 0.0000 0.0000 0.0000 -2.09388 1,1810 -0.1447
0.000u 0.0000 0.000y 0.0000 0.0000  -0.144Y 1.0000
FIRST MODIFICATION OF ADMITTANCE MATRIX : NETWORK Z
1.0388 -0.7768 0.0000 0.0000 0.0000
-3, 7768 11.2246 -5.8572 0.0000 0.03000
0.00006 -5.8572 100.3328 -14.9300 0.0000
J.0000 0.0000 -14.9300 30.7153 ~2.2845
0.0000 0.0000 0.0000 ~-2.2845 1.1669
. .
SECOND MODIFICATION OF ADHMITTANCE MATRIX : NETWORK 1
1.0000 -0.1447 {1.0000 0.0000 0.0000 0.0000 0.00noo
-0.1447 1.0752 -0.2994 0.0000 0.0000 0.000uU 0.00060
3.0000 -0.2884 1.2903 -0.2152 0.0000 (.000d 0. 40600
0.0000 0.0000 -0.215Z 1.54B4 ~1.4278 0.0000 0.0000
0.0000 0.0000 0.0000 -0.4278 . 1.3932 -0.4470 0.0000

0.0000 0,0000 0.0800 0.0000 -0.4470 1.1810 -0, 1447
.D000 0.0000 0.0000D 0.0000 0.0000 - ~0.1447 1. 007



SECOND MODIFICATION OF ADMITTANCE MATRIX :

1.0389
-U.2583
0.0000
.0000
0.0000

STATIC CAPACITANCE

. 7.5540
-1.0932
0.0000
0.0000
0.0000
£.0000
0.0000

STATIC CAPACITANCE

7.8480
~1.95855
0.0000
0.0000
0.0000

~(.2589
1.2487
-0.2384
0.0000
0.0000

-1.0932
B.1224
2.2617

.geo

.0000

.oGoo

0.0000

OO0 O

-1.9559

9.4176

-1.8006

0.0000
0.0000

0.0000
-0.2384
1.4560
-0.3893
0.0040

MATRIX OF NETWORK

0.0000
-2.2617
9.7469
-1.6254
0.0000
0.0000
0.0000

MATRIX OF NETWORK

0.0000
-1.8006
11.3011
-2.9405
0.0000

0.0000
0.0000
-(0.3893
1.4003
-0.4878

0.0000
0.0000
-1.6254
11.6963
-3.2314

0.0000

0.0000

0.000G0
0.06000
~-2.94035
10.5778
-3.6846

.00ao0
.0000
.0000
.4878
. 1669

.0000
.0000
. 0000
.2314
.5240
.3765
.0000

L0000
.0000
.0000
.6846
.8148

NORMALIZED CAPACITANCE VALUES OF NETWORK 1

6.4608
4.76874
5.8588
6.8385

3.8161

4.3003.

6.4608

1.0932
Z.2817
1.68254
3.2314
3.3765

1.0932

NORMALIZED CAFPACITANCE VALUES OF NETWORK 2

5.8924

9.6614

wn
[y
oo
[}
b

1.9555
1.8008
2.94095

3.6846
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=0 LDoLo

NETWORK 2

.0000
.0000
L0000
.G000
.3785
L7700
.093z

L0000
L000g
.0000
L0000
L0000
.083z
. 5540



APPENDIX C

EXPERIMENTAL DATA OF THE FILTER CHARACTERISTICS

in GHz in mW P in m¥- Attn. in dB
: in cut
1.75 0.32 0.001 -25.905
1.77 0.30 0.0605 -17.78
1.80 0.32 0.01 ~15.05
1.83 0.31 0.01 -14.91
1.85 0.28 0.015 -12.71
1.86 0,27 0.02 ~11.30
1.87 0.30 0.02 -11.76
1.88 0.30 0.025 -10.79
1.89 0.28 0.06 -6.69
1.90 0.26 0.10 -4.15

©1.905 0.26 0.18 -2.11
1.91 0.27 0.03 -9.54
1.92 0.31 0.02 -11.9
1.93 0.30 0.015 -13.01
1.94 0.31 0.01 -14.91
1.95 0.32 0.01 -15.05
1.96 0.31 3.015 -13,15
2.00 0.35 0.02 -12.30
2.05 0.38 0.01 -15.80
2.10 0.46 0.01
2.15 0.51 0.01

2.20 0.58 0.005
2.25 .60 0.001
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