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'CHAPTER 1I o S
N A ." . INTRODUCTION .

E B any

o ..

- f P
¢
3

s - The recent past has witnessed an enormous growth of)
' . ~ .)\ .
ﬁ the commercial communigations -satelllte 1ndustry. " This

has put economic pressures on satelllte operators to in-

crease .the communications capacity within the alfpcated
£ Kl
PN © *: band-widths. One of the areas pressed hard to-accompl{fh

‘ this has been® the/gﬁanne;lzatlon of the avallable bana‘
width through ever more efflclent passmve fllterlng. Thls
has had/the e fect of an unprecedented act1v1ty ln ‘this

.area and h resulted 1n 51gn1f1cant 1mprovement§ in mjcro- .

wave filtérs and multiplexing networks. This trend is

.- expected to continue - especially in the 14/11 GHz and .

30/20 GHz frequency bands which are now available for

. - . : : . )
sa}ellite,communication. . , ..

; - » .
1 [N . ‘ 3

.; * For satellites in the late sixties .and darly seven- o

—_—
L

tles, the bulk of ;}\?Ilters used were direct- coupled wave-
'gulde band—pass filters based-on the clas51c paper by

'Cohh L[], For some appllcatlons in the L and S-band b
transponders, 1nter~dlgltal fllters were used bqeed upon

the works.of Matthael [2 31. The paper by Wenzel [4] .

o} ‘ *‘ter—dlglta; band-pass fllters paved the way for subse-

quent work on géneral 1nter—d1g1tal fllters. Subsequently,'

1 \\; . . D ‘T

-



Rhodes descrlbed the steﬁbed dlgltql e111pt1c functlon i'

v - »

; filters  [5] and linear phape fllters [6]. Rhodbs also )

realized a wavegulde llnear ,Phase fllter 1n a folded-type -

2

structure [7]. . . ' ’ o -

.
‘

i - ‘ A | . \ ) !
Levy - [8] described waveguide band-pass filters . : e

2,
o

. that realized a single pair of real-axis or transmission 7

zeros. Prlor to the work df Rhodes apd Levy, Kurzrok (9,

10] “- reported the real;zatli? of 3 and 4-pole filters

(-]

in wavegulde and coax structures w1th bridge coupllngs to

’

rea112e transm1351on zZzeros or real-axis, zeroZ; in the

ot early seventles, Comsat Laboratorles performed ploneerlngv
Jork 1n reallzlng.wavegulde,fllters u51ng»two orthogonal
) 3 . v - . .
modes in the same waveguide cavity. This tesulted not ’

A%

/ only in the saving of volume and weight, which are criti—%
.- . , . . '

1 cal parameters for space application, but also'helped'to

,/- ¢ realize .generalized filter functions which can be used to. ‘.
S optimize the communication channel performance.- The *

’

70_  's;mpl%city of such a,construction has 'virtually eliminated
_?.; other,typés‘pf strpctures'to.realize generalized .
) respoqse fenctlons. : ) ) “« - - .9
. } ] R t S

‘ O ! Tﬁe early work in this area was performed by

¢, Blach1 r [11] and later generalized and 31gn1f1cantly ex-~

oL ganded by Atia and Williams [12,13, 143 The use of higher

o;der propagation modes to achieve lem loss was also advanc-_-




B

‘.

-

//////btilty are as 1mportant as the cost, . .

/

P

’ fréqu-pcy bands.

the responsé functions. This normally implies the. lowest

v

, wo '
SN » U .

o - R . .
ed by Atxa and ‘Williams [15] in a single mode structure . ¥,

- |4

and later by Kalllanterls and O‘Donovan [16] in a dual- - y

3 “a e

mode co flguratlon. Nearly a1l narrow-band bandfpass fllters

for spare appllcatlon utlllze a dual-mode conflguratlon u51ng

R L L L ‘
P

a’ dominant mdde of propagation in" 4,6 and 8 GHz frequency

band apd higher order propagation modes in 12 ‘GHz and bAwker

\ 4 ©
. w

There are two ba51c areas to improve the performance

=

of passive electrlcvfllters. One is to optlmlze the response

tlun Hion for a glven amplitude a.nd phase or group delay

\er?
requjirements. This is accomplished most convenlently by
dealfing with the low-pass prototype netw?rk. Practical

fil ers in the 1ower freqﬁencies thaf\aré characterized by
lumged elements or narrow-band f}lters at hlgher frequen01es
us.ing distri?uted‘elements, can then be dEriYed by using
§im-le,kreguency transformations. The second area ﬁor advanc-
ing the staﬁe—of-ﬁhe-art @s in the physical realization of h
codlt for’aéplication inﬁground—basga equipment. For space T

apéllcatlon, ach1ev1ng the minimum welght ‘and high rella-

! . - T

. With the above backgrbund, the work carrted out

A

-

X%

during the course of this thesis has+ been dlrected.

, " Ll
o :

.




(a)

(b)

Toward ‘the development of computer programs to

conduct filter and multiplexei tradeoffs under
optimal conditions, so as to obviate the need

of having to deal with specific filter functions,
and ' . .

Toward generalizing the approach to aésigning
narrow-band band-pass micgowave filters for e
space application.

-~ ! ' }
These objectives have been met with the successful

n »

applmcatlon of the results of thlS thesis to the design

‘and optlmlzatlon of the input and output multiplexing net-

A

works for the dpcoming Canadian Domegtic Satellite ANIK-C.

v - . .

‘The thesis is divided into seven chapters. Follow-

'y

ing the"Introduction, Chapter IT is dévoted to reviewing the -

4

basmc characterlstlcs of doubly termlgated filter netwe;ks.

Special emphasis has been placed on the relationships »

that relate the pole-zero configuration of the basic low-pass

prototype structure to such practical parameteys as inser-
.

. ., - . ) v v
tion loss in 4B and group delay in nanosecond%,\gnd so on.
. ‘

The concept of unified design charts and of the trg;;off

that exists, dB for 4B, between the lsolatlon in stopband

and return loss in pass-band .is hlghllghted.




[
‘

-

The effect of dissipation on low-pass prototype
networks is considered in detail in\Chapter"III. Express-

'
ions .are derived for the equ;valent 1ow—pass prototype

[N

_dissipatioh factors for the low-pass; hlghapass, bandkpass ‘and

| -
P [

¢ -3

band- stop fllters. ) ‘

- . N L .

- ’ : .
o . ¢ Fd

-

The same conéEpt is extended to derive equiwaient

dissipat on factors for the normalized frequency varlable of -

9

lumped and dlstrlbuted all—pass networks. The inclusion of

\\/ T

‘d1551patlon factors for the prototype 1ow—pass and all—pass

-

networks provides the models to derive thgzpractlcal.fllters

and all-pass networks through the use of frequency trensfor-

. 1’

mations. //
‘ ' \\ hd # . v v
r N ' &
These last two chapters provlde an adeguate back—

[
~gorund for Chapter IV, whlch 1s devoted to the détermination

1 ~ * =

‘of pole-zero configuration for tpe most general class of . e

o

doubly terminated, low-pass prototype filter networks.
4 ' .

* This is accomplished by developing computer-aided optimi-~
* zation programs in conjunction with analytic techniques

to analyze and optimize lumped, doubly ferminated, and low-
pass ptototypekfilter networks for an arbitrary set of ampli-

s . -

tude consEraints. The programs make use of the finite number

of attenuation poles and zeros (referred to as the critical
f;equencies) of the trxansmission function as independent

o . ,
variables, The objective function 'is'defined in terms of

. ! ‘ v
the practical parameters of transmission loss or.return loss

3

. .
- i .
™~ - ' ‘
., v - .
‘ , : e a
)t . . s .
. . .
SN
. '3 o . . * .

~n
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~general, and is capable of generating new types .of filter

- in Chapter VI. Closed—fofm expressions are derived fo

4 : ’ : . .' \
or both in decibels (dB) at the critical frequencies orxr
others, ifjrequired. The gradients of the objective function

along with/ t inequality and équality constraints, if any, ‘

are derivegd. analytically. Algorithms are developed that*

functions without loss 5f generalit&." Two separate;opti;
mization program; are developed; one baséd on the direct= <; 1
seqrch using ;he‘simplex‘méthod, the othgr ugi'é a gradient o~
strategy\employing new Fletcher's algoriéhmli Thé programs

have ,demonstrated the intended flexibility in géneraﬁing new -

. ~
realizable filter functions. The well-known functions

5

such as Butterworth, Chébyshev or the elliptic responses, .

can be derived as special cases of the generalized transfer

function. With apbgopriate constraints to ensure physical

L4

realizability, this provides a tool to cornduct filter trade-

offs under optimal conhitions. _The ' technique is completely

¢ .
- e,

functidns determined solely by the overall system require-
ments. Low-pass prototype charipﬁerist;cs of some new

filter functions which are likely to have a practibai,appli—‘
cation, are provided to aid filter designers in Chapter V. ‘

. | \
l ) \

ﬁed \ #
\

([141 |

»

Filter synthesis for band-pass filters is car

out usin§ the basic technique described by Atia et al.
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. derived susceptance matri% can be used to realize .a dominant

.Structures.

LJ///” s
\‘ 14 ? ~
= ' gk

the coupling coefficients in terms of the eigen value §'b£\ | ‘
the géneralized coupling matrix which, in turn, are related ]
to the pole zero conflgpratlon of the,prototype network. ’
If the requlred coupllngs are greater than the degrees of 3
freedom of the network in rea11z1ng a glven resppnse, tiien . i
an arbitrary choice of excess couplings 15 used as égraneﬁers ©

[1].

softwareghas been developed that generates'a shsceptance

tributed elementsy as described by Cohn

N \ » ;
matrix from the coupling matrix:.¢ The susceptance values ‘ g
/ . ! . . ' «

are related to the physical dimensions™of the irises or other' . i

tuning elements, either by such expressions as derived in
- [

Marcuvitz [17], or by generating susceptance versus physical .,

+

dimensions of practical irises for a range-of values. ' The

El
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A&

" or TE prdpaéation modes for the .

11N lON
reallzatlon of filters in single or dual—mode wavegulde

. or higher order, TE

\

Practhal examples of fllters-reallzgd in a

b ounes

dual-mode configuration in the\li’GHz freqﬁ hcy bénd‘adequately

-t

d¢monstrate the accuracy of the computetr séftwane and the .

closed-form relationshipg for mﬁtuai—coﬁplings devéloped in'.

<
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e The "last chapter describes the conclusions of this
3, - ”
B thesis. The original vyprk carried out is reviewed, The
‘ . aréas of any fufhi/e research where“this thesis could be of
§ value are highlighted. .
N . b} s
B 4 A brief /description of the computer programs with
; . : . 7 . ; r ’
: };yplcal outputs- is included in. the Appendix.
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NETWORKS

/ * . . Vs
% 1 POWER TRANSFER AND ROPERIIES OF ’
; CHARACTERISTIC POLYHOMIALS

v

The basic propert es of doubiy terminawéd loss—

-

te tbooks |

[18 19,20]. These propertles‘w1ll be brlefly: '

-

revieweéd here with an emphasis on those asPecté which

. -

the basis of reseafbh describ

».\1/‘
Sy

,.., P

Filter, nekworks considered here are terminated

fo in this thesis,

1n»mé51stors of equal value' to effect a maximum power

v -
‘*‘ﬁ

transfer. ‘Such is ﬁhe rﬁgulrement in general communica-

tions systems. A loss—legfhdoubly terminated two-port

network is described in Figure 2.1.°

The maximum available

power Pmax from the ideal voltage source E is E2/4R,.
' Power P2, delivered to the load R, is |V2|?/R..
Therefore, ' ' -, .
N ,
. -
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Pm'atx l ' . E |2 : ~(2.1)

Ve hid 4“;\
' . y 2 - I~ .
= 3. |5 £y Ri = Ry - (2.2)

For passive.loss-lg%s two-port networks, P2 can
..+ be egual to6 or less 'than P ax® For such networks, there-
fore, it is most convenient to define the dharacterist$6

. -

function K(s) [21,2%,23] by ‘

-~

. . : - f/

57— = 1 + [K(s) - (. 3)

™

s=jw -

-, .
For lumped*\iingar and tiﬁé-invar%ig;.circuits

considered here, K(s) is a rational function in s with

: real coefficients. The ratio max is defined. by

- P -

. the transmission ‘function H(s) wheré ’ i

1
" - .

- '

2

H(s) = 1°+ |k(s)|? (2.4)

s=ju s=jw

& ’ ' '

H(s) is also referred to as the’ transducer function and
’

the- above relationship is known as the "Feldtkeller eguation”. .

It may be written in the alternative form

L 4

LY

&
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1
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since -all networ ions are rational in s with real

coefficients. For the same reasons, the transm:.ss:.on /

e: charac ristic functions may be express-

?
o
’

functions must s'atisfy the followint_; conditions-
if thel; to correspond to a realifiPle’ reactive network:
- ’ 4

3

E(s), F(s) and P(s) must be rational funct.ions

of s with real coefficients

o .
RN

. be a Hurwitz polynomial, i.e., its\‘

a

left-half plame’of s, -

-
e

. (s) is a pure even or pure odd polynomlal -

. . .

" . The degree of E(s) is greater than or- equal j
‘ s

to that of elther F(s) or P(s)

H(s) H(-s).= 1 + K(s) K(-s) - ° v & f

L]
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" then be expressed as . I

Furthermore, H'(s) s=d >1 must. be satisfieg

for networks consisting of passive elements’ ~

’

implying that the power delivered to the load can never

exceed the maxmmum available power from the sourcé.

s
2 k4

An alternative form of Feldtkellgr equation may

§(s) E(-s) = F(s) F(-s) } B(s) P(-s)  (2.7) -

s

It is to be noted\that'only two polynomials are

- L]

necessary to deflne the. t;gzsm1551on function completely.

The third polynom1a1 can be derlved from the Feldtkeller

relatiom, #as above. T E :

-

2.2 REFLECTION AND TRANéMISSION COEFFICIENTS

5]

The refleckion coefficients for two-port networks

are defined by

'

. - R
in 2
p1(s) = f2 8)
. Zin ¥ R o N
T " L] \
and . P .
s ] . § I'4
%2, =R )
: in 1
p2(8) = o ox - (2.9)
in* - o
‘ k)
- «
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s Ry '=‘R/2=R‘ » S

For Toss—-less two-port networks, it is easily shown that

| (.w)rzf= L _ P2 __ Reflected Power
LA - P Avallablée Power
R .o max . . (A
Similarly, the trafismission cqefficient t(jw) is given by

e
1

). .
3 . 2 _ Transmitted Power )
]t(?w?l " TAvailable Power ' A2.12)-
;‘! e :{':'\. ‘ ) = ’
or¥ j-ﬁ - .
s .
. Aa‘?‘,‘,_ - . P . \
Voo HtEe) [P 2 R = 1 Je(Ga) ] (2.13)
T max ,
and . :
NRT _ : S
lo(jw) |2, + Jt(Gw) |2 = 1 ' _(3.14)
- ; ‘ <7 N
’ ’ .\ ﬂ' o ‘ ' ) ‘
In terms of the characteristic polynomials,
H
. F(s)
pls) = Es ,
and ’ - X‘ 3,
. _ P(s) tz:
- _ . tgf) E(s)- ™ e (2.16)
\ 7 .
v VAR |
v
’ ~ “, ’ 4 . J

= (2:11)'

:; )
3
:
3
3
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. ‘.. -+, Another interesting relatiohshia that relates trans-
_~ .+ mitted and reflectéd powers is easily derived as :
) ’ ' * . - 3
‘ 8 . . j
' K(s) . : (2.17)
NN ~ ~ n . . ‘ :
b > o P ’ /
AL ; ' £ = < (2.18). 3
o ‘where’ " . .
,;JEWPr is the reflected power,and, ’
Py is the transmitted, power o ! '
¥v2.3 CHARACTERISTIC POLYNOMIALS FOR IDEALIZED g
LOW-PASS PROTOTYPE NETWORKS i 2
o It is normal practice in filter theory to deal with i 4
° N o 5 ol M)
. - . ] -4‘ ," « h“‘ ~- ) .j.
. “ jdeal, normalized, low-pass prototype t;gnsmissiqn functions. b
/ ° . . ‘ [
It has the simplest form and provides the model from which %
v \: " . ’ . . é’:
A all types of practical filters can be derived through. the ’ ‘
, ¢« . "y Lo ! 3
- "use of frequercy transformations. The effect of losses - §
-~ ). . - A ) . ' ’ i ‘ * é
- associated with the elements of the network and their fre- ) ¥
. g ' i
> : S C s
R quency depend?&ggziig;ifxfs significant, can then be incor- 7
- — -t v - B
.+ porated to determine the true response. There is little §
3 R - " :
loss Of accuracy, as long as these effects are small, which- g
[ ] - .
/ is indeed the case for most ﬁractical applications. ,We 1,
il , | ]
follow a similar approach in the work described in this , %
© A 3 ) 0
thesis. ' ) ! y
[} . . . ::
a - ). :é
- » H s.‘;';
< D s ®
¢ v ° . 4
¢ ! ! . o ™ . L ";
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Figure\2.2 depicts the responsehof an ideal low-

pasg filter. Such a filter has zero loss below the cut-

off [frequency, and infinite loss for all higher frequencies. ;

. )
. / - 4
Such ‘a resPOnSE;Laﬁno; be satisfied with finite - .

-

“cirquit elements and- consequently, the more practlcal form,

b

as described in Figure 2.3, is chosen. Here, the loss is

o
+ A e

°

1
’

less than a prescribed limit ap in the frequency band

o<u<w, referred to as the pass-band and above a certain pre-
) . ’ . !
scribed value a; in the fregquency range W <w<ee which:fs

referred to as the stop-band. ‘ . ziﬁﬂ

© . —
In practical communications/systems, filter require-

DR e WA T et B AR I A R

-

ments call for low loss in the pass-band and hlgh loss in

A

'other frequency bands. Such a refguirement can best -be achlev-

ed |by a531gn1ng all zeros of K(s) to the jw-axis in the pass-— e 7

Y]

PO S

d reglon and all poles of K(s) to the jw-axis in the

high loss frequency bands. For some practlcal_spec1f1cations, i
\ a B !

- polles of K(s)._bave non jw-axis location. This resylts in

Y

- . . \\ ¢ i o .
. improved phase\anﬁ/;;oup delay response in the pass—baﬁd . !
the expense off attenuation in the stop—band. Such a ' J

adeoff is. sometlmes beneflclal\for/lhe overall system

o,

qulrements. The zeros of XK(s), however, are invariably re- ™

ired-to lie on the ju-axis in the pass-band region for

[PV TIN: S

st practical applications. This is tovensure low loss in® =~

e pass-band of the filter. With these considerations,in

SR e 2 e

¢
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"with the following restrictions: o
’ . All zeros of K(s) to lie on the jw-axis in
o ‘ the pass-band region. : )
B b . All poles of K(s) to lie on the juw-axis or
- real axis.
) /
Although the quadrantal symmetry for the poles of
K(s) is permitted, we shall confine the locations to jw
or real axis in this thesis. This covers the requirementé
for most practical applications.
[ 4
: " The characteristic function K(s) considered here,
will therefore have the following forms: ¥
~ ¢ s -
- . . .. 2 0, 2 .
) K(s) = g%:; _ s(s®+a,) (s®+ay) ... ©(2.19)
, . . ' (Szi’bi) (Szibz) “ue :
_ for odd-order networks, and L) , T
- ) C 2., , 2 .. 2
. _ F(s) _ (s?*+a;) (s?+a;) (s®+ay) ...
. u’), K(S) - P(S) -
' (s?+b?) (s?+b?) ...
: . @ -1 -2 )
2 . . C L e -
for even-order networks. The constraints on a's and b's
referred to as the critical frequencies are '
. - : »
[
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¢

. - )
- . b;,b2, ... can have any value except between

0 and 1 inclusively. ) o
. , : »

The amplitude résponse.is normalized such that the

1 e O TG o e b .

~  pass-band cut-off frequency is unity. It is to be noted

- » o * N 3
L] - . he
. . N
N * 0
. - - r
. . .
< . - R

that jw-axis location of the poles and zeros must occur in
conjﬁgate.pairs to ‘keep the poiynomials ratjional. The real-

B axis zeros of P(s) must also occur- in conjugate pairs to

i§3satisfy the restriction for P(s) to be pure'even‘or odd

<. polynomials. This also impliés that zeros of P(s) muft >
“ ; ~ ‘ . - / 3
“have guadrantal symmetry. N ( 7

S G ——— e L e
.

To examine these polynomials with respect Ep re-"

- flection and transmission -characteristics, we recall the

X ‘relationships
: ; p(s)"= F(s)
j : E(s
S,oe
and .
i ¢ 7
. P(s) '
t(s) S
and
. h . _' . . . .
E(s) E(-s) = F(s) F(-s)\+.P(s) P(-s) " v
/ . // - ‘
From .this, it is evident that the frequencies aj,
- / az, ... are zeros of reflection, i.e., frequencies at

which‘all'power is transmitted and none reflected. " Th




21
§. . | o ~ | \
5 <,
,§ ‘
[
ig .
g zeros. Similarly, frequencies b,, b2, ... aré zeros of
" . ' - . /
g tfansmiséioﬁ\(if,located on jw-axis), i.e., at these 3
i r frequencies no power is transmitted and there is a total
' refléction of pbwer. For this"reason, these frequencies:
. . - \ ’
are more commonly termed as attenuation poles-or trans-— .3
3 3
mission zeéros. Together, a's and b's are termed as criti- | ;
. cal frequencies and they determine completely the basic res j

ponse shape of a filter network.

83 3

v

. . »
The polynomial E(s), as stated earlier, is strictly

el

-

} _ " " Hurwitz, i.e., all its zeros must lie in the left-half of . é
o r‘ the s-plane. gince E(s) occurs in#the depomingtof of t(s), %
| £ thé zeros of E(s) are commonly referred to aslthe p?les} _ ;

: o of.thé transfer or insertion loss &ghction. ' h i
‘ : ‘ ‘ \ ‘ ﬁ

///2.4 UNIFIED DESIGN CHARTS RELATIONSHIPS 4 . %
‘ el -

The concept of unified design charts is explained

"in references t24,25,é6]. A brief summary giving theg

F

underlying ‘principle and itsfapp%icat%on in filterﬁéesign o

Y.

BR 5 e . o
SR SRR 4

ER A
(R LT

o

. is provided in this section. , ;

It has been shown in the previous sections that

.. the characteristic function K(s) can be described Ey

.r.. \ ! i
! 4

2 _'Pr _ . reflected power- . .(2'20)1
s=jml Pt  transmitted power :

, o ' ‘ 'K(s)

Tas*
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A

to the' max1mum rlpple in the pass—b d and W

, . .
If we choose @y

Y

i . ' * + R ~
o T 22
! |
. ) . . v
- L
. . * ~,
as the band—w1dth correspondlng

as the,

ST (B Pt
Pt s=jw) Pr s=juy
(Ry~A;) + (A3-Rs) =
| . .
. or ' ) Ct ‘ ]
g; Al ' » . . L] - *
- (Ritas) + (Autfe) HFlanen) SF LT (2.2
' t- ’ . . v /
where - o Lo
. - ! ¢ Lk . . ¢ . l
Ry ,A; - are the retu}:n loss ,and transm'is’sioml‘oss
. ¢
. . J.n dB corresponding tp f:he maxlmum rlpple
N . L4 : . . *
. . ' 1n the pass—bgnd T e e T
) \ \\ "‘ !:5 . . [ ' . =] .
o . N ) . e
. Rs,A; are the return loss a“nq.;transmissilo,h loss
. N . . e ' :
o ; in dB _corre5pondiﬁg ~to‘t thesminimum attenuar
[ N ', 1 N . , . t ; ' .
° tion in '\the stop*band® : . . . RN
' A ' + ‘ ) . @ «" % . ' N
. . . / B . ) N
F ‘:I.S a d:LmenSL nless qu;mt’lty w1th dé as AR
1
the units. t is termed by the author as =
‘ the Characteristlc Factor . )
w ' ' ‘ - : ;
. ¢ . v ' P
. L i . ) _\
. T i
v ' 4 - L
., ¢ ' s '.\\ 1 ') v .
' \ . ) EEE ] ’ ¥
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F Vs(wa/mlj gives rise to the unified design charts.

For gost practlcal appllcatlons, F > 20 dB and A; + Ri= 0,

and, consequently,

’

R

- (Ry + A3) =F

.

Thus, a tradeoff exists, dB for dB between fQie
¢ * 7

retuin loss in the pass-band and transmjssion loss in the/

stop-band at/a p%ir of specified frequencieg. The choice of

.
]

Apese freguencies is.arbitrary., as long as A, + R; = 0. However,
Vo. . 174 -

for universal and useful application of the 'F Vs (w3/w1) curves,

wj is chosen with respect to the equi-ripple peaks .of return loss
.in pass—-band if applieable, or with respect to the maximum

ripple for the non-equi-~ rlpple type of filter functlons.
Slmllarly, w3 1is .chosen with respect to an equi- ripple or

max1mum ripple Lq a stop:band“as»appllcable. Reference Lll]
‘providesg unifiedldesign chart re}étionsﬁips anE{curves for

the known transmission functions.” This concept is appliea

later for some new functions developed in the thesis.

% -
A JEaefore concludlng this sectlon, two points need
Mé B /
emphasis: .
) . P

R . . *
!

' firstly, the relationsiip F = (R1+A3) + (A;+R3) .is
an exact relationship. Algo, there are only two independent
van}ables,since the return los|s and transmission loss in

‘A

.
'
'
\ ] r :

e

-

s
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€

,lst are related by p— Te s B LN R

‘glance, the order of filter requiredrfcr‘a given sét of'ampli-rs

bandwidths for a glven order of fllter and the amplltude

. |

and the power transmiﬁggggger ungt incident (available)

- . .

A =10 log [1—10R/1°J

-t (2.25) T
°§econdiy, uni fied design,bharts‘providei‘atla

. ' , 4
[ . L . . .

tude constraints.~ In addition, they provlde the, trade-offs e i

between the return loss in- pass—band and attenuatlon in stop- , o

&

band or, alternatlvely, between the pass-Band and stop-band . ' 3

constralnts. .
o R_'

5

A judicious choice offorder of filter 'n’', pass-
band retutrn loss Ry, and the pass~band bandwidth w; using
these charts invariably providee an excellent first-cut N

filter design.

2. 5 RIPPLE FACTOR AND ITS SIGNIFICANCE o ' ro-
IN FILTER DESIGN ’
\

of

o S, STk B 1 T ATABIAEDAE ont i)

- B .
e ¢
oo
‘

. In all discussions so far, we have written the 2t

2

characteristic function as : . . ) %
§ “‘ . R . ,/\ ‘fm
) . 2 . 2 .
_ F(s) _ (s%ta;)Jds?+a,) ... ¢ .
K(S) = P(S) = ' . . E
(sztbi)(sz+bz) ven e ;
N

power is - N - ' -




SO S ' (2.26) -

& ' . ‘ |
. . T Pt = .
% | 1+ e 2, _ B

IS . .
N »

)
Wisﬁout foss of generality, one may introduce a

%

:

"
1
®

real constant ¢ referred to as tHe ripple factor, such

c<::‘that‘ , . N ' ) . l

~

2 2
: R 2 2 :
K(s) = ¢ {8 *a1) (s +az)... (2.27)
(s24+b?%) (s?+b?) ...
v ’ 1 2 +
~ . . —.l I3
. o It* does not alter the position of attenuation poles or
* v - / U .
zeros and hence. the basic shape of the response. However‘

'

7\

" it does affect\Ege location of the poles of the transfer

] / . — N
~function,. since .- T .
N e
(s - B(s) . ' - .
t (s) E—(-s—)- N . ) .

and . & ' - . ‘ )
F(s) F(-s} + P(s) P(-s)

R 1]

4

H

C E(s) E(-8S)

where j ; - : .
F(s) = e(s®+a?) (s®+a?) ... ; . 12.28)
‘ . . + .
L IR ' ' .
) As a consequence, the filter response depends upon

' the choice ée €. For equi- rlpple pass-bands, ¢ determines

%
, the magnitude of t?gtxlpple maxima.For a maximally flet

pass-band or non equiaripple pass-band, € 1s noérmally

chosen\with respect to the maximum permissi®le ripple. In
. . . \

-
\

~ ‘ practical terms, it is determined as follows:

] e Bt




!
i
1]
4
&
3
it

) ! i 260
E%: ) - i . B
‘a ’ . T ]t(jw)lz’= . 1 . . )
2 . A 2 z ; .
- ) . l+te JK(s)‘]sqw v {
’ - »
) : . % v \."4
: : =1 lpGe|* © L (2.29)
H i . ’ B ' 7 . ' £ > . ) . \5 )
3 . If w; is the pass-band bandwidth corresponding to @&
, the maximum ripple of Aj; dB in the pass-band, then' - s
i . ~ ’ ’ A N ‘,.E'."
. - '/‘ - . -2 - 7 .- ;
- e = JltULl |7 -1 . (2.30)
/ ‘ , K % (300 | - _
4 - . o . »
whére ' :
! , . . . ) .
l s ‘ . ]t_(Jml)] = 10A1/20
o If Ry ‘'is tHe return loss in dB corré$ponding to
the maximum'ribple, then ' , -~ v
A -
Ry = 10 log [1 - 10R1/107: gp o (2.31)
For low-pass prototype networks, w, is referred to'A.
- as the &t-off freguency and ;s normally chosen to be unity.
For Chebyshev filters, - '
» Y . - . _
, 5 l\\ ' . . _ N L)‘ E
. % (8)|gagy = 1,
A 4% -
‘ and _ L .
ce =/ 107A/TT 7y © . (2.32)
- M - . _ « ., e . " o -
) B Femaei I \ ' ) .
‘ . - &
S .9 N
- . oot -
- , by
’ - \ ~ ! -
. "‘ . ‘. ' i



llneer phase class of fllters, 't must be dete

the rel tionship of Equat%on (2.30). .

" An important pomt w111 be m¥de -here e‘gi,.é?i_' iné .tbe _ {

»

'(2.26).' It is easily seen that this relation hlp is inde~-

- ‘ ‘ S
pendent of the ripple factor ¢ since e deaﬂ\with the

n

ratio of K(s) at two different frequencies. Tke value of the

characterlstlc‘factor F remains unchanged and is determlned
solely by the ch01ce of attenuatlon zero and po e frequen—

I
cies. The-ch01ce of € on the other hand, govqrns the trade-

1

off between the return loss in the pass-banq and\attenuatlon
- 7 7 |
in the stopband for a given F. More explicity,

rom the °

relatlonship'

- (Ry '+ Aj) + (A; + Ry).=F

and for a given F, choice of e alters the-valuyes of"’
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E, ' 2.6.. LOWN-PASS PROTOTYPE CH‘/ARACTERISTICS .

.g R :, L :-Prgct{cal filters érg typicFlly specified in terms
: /-\ ofg: their ) ?

) ) . Insertion_Lbsé in decibels. (dB) versus frequency
. respoﬁse and , o iy
T ’ . L] . @
- . - [ t » - .\
i : . * .. Pass-band group or phase deviation from :
*"(": s ‘ 8 T &
PR : lineaﬁﬁ@y in nano-geconds and .degrees, respec-
r"'._;'" . . 8, . N ! . , . 3
e F tively. ‘ . .
e R s ¢ . . . ¢
. N X B
e - Insertion loss in dB is defined by .
he ' T ~ . ‘ .
- . .. : ‘ P B 3 N
‘ & &(jw) = 10 logu—g%é = 10 lpg‘l/]tkjw)]2
. _ p? ! = ) .
' = Do .
N _ N E (S) ) ) - o L) ..
o . = 20 log ‘}'FTE)—‘}‘ . Cy 0 (2-33)
'// s . ” ' . 1 ) o g
The power ratio can be J;epresén"ced in the form”® [18]
. . . . . : “?: " ‘i
c leqsy 2 = B2 IB(s)|* T T
' N - Prnax lELs) ]? A N .
5 : X N ',, \g:b 2 <.
a» "’ , 3 ? . - Y, ot '
oo | (s=S ) (8-S ) (s=8 ) I, (s=8 ) |*’ :
L = H? L 3 5 o0 (2.34)
. S * | (s-S278§gSu) (5-Ss) ... (S-S ) |?
| ‘ N ) ! - : ) N . N - ‘~ 2 ., 5
’ P where - - s 3 _
' ) . 4 : N . v, . l) :
- . Hy is an arbitrary constant to ensure that P2 _ ¢ 1.

e "




S

in the insertion loss is given by

- o o o : 29

. ;
. ¢
. i . -

N . - . ’ . \

- N ° .,
. - 0

It is/to be noted that . t(s%n;represents the voltage

transfer functioh of the filter»natword%'%s it'iepresehts

¥

the squafe-root of the ratio of the power delivered to the

load and the avaipi&ig'péye}. S2,84, -.. S, are the pgles

- ~

of t(s) and must Iie in the left-half of the s-plane. s

@

ar N . g
$1:83, +0e Sm~re§;ésent zeros of the transmission function e

if;thex\}ie“on the jw—axis, and represent a linear phase

structure if they lie along the o-axis. ‘ -
. / ,
The‘ipé;rtion loss 'a' can be written as .

H . - ) g
. ‘ ' .
. ] 4
A * .

. . “I(s-8 ) (s-8 ) ... (s-8_) |2

a =10 loge . &n lz'°‘ 2 + -1 -

. . , VA ](s:—S;) (s-S3) ... (s—Sm)\l t
N _ \

=20 log e [2n]s-Sz] + &n|s-Sy| + ... - tn}s-S;|

o - . an|6-8s] - ... 1 - 20 log e.in H, dB

e - , ) | "(2.35)

At ‘real frequencies, i.e., at s = jw, a typical term

4

S

- ls-skls-jw s Ok-ka]s-Jw C
/ a .
. = J[;i'+ (m-wk)2 f (2{35)
1'% [ — L ’ o .
-where -
) — ' : : th ° ‘
= 0p * Ju, - represents the k—' pole or zero °
. ' - - [} o .n '
- ' of the transfer function.
3 o ' )
S : ,
) - \) ,Q ~ * ) ; v -
i
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‘« ' The derivatives of _o are given in reference [25].

The phase response for the filter network is given -

4,
i

B(w) = Arg t(ju)

1 ' w=-u © To-w
. I tan-'1 ( 5 ky - L ( 5 k
zeros -k poles . "k ~

e

The derivatives of B é‘re given by [25]

o} . - O '

8 .y (K - I (5 k) (239
. zeros oy + (wwwy) poles oy * (w=w, ) oo

A’ . g ZTﬁ'tan Bk' - X 21; tan Bk (2.395‘

dw?  zeros ~ polesy’ ’ ‘ :

. ,and so on. The term Ty is the g\roup delay given by

ds B I o
T, = - _d_J‘S = — k S ¢ 2 )
] ‘ Oy :+ (m-—mk) 3

2.6.1 Phase Linearity

-

Phasé linearity is defined as the deviation of phase

from the linear phase versus frequency curve./ The reference S

2
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‘frequehcj chosen is normally zero for loé—pass prototype
Y - . - ‘
filters and center frequency for band-pass féltérs. There

. is no restriction on the choice of referxence frequency.
: * L | /

=

- Let, Weef be the reference frequency. The linear

phase” ¢, is then given by

- . &"r»-
¢ . dB ' - a

, < b =5 e (wmw o)
| ) . L do’w Woef ref e
Lo o e

\ ' . . _ ~ - . "
, Tref ° (w-wref) G (2.41)l
\ .
where

is the aBsolute group delay at the

S &
", ‘'ref

reference fregquency

The phase linearity 'A¢'’ at a given frequency w is giveh

by ‘ . A

]
3

s | Ap = B(w) - ¢ - ‘ C (2.42)

If the refergnce frequency is<zero; then

. g - -
R _ ' E 5 . -,
Mg = B(W) - Ty ewe - © o (2.43)
_ Q N » h N : ' " R
where . . . . / »
o/ . .
ro = 38
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\ ' 2.7 FREQUENCY TRANSFORMATIONS = - ‘ . R
A i . }\ kY '

» L

N o N %l qhe»aiscussiqn on filter design throughout this-

thesis is based upon the lFm;;d—elément, low-pass prototype

] .
network. Practical lumped element filters or narrow-band

{

\\ filters using distributed elements are then derived using S

‘the frequency transformations [1,18,19]./ These transfor- i .

mations are equally applicable for distributed circuits’ - “'a }

consisting of lumped resistors and coﬂ%ensurate transmission

4
- f

" lines [26,27,28]. The equivalence between the lumped cir-

cuit elements and the TEM distributed structures is given ‘ E

by Richard's transformation [26]. Wenzel [27] has \

given a tutorial summary on the exact synthesis approach

for TEM structures. The bulk of the practical applications

are for narrow-band band-pass filters. The felationships

that describe the amplitude and phase and their derivapibes /)

!

_in terms of their low-pass prototype parémeters'for such

filters are giver® in reference [25]. \ o

For practical filters used in the communications

systems, it i$ most convenient to deal in units of .dB, MHz,

degrees and nano-seconds.

' ~

Amplitude response, as given by equation (2.39) is

Nf‘\ in dB's. The derivatives of the amplitude with respect té

frequency in MHz are given by




¢ n * 'y.‘\
\l the frequencies fy,f and the band-width Af

‘o

. are all in MHz and

day/a™ is in  as/(mmz)".
The phase 1in9afity response is giveé by quation;

(2.41) and is in radians. It is straight-forward to

e , .
convert it toldéarees by multiplying it by 180/w. -

The group delay 1 in nano seconds is given by,

~

T = (L0%/2m) [%% ( %o + fi) 2% ] (2.45)
W -

-

where

$,,£¢ and Af are all iﬁ MHz and .

T is in nanoseconds. \ ' : o ’
/ o,
The derfivatives of the group delay in nanoseconds/(MHz)g

are given by o \ .

where Lo e
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w' is'the normalized low-pass prototype

\ . frequency variable .
\ : ' | : /
2.8 CHARACTERISTIC POLYNOMIALS VERSUS I
RESPONSE SHAPDES ) }

A

In this section; we describe all the possible forms ;

of the characteristic functions and the resulting response
* .

shapes for doubly terminated low-pass prototype networks.
The only restriction imposed is that all the attenuation:

zeros lie on the jw axis to ensure low loss in the pass=-
“. | band.

r »

- 2

2.8.1 All Pole Functions

bl

Such functions are characterized'by

1 ' (2.47)

ts) = gGy
with _ - . ‘ .
L | ‘ ]
<« P(s) = 1
- . ’

There -are no finite transmission zeros and the
,attenuation rises .monotonically beyond) the pass-band. . All

the attenuation poles are located at infinity. The

response shape is determined by.the form of the polynomial

F(s). There are two basic forms of F(s), viz.,

'

s ae

— estdtat o K o
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. - - F(s) +'esP

v ,;l . A . . : e

- - 5 o '\ ,.-' ,. °
. v F(s) » ssm(sz+a:)($f+a:) .ot (2.48)

©o ‘ \\
fﬂqi first form has all the zeros at the .origin and

'
® ~

the transmission response is characterized by a maximally

flat pa;s—band response - known commonly as the Butterworth

‘response.

The second form of F(s) 1is .characterized by Ssome - 1
or all of its zercs at finite frequencies, a,az, ... . o '“I.‘L
The best known response shape of this varietf.iq the equi- v-' ‘
ripple response (with maximum possible peaks) known common- ~‘

ly as the Chebyshev response..

The more general form of y(s). for an all-pole

function is
F(s) -+ sm(52+a:) (s2+a?) L (2.49)

with-arbitrary m and a's.

l/< Figure 2.4 describes such an arbitrary response

shape and the corresponding distribution of poles and zeros.

[}

e
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2.8,2 Functions With Finite Transmission
7 n

i Zeros |
- ) B
}/% ’ " ' such a function is characterized by L
b ' ¥ - ' . ~
E TR ;. P(s) -
SA O O] . ,
. . ey = E(8) .
~ . . K(S) m
R P(s) = (Szwbi)(!‘#ﬂvi) Se (2.50)
~and . / | |
F(s) = sm(éz+a§) (s?+a’) ... (2.51)
rd
: The difference between this and the all-pole functions

is the introduction of transmission zeros which tend_to in-

cfease &he selectivity of the transﬁission response near th%
pass-band. This increased selectivity is obtained at the’
éxpensé of a pobrer Qidé-band amplitude response in the stop- -
band. For most praqtiéal’appiications, a minimum attenuation

,‘level in the rangé 30 to 50 dB is adequate,and consequently,

« the response fdhcéion.cén be optimized‘by exploiting this

. . “
/ . requirement.

/ - ) ] , | -
. ' The response functions of the all-pole variety of
lthe érevious section ¢an all be rgalized in conjunction with
transmission zeros. Additienal variables available here ’

, / .
can be utilized“to generate/ﬁqhi-ripple stop-band response

L)

o R . 0 X —

P B . RN R N . o , PR



M

38

,

or the more general non-equi-ripple response. The differ-

fl

ent respc;nse shapes available here, along with the co‘rres—‘
ponding characteristic functions and pole-zero distribution,

are itemized as follows.

- = a

- 2.8.3 PFilters With Transmission Zeros
-and Maximally Flat Pass-Band

\\‘3 . -
These filt%s are cl\:aracterized by all attenuation
A :

w

zeros ‘at their origin and arbi/txary distribution of the

attenuation poles. -
The ~characteristic fuhction K(s)' ha“S’the‘form
1
i n .
S) _ ¢ - = (2.52)
(s2+bi) (s;2+.15§) .o (s%4b2) -

~~

F

K(s) =.

N
d

r

,,’ n is the order of the filter and i

;

AN
m represents the number of transmission zeros-

which must be equal to or less thann

\

The conventional eqﬁi—ripple'form.of this class of

‘filters are commonly referred to as ‘'inverse Chebyshev

|

filters!'. Refefence [22] prdvides extensive data on the
g

pole-zero confiquration for such filters.
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.2.8.4 Equi-Ripple Elliptic Fun®tion -

These filters are characterized by equi-ripple °

bass— and stop—banés and theifhcharacteristic polynomials

-

have the. form. [21] : :
! ! ‘ ) 9
A £

: odd

K(s) = es T (2% , (n-1) /2 (2'.53),

E]
0
»
+
[+
o]

S “m s2+a;v n’ : even
- =g I (—2—) - (2.54)
. vl stal#l | M T2 .

. Explicit formulae have been given by Cauer [29]  and

Darlington [30] for the critical frequencies a A

Vi
}eview of such filters is given in [21] and their pole-

. zero configurations areswell described in reference [22].

2.8.5 Non-Eqﬁiiiipple Elliptic
Function Filtexrs

1

- ' T
These filter networks are characterized by the non-

equi-ripple nature of the pass and stop-bands. Further,

.

the critical frequencigé of these functions are related
analytically to the 2lliptic functions and £o the number
of attenuatiop éoléé and zeroes, which are less than the
Cauef parameter %}lteis of the samé order. References

[13,31,32] discuss the nature, application and low-pass

prototype characteristics of such filters. A more detailed
-

B s ke

TR SR e i

o

e
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. - .
- discussion of this filter type is described in Chapter V of

~"

this thesis. S ) coy

]

. 2.8.6 Linear Phase Filters

These filters are characterized by a real axis or a

»
’

complex quad of zeros of the transfer function. ’lj}ie"

1

) characteristic function is giwven by -
: (s®+a?) (s2+a?) ...
DL . K(S) = 1 2 (2.55)
. ‘ (s2-b?) (s*~p?2) (s?-p?) ...
. 1 1 )
" where 4 , N
. b1 > 0 are the real axis zeros, and . ~

»
' [}
Py ="gy + ju
[ 38 U_ rd
and : R
R : - £
‘ ) Pig= op - ju; -
u

Py /Py s~Pys~P, give the cgmplex quad of

B -'. . - zeros of the transfer function.
J " .. R .

For s;mellclty, ‘'we have ccmfmed our attention to
/

i -~

the real—axls Zeros for linear phase structures throughout
this thesis. )

¢ i

- The pass~band of such filters could be equi-ripple,

maximally filaty or non-equi-~ripple. -

“\
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‘ ‘/ 2.8.7 .All-Pass Networxks - - o -

r * .
= All-pass networks - as the name implies -~ are >

oo : characteri zed by the constant iess (zero for ideal loss-less |

P4

.components).and a phase or group delay‘response, that can be ;

\

conérolled Such networks find extensive appllcatlon, all.

o<’ ‘the way from 70 MHz to well into the microwave frequency

o ~

spectrum. The primary reason is tﬁe independent natureaof
. ) L .
the all-pass network. It can be optimized to correct for & )

/any phase o6r group delay response, with a negllglble effect

IR ‘ upon the amplitude. Thus, a highly selective minimum phase-
; .

I type filter fgq$tion can be used in coni;;ption with an all-

e

pass network /to provide a sharp amplitu response in the

P -
stop ban& nd a relatively flat group delay response in the

e

pass—band. It may be possible to obtain such a*response °

f
s T - Sy

with a linear ase filter. However, the order of the filter
is generally higher, resultlng in an increased. de51gn and

. realization complex1ty, as'well as a hlgher pass—band inser-~

!
N ; ~ tion loss. :.: : Lo i

Pl i

. A
LA R e X NPT Y 05T A L SR

' The trens%er function of an all-pass, network can be \

N [
N v

represented as: X . :

(2.56)
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where . .
.

. H(8) is.a, strict Hurwitz polynomial,

i
, .
s

|
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y o /" ;
' In microwave ternunq%i?y all-pass sedf/;ns with a
;ﬁalwpole are referred to as Chsectlons, and all—pas&

-

~r-“4
"sectidns w1thnnoqi

real poles (qr zeros).are referred to as
D-sections. T
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] # 3.1 INTRODUCTION e

e
N : > ) ) - “ [y . o . '3 '3 | !

; L 4 ' " This Chapter examines the effect of dissipation on the

response  of filter networks..designed from loss—less prototype

, low-pass filters. It is normal to assume non-d1551pat1ve

i o elements i/the prototype filter. In that case, closed-form

3

formulae are available for demqnmg a variety of- low~pas§

v

: ~ ‘ . prototype filters exhibiti'ng maximally flat or equi-ripple -

] : response shapes. However, power dissipation is always p'resént

in a practical filter, and as a result, the actual insertien
loss will deviate from the theoretital reepox;se of the ideal
prototype. This is ;nost 'eviderlt in the pesg—ban‘d, where it in- "y
troduces a finite insertion loss, tex"xds to partially or =~ - Y
qompéefely obliterate the ripples andvsnooths out the edges
near the cut-off region. 1In the stop-band, the effect is
’ usﬁally’:smal;l .' Thie approaclx has the advantage o'f: ‘de‘s‘igﬁ
‘ simpl}city and the léwest,possible in'sertion loss .over the
_'pess—lsand, since no mismatch loss is introduced to oog.'rect

for the ptesence of dissiiaation. Its drawback is r;on—idealiz-

ed response shape. For most practical'applications ~ espec-

1a1(y where distributed c1rch1try is employed (above 200 MHZz),

o the reduced 1nsertlon loss far exceeds the benefits of an
i

R ~idealized rfsponse shape. For the computat:.on of pass-band
. . [

U

¢




T Y St vt g

T . MR R ey v g

NG

" although small, is not determined. SN

o

loss, Cohn ] has described an approximate formula for

the computation of center-frequency loss of band-pass filters -

-

in terms of bandwidth, unloaded Q of the resonators, ahd .

the element values of the idealized low-pass prototype net-

‘work.» Yaung [34] extended this approach to compute the loés

over the entire pass-band. Although the formula is simple,

it requires the element values (g parameters) of the proto-
. v
type network. This restricts it \to those functions for whic

element values are readily available, either in tabular

form [3] or as simple analyéic relationships [35]. 'For

more complicated transfer functions, this can be a severe

restriction.

w, . b L J

Moreover, the formula deals only with pass-band loss

. . - A
of low-pass and band-pass filters. The effect ont group delay

and out-of-band response due to the presence of dissipation,

L

™~

In this Chapter, the problem of diésipation.is tackled
in terms of tﬁe displacement of pqles(ahd zeros of the idealiz-
ed prototype transfer éunction with tﬁe sole réstrictidn tha£
the dissipation i§ unifprm;’ This ig- usually the case for

practical filters - especially in distributeéd circuitry. The
2

' same technique is applied to the case.ofllumped, as well as

transmission-line all-pass networks. The equivalent dissi-

pation factors-‘for the prototype network are derived in %erms
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of the frfquency, band-width and the uniform unloaded Q
of practicalllow-pass, high—pass, bafd-pass, band-top and
.~ , lumped or distributed all;pass networks. These dissipatidn
" wfactors are utiliéed to dérivé the reiationships for thg

" ? amplitude and group delay response and their first derivative

-

in the presence of uniform dissipation. The épproximate

formujae for insertion. loss at zero frequency for low-pass

filters and at band-center for band-pass filters are derived
in terms of the pole-~zero configuration of the prototype
network. $heée formulae are equivalent to those derived by

! !

Cohn [33]. . . * , .-

.

It is to be emphasized here, thét filter functions can

be designed to have any physically- reallzable response shape in
thetpresegce of dlSSlpatﬂon. Dishal [36] and others‘[37 38]
’ | i havé)treated thls problem. This, however, can be done only
aF‘the expense of inc;eased insertion loss in the pass-band.

. ' v
As stated earlier, for most practical applicatiéns where the

distributed circuitry is employed ( > 200 MHz), reduced -
insertion loss is preferred to an idealizel response shape.
Moreover, in the microwdve region, unloaded Qs that are

normally obtaiﬁed are sufficiéntly high .to have anylsignifi-

cant impact on. the response‘functlon except for the pass—band
Pt £3

e Wl \

loss. The basic low-pass prototype transfer function, based

on loss-less elements, can,therefore be usefully employed to

[ %%

o
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f y L'
design practical filters and all-pass networks. Response
\’ : ' g’ ' - ’ ';
in-the presence of uniform dissipation can then be calculated
by determining the equivalent dissipation factors, as des-—

cribed in this Chapt§£é43

3.2 EFFECT OF DISSIPATION ON TWO-PORT NETWORKS

The transfer function of a two-port,net%ork may be

written as:
s

«

(s=S,;) (s-S3) ...

* A £(s) = Ho (s-52) (sS4} ... (3.1)
. \ :
_whexe - ' P ot
't(s) is the transfer voltage ratio h,i
: /
’ .
For loss-less networks terminated in unity lhid .
“and generator resistances, the power transmitted (tO-the )
load) Pt per unit incident power (available power): is
.given by
- \l\‘ , ) i ' .
- E . c =‘]t('jm)]2 ~
. ] (3.2) _ _.
s L 2 i . .
& IS = (S_Sl) (S—SS) . .'.’l z ; *
\Q\ T Hol (s~S2) (s~S4) «se ] '

" ‘. s

Y

'The amplitude 'o' of the network'in decibels is

given by
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1
f a = 10 log P, . ~
: = 20 log e[&n]|s-8;)-&n|s-Ss] + .... -
L (3.3)
tn|s-Sz|-fn|s-S4| - ....] +
. : ) 20 log e.in-Hy
where o ﬁ}/,a
, in represents the natural logarithm K& | ) o

The constant Hgy is determined by the initial condi-

© .
tions. For a low-pass prototype structure with unity termin-

2

- ations

where .

cutoff freqﬁency . -

— o "
.o PR ]
~. ,

o ! : %4 - . ¢
.o tnHe= L. dn|s’f- I inis |+ &n(l-]p|?) (3.5)
‘- poles )\ Zeros ‘

. %

-

In the physical realization of filter networks, the

. » .
finite conductivities of the materials involved introduce 1L

o’

* dissipation of energy and conseéqently perturb the expecteq

-

i

response of the transfer functions 'based on loss-less ele~
ments. The approximate effect of incidental dissipation in

an inductance is to associate with it a seriesyresistance;

' -
¥ , . . )
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- in a capacitance element it effectively produces a parallel

conductance. To\ggnsidér this effect on the transfer func-
tion, let us analyze the effect of changing the complex fre-
iy - , R
quency variable s to s + §

t

where
;o § is a positive quantity, . -
that is, |
s . s ! s V2
- o s +s.+ 6 o
, \ s.L > s.L + 8.1, . (3.6)
) S'Ck + 5.Cp + 6.Ck o .
A\
! where @ b
k subscript denote tHe k2 element.
. ‘ ¥ v
. ) . A

3

This conversion then implies that each inductance has

j associated with it a proportiénate amount of ;erieg resist-
ance 6.Lk ‘and each capacitance has a parallel conductance
of the value $6.C,. If r and r' are the associated '
series resistancg and shunt conductances} then" o

‘a
ror 6 ="

\ , , - Iy

,
¥
h
&
:
F
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This common ratio 6 is feferred to as the dissipation ratio

or factor. The location of the poles and zeros is modified

PURLIEY S o T o

accordingly, by §, since
./'/‘ K
Ce th-
; . s + 4§ = Sy for the k— pole orrjéro‘
{ 5 .
5 i.e., ’
- ] . o ¢ ' ’ 8 = Sk - 6 l ’ (3-'8) '. )
ws H&nce, all zeros and poles of the transfer function_Z(s)’

are displaced horizontally to the left, by an amount §. This

assumes that the dissipation ratios of the 1nductances and

capacitances are identical. Thus,\by subﬁractlng 6 from

~

the .real part of the poles and zeros of the tLansfer funcéion,

one can obtain the network response with finﬂte,unloqded Q's.

N

- /
- Incorporating the displacement § into the pole/zero

.. configuration,

i
w "7 a = 20 log e[zn]s+6—S;]+ 2n]s+6—53A + .00
2n]s+6-sgl+ ln]s+6-Sq] L1+ (3.9)
20 log e 2&n Hg . .o !" _1 .

At w =0, let o =ap, and therefore




‘»
- 3
tag = 20 iog e Ln]G-S;H 2.1‘1]5—5;] S SR
- a ] 2n|6-Sz |+ &n]s-Su| - A
20 log e . AnmHy ——
A typical term in the bracket is tn|s-s, |
- \
- Y
, where
: o . o th ‘
b S = 0y + Ju, 1S the k— pole or zero
s - .
;. ) ;, R A s ) . \ i ¢ -
E: o tnjs-s, | = enl(8-0, )% + wg ]
o o S sy
S -o
“ e enjs-s. | ¥ tnls, | + 6 — X
- k!. k s, | 2
N ' ! ‘| '!Y ' k ’
if 6§ << |o
iéi ' N ' ] k]
- L ! 2t . ©
Substituting, we get )
8 B  aema, 360,
ag = 20 log e.8.[ £ :-'z ———12’-
zexo |s, | poles ]Spl
‘1
. o ’ o,
ag = 20 log e.8.[I —EB— - 1
BEN LA
. P Z
S ‘ ‘3 6422 . 64223
ll‘ . 'Szl . ’Sp] ! ’ o .
.4 A . ) ’




rmines thexamplitude response in the presence .

Next, we determine the phi?e\g?d group delay k\
ectivé—

This dete

of ‘dissipation.

response. If T and B. are group delay and phase resp

ly, then .
A o ) & . ) .
. T A - (3"}4)

1

where the phase B 1is given by

o

B = I tan:‘(w_wz) 3 t\an' ”(&)(3 iS)
50, =0, M

Zeros poles
) o
. d - WUy - w-mE .
, ee T S —=1 I tan y - L tan (5 )] (3.186)
K dw - 6‘0 ,6 —o’ -
v - poles- z zeros P .

At w = 0,
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o * - [1 —B— -2 1+ 8[Z - ] (3.18)
‘ Is |* lszl2 ‘ isplzf lSzlz c

. a
' Substituting®in the equation for ag, we obtain

=

20 log e [~ To +18 (I—— - T—2—) +
o sl st

o

]

+ %(2 1y 1 y7=2010ge §[=10 +°
5,12 L Is, 12 :

a

n.

Y é{z -1 -z 1 )] = - 20-log e.8.T9 +
278 12 s, |? |
P R

+ 10.log & .6%(—* g1 5 (3.19) -
, - s 12 s _}I* - S
\ : . P Z

<< 1, i.e., ;nhen dissipation is small
@ ¥ - 20 log e.8.Tg T (3.20)

This shows that the insertign loss at w= 0 (or
band-center for band-pass filters) is directly proportional

t.c? the absolute time delay at that.'frequency for small o

L . \

[t}

,dissipation. .

;Nrr.‘/ / °

"

e :‘,.
-
4

S
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*the prototype hetwork. -

: ) _ .

. ] @
This result is the same as*that/thained by Young [34]

based on Cohnis [33] method utilizing theé element values of

o

-~
3.3 RELATIONSHIP OF DISSIPATION ¥ACTOR 6
AND QUALITY FACTOR, Qo .
.’;,; \
\ Diﬁiigation factor . '6' represents the aisplacement

of poles and zergs along the real (o) axis in the complex

-

frequency plane. It has the dimensions of radian fregquency.

Unloaded’'Q (Q,) represents radian frequency times
the enerqgy stored, divided by the energy dissipated per
cycle, or '

4

' - (_energy stored .
o average power 10SS

S

0

1 ‘.

= 94 energy stored \ .
e 2m (energy‘EISSiﬁhted per cycle’ (3.21)
where. . a \ .
Qo is a dimensionless quantity and provides
. , an indication of the losses in the circuit

) . Co
For an LCR circuit- ‘

-]

f s i u M ’ ' N !

: Qo = Wo_ —o— (3.22)

. o L
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by '/".’* . - . L Y
“?:;0 1s the energy stored in the circuit .
1 v ® v
};? is the average power loss, i.e.,
- .‘ '
-— ‘ !
= e _ _du .
S o % at )
{-‘ e . “ . N
The energy in the circuit can be calculated when it is
all in the inducténce, i.e., o
| - = A ' (3.23) -
M max 26 — . 2
B . . @ Q : .
where
I = A cos(uwet+9)
// The averaée[;g;er lo$s-in resistance r is' .
Ry
. i ) 2 T ,
: ‘= 2 _ A o
a . : “Rr ,i.r(Imax) 7~ o
. ' _ . LA%/2 4 :
- ‘ BN Qo = o TA; /2 \ _/(3.24)‘

2

a‘. ) ’ ) ' ' r\ i

L .
= We — .
Qo (= . .
As described in the previous section,

i ’ 6=I/L , 3

¢ : .
o .- \

c
= g =~
& - —-
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for an inductance. If we apply the change of variable.s = s+§

o+ Sag Sall

2Oy

implyiné uniform shift, then the pertinent’value of §'equals

]

r/2L. It'implies that lossés are divided equally between ,Ir

~ -
‘ - i .
« - "

-

and C.

g i

As described earlier, we are coﬁcerned,in this thesis with,
_ ' : I ¥ N
filters and the equivalent circuits that, can bhe derived from

¥
- -

the low-pass prototype -network through the use of appropriate

J .

.

{
g.

frequency transfprmqtions. This makes thé technique very

o

w

versatile and convenient’. The low-pass prbﬁqtfpe g;réﬁit

~?}’ L

assumes loss-less L and C elements. , , 2
. - L, ,

- ) . . . *

In fermsuof the low-pass prototype 9, Pparameters [i],

“
]

f (3.26) ,
"5

e s N
is the e%%ment value
Lot ),."‘
w' is the hormalized frequency variable”*
" . g
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3 Normalization is normally chosen with respect to 1 radian
F - ) 5 ' . . .
‘ per second and therefore, o -
\ 4 e ‘
I A NI | .
2o ' Q =7 . (3.28)
"3 L ( for the prototype network. ’ S - .
3 N .’ \ . ¢ B . l B ) . ~
- In the next segtion,’we dérfbe the equivalent value
of & for the prototype network that will give rise to- the S
éhme fesponse as the required low-pass, high-paﬁg, band-pass
- or band-stop filters. . . L B -
% - . AN

a

" 3.4 EQUIVALENT, § FOR LOW-PASS/HIGH-PASS
- FILTERS ~- , - .

I - N .
. ’ '

yFrequency transformation used for low-pass filté$§

5
A

T4

is ’ 2 s
S (3.29)
. . r ‘ ‘ \ ‘1 R c ._ b" +
- \' : . Lo g ' / ' !
e normalizing,or cut-off frequency of the-proto-
type strjicture, w' = 1, corresponds to w = wcL ) }
Lo~ . . .
¢ e ¥
} ~ ~ . g -
e ) % . ' L3 : ‘ -
S ' w'g <+ w—%— - i ‘
N - ’ n“ c- * , N
e . &y 4 . s .
or s Lo
. . ¢ £ & ~ ‘
¥ > g *g/w, : (3.30)
' - - e Ve
r+r S T
SRR . i '
. . . L . . \
,. since 'r is an invariant : z :
. . -
4 N ] .;' L) , ‘ » - "
o) 0 g l RS ' . N/) [ "]’, v *
’ ! \ ‘ [ * ' 'v i . ‘ ~ .
oot o ! : e :
. . » )




8' and 8 are the dissipation factors for the

low-pass filter ;nd the prototype filter,
. ) : ér\\;;;pectively - !

The unlgaded Q for the low-pass filter is given

- »

: We
- o Qo = T

~ . \ L. [

. . > s . ) ' = w———-_s.- = %’- . - A\ ' . 31)

’ . . Py ~ ‘c' ’ .
. e 6 = . - ‘ . '

. : 4 Qo - 4 o o
- ’ ' o VAR N

. , N
o Thus, the equivalent displacement of the pole/zero ﬁatteig\Qf. :

, the low<pmss protetype structure is simply the récig;océl of

\\\ the unloaded Q of the low-pass filter determined at the i
. N \ - R
cut-off frequency. ' 5 v RN
‘ ) e . v ) Yy ,\ , N ’ , ' . l
Similarly, for high-pass filters « - . KR T e
) N a . . . ® - , . rl v
© ,
1 ~
-~ m L
[ A | <
w. ... . / ' . 0
. w . H
| - | ; { |
s - . .
/ | | | ' ;_f\" ’ '
‘ . i - ¢ G ' , .
| \ | " ¢ ‘9 , ',\.,.’\ , .
»\ ' L. it ' ’ L \ ' Lt : ! :
N vy X . RN : o . ‘ '
o~ . » . N -

Y e .
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~ ' Note that an L is7converted to a C, and vice-versa. .

Therefore, ' .

- o e
: . <1, o N
' . | LR, — - . R
.

' i v r a
. ET :

¢ is the equivalent capacitandé derived, from

’

- =

N o inaugtﬁhce g of the prototype elemeht value

b v

-7 .. since | LR S (3,33 .

M 4 - LN N R N -t

L3 . - @ A +

. X .
. . e " o < - '

- -
. . therefore . . .,
. ' .7 & * - N

» G f . . \ a , . ?'-

A . . ! A , . . )
‘ '6HP T i L - o

. - . Lo st \ ) c ) B B " s

L . ST Cov T
A - 'The unloaded Q  of the high-pass filter is. = . -,-"
Lo \ |

& . . . . . 4 .
- - . 0 o : \ RIS
A - . X . te )
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H . - 3.5 EQUIVALENT & FOR BAND-PASS /BAND-STOP FILTERS ﬁuu
Lo > .
H '-:f , .l o * .
; e The frequency transformatloh used for a~bandep?ﬁ§
: o . v -
filter ig
=2 . i ’ 3 _""', z .‘ e
- W' = %_ w* g ’”°), L N (3.35),
where o oo\ .
\ o t . \\", . - \\
we is the band-center . ) : St ..
» if - 9 'o.,, ! b ’ » ' ~;:9~\
anﬁ Al o N LI L \»,«" . \ R
“ ,‘ ' ¢’ ) y o : Jf - . n .
Aw is the band-width ety ;
LT : ' ’Z ,“v 2 i .
/ it - g ] 4 .
. .w g »:* Aw - gr 4 '
'an 1nduct1ve element value of the 1ow-pas§/prototype

Y

stru ture glVeS rise to an IC tuned c1rcu1b, Vhere

w '
2 PR ’ v . | .
&y
o L e v , , Vo a
. Setw L
r +r F v
4
. i
3¢ . R
- ly .1 e

! . N i‘ o \ - , R - t
Assuming ,r” is as oéiated wit L'-only,’ (it is no loss of

generallty, §1n¥e he ég;e res it is obtalned by assumlng

equal 1osses for L and C), n,. .

‘~ ; .gj ° , _-\/
¢
“ . . ' . , '
L i
‘ 2 4 r N
‘ 6y =+ = — 3.36) .
: BP L glbuw ¢ ]
- A ® o N
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and the unloaded Q at the resonance is given by * .,
@'t : o 3» R
. wo
B
{ 6BP

. u

or

=)

.

i

E
=)

j
o)
!
>
€l
O 1
/
-/
w
L
=

O
"
D1é
£ lo
° 2>
}—I
?l
i
Drﬁ
Hile
-
/

. “—Q—lo‘

3
At

*)

- _ where . \ b ﬁ;wg .
6 is the equivalent displacement of the pole/zero -
. e

tr

\jj e, " pattern of the 1ow~pdEs protot§pe~structure

l ' - \‘ [N
e ' ‘“q_”,,Similakly, it can be‘£hown that' for band-stop -

~ ¥ e

R, ag, L , :
43ﬁM£@J ‘ vﬁﬂpw'«?w
. . 5 = £ -1 )
» < i s ; o Avﬁ\ ¢ Qo J *
_ - 3 i
... .. 3.6 'EFFECT OF DISSIPATION ON LUMPED ALL-PASS - _
o T 7 NETWORKS .- o g S
‘ e "~ -—'——-—-—r*" . R . . ‘ ‘ s’\ - .
i ' E ‘\ . P 4' A . a .
| v o /the.transfer fynction of an all-pass netwark can
/ e | o »F . . > )
v SO e ey, .
} {- beé represented as; = .+ '~ )
{ (N ' ' Y . .“:' R . " .‘ r N . .
’ « : - ’ ’ .
v A 2 s P D4 .
T . L.t H Lo
) L . ‘Z]Az\-(s)ﬁ: . _ 4(3’.38)
% -) . ' - ~’_“‘“ . L ’ ) o* "
o » T . 2 - - \ e’
where LT e . ' S
Ny fe . P
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1 4 2
\ R (o -s) H (s -2s0 +|pk]2) .
o) > w Zi2(s) = "1 k—l (3.39) -
, ' I (g,+s) H (s?+2s0, +|p,_|2)
g i=1 1 k=1 k' Tk )

P From‘the above exbreésion, one can. identify the Yézzj;;own

, ) theoremj[39j on’ all-pass networks, viz.,
4 - ﬁ 5

g

"Any all-pass network is equivalent to a number of.
. first .and second-degree all-pass networks in tandem.”

Ut11121ng the above theorem, we shall drop the multiplica-

tive factor I thereby simplifying the\:ﬁaly51s w1thoﬁt

i,k
- any loss of geeerallty,~1.e., §
. l” ‘ )
. ) . (0, -s) (82-2s80, +|p ]é)
-, Z,2(s) =, i k 'k

(0, +s) (s®+2s0, +|p) |?)

! - . F3

) The total response of a multl section all—pass network is

" then obtalned by addlng algebralcally, the contrlbutloniJuj}

4

1nd1v1dual flrst and second-order all-pass sectlons.

\
_ For loss-less’networhe, terminated in uniity load and
\; generator resistances, the ooye;/traqsmitted P, Pper unit
incident power jevailable power) is giﬁen~by _ 4
IS : : N 2
S | (0;-8) |* |s*-20, s+|p 12>
Jt(5u) |2 = ]zm;w) |2 = n2 2= k
1 to, i*8) |® ]sz+20 s+|pk]2] ~
"6 R - 3 : N , I 3
R - W ~ . ’ (3.40)
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Z B where
é ) Hy ~ §s-a multiplier constant. . g
§ ' ) ) . , - -0
% For all-pass networks, it can be éasil_y shown that ‘2@ -
3 He = 1. The above expression can be put in the form x-
—l? - S
] b - lci s|? .| (s=py) (s-pf)
. - + — U i
| & %% ts-By) (s-Bp
8 X .
where - ¢
i P = O * Juy
4 . L conjugate pair
J - - -~
’ : ‘\ . .
‘ Py =’Cok +.jwk ‘
' = conjugate, pair
e pl’c‘ = o - Jw .

e . The amplitude
s N ’
. ‘w- “
. , . -
«
s -

G o

© that a = 0.
' . o

ty! B

- For. loss;ess networks, s = wj:

o= 10 lpg Py - ,.*
=,

= 20 log e[Rg]cist+2§]s-pk[+ q]s— ‘

- 'pf ~2njo;+s) ~inls-p, |-in|syp¥]|] .
- BN (3.43) - W%

. C o . . ‘, - :

j and it can be easily seen )
.
g .
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For dissipative networks, assumin&_; a uniform dissipation
factor 6,
. ' . b »
\
a = 20 log e [ln]gi - (s+6)]| + &n|s + & - pkl +t ...
L= injog +s + 8] - ...] e (3.44)
. N -
Rationalizing the above, we get ' ‘;,
. / (0,-6) 2hw? & (6-0,) 2+ (w-w, ) 2 .
a = 20 loge ln[—&————_,—_;— R { k : mk 2} .; 4',,;)’ .
P (oi’+6?+:w | (6+mk) +(w—wk)
(§-0, ) 2+ (wtw, ) 2 & ‘ B
: k 1 (3. 45)
. (8+0,) 2+ (wuy ) 2 LT !
. | o : >
[} ) (] .k
Thus, knowing the dissipation fa.ctor, _one can determine the
amplitude response of asl-pass networks, given their pole-
- - zero locations. v ‘ ‘ ) )
- Ofteri, it is more convenient to use the norrgali’zed
frequency variable w/o‘sin'ce, for most practical networks, .
S, Y w is of the order of o over the band of interest. Theréfore/, .
g o can be written as T
. a-Sz @ gSyee ke
. q : % o % % % k :
. o = 20 log e.n [ ] [ —] x
- (1 -g_)z”g_)z (l116 2+(0 ——)2
) . i i %% k %
' - ' * : I 6 2 A 2 s . . . ' n
‘ (lﬂ,"k) s Ox* +°x) 4 . A
x‘ w ]( . CN . (3.4\6&)
Rt ST O L . ’ |
k . k k . . . j,' ' s ’ ‘s
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“ Therefore : ) 2
v (1-6") %+w'? % (1-6')2+(m'-MQ)2\
© o = 20 log e.fn [ ] [{ : } x
[ (146 ') 2402 (148') 2+ (w'zwl) 2,
"‘ K
. (1-6") 2+ (w'+wl) &' - - L
4 x { 1] . . (3.46b)
% (l+6')2+(m'+w]2)2 \
’ , 5\
. where \ '
B . §' = 8/0 * , .
L w' = w/o ‘ ) < L.
/ : ay 2 @ /oy | ’ /i:

-are the normalized variables.

delay

.3.6.1 Dissig

-+

\ /
In a similar manner, it can be shown that §roup. ,
i . .
T in the presence of dissipation is given by ce
- o |
) “91 ) . ‘A - 1 . 1 § - T
2y (— A8y WSy l

g

£
1.+

0 v

O

4
.
\

ii=l (1-8')%+w'?

(148') 2+u? 2

8l 1=t . 1

k=1 (1~6')%+(w'-u})?

«

N 146"

N 1+6" )

(1461) 4 (W mu) 2 (160) 2w )T

¥

” : . .

jation Loss at Zero Frequency

(1)

. First-Orde r/Se ctions

-l

€

(1?5') 2+(w.fw]'()2

+
|
(3.47)
1
|
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a
| . (1-6 ') 2404 _, 1-6" ’
¢ =20 log e€.%n [~=—"—=7%=20>1og e.in [ 1
(1+6') 2+0 v #5T
' <
=20 log e. (-28') = - 20 log e.8(3) (3.47)
or . 4
. t . —_—
a = = 40 log e. (g-)
: W :
or. .
. a = - 20 log e.§.1y ‘ (3.48)
» B ,}'
wherxe —
To is t}e group delay at zero frequency and can '
. . . Y
‘be easily shown to be equal to 2/0.
' This ‘res):lt is "identical to the one obtained for
the filter networks. .
N
N . / LY
(ii) Second-Order Sections ‘ / ‘
, g (1=6") 2+w!? . (1=8') 24wy 2
o = 20 log e.n [ - kz " 'k2]3 = .
: 1 V2 5 v corR
. (1+8'). +wk‘ - (1+68"') +‘?k ‘ ’ o
, L (1= PHef? .
= 20 Yog e.fn [— s T , S (3.49)
' (l‘_’.al) 2+L0 |'2 . . . .
W ' 'r’ . ‘ « ,;‘ ~ . .
Three cases aris, viz., , S A ’ S
," ) . -
. : L r ~
(@) " If o > w, f.e., if @) << 1, thep . -
. ‘ . *
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o= 20 log e.2,(%25") ;-w e.8.(3) _(3.50)
A .
= - 80 log e. () S
) o .
~or .
»= - 20 log e.8.7p,Ty: group delay at w=0_
. A \ \
(b). If ! equals unity
v . T 12 _ ] N
« = 20 log e.gn[2¥8 =28 41, (3.51)
. 1+68 72428 '+1
Assuming $' << 1, and therefore neglecting . '
second-order terms: . ' s : ‘ e
\ .
—-— ar= 20 log e.tn(3281) = 20 log e. (-267) i
‘ g €. niyrgr ‘?’ . e
‘ ] ,,
" e . H2‘ l . ’ A
.= 20 log e.d.(5) | C (3.52)
C : ' )
< ¢ \
. . " " b
.. a-.—‘40 logg.? . . ‘
. . e
. OI‘ ~ . - . \
a = - 20 lQQn({IG. Tk,'rk‘“: group delay .at w=0 when ‘
‘ ! © 2 .
W0y =0y . - ! . "' i
(e)+  If w [> Lriee, if o < dy .- then -

- w]‘(T ’
20 log e. 2n[a~|k7] =

@ i A
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It is evident that the dissipation loss is proportional
' L o o

to the group delay.

- T WTE ¢ N X

3.6.2 Evaluation df Dissipation Factor -

4 .
' v
N -

-~

The unloaded Q at a given fr?quency w is given by -

- Qo 3»*" p . )
or N /
. §. =‘L
. . W Qo
\ : "
// . 'F ~ . o ‘W .
or typical equalizers, o is taken as the normalized .-

k » -
frequency variable since ¢ or ]Sk] is of ‘the. order of w, |

i th_e' frequency of interest. )

-

4

Expressing -IEQT by k where k' lies typically
k ' .

- between 1 and 10, w0
- a e ~. -
. a s, | )
Qo = k —S-—k / N .
‘or ‘ 5. | -
s, |- N
. > 7~ ¢ k ’
RN 8 ="k (3.50) .
or o
) ' - \s k 1Syl ‘
‘ k §
! - Uk? QO Ok
l . . ) ,l X ‘ -
Py ] -~




3.7 EFFECTS OF DISSIPATION ON DISTRIBUTED i
' ALL-PASS NETWORKS ‘ ) ;
- , &
{3\

»

[N

For distributedi networks consisting‘of;lhﬁped resis—

. B by L .
tors and a commensurate microwave nétwork, the all-pass func-
- ! A

tion can be expressed as [40,41] R > w}
, N \ S ~
~ 1-t, 2 H(-t) ‘
J Zy2(t) (ng) "ET (3.55)
where o _ # )
':L' T ) = v , | 1
\ n = the effective number of unit elements )

' R . { ¥

t = tanh S, $=ju', w' being the normalized real ; %

A freqﬁénc§ variablé o ’ #

' - :

- = j'tan_m' for loss-less cases, and - ’4/ %
H(t) = a strict HurWiEzapolynomial é‘

: i

) , _ ;

. , ‘ R

The transformation t = j tan w' is the well-known . i

‘ LT | o r G

Richards' transformation [26]. It is to be notgd that w' . ﬁ ‘“g

N . ' , / » —— -‘
is the normalized frequency vari e. Most frequently, the A I

normallzatlon is chosen such that at w= moﬁcentpr frequency), %
~ % !

¢ ﬁi

the transmission line (or equlvalent wave~gu1de cav1ty) 1s¢ ’ §
- ./ " 3

a quarter wave, i.e., ‘ ' : ST \ i
\’ v ‘,/ ’i“ . ) . . Lt i . \ }\’v.__ -' \ - ,

) ! R [ w' ‘=_TL‘ 9_— ¢ ' . t R “a ! .
? » 2 * Wo \ .
e ) / \ , \ '

»

R
=
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4 - where ‘ e v §
i‘ . . ) ’ . o ‘.' .- 3
: N I and Q are the real and imaginary parts.of the -
E N . . h . ° ° s
‘? oo s A ~ transformed frequency variable t
E ) , . " _and &' represenﬁ‘the normalized dissipation
N Coss ‘ - «factor for lossy structures,. i.e.,-
% l ‘ . ° ' ’ fe ) I
T - ] N )
o o - , e )
. N N *
) zw.o. ' \ %
. Py . ) . N .’G\ . n . . -
. where v . . .

R C -8 iskthe true dissipation féqto; given’by 

R i A
N [ : . . ' s A ‘ -
" 4 s . 6 - W1y , . e Cotw oA
" & -
0. . N " LY
. -
l‘ * N : PN ° 8]
. - _ (
., .

T o o
TR S

+
4
Z
I

Alternatively, ¢ne can 1ook‘at it as

.
N B o 2
' - . . . N . v 7
. . \ :
i o .
. . o

- -t . : ‘ e |

" . Lo . ) w_ s . _Q_o_l ' 3
" . k. . - a o rwo S > Jz’ - 0 '*.' 6- rm& Qo, .T—wo": ’ .

. & : - "o : Lo

o AR R =‘=. . :' n " = ™ .,1, ___’.-0"’“ N \-. .
; T _\?nd t tanﬁ(2wo --8)y, téﬁﬂ*?at tiz Qol' R L

. f ape -
y LN . &
: Y - * . .. v M \
' | -
’ S . ; -0
. , v, e . o - y 3
> . A ) et
7oy | ) o ' + I M .
f . | vy " .
I . N . , .l ' ' .
' T ST . v | i P
N N | ' ’ '
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. N [ L T ~ "
\ M e . ! ? - 6 '
. : L P ) ;
R A Y- B . - st 00 - : bt
- /i o I r v y ! . " ' i
. Voo PP I ' VO, Ly !
LI & '} (e v H LA roo v , . <y -
el v / .t ! & " . : R [ A R \ .
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/" From this Yelation, ome can“-easily derive A ~
) | . . ‘
- ™~ - s \/
~ - - . /
) GR(l+tanze) 1 : -/ .
. D : = =5 at 6=v/2
- . _ © 1l+al tan®e R™ .
. . ) ‘ . N (3.59)
) . l*u; = . :: T . N
, , = tan 8 — _ = 0 at 6=m1/2 - {
. o . 1 a? tan%6 . S .
R J - -
v \ ) - : '.1:\{\‘ ’/ * 4
\ N \ . . » /l /
. 'where E . - \
‘. C . L @, = tanh 8'"= §' = T . L if 6'<<1 (3.60)-
.o . R - 2 Qo .
These aré:the.geheral expressions for the real and -imaginary .
parts.Sf the frequency variable t. It is easily seen that
. . Ny
for loss-less structures, ap is zZero and therefore
! © ¢ < - (¥}
=0 ’ ‘
* . Q= tand . (3.61)
. <~ L , .
- . . ar . MW
- =3 - S
v ) . . i
- : Eurthermore, it can be bhown that .
. ; o N . . ) ,’ } H . s \ ;
. 2, . ' . ’
. S = 2a(1-a2) —tan0:5eC8 o gy gopyn (3.62)
. Al '“(1+u§ tan?e)?
. . o . \
7 . , i \' - X )
S /\\ n o
: 0 . - : (1ra tan?9) ‘1
\ T de = (l-—-a") sec?0 ,= 1 = == at 6=1/2(3}63)
. - ' (1 GR tan 6) ap ‘
\\‘ ST ' ~ R ’ i ] 3 4 ‘ .
H\ E _ \b -u : ~ ', a * .
T e e - J
4 f . ) - )
Al - . AN - L) -
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K For the loss-less case, it is easily seen that o —y
"‘ . 1 ~ ! . _7 ( * . f
/ ~ "\g% = 0 and g%-=‘secze' \\(3.64)
] . o ~ ‘ L -
These relationships will be. used in subsequent
derivations of amplitude and group delay responses. L
~ . . - Lo . : 5
As shown by Cristal [40], wave-guide structures
can be included by modifying the expressioh for. 6 to t\'J
R ~N :
. ) s
. , e = .121-. . [E‘——————MFOJi " ‘3"0‘65)\
i g b . 1-F? .
) } & . 0, s
where . ! - ) ' ’ :
‘ ' tz"= f_ = .w_ : ' V; .
N T £o wo > - )e
~ ) . " o .
- . f / .
\ FO = _C_o_ ‘ !
) A fo N ' ‘s,
and fcc: Cut-off‘ frequency-of the wave-gﬁide. -
“ \ For TEM structures, fc°=01and 6 reduces to the
« _L‘e,‘«;- N \ . -
vme T z o . {
fam111a§ =5 . Th , N -
327.1 - Di'ssipation Factor in Wave-Guide Structures
" ) ll . , ’ .. . ) .
In dispersive media, the Wavé—lengths mu$£ be taken
. ¢ . {
as'the_variable, insﬁeadNQf'the usual frequency variable,
T ) ' :
.'n ‘54\ i.'e.' . ~ i - ".
\ °
' “*
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‘ R ‘1 A_ : Guide wavelength. "
s +6',+ 3.5 )9 , -0 (3.66)
\_\\ ‘ g L : Commensurate ling—lengt.h
; — ) . .
.Assuming that 6=n/2 at w=w,, _as/before', i.e.,
A, ., ’ ‘
L:_ﬂ
4 , :
\ . ' ' . (
. < -
. ) . 0 ;A o . . N y
S = 6' + j'z‘ n‘ XiL «” N -
. o g-- . - :
. . * A . ’
The e'qu‘iyalent dissipation factor is theFefore given by
We - _]; !'..._ ‘ . . - .
(AQo Ao Qo) L -
' s =T N1 Age Ao : free-s ol th at -
7 87 The 0 ¢ pace wavegdeng - at W=
) . \ 8 * ". *
T 1 - . 1 L "
— —» 2- * Qo ¢ - 2 ; ‘ ~ (3.67)
5y i [l FO]‘: ’. R
L} ‘ S .
wherk ato - .
S fo, Mg R ‘ e '
- » Ll . __-_0_ . " 2 -
E Fy £o 9\c0 ~}‘co TAcut off wave length '
Therefore, the factor ap is given by C .
’ ' 1 | . ' / .
» ik y -
. a, = (3.68)
%’ &R 2Q0 [1—F2‘].£ . .
L e . % -
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3.7.2 Effect of Dlssxpatloh on Amplltude

} Q ). o odE,, an
SN 2(0 ). 2——*2ﬂg§ﬁt?2¥g+z).gaf+znaf

(o+2)?+0?

-

-

- Resgonse

~ [

\

! Fgr a C-section K . |

SN

e =.10° log e[ Ln

’ o od2 35
2(1 2) z(1+z)-—+2n
10 log e[7 { af aty.

.

»

(1 2)2+n2
. (143) +92,

g

“

LA

\.

.

L

(1—2)3+n€
\ .

1142) 2403,

-

s

(c-z)2+92

-8
-

R

For, 3 D-SectlQQ\

. PN
i3 }‘1
&,

H(t) =

¢

o ’ + .

!

S

[ (e+o, )+ 10 (tvoy) - Ju)]

= $2 - Q% 4+ 20

.

J(?9£+ZOKQ?

k

‘ 2 2,
X f Gk t wk +

+ 2n ig_gl_i&_]dg (3. 703
(o+L) 2+Q?

?
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—=

\
\ Re H(E)

- <

. . ' @ =710 log e[5 2n

4 "

Iz - %+ 20

52402,
{1-I) 24+ Q% +.8n.

3 2 | . (1+T) 2402 7 o

o

k

by +“o£ +

' . 4

w2 = A(say)

- AL R o sl
= — s 5 = 20 (T4+a ) = Riaavw) ' X Tt
S v Ve e s i) © st P
NI o o ' 7 -~ e
e In_a’siniilar manner, =~ .,
e o ~ '\ - ’ "o ‘ ) e .
[ . * PRI " % * ' ° ©
: . - S Wity = $2._ Q2 2 L2 2 5
‘. ) Re .H(-t) = I%. - Q% - 20,1 + 9% t oy ’ C(say), ‘
‘ , Ry .- LT >
‘ - . “Im‘H(-t) 2 20(E-0)) = D (say) 2 .
o N M ,“)‘t/‘ « . .

c?+p?
A‘z +B,‘2 . .

N A ' . 1
Y K ando‘ . "‘" . | > \"..’ R :
AN s 2002 2 Gee2adly 0
. do _ - n d ar -_ ag - “"am . -
aF —-40 log el7 { - . } +
.o i o (1-I) 2+0? (141) 2+Q? .
. - ' Lo ., o " P
i dc, ,,dD dn. ., dB .- ' - oL .
— e l 2C3et2Dgy  2Rgrt2Bgr . e Ay
+ - ) \] - y (‘3. 6)
. . : c%+p? ‘A24B%" * g PR
K4 L re a N s 3
- ﬁ ! -~ . ,
where "7 — ot — : —
oy by l . . B
N "\ a dl _ 4,40 ar . ov ‘
‘ , ' df Z.lZaT ZQH + 20'] J—dw - . .
. "‘ . J L - . = R ! he 1
) s dB . ,dl ., ,.dQ an ' - ]
4 . <\/“. d_f_n = 29—? + ZZ-a—-f + zaka-ir ‘; R ‘ LI
P *
. dc _ ,.dI _ .49 _ a- -, .
. . @& " *a " %gF " %@ [, . A g
- - ¥} , 0 L
" ' a _ .4t ag _ . dg’ ‘ |
- \ 3F < 2937 + 223F = 20.5F. ) ‘ ) |
’ ’ .( - "
= * " i . /u‘ N ’ﬁ . ‘ ; o
. / N T ' \.
A » * . [ 5
- | |
. ~ . N |
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3.7.3 Group Delay in. the PreSenbe of - ‘
‘Dissipation ) , e e \

L [P M

ot ' . ¢ ~
By

N -

i , . ’ :
- | The values of g% and zz can be derived as .
. ‘( - - N
‘ P " . R
ar _ .w - __ 2, 'tan®secqp - et
e S1F,Fy) . ap(l-al) Cra? tantelt (3.77).
; ‘ : R o )
‘ J v e - - " 2l
'g%; r"f*':. s(p Fo) . (l-gj 2) Sec? g l—aR il (3.78)
. Q¢ . (1+a tanae)z

'I'he effee{: of d1551pat10n on group delay is n rmally

.§niali. It acquires sn,gm.flcance only fo P,ry 1ossy ?tructm:es.

Q I : o . -~ . Lt - ; /
< From the ggngral'gt-rans.fei' function, the pha e B"‘,;'is
"given.by - s C . ' %
— " . |" - . . . té - P (. - - . .
. , R -%‘Im(l-tj _ n }__‘ -lIm(1+t) o .. '
: Bz tans EE) Re (T¥€) t.
e S S . -
-1 Im[H(~t)] amtImfH{E)Y ] - .
+ tan l?e—%m tap . m Yoo . \(3 -’79) - ¢
‘ . . R . . - - \ . .o ‘ ) : \ ..
-and the-group delay is given by ' s,
— ’ ‘ v T ' ' ' ’
-* LA !l‘ . « - -
* » r'”f‘f'" ¢ 7 t -
¢ ’ , : . L~< . .. ’
f . ' . '
et - . ' ' i .', . A .:_h v o -
/ ’% . ' ) < . R 7 . . ’,
. . -,: ¢ .q R
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SR .. CHAPTER IV - '

i ' "n‘

'POLE-ZERO DETERMINATION OF THE GENﬁRAL CLASS OF DOUBLY~

TERMINATED PROTOTYPE FILTER NETWORKS USZNG COMPUTER~AIDED', .
o - OPTTMIZATION TECHNI;QUES :
A ! ’ “" — ) . L N
L. “~ ‘ ) . R i - . - ' )
' 4.1 INTRODUCTION .’ . . T S

OptimiZetion problems have long b;en of interest to |
’méthemat':io;i.ens:\s\cientists ‘and engineers.. In the. past; : ;
'however, ow1ng to\r\:omputatlonal dJ.ffJ.cultJ,es, the svall-
able theor:.es could be appl:l.ed to a llmlted cl ss of prob- i
lems. 0n1} with the adver;t’ of modern computets has “the

.appllcatlon of optlnu.zatlon to the field of esign and ' .

’ electrn.cal

-

4 .
operatlons become a realJ.t\{ In the fleﬂ.d o

'n,etworks, there is little doubt that- the co puter can be,

a9,

Despite the easy avallablllty of computers, there

'seems to be a lacgk of( pract:.ca]; appln.catlo s that use
‘\D [ 74 * § ’

computer-alded ethods in mcroyave circuit des:.gn.. One"

likely reason is that' the available analytic techniques

provide an excellent first-cut esign, which, for most i
applicatio s7 is quite adequate. Another reaSon, based

on aval‘lable literature and the uthor s experlence, is

’ ° -~

'the gap ‘that presently exists between the class of prob],ems
dealt with in the literature versis ‘the practical require-
. . ) . " ' a \ .
m&sgv{ith its physical constraints-

» N ’ ' ‘1
\ . , » '




- F

e \I
¢’ n th

in terms of

. /o . L )
s chapter we ar concerned with the synthesis

/
ole-zero Canlguiatlon and opt:Lm:LzatJ.on of
ki

y

do‘ubly termin ted 1ow-pass prbtotype filter networks. Pro- .

per édaptatlo of optlmlzatioL-x procédures. for this class of :

f‘sing er}g\f@érs is the main

tion or minimization of.a function is sought.
N Is

The functi

may be of one or more variables| and with or without con-
L4

straints. Practical problems, however, "invariably‘have

or equal to zero, or any specified guantity.

.Unfox@unately, most of the techniques developed 'fo’r .

) 2 o

minimizing a function are applicable to mfnimizing an un-
constrained function only, and hence, cannot be applied
directly to sblve a genéral optimiza/tion problem. The .opti~ .

mization problem must be suitably transformed into an un-

¢

cg‘pstralned funct:.on before any mlnlmlzatlon téchnlque can

-

be used.

i




" The transformat:.on of the constra:.ned ogt:.m.zatlon "

. . . | ‘problem into an- uncon\stramed function is normally ac:compl:.sh-
: - ed. by deflnlng an art1f:,c1é°1 ebjective function which; is &

o -
~ S -

. ) b .
~ . . - . [
,m,;.[,u,-ﬂ U . . Con . . . / (. , [RET
. M

' f\ingtion of the objectivé‘function and the constraints. Such
an a}tificial u}xconstrainéd objective "fﬁmct or™has its minima.

4 . — R \; o s PN v . B
. lying in_ some feasible region. However, it is also possible

P

in :the caée of'épecial types‘ of constraints to transform the

&

1ndependent design var:.abies such tgat constraints are auto-

- .

matically taken care of. Such transformations tend to be .

restrictive. Therefore, the more ggneraJ;( approach of trans-

.forming the ﬁunction. instead of the variable is generally

oo ' . ’ -\ Y ..
N\ L. \ R ' \

used. -

e 4 t'ypicai optimization problem then has the folldw-
ing form [42-447. . o , ' R

o VIR A ' , '

s - Minimize U where A ,

; . \ .« . . AN . . '

J : . C ' \\ ) O ‘ o

Coe . ) : { U =Ux _ . oo ey

\v ~ ! b
TN T e I

U is the objectlve functlon and -x are the J.ndependen’d para- '

, . meters which may h‘ave tk constraints . 4

- gy s « B . et ERE R
. ., LY, . .
. A i . o . . 3 ¢ . . S




Y 0» . Xox .f-xkf—xplg' k='1,2,.,.
' * - ‘ b ’ . -y - PN
« . - l, ’, * j. | ) - > -
:\- -where™» el ) ) ‘ : .
- K a:..nd X uk ;ep;:es«a_nt };he lower and upper bound,
il oLt e respectively. -7

o

,‘-“,ff_Iri‘ addition, ‘there may. be a set of ,funciztioné of- x that .

! must be satisfied. In practice, these-constraints can be -

3 * ¢« ‘reduced to simple equality ané.inequélity consgtraints.’ %
N . - * ). ) N "I s ey !
v\,Denqting the eguality constraihts by V¥ ~and the. inequality: . §
f T e s o0 o, - .
. ! constraints by ¢, we may write’ , e . . . ?
‘ '.a L . T ' ., - ‘ . . . CO 3
. . : 4 Yo = P (X1 ,X2,X3,.00,X =40 ) :
5 _ ‘ o ‘PJ wj ( r&2y 3L R n) ’ :

J = l’m 1 (&‘2) ” l’i

n ¢ - P . . ' N

_ 4‘, A ° [ ¢ ~ .' e ¢ .
T ., . . . ‘ . 3
. h L] { : . 2 ~ - »}
'y -, . . ¢k = ‘PkﬁxllxirXSt-'wxn) >0, . . %

\ . . . “ p ) . . , ~ !\;. .
S L e k=1,p . (4.3 . 1R
+ _. . N e . ! : o , '§. 0
where - . . . i

N A n is.the number df variables ~ = co, % ‘
.. ' L , ,
- e =y Cd
, o ) . . ) - . #
. R m is the number of equality constraints "‘;,’ ¥
. " ». p is the number. of inequality constxaints. K/ . ?
’ ° - ¢ - . f‘.'c i . “ "{’ :
[] : . S ® . L " S ~
The constraints are then combined with the objective R
, ] . . N N 1 v K R4
function, U to form the artificial. unconstrained objective ’ q
° - . . . .2 . - .« }} .
- " function U__, as - . ' B ) %
R art ° ) ,
.* - . . ‘
. - . ,‘ ‘ ) 0
_,*l' L4 . » . , , N P"’" " k: . .
s ¢ ) ° - g

-
~
.
&
Lo
-
"
'
-
LN
.
1Y -~
~a
mei e L%
.

~ -
~ . h
N o v -~ ° B
N - %
w
v
v L4
E . i




A (ﬂr)

- G(o,(x)) +

o e
+.§ Ai(r) . S(’f’.i(x” (4.4')

a ﬁeighting parameter, and U Y

1]

~

weightting functions e ' '

g
L, o~
H
~—
[

[}
. .1g
o]
w
n

- N -t . /"
equality -constraints, respectively’ =

»

t 3¥

The difference between various tragsforﬁations of this
type is the difference in the ways the functions G,S, and

weighting functions are selected. A method generally

proceeds by selecting a sequénce of parameter r£ such
el v cub

that r > 0 and r + » as t » ®.  For each value of r,

.

o e LT P
H R, S

the unconstraiped a}tificial,function is ogtimized, and t

Ve

are‘selected\such that- A5t - ®w, the quahtity

; p _/ \ m ) . i
Fh:fiil A4 (x).G(4; (x)) +°i£l xi(x) : S(y, (x)) (4.5)

a
-

~
1

tends to zero.. However, parameter r, may also be chosen

§ .
+ 0, then functions G and S are

¥

such that as, t + =, T,

. accordlngly deflned so that F + 0 as t + =" In either case,

.as t. .+ =, the optimum Qf the uhc?nstralned artlflclal func-

/tion converges to the optlmum of the constrained optrm;za—

"

functions of inequality censtraints.and oo

is the number of such optimizations. Functions G and S. =

W

N
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"'tion problem. Thus, the censtrained optimization pggblem
2 /,—v‘“‘-\/ ) Ny - *

P

; -0 is converted into an unconstrained optimization problem

3 3 ’ J ' ' . s
1 and solved. \ T
B ¥ _ ' ) N
‘ ‘\ » " ?

p Z o ‘ T qpmbgf of transformatitns are possible - [42]

c dependlng upon ‘the functions and cons ralnts. The one proﬂ\\\

e , posed by Fiacco ‘and McCormick E45] is aﬁpllcable to the

.

Yoo solutlon of any, generai optimization problem and is utlllzed

in thg programs developed in this thesis. It can be repre=-,,

. ' . sented as o L ‘ -

7

Uppe (5rm) = UH 70 T gy 4 r I (b)) (4.6)

By =1 - j=1

It can be analytically proven that as.t + =, the solution -,

of this unconstrgined function approahhes'the solution of the _
S actual problem. In this,pransformation,.the inequality con-
straints have been handled in a manner similar to ;he one QD
proposed by Carroll [461. As the term rt/¢2 representing
Fpe inequality constraints tends to zero, the ;rtificial
i '

objective function tends to infinity. Because of “this pro-

S

. - perty, the value of the artificial unconstrained function

.immediately increases if the'optimum tends to go near thé

constralnt, and hence the p01nt stays in®the feasible region.
’
: " This effect is more predomlnant 1n the 1n1t1a1 stages of

s optimization; later on. as t lncreases, the value of pa;ametér

r, becomes smaller thereby making the produect rt/;j)yv approach

; ° . : . q . \ o \

’ . 3 [
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e e e g

sma%gér\values~at t + o,

~
-

This forces the solution of the

unconstralned funéhlon towards the opthgg value.
‘ ¢ ' ] , . . . ¥
For equality constraints, Fiacco and McCormick bavé
introduced an additional term (@532/¢r£ . Intuitively, the
addition of such a téxm can be exp;aigea'as follows. As

& decreases, this '

woﬁld, in turn, increase the value. of the function:

- v 'Y

; (wj)z/»/rt and since no minimizatidn algorithm would permit

\\
computation progeeds, the value of r

an }ncrease in the function the Aagnitude of wj wogld 1k
necessarily decrease’ to nulllfy‘the 1;crease due to 1/vVr, sg 1
In the limiting-case as t +:w w must tend'to zero; other-‘ Ve ;
wise the functlon"\ ; /T v ui\\tend to’ 1nf1n1%? Thus, -
_ -1nclUs1on oﬁ/thls term‘f ces\the equality constralnt equal T / 3
™~ o zero when the optlmum is’ ached. “ ’ ‘ }

u o a " n ( : ' . 4
. The prerequisite for use of these transfofmations is | . B
" - ™~ ¢ ;

that the solution i$ statted from a feasible po%nt for the)

Fiacco 3fa McCormlck suggest that«an addltlon—

g -

iﬁEqualities.

v .al term for violated 1nequa11ty constraints, should be in-

-

cluded in the transformed unconstrained functioh,'sim%lar

to the one used for equality constrpaints. ¢ Addition of such a
. . .

term would make viodlated inequalit§ constraint qual to zero

and would “force a feasible solution. Another approach. is

. N
to transform the constrained optimization problem into an

‘unconstraingd function in which violated constraints age ‘

f . . )
. . ‘ . . S
. s
oL : o
. . . 3
. . .
. .
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seQerely penalized. The uncanstrained function héﬁ the
.. : ‘uy
following form ’
| 5

<

- (X1,%2 ¢0009X, ;rf,=\u.+ 1020 E |y
art ' t j=1 3

- ©

A S

. P
L e . o Loz° z ABS

A "

*  (violated inequality constraln )

Tb;swtype of functlon puts a soxnt of wallvaround

A

the feasible reglqn and any fedsible p01nt stays in the g

feasible region. This type o %;ansformatlon usual y

-

stalls quickly and does not Qﬁndl equality constraints® ;

well. An infeasible start is permitted. All these trans-

q * formations were tried for the oétiﬁization subroutines
developed for this thesis. ' The one finally used

has basically the same form as that proposed by Flacco

and McCormick. This has been found to give’satisfactory

answers. Becguse of the high penalty, there 1s sometimes a

i ow . . t .
tendency to stall at inequality constraints, but this at
. . ot , .o
least keeps the solution feasible. The unconstrained ‘ =~
T e

artificial objective function used for the subroutines of

this thesis is asgiofiows: RN ‘

. ' “’;:‘:‘ T . n.
\] v
U ‘t(xl ,Xzﬂ, cee X ) =U + rt g 1 + % ' T B
o , Y '
- } 3 —-} m ’ p
¢ tx? I w (x))*+ 102° I ABS o
1= i=1 . ~
(violated 1nequa11ty constralnt) ) (4.8) |
) { N k

.
CLE ¥

)

!
o

.
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B ‘The Selectibnfoé)a sequence of 'reduction in the value

has been found to have significantigffect

- E i

t

! - - . o,
upon convergence and therefore requires a careful choice.
/ ' . Lt v

.of parameter «r

. L " . .
j\\ 4.3 OBJECTIVE FUNCTION AND CONSTRAINTS FOR DOUBLY
TERMINATED LOW-PASS PROTOTYPE FILTER NETWORKS . 2
- * ri i
& . B

/

t Q : L

/ as outlined in éhapter TII, the transiission coeffi- S
cient t(s) of a .doubly terminated low pasé prototype network
is /given by ‘ - ' _

.o .
- B 4 - !
S~ . - . .
a v ‘.

L TR, - "
I

$=30 1 4 e2r(s) |2

i - e a

{

s=juw
[ . . ’
where ' ‘ :

} . —

. 2 o 2% 2 .
. K(s) = g%ngz (s +a;) (s +az2).... . v (4.1b)
. ‘ (sz+bf)(sz+b:)..... ‘
. ; -
“ .a's and b's are the attenuation zeros and ﬁé&es 1 ’ iy
\ M ' . o s « &

! . .
Yespectively (referred Ep as the critical frequencies) and &
€ is the ripple factot. The number of independent variables

ar? entirely represented by the finite critical fregquencies.

i R .
Attenuation zeros at origin or poles at.infinit

K

represent

. ' fixed frequencies and therefore are not independent. & = -

. provides the trade;gff between the passband an stopband

oL & ‘

. . pendent variable. If a specific value of F ‘i

- Section 2.4) and hence again, does not réprés nt an inde-

.desired, ‘it 3

i
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can be taken as an equality constraint or alte;nativelx}i
L '.° L
critical frequencies can be generated with F as a pa}ameteg,~

t +

by varylng one of the independent variables for the same

’ NS * [

set of ponstralnts. ThlS is more efficlent as it dnspenses

L *

ith. the equality constralnt and helps generate the unlfted

<

esign charts for a glven,response svepe, : :
+ - '
% L °

", ) 4

_ Next comes the question %s to what filter performance °
* —

parameters are essential to determine a practical design. = *®

LI -

- The word essential implies the minimum number of parameters

&3

which may then be used to generate practical filter. design

Y through the use of frequency transformati'ons and“agproé;iate-
choice of €. All practlcalgappllcatlons require a maximum

u

perm1551ble rlpple in the passband,and a minimum 1solat10n .

in the stopband. Phase or group delay response in the i

.
) 3 A4 )

passband and elsewhere is uniquely related to the ‘amplitude
résponse far minimum phase filters through the use of’

Hilbert's transforms. For such filters therefore, it is.
L P » : . .
. - . o . S
sufficient to optimize the amplitude response and accept

the resulting phase response. In this thesis, we are pri-_

marily concerned with minimum phase fllters although the

subsequent analysis is general enough to analyze and optlmlze
.V -
non-minimum phase types of filters as well,

H ” .
To. constrain the amplitude ripples in the phassband

or- stopband, one must determine the“fregpenbies at which.




o e o <3 o e

—_— ° .
. ed- by ﬁifferentlatlns\the equatlon for the txansmlsslon
W% v et "&' - ‘ ) - ~ .

- A P . H

o | 'E_‘(s)-k:'(si - F{s)P(s

gy Cong) e O ;
{ . /%Fls determines the frequenci

R , ampllbude minima in the passband and naxima in the.stopbang.

These frequencmesN%\e determlned for a arbitrar& choice of -

L ‘

ﬁescribed_ﬁy relationships in Sectién 2.6\. The cut-off

frequency W, corresponding to the,maxim‘

-

passband is determlned by solving for t(ﬁb equal to the

iiﬁple in the

“~

requencms can o

v,

maximum ripplé in the passEand. ‘All other

«

" then be norma%}zed with respect to wc,such(ﬂ at we = 1.

these amplltude mak;ma afid minima occur. Thié is accomg}ﬁsh-

A\
. 0coeff1c1ent t(s) and quatlng‘xt to zero,;l;e;," : .-
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ka3

; by R(i) and T(i1 the return loss and tranghi55ion orv.

ingertion loss at the iEE attenuatlon maxima or’ mlnlma, the

A o4

S objectlve functlon U can have terms of the following three
. types: © : ' e s
4 - . ' .\ 4 U F Ul + UZ .*: US + L]
- ) . . ; : |
* G.“/ ! " » ¢ . ) - f
~‘ where \ B . ‘ ' . t\ "
. Uy = ABS[|R(1) ~ R3] + A;.]
- * N ’ .J '
P 2\ " Uz = ABS[|T(i) ~ T(3}| + B,.] (4.14)
. - . [ ' 1] ' |
. Us = ABS[ |R(i) ~J(F)] + C;5] :
. N ) 1
- Aij 13 and c, i3 represent arbitrary, constants that con-
v 4" N

. ‘ straln the dlfferences 1n amplltudes at -the attenuatlon

max1ma and nunlma ‘to some arbltrary values. For equi-ripple.

; ) passband, Aij = &, and for equl—rlpple stopband, Bij = 0.

\ ?

The term U ié representative of the characteristic factor’

P e
v

N C ey F. As explained earlier,-if need'be,‘it.is best utilized

.

- .. ...as an equality constraint. . Thus, in s*generaiized form,
oot - ’ v

the objeetive function U-can be,repregented by:

4 Tooe

.' . %' . N B N
oot A . U= L aBS[|R(i) - R(3)} - A; )i+ ¢ ABS[|T(k) -
. i#3 3‘\ k2 SR
' ' . . e ’ . . ! b * . , . , - '_ .
_— ST - BT ' (4.15)

"
3 . » -

2 ' LD | ~
- . where the summatlons extend’over all attenuatlon maxima in
o

. - " passband for the flrst term and over all attenuatlon minima

s

. 3
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' finite critical frequenc1es,

T.¢ 10 log[lt () |2_

10 log[l - ]t(s)]

.

s= ;w

s= Jw

are given by

!

(4.16)

(4.17)

s
»
.

.« \Constralnts on the 1ndependent varlables v1z., the‘

§

' |
. ‘' 0<aj,az,... <1 ‘
‘ : C - . - : . (4.18)
-, - bi,b2,.s0 > 1 .
'/ . 1 - . W '
. ' These represent the essentlal 1nequa11ty constralnts
) for prototype filter networks. R ’ =
. The objective functioﬁ’as defined earlier and these
) inequality éonstraints comp tely deflne the" problem for v
; # generatlng a fliter response thrdugh optlmlzatlon techniques.
4.4 ANALYTIC DERIVATION OF THE GRADIENTS OF THE
' OBJECTIVE FUNCTION FOR LOW-PASS PROTOTYPE NETWORKS
’ IS L, * ‘ . ) \ \ l v
4
As described in the prev1ous sectlons, the uncon-
ﬂ .
stralned artlflclal functlon U art is glven‘by . .
; v : ‘
' rd ‘ * - . . . )
i. . N - \ ' ‘L ’ ¢ . ‘ '
- R . Lo , . L.
<\ o ‘ ) ' N
q - . \k . - / [A )
. ’ \* . A -
o ) -\
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‘ o . .
. / L _}}i]wklz
r . .
o + L]
. . Uyt = U 576 ] + = , (4.19)
id o : . -
l @ . - - sl
. N N ! r .
where : t " - oo
) , A ' S \ ’ - '
. 't is,a variable of optimization to,.control the
impqged~constraint$.. It is a positive number. R
. ' . . R ) K —“ . ‘ -'_*'.‘;..
‘ .+ A typical range of r is between 10 = and 1l.. k
- £ ' \ . ) , - )
. U is the unconstrained objective function
R - . e S
S ¢i is the .i=— inequality constrpint . .
. s e 4\ = \ i .
| // . . th N { . )
| S ¥y is the k~— equality constraint o
I : ) - s -
I/' * * N b '
At the optimum value, Uort = 0. This implies. that each
a' N individual term comprising Uaft must be zero. The un- ,
" constrained function 'U' will tend to zero at the optimum
&
. value. To ensure convergence.of the constraint terms to
" gero, r is made smaller such that
. . ) ]
) * r . ’
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‘This is .done in steps to ensure smoot Yconvefgenoe of tjért'

L8 / .

.to the desired level of accuracy. .
r 4 . . oo Say

_ The'gradient of Uaﬁ:i with respect to the attenua- =

4

’ ti&n zer.QS 'ai\' iS givén by . ' 3 ’ o B .
Wart _ 3u y 1 M :
. a _ 2 .
9; < = +r + iy | (4.20) .
. i 9 a; da; da, .)i:lq’i] 93 X
. - 4 . .
.EA \\ Ld
% N <
= Wiyl T (4.21)
aa' = T . ¢
[ 1 . i
i ' ] < . Q v

- - \ .
‘Each 't.erm on the rigpt—hand side is evaluated independently .

&

as follows. - ' _ . N ’ '

BU 8 .

4.4.1 Evaluation of '

v

-

. ° . : " ‘v » '
A typical form of the unconstrained function 'U' is,,

’
P -
. '
L d

-R(2) |+{R(2)-R(3) |+ ... +|T(4)-T45) |+ .

.

4

| A

+ |T(5)-T(6) |+ ... (4.22)‘

{

. - . M ,
v - . -

where R(k) and T(k) are the wvalues of return loss and trans-—
mission loss in dB at the *0 . attenuation maxima in passband _

‘or minima in stopband.

‘ . . & b ’ . \
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c.
]

ik

-/ . .
- = - (R(1)-R(K)) if R(i) < R(K). . (4.23)
au, . . ' .
\ ’. aai’ ‘ ;aai u aaiﬁ ' : {

The positive sign holds whe'n_'»R(i) > R(k) and vice-versa.

.

03

. » The partial derivdtives g—g— are determined by
; i N
,crdngk;’fﬁering the txansmission function \
. - ¢ .o . \)
SRR NPT NS sy
ot . lflK¢9)~]2 L 3 B
B . s :_. o , ’ t‘\
‘where - . _ ‘ ‘ N
X éflection ‘coefficient
T '
L ' characteristic function K(s) is. given“ by
4
- ‘s(s?+a?) (s?+a?) ... (sz+a§)
. K(s) = e ! 2 . : (4.26)

(s2+4b2) (s2+b2%) ... - (s'z_;-r-b?) e
2 . eag Rl .

‘ 1 o« ..
JJ‘ - B ! . \
\ . . ({ IR .~:‘
. /or odd-order filter functions and_ - Ay -
. . R !
3 .
' (s%+a?) (s*+a?) ... (s"’+al‘)~° '
K(s) = €. 1 2 = o (4.27)
. (s2+b?) (s24b?) ... (s%+b%) ..,. ~
- 1 2 i S ,
~ . a - .
. E2 L
o o ' [y .
s L ' ‘ B,
v f ~\ . «
A\ + * ‘— ”" v:?;‘" v’
. T i
e - 3 _" 'ﬂ‘ "trf
‘\ RN ’ - ' é:-! ":' i
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for even-order filters

1l . ZK(S) y 3'1;;5)'
[1+]K(s)]2]? - i

L2 .. ~ X%(s)
(s*+af)  [1 + KP(s)]%

-
¢

.

~
-

The transmission loss 'T' and return loss 'R\' in @B,

| N
L3

are given by .

o
10 log|t]?

.
-

?10 log|p|?

10 1og[l-|t]‘2]
N
L o
or Kis) %\
T 14K2(s) (sttal)

-8 ! N

Tat? | ']plz . ___..i‘__. )
T 2,..2
A L
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4 - / ) © Ky ° Fa v
‘\ . . c.{"
, { , . N y ¢
2 : o a
o , ] — . i .
4 \j - n %lai— ,-40 ng ﬂe . - 1 R v ’\‘?. 2 . ™~
F P ) ha S 1+K? (s) (sz+ai) = . o
N o o _ “a , 'Q_"
_ L. = 40 10g7ve” . Je|? . —1— T “ad
B I SR e o (sTHag) :
: -v ' w L , . .
§ "where -, ‘ " . e ‘
) . "e" _is the-natural base for logarithms. ~° - .
. - F‘g . * ° u‘.' “ . .
‘Z/ ,_," . b '. &y . . L . ‘ﬁl. .
In a similar- manner, it can be shown that the gradlents with
respegt to the %ttenuatlon poles 'bia-are given by -
AL l\‘ * . ' . - ¢ . ¢ ) i "y
. ' " [ . ) '
‘ N b.” - .
*aT - i .
x B - 40 log 'e” . lp]2 . T (4.33)
. i 1 : ’ (S +b ) -4 -
. X 'q‘\ -
. . , T . . . '
“and ! . ; .
. ) /
« ° L e y
. ' .: ABER’ ] 2 bi -
: a L, ! = - 40 lof "e".|t|®* . ——— (4.34) .
s v - n A ‘gg:- - a . 2 2-
b I | ' . (s®+b;) ~ :
‘ ' . . i T
. LT e v o } T
' Thus, the partial derivatives of ‘trangmission or return logs .
s ! . : - ’ R . M . .
in dB at.any ffequency with respect to the independent var- j
.1ables are detefmlned analytlcaIly and hence the gradlent
. of the unconstralned function U. . - ) .
7= to : 1?5 ’ . o N < i 1
4.4.2 Evaluatlon of Ineguallty Constralnt : i
- ‘Graalent > : e - ’ .o {
— ’ © M ' - i
\e * i > , a1 L » o ‘ . * ‘%
: . The jnequality constraint ¢ hds the form ‘ L

'
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-
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. . . . ,
\ - ) ' hrd - ‘ 5 ;
H , S ‘ ,

§ _ ' . ' ' - d = rﬁ. .’: r + L. ' L‘ ‘(4.35)4 '“ .

. . . ‘ ' |¢1 l ‘ l¢2 I ) . <. ] 4
; - .- — [ °
z ~ ’

-4 - . . . - ) .

LI where 4 : . v .

- . * . . . 7 N
i .~ . . v . " i - ?

N r is; a_positive pumber | - - .
» . £ P ) - . L3
i . C N T . ' T - ) :

- " and the— , -’ I . - b ’ .

. N e ) b e, : ' N

' p . 27 ., [ N -
: \k, ¢ terms have the typical forms L . -
- , P . _ . v
- ’ . . ‘»!. - - : m ) - A
. . . . ) B * .

:. s L U= -
2 - , ," L e - T
3 L : T 1~ a, 0 .
s - - _ * N
: ) . P o ] ‘ -4
i"f u‘ L ' ~ ¢ . . ‘k - ai f— l . . .
: T, SR ' N - a,, N is awpositive ‘
. LI s ) , L0y P :
v . ) : o . S e
.t ' ., ] numPer greater, than 1 i
. . - - - 1 .
‘ ‘ : . ‘ “(4:36) v
S K .« . )

' . a ‘]:\"‘ - . 1, a¢k . ¢ X \r
.. : . ] - . . k T .
y ile ] o e R . e

/

o 3¢ . | .
I S b <O (4.37) -
|

) 2°¢0a. ]
. : - 1
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ay is the jth independent variable. The gradients for the

+

N 4
o [ . I . N
i various forms of ¢ with respect to'an J.nd%pendent variable
3 v . " . "
- ) are described in Table 4.l1.
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- { -
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TABLE 4.1 GRADIENTS OF THE INEQUAFITY CONSTRAINT ¢

B R & B ze Do oty R v pale i
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LConstraints

'

Gradient of ¢

Form of ¢
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Thus, the gradient of @ will have the form

_ £

§-§E=r.[2"(+i—)+zi[ LN, Gt
i a; k (l—ai) ‘
: P
FI(F —L ) 1+ ——)] ~(4.38)
(a;-1) (N-af)

This includes inequalities asfociated with attenuation zeros,

—
8

as well as poieé.

. T
G v ‘
4.4.3 Evaluation of the Equality Constraipt

Gradient

s

- The‘graéient of ' the équality constraint is

s

.w=7;— 5_3: Z w2 R (4.39)
where ‘ _
) | wk has the form . ‘ S ..
( L ' :
Y = A+ R() +TQ@) - TA) - RE) ... (4.40)
A is a constant, and
o _ .- . k
2 R(j) or T(J) represent the return loss and txrans-
Aission'lqss in 4B at the jEE maxima in pass-.
. band of‘minima in stopband. ‘
: ;\*\\\\\ \\\waﬁ;gﬁx*i . .
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aai‘ k . k aai

[BR(l) 4 AT(2)  AT(L) 8R(2)+ .;]~(4.42)
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, e 2

. ' /f— k Ba sa, ;\\\aa sa; }
' . a” el kS %
:‘{ I T‘/' . .
S The values of\R(J) or T(J) and their partial deérivations

were determined analytically in Sectign 4.4.1 and thus ¥

is reali

-

ytically. _ ‘ .o p

ﬁence, the gradients of the unconstrainéd objective

Ok S e A A

as given by Edquation (4.21) é&e‘determined

. functionU‘_:u:t ' k ; | : . “ﬁ
analytically. ! - ;%
A | \ E ié

4.5 OPTIMIZATION METHODS ' i

B

T M N
TP S
2t S R R i BT

There is extensive literature available .[42-44) : ‘ﬁ”

‘describing the various methods for the optimization of a ' o

L

;éa - given uﬁconstra%ned function. .Based'on literaéure survey 1
.. and some limited experience,,[47], threé methods were _ i \‘ i
selected, one of which uses thé direct search techniqueq L §
whereas the ogher two are based on gradlent strategles. { \xg
-  These methods and\the results obtalned are described in '[' ;
o the'SUbsequent sectlons. o » ' - | \ ;
5 - ) _ i
. ] » , 7
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4.5.1 Simplex Method C

A'set of n+l points in n dimensional space de- '« °

fines a space called simplex. The geometry of this simplex

plays the key role in the optimization process.

*  This method was first described by Himsworth et.

al. [48] and later developed by Nelder and Mead [49].

n

The principle of ‘this. method is that one can form a new

‘e

simplex from the current one by reflecting one’point in the

2

" hyperplane Epanned by the remaininé points. Normally, the

s;ﬂblex. . ) o

th;s the51s.,

_vortex of the simplex at which the function is greatest is

'chosen for reflection.” If the function is lower at the

reflected point, then the process can be continued so.as to

move the simplex closer to the minimum. The basic move of

4

reflection is made with respect to the centroid of the

&

a

. , \
Nelder and Mead introduced. a more flexible approach
in which the‘simplex can be altered both in size and in - °

geometry. Depending upon- the outcome after reflection, the

-new simplex can be expanded or contracted in the diregﬁion

of decreasing function. This gives rise to a moving, ‘shrink-

ing and expanding progress of the 31mp1ex toward the minimum.

'This is the strategy employed in the bas1c package used in

.

g
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The stopping criterion suggested by Nelder and

Mead is :

. n+l )
. - ¢ {— Lo (£(X;) - £(X0))?) <
‘ . 1 1 . - -

R

. wheres - , ' ' ‘ ~ f

. , € is some small preset number . , .
\ | [ 4 _

. J This method is relatively simple to use, requires no

extra information h(vsugl as gradl\ents, etc.) and is very .

- The progress tends te ;lo.w

efyicient up to four varlables.

down when there’ are more than four parameters.
/’

- N v e

: / 4.5.2 Multidimensional Gradient Methods

Methods that utilize partial derivatives to determine

. the direction of search fall into .this category. These -

e
methads in general {are more powerful than direct search

methods (such as t e_'simplex method) but require, as a

'
'

minimum, the evaluation of first-order partia erivatives.
- |

. Such derivatives may be obtained either analytléally or by -

estimation. Thé latter approach can be ‘,,re.adilyn implemented

but requires extreme caution in its ‘us%. Too small a value

or too large a value of p.erturbation can lead to inacdurate
s ~ <
gradients and hence, ‘the dlrectlon of search Wﬁenever

P

p0351ble,

«
b3

analytlc gradle,nt/s should be used in theSe methods.‘

\

A tedan M

s

-




4 .

i w : ' R .
! ) L The basié théory behind such metho
i
E . reviewed here [42744]. The first three
a% dimensional Taylor qéries £o6r the unco
E function U are given by! _ ,
; - !
. - - o T
\ X U(x+Ax) = U(x) + VU Ax +
) . [N .
where ' . . ’
@ " Axy ]
. ':l - 'As{zn -
e . Ax = R - \—..f
. )‘v: . - - - "
‘ - e N, .
& ~ N
i . . | Tk
Q‘ T reéregent the pgrameter increments _
. R * , . * .\
. "% : ' ’ P - " ’ \
. w1 L
- ) a 1 .
- 13 ] aU
- , -y = | ¥
. . , i
.- - Laxk“_“ N

- *

+

—
.

S©. - tives, and

_ is the gradient vector containing the fi

ds is bi

terms o

=

e
- N _—

Q-
nstrained‘F

riefly

bjective

. the multi-
r

3AxTHAX % ... (4.44)

M
.7 (4.45) .
N :
(4.46)
{

rst paréial‘aeriva—

<,




i Y
; ) '
;' W °- ) ‘ .
: =
¢ , . 32y , ' |
‘“ e ax19%, | N .
% & ‘4 ' - - a " a
] ! R - [ o
H L. H = .. (4.47). . -« {.-
7 . L [ . &
s LR
. ¢, B .
: o 3°U
¥ 2 3
9 ° axk ¢ ‘ { "\
° . - _\ T /
' is the matrix of second partial derivatives,-the Hessian ' - . . |
- matrix. Assuming the first and second 'd_griVativés exist;" foe e -
a point-is a minimdm if the g:i:adient vector is zero and the
" Heswsian matrix is positive definite at’that point. ) %
) 1 It can readily be shown that maximum change occurs in ) 4
. ‘%‘1
:the direction of .gradient vector U. Eu}(ther, by ‘differentiat- o .%
te . * . o N - * . %
s ing the multidimensibtnal Taylor series in the vicinity of RO
. « the minima x We have | . . T
\ ) . 5
t ,r',
N . - _ . 4 . "é )
XWX+ Ax ’ (4.48) . I
A \ + 4
) o N - . e &
i a . . ) . o 2
T b . R . P < 3
A 3 0% VU + HAx (4.49) .+ 3
vt T - . » K . :
L \ oL ) . ;
S, neglecting h—igher‘order terms and making use of the fact ﬁ
thatr VU(X) = 0. Thus - ’ y § It
. - ) ‘ %
. ! - -1 ’ £
- A Ax * «H VU : . (4.56) \
: , - g'
N . ‘ , ' . :
,, \ “ »
oL . : g
{%\ ’ N \ ° N i ’/ . 1 v
. ' ) . i
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S Sl
; " where - R
& ' LY E | .
3 ‘ H 1is the inverse of the Hessian :matri
i On a quadratic function, this relationship pragvides .the
i ' . 5 . o N
" . parameter increments for the minimum to be.reached in ¥
¥ ' . . . ~
: Al I3 4 . 3 - -
} - exactly one step. This proyides a basis 4 iterative
scheme,s for function minimization. Methods of Fletcher .
yand Powell and the new Fletcher method described in .the
‘ o following sections and used in this thesis makg useé of the
above fundamental considerations. l « ) , >
1 . . \
2" . 4.5.3 Fletcher-Powell Method . . T
# . . . . - \
- . .This is one of the more powerful minimization methods “

that is now available 'as a standard libidary subroutine. °It

v

B g o W E e

7 is a. development' of " Davidon's variable metric method (527 .

‘A brief discussion of the method is as follows "[5(_)]:

-y

The jterative scheme followed is given by -

5 :1w.-:‘..;\c%Ww)w»;sm;-www'::wm\%mm:nmr;mé.@:&MWﬁ S el

' B R s  (4.51)
. . . . _ o —
. — 8 ' s e
where ‘ \ L A i
R R \ 9 . 4 . 1
. L) ‘ g
.« s¥= -niv) ; (4.52) g
3 L 3 . ’ . T , ' N N
x o i . .th e . '
_ / H” is the j— approximation to the inverse of . ‘

’! the Hessian matrix which is assumed as' ‘&% °

:: ’ ‘ N . B . \

i - positive definite matrix :
O . \ 2 ! |
A ( : {

| . | . R i

N 7 i
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The lnltlal approx1mat10n to H is. usually the unlt matrix.

e R . . . L
ThlS results in the first step Eelng ln the dlrectlon of
3 . the steepest descent. - .
¥ ] ,' * . . I -
: ad i is a- p051t1ve scale factor chosen to minimize . NN
{ e 4 .
; , Uj+l
~ ' . ‘r » *,‘
H is continually updated such that . LA
‘ . ' et gd 3+1EVU3+1 - vl (4.53)
4 v ,:\ 1
Thus, only first deriv_ativés are rf'equired to update
ST S . ’ | S y
In practlce, the. algorithm that ig followed\to ’
o 3
. J l b, °
compute H- ~-is glven by. . [44,50,51] Vo >
. - :.. . R Mo
) 1 5 g6 miyy T o
: ‘ R . (4.54)
. \ . = . _' 6 'Y T] - . .
f . | Do vHY # ,
where
,' § = w0t o) = o3 -
= - oIgIve? (4.35) _ ;
and, : A
S Sy =t | (4.56) B
! ' & -',‘ . . . . - . " u: - ) , v )1
_ _ N C ;
p . l - . . . - 0 :‘;
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4.5.4 ©New Fletcher Method - ’*': N

—

h

\ In the previously described Fletcher and Powell

<

Method, at each iteration UJ”' is minimized by choosing ’ -

)

an appropriate o’ involving linear search. This is usually

done by evaluating the function U(x+is) and gradient'for a
e ' / , @ .
number of different values 'of A ‘and interpolating according ’

to some strategy untll a suff:.c:.ently accurate minimum is
o &

obtained. This requlres conSLderable computlpg effort. It
¥

suffe?s from further dlsadvantage if constraints are present

[ ]

as the minimum along the line may not be feasible even
“\
though no constraints limit the position of the ultimate

S0y e 1 o NG 4

SN
Ny

solution.

1
s

]
Fletcher [51] has presented a new approach to |
- %

..

-
Pektilumle a0 - Lt b e E R Gh s TR

[

< v

variable metric algorithms in wlzh the linear search sub- -~

pxegram is no longer necess*y.
. ! T, 4 ,

The updating formula (4.54) forces the relationship
. v . C : .

#*ly = 8 o holda. 1f£ 7 is defined as [H}]™' then I’

J+l

‘ and I‘J +1 corresponding to HJ and H of (4.54) would be

related by ) - . . . R
‘ , . .
j+1 _- sT i ey Ly o '
I‘J = (I__ I_’I‘—-)r‘(l— ._%__) + X_Y_ (4.57)
° ' 67y 67y 67y o

" a relationship ‘that forces~~I‘3;/lé = y. Thus,.a wefr_ is obtain-—‘
- . ) g .
ed of forcing & into y. Carrying out the lnterchaﬁge § ++ ¥ B}
. it .
- i 4

0 E Ry J e X e
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. in the above relationship, a formula woul\i be.obtained -

"~ which mappéci Y into & ‘and this could be .used to updat‘é Hl. i
Thus ‘ . .
- Va . T . CanT - . o 1
S e R LR S
' F T 6Ty _ 6%y 87y )
] ) . [] ‘
o \ - Hj _ fI’TH Z HJWST \,‘ / -
&T \' .. Y ‘l” I 1 \

A rfew formula is thus obtained where limear search is no

longer necéssary. 1f H) is updated by the above relation~

Y

ship.,th'en the eorresponding updating formula for T'J is

obtained by perfofming 4the interchange yﬁ’--ﬁqd in (4.54) to

give ' e
A

- raghe
~
. ]

o ' ' - w ra=r7+X0 - _ - 7 (4.59)

-
)

"ormulae (4.56), (4.57),(4.58) and (4.59) may be considered

Rad dual in this sense. * o /
- ,‘Qnﬁn;'k'

The treatment here is entirely based on reference
[sﬁj. The subroutine that uses Ehis algorithm is,available |
from Fletcher '[51]. A computer program was written that .
utilizeé ‘the\ objective function and its evaluatimj; as

ro descfil;ed earlier in this Chapter and Chapter II; analytic .

‘ . ‘ .gradients as derived in this Chapter, -and- the optifnization

P
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, .
" . - e’ ol t
D S S il i& . - | . ; )
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3 ' . B \ oy T

) - " ~ “) . j P A ,Q .
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subroutine of Fletcher. Resulte ebtained from this

—

program, in my view, represent an advance in the statergf-

the-art” for computer-aided filter design.
[
4.6 OPTIMIZATION PROGRAMS AND APPLICATION
TO FILTER DESIGN .

Co L

Based_bn the foreg?ing analysis, optimization pro-

grams were developed-that use: B .

. Simplei Method
.. New Fletcher Algorithm

]

The second method of optimizatién reqguires

" ‘figxst-order derivatives, i.e., the gradients of tﬁe*un-
constrained’ objective functions. The analytic relation-

*

ships derlved for the derivatives are 1ncorporated in this
- programs. For the sake of comparison and as an additional

check, option to compute gradients numerically is also
- . .

[y
r

included.
) i . . ,

To ‘demonstrate the usefulness and efficiency of
these computer programs the' known classes of filter func-
tlons are treated flrst. Startxng from an arbltrary set

of values, ‘the crltlcal ftequenc1es arercomputed using
. g | :
these-programs.and the reeults compare ; with' the analytic

(S s iy
values. This provides a Yaluable check for.tpe computer

|

progfams"and sheds some l%ght on their Kelative efficiencies.

4

-




L ‘I‘he objectlve functlons, const?ra;z,nts and

ojx.ce f 1ndepend— ,

-~ ent varlables for any arbltraﬁ Tow pass prototype filter
are then. cons:.‘Bered and used to generate new;;.designs , s
| B ,//// &, . - _‘“
" 4l Chebyshev Function Eilters/ ‘
T - " This function is characterized by equi-ripple res- , . ‘
v A ) ! \, R * . H
_-"ponse in the passband and a mohotonically rising- stopband. ¢
. ¥ t T . N . 7;{ N ! §
The 'yéc',tive function and constraints are therefore given - %
e f " " .‘ ' . R 43
N bYc . ’ . ' - v, - :s"
. ¢ L " P . : é
’ ]R(:L) - R(2)] + JR(2) = R(3) ] + ....: (4.60) i
. /. , .. ‘ « . n" - ’~..‘ ] " :;‘x
] o 1 < ai,az, .. >0 T (4.61) oL
. where R(k)’ is the return loss at the k-t& attenuation maxima i
’ and a's are the critical fre'quencigs. . ', . ' ;
L ) ' ‘ - S ' ; :‘
Y . _As an example, a srxth-order filtey c/as analyzed. 5
. ‘ ' "
S Table' 4, 2 dFscribeS‘ ,the comeuted results and ompares them )%'}/
s ‘ T Y o
. _ ‘w1th "the ranalytic values. The objective functipn used is‘ . %ﬁ ¥ ‘-
. . . ) ° l e , R
T o .U =.|R(1) = R(2)] + |R(2) - R(3) | + |R(3) - R(4)}] . C 3
PN PP e I ]
: w om . ,‘—,,"' ‘ v’ St * .. '// §
. ‘ - i S - (4.62) / bt
) wheré e, R o ‘ %
. ) . | )}' “ ,,J ‘.’ . :
Y 3(4) is elaracterized by s “31 as shown in S
S e o A 1.
-, Table 42 Th.ls térm 1s necessary only if normallzatlon wigfh, i
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v i %
L ' ‘ [

- .

‘Jrespect to unity chtéff is reqiired. Alternatively, one may

-

" compute the critical frequencies with an arbitrary cutoff

< . .
frequency which could then be computed numerically by analyz-

i3 * - .
e ing the response with respect to attenuation maxima.

3

As shown in the table, the results tally closely

with analytic values. 'Fletchqr's method shows ‘a very signi- i .

4,
¢ . .
-4 - o ficant improvement’ over/fge“Simplex method in the CPU .time.
& 7 - , ’ T . ’ . s ‘ .
= L 4:6.2‘ Inverse -Chebyshev filter res& ‘
‘ Thesexﬁilters are characterized by monotonically L 3
increasing passband (maximally flat) and an equi-ripple stop- ‘ g,
' &
band. The objective function and consfxzaints are therefore %
: . . evalunated as: . s Co - S
- . ’ B ) B . ' g
\ 1 U= |T(1) - (2) ]+ T(2) - T(3) ] + ... - (4.63) i
bi,bz, ... > 1 , , (4.64) 3
.. o 3
. oy . - p 4
. . 4
b s [ . %
y : . 2 th as ‘g
T(k) is the transmission loss at the k—=— attenuation N $
. « . e
. N A . %3
.o - N 1
. minima ‘ A %
v : . g 4
4 . - ’ %
' and ﬂhe . . . - 3
a + * o v‘l . l’* -~ ~— %
b's are the critical frequencies. - ‘ . /‘§
‘ . ‘

/
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éhoosing the séecific example of a 6-pole filter - | !

normalized to unity cﬁtoff with respect to equi-ripple

-

stopbands, as shown ;n table 4.3,

a

.

’

\]

-

: - . b
N b.l.lbzl > 1 ~
|

- <

*

L}

the optimized values of the critical frequencies and compates

them with the analytic values. The results tally to within

\

.01% for a computation time of 1.2 seconds, using the new

, <
Fletcher algorithm. _

- U= |2 - (T(2)]F [T(2) - T(3)] + |T(3) - T(1)](4.65)

Starting from an arbitrary set of valuesf’Téble 4.3 destribes

(4.66) T

.

!
a
N
N
SR et oA i TR b3 3 oMt} M S AT

"
4.6.3 Elliptic response functions-
v These filters are characterized by equi-ripple pass- ‘
band - and eéui—ripple stopband. The objective function and
~«astrajints are therefore evaluaged as . A
‘ , :
. ]
U= |[R(1) - R(2) | + |R(2) = R(3)] +, .... +" . . 3
. ‘ o i
. B}
+ (1) - T(2) | + |T(2) - T(3)|F ..., (4.67) ;‘
‘i <-ai,azjyas, ... > 0 (4.68) :‘ %
| s ‘ "
i : L
', babg, > 1 (4.69) i
1 , \ - :;
! . - x ' i



\

off frequency. The Simplex method could not determine the . ~

where ' e A

R(k) and T(k) are the return loss and transmission
‘ : .
< , loss at the kR attenyation maxima

Oor minima
. - - > A
and ’ - ) )
A Y - — - . "

a's and b's are the—critical frequencies.

. Choosing the'sbecific example of a 6-pole fiiger with

two attenuation poles, as shown in Table 4.4, we have

& .
U = |R(1) - R(2)] + |R(2) - R(5)| + |T(3) - T(4)](4.70)

! : . ’
1l < aj,az,az >0 T , : _ ©(4.71)

»

by,by > 0 o “(4.72)
» .

- R(5) is characterized by s = jl to incorporate the unity cuté ”

N,

“optimum value even aftér removing the constraint of unity
cutoff. Using Fletcher's algorithm, it takes 5.07 seconds of

'CPU time to determine the critical frequencies with bettér than

.03% accuracy.
5 ' -

' For przzszal filters 'with non-monotonic passband or

stopband, it is necessary to impose some constraint on the e
h <

characteristic factor F which for the example under conside: a-

‘tion will have the form
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~IR(3) 4 T(4) ] +-|T(3) - R(4) |

v

:’I; ":‘: N .
As an éguality constraint, this will have' the form

L PSI(1) = A + |R(3) + T(4)| = |T(3) - R(4)]

-

(4.74)

- Equality constraints in general .increase the computa-

tion time significantly. One way t6 bypass this equality

tonstraint and at the same:time decrease the number of inde-
pendent variables by oné, is to fix one of £h¢‘attenuatign
pole frequéncies. This aut&matically constraints F. ﬁrom a . ,' i
‘prgctical standpo;nt,‘this is most useful since one generates
tradeoffs by choosing tﬁe pole freguéncies in-thévneighbour- "
hood where high isolation is specifited. Using this approach, )
the computed crikical frequencies, by choosing b; = 1.2995,

" are described in Table 4.4. As can be seen, there is a 10%°

improvement in comp:jation efficiency.
: \

‘

For a larger number of variables, an increase in

efficiency will likely be higher.

-

4.6.4 Generation of new classes of ‘ .
filter functions

- »
~

)

-

. - . -
Having demonstrated the generation of classical

filter functipns, we shall no{/consider an unconventional
- . .

2 (say) . ot e ool
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ejghth-order filter having the characteristic polynomial‘ .
. ‘ - A
W, 2.2 2 2 .
K(s) = S-(s *ai) (s +a;) (4475)
) (sz+b:)(sz+b:) '
N l‘“ ) - ‘ 4
’ This function,is characterized by a pair of attenua- .
i s -
. tion poles, a double zero at—the origin and two other non-
X &zigin zeros. We shall consider the following three cases
for 6ptiﬁizatiqn: ‘
4.6.5 E&@i— ;ppleICase ) ’ .
N " te . /j .
o . Assuming & fixed attenuation pole b; = 1\25, the
»., o . . . I w'{ ~ ’
“ objective function and constraints. a%e given by~ .
h . . — : s 1 ?
\ "+ U= |R(1) - R(2)] + |T(3) - T(4)]| + |R(2) = R(5)]
Sy oL . (4.76) \
1< ajaz >0 S | (4.77) .
L "By > 1 - - (4.78)
‘Computed critical frequencies using the new
‘ .~ . ‘u
Fletcher algorithm are described in Table 4.5.. -
* . R(5) fixes the' cutoff frequency as ﬁﬁﬁty. :
- " . - -
; e ' 1 ’
. Y . ,
,.'*. ’ ‘ pe
. 4 *‘ . ) Fl
' cl‘ v '
. 1 f . . ,

ek T
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4.6.6 Non—equx*rlppﬂe stopband with -

ascending minima

'
—

"Here, we consider an equi-ripple -passband and a non-

eéui—ripﬁle stopband such that the isolatidn provided by the

'second attenuation minima is higher than the first one by

. an arbitrary amdunt 6.

The objective function and constraints are given
) ~

few

by Ky

@ -,

lR(l)\— R{2) | + |R(2) - R(5)] + IT(3) - T(4) - &

<
[t}

[N 14

.

Ce C S (4.79)
a;raz >0

Py
A

° by > 1

For an arbitriry value of 6§ = 10, dB the computed

critical frequenc1es u51ng the new Fletcher s algorlthm are
’ ‘\\ -
descrlﬁ\a tn_Table 4.5.

.6.7- Non—equl—:Apple stopband w1th
descending order

-
3
‘

‘This case is similar to éase (b) except that the -

-

1solatlon of the, flrst minima is hlgher than the secbnd one,
» ~

The QbJect1Ve ipnctlon for this case’ is therefore .

. e
’
3 . ] )

SR - : : . ,
.Y U= [R{1) - R(2)]| + |R(2) = R(5)] +|T(4) - T(3) - &

- - oY (4,80

.
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"4.6. As caﬁ,be'segn, there is a co Qiation to within .05%

- l

For § = 10 dB, computéd’ critica&'frequencieé are described

inTable 4'.5 .

*

C ' . L. J
As7é—cross check for the computed critical frequen-

+
”~

cies for these new classes of filter functions, return loss
" 1

and transmission loss at frequencies of attenuation, minima

N \}
and maxima were computed fif‘the case of § = - 10 dB for an
arbitrary ripple factor. Results are described in Table

Q

. For practi;\,

.

with respect to the specified response s
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CHAPTER V .
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. PROTOTYPE CHARACTERISTICS OF SOME SPECIAL
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. PROTOTYPE (éd/é}/RACTERISTICS OF SOME SPECIAL
- CLASSES OF FILTER FUNCTIONS.

—d

This chapter’ls devoted ‘to. the determ;natlon of
. ) ‘
crltlcal féequenc1es for new response functlons which may

" be of interest to flltertde51gners./ It includes the follow-
[y ), . "

ing: . \ . -
\ . . -

v . .
- 1 &
s

. Clear description of the analytical relation-
ships.for th non-equi-ripple quazi-elliptic
resbense functions. Such filters are of interest
/// | owing to their ' application in sateiiite malti=-

'plexers. Critical frequencies and unified desikgn

.

charts for such.type of filters of practical
‘ «-interest dre included. - . ’
. . A@brlef descrlptlgﬂ'of the use of Bennett's trans-

formation [53] / for the determlnatlon of equi-

ripple passband filters with maximum possible

peaks in the passband for a given set of trans-

o/ - mission or real-axis zeros. _JIncluded are tables

»

| " of .critical freqﬁencies and unified design charts

o W T . - i »
o for selected filters which are or likely to be
e Q N . 0 N ’
: o emd of practical interest. i -
ST S . ' °
é.:i‘\"‘ ~ - '.A‘ ' ) s r
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> -« 'The determination of critical frequencies for
filter response functions for which no analyti- - :

» -

f. " cal or quazi-analytical (e.g. Bennett's trans-

formation) relationship exists and which may have -

. practical application. This is achieved using
optimi ati{gptechniqués such -as those described : : .

in the previous chapter.

Y 3
] ‘ ‘ T~

“ o

X ¢ a1l quantitative datadigpplied in this chapter is
) new. ‘It is expected to be of interest and use to filter

' . a 0 i . v
- designers. ' o . -

-~

5.2 PROTOTYPE - CHARACTERISTICS OF NON-EQUI-RIPPLE
QUAZI-ELLIPTIC RESPQ%SE'FILTERS

iﬁ S ' The synthesis and realization of, filters exhibiting
i e equi—?&pple characteristics in both passsand and stopband *© . ‘=¥
% : "2: is well éstablished for lumped circuitry and~co§p1ed struc-
. ) ftgres. However, the realization of such filters in‘ya§e—‘
g- ' ;) , guide structu%gs has been .relatively recent. The primary

fs -

reason for this was the difficulty in realizing negative

coupling‘iniég:x ed waveguide structures. This deveiépment

;‘.‘:r T E

_ also helped evodve the funections that exhibit non-equi-ripple
L. bharécteris;ics in both pas;;;;a‘and stopband in the J

o

realization of‘higher order\( > fourth“order) filters in '

. ~° waveguides. Such non-equi-ripple functions can be realized

A

~
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by exciting two orthogonal modes in a waveguide cavity.or the

o E » .y
so—-called dual-mode configuration. Such filters generally
. i , ~ . - )
yield superior response as compared to the presently 'used
. ¢ . [} 4 ' .
filters with Chebyshev’ response. : ‘ )

. Wanselow [19] ha's provided some prototype charééfér-
: =5€

P PR, . oty I R TR
. . .

»

—

istics of sixth and eighth-order filters with nqn—equi—ripple

response., The normalization chosen for these characteristics
is with respect to an amplitude value that lies on the transi-
tion region between the passband and stopbandi fhis makes the
usageé of these characteristics most-inconveniént for practicak
‘appiications.. Filters are normally aliéned with respect to

the ripples in the passband, since they are easily identified.

In this,éection, the prototype characteristics of

the non-equi-ripple guazi-elliptic) function filters are pre-—

-

sented in a generalized form. The normalization chosen is
\ .

. .with .respect to the maximum ripple in the passband. This

—_—— °

norﬁalizing frequency,or the cut—ofﬁ frequency, is computed

b¥ numeric techniques.  An application of.sﬁch éffilter is
discussed and compared £o conventional designs, with res- /
pect to the requiréments'of_a typicaf coﬁmunications satellite

channel by Kudsia and Swamy [32].

The characteristic function of filters exhibiting

equi—ripplexrespoﬂse in both paséband and stopband is given
Y P - B

by reference [21].

—y
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. / ‘;‘g‘:" - o - ,
h _ F(s) | v '
. . K(s) (s . ‘
: k e
- ] : m 2 2 ’ l
~ v -
=es (21220, for n 0dd and'm = ;= (5.1)
2 . N pu=l s?a’p+l g M
. 2 -
- 2 2 ‘ A
= es’l (E—iEEH:l—), for n even and m = % (5.2)
’ u=2 s*clu-1+1 . : ‘
2 <Y .
The critical frequencies a, and c . are given by
: \ l'f' K . o
' o, c, = va, ,.a,,. 1(5.3)
) Y v 1,4%;1
N e .o e
a, = /51ne.sn_ﬁ% . K,8),v=1,2, ... (5.4)
$; where . - i )
: ) sn(§~. K,0) is the Jacobian elliptic function -
.
K* is the complete integral of the first kind o
i -
) ! . with modulus sinb,

L PR NIRRT TS P ms e R ey T,
a
Q
]

n. is the order of

the filter

€ 1is the ripple factor,

-

S A R T TN R a5
s .
. L N .
- - .
- - 2
1 3 B h

s 1is the.complex frequency variable.
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Letting a,. f 0 fo; odd n or Com-1 0 for

even n reduces the number of transmission zeros by 1. The
order of the numeratpr polynomial of K(s) is unaffected and
hence, that of the filtér network. However, the passband,
as well as the stopband of the.response, is rendered non-

equi—ripple. Thus, by letting one or more of the critical fre-

Iy r"
quenc1es to be zero, a pew class ‘of filters,sometimes referr—

ed to as quasi-elliptic filters, is obtained. The generaliz-
ed form of the analytic relationships for these filters is
described in Tables 5.1 and 5.2. p is an integer that

determines;the depletion of the Eransmiséiop zeros from the

o

equi—ripple’cdse, giving rise to the new class of elliptic

function filters. Our preferred Cclassification is shown in.

. ~
- .

Table 5. 3.

-

Figure 5.1 describes tﬁe lowpass prototyq? response

of an eighth-order, Class 1 elliptic filter. The cutoff

frequency, with respect to the maximum ripple in the pass-
band,lis determined by numeric technique. Normalization

of the frequencies corresponding to the attenuation minima

a

in the stopband is with.respect to this cutoff frequency.

Figures 5.2 and 5.3 describe the unified design

charts for Class 1,non-equi-ripple elliptic filters. Tables

A.l to A.5 provide the unlfled;de51gn chart data for non—equl—

ripple elliptic function (Class 1) filters in Appendlx A.
A - ' co

3'}“:

Jopp—
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FIG.5. l -LOW-PASS PROTOTYPE R.ESPONSE OF AN EIGHTH- ORDER .
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TABLE 5.1

ODD ORDER NON EQUI-RIPPLE ELLI

e

-

PTIC FUNCTION FILTERS

-~
e

n = Order of Filters o
m = (n-1)/2 T .
. P = m-1 - number of transmission zeros
- " for the 1p' prototype filter

. Normalization is with resg
ripple in, the pass

ect to maximum
band

-

+

. w
I P N

K(s)

il

-~

'lm—ﬁ (s?*+a? )
Eq5(1+2p) 1 2 :
v=1 (s +bvq)
gz'\’ )
9e
(1/avq)
2
9o

the cutoff frequency with
respect to the maximum ripple
*in the passband

R

sinf . sin (nEZp . K;8)

the modular angle

the complete elliptic integral
of the first kind ﬂ\\ﬁg

the Jacobian elliptic function
of the first kind '
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TABLE 5.2

EVEN ORDER NON EQUI-RIPPLE ELLIPTIC FUNCTION FILTERS

n = Order..of Filter. ~ g
m = n/2
P = m~1 - number of transmission zeros: |

for the lp prototype filter

v ~ 1L

Normalization is with, respect to maximum o -
, Yipple P the passband ’
,—"// I 2 2 -
= m-p (s“+aZ’ ) R
. K(s) = eqsz(l+P) I ——?—~§9— _
. - v=2 (s +bvq) -
. : \ a = ng_ gzv . \\ *
‘ vq 2v-2" 9. - , .
/ . . = .
v—/'/(l/a ! " - B
o \)q 2 .
« g
S
_ gé = the cutoff frequency with
respect te the maximum rlpple
1n the passband o
g, = ¥/sin . Sn (Hgg—.;e) . '
t . -
1 6 = the modular angle .
v ) ' o
K = the complete elliptic integral T
Lo of the first kind
sn( ) = the Jacobian elliptic function '
of the first kind
1]

. : ;
' ;
\

\ - 1

R s . e ~
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~ . TABLE 5.3 . g

[

Y

CLASSIFICATION OF ELLIPTIC FUNCTION FILTERS

< . K N L4

Depletion From : Nu?gzzogf Tiggs- {Classification of’
Maximum , m f the Filter
“ Transmi;éionb%?rbs 0dd n Even n ‘ / -
- ) e v . ' 4
co. 0 n-1 no_ Class 0, Elliptfc-
2 2 filter (equi~
- i ripple) '
. 1 n-1 . “on _ o | Class I, Elliptic- .
’ 2 . 2 filter (non-equi- .
ripple)
2 n-1 _, n _ ;| Class II, Elliptic-
. . ‘ . 2 2 filter (non-equi-
; . . < - ' ripple)
. and so on , ‘
/ ' . . . . . . ¢i'
_ n-1 _n
~NOTE:, For p = 5 for n odd and p = 3 - 1l for even n,

the characteristic function degenerates, giving -

’ '+ rise to a Butterworth type of filter response.

Ve 3

,.
.
A
-
}
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5.3 E.}QUI-RIPPLE +LPASSBAND FILTERS USING* -
BENNETT'S TRANSFORMATION

It has been the author's experience “\t’hat design
engineers at large e not acquainted with the Bennett

transformation [53] for filter design. . The likely 'reason

! .

is that closed form analytical relationships are available
for most fiiter response functions of practical interest.
Recent advances in the realization of response functions

] ] » L3 . 3 l\
exhibiting transmission zeros or real-axis zeros or both 2

!
¢ ‘

in coupled waveguide structures has lent fresh interest ‘in

Bennett's transformation. It can be used to determine pro-

?s

totype characteristicsg of fillter, networks for which no
analytical rela‘tionships exist, or if they exist, they are

in an incomprehensible form for practicing engineers.

o

The basic form of this transformation is given~ _ -

*

+

by [23]
: . w1 .
Z2°= 1 +-=~ ; Re (Z) > O (5.5)
. ,‘52 -, .
i .

where

Z is a new complex variable, and
N ,

(s=jw, jw] > 1) onto the/0 < x<1 ﬁ@m@:@/@ﬂ/x—ﬁﬁ"‘.’ﬁ/

~—"

B
S
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If Zi _represents the transmission zeros (loss poles) .at
p ‘ * jmi or real-axis zeros at * T4 then we may write \
« n ) h
v(z®) + 2 Q(2%) = T (Z + 7,) - .(5.6)
. , i=1
where ' \
'+ V-and Q are even polynomials, V-is evéri and . L
) ZQ is an odd part of the overall ‘
“\ expression., s N
P Transmission zeros at infinity are représented by 2 = #1.
The chafacteristic function K(s) in the transformed variable
\ a .o
can then be(written in the form T
- ' A
5 * ' 1 , L2
. 4 B K(2) = ———— (5.7)
1 l _‘( ZQ)2 >
\Y © .
'\ In the trans ox;ﬁned passband, ‘i.e., ‘on the jy~axis, 2Q/V
behaves as ? reactance since 2Q and '(are the odd ansl
even parts, respectively, of the Hurwitz polynomial Vv + ZQ.“
© Consequently, 1 - (%Q—jlz varies between 1 (when y Q/V = 0)
and «(when .y #/V + ®); and therefore ' |K|? oscillates
- . a3
between 0 afid 1 (or an arbitrary constant €). |K|?* has
therefore the required poles and an equi-—ripplé passband. By'.'
‘ .
! M '
substituting back Z? = 1 + s~%, the s-plane characteristic
S function caif Pe 6btained. In essence, therefore,
_— : , _ S
3 ] ‘. u. - N
] ‘Y _
/- -
. (\ \\. s

+

- .. . " i - ‘ o
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\ ) . o
’ ’ o ' .. ‘N——‘—/ "-. ® -
oo ) . 2 - v s
|K(s)|?* = |R(2) ] -2 ={T;———7fr——] .
. : - 22 = 1+s v: - (2Q)% 22 =
2 T T (i
v »* i, B
. ) Y= .Eﬁﬂj_z .. c .8)
P IP(S)l ) : A
Y ) | . = "
* - . s .
. where the polyhomial F(s) conFéins the attenuation zeros and
. BT . ‘ A SR _
: . P(s) the attenuation poles, (or real-axis zeros) as described
i X ﬂg ‘vin Chapter II. Since.we sté;glby assuming a given ocapioh
2 . . <of .loss poles or real-axis zeros, all
4 .
N “ are the roots of\\ a '(j)
* - [ T u R
: ' . < V2 | .
: . @ | g2 = 145"
e, -

! N . t
« which yields. the atteﬁuation zeros of

the overall transfer

-function. B . 4 |
- J [,
v . A simple algorithm to determine the attenuation
. 4 "
zeéros is ~ ! ' )
| T V(Q){= ag + a;?z + azik ol gﬁ.lo&"

. substituting z?2

r

a 3
~2 ' : \
1+S 1
C - I T
ap + a;(1+s?) + a%) + (178%)2 ¢ .,
’ o L N . "
o F . v IS 5
by + bi1s2 + bas* + ....
; : .
AN :
n" :'%
PR
ﬂ“ . B
P

(5.11)

|
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ng i . ) l 4 ﬁj ‘I ' - - .

' ZE s - - v _ " - v )
[ € y * ! ' S N 3

’ i N . . ._ ° . o « \
;; P b . N, 0 . ' . °

o / ! , o ; " ' '
fi v 'S by = ay +\«a1 +.a; + ...

!: ' i'-, ' ) ﬁ' ¥ Q * ' : )
ok L . = + as2Cy + aj’ + . ’ 3
d . \ by = a) az“C, as " Ci e . . y
. i}: lL\ . . [ . R , .
i S & Ty Co
| T ‘ ) bz = a2 + as’Cy’ + as'Cs + I AN 3
2 | A . o . . - kS
P v .‘: I3 (\ . N . 3‘3 ~

- ° o an ) - "’
v o< 4 * Cs. ¢ Tg
' e W : . - H
! - b = a_. . :
A . 2 n n . = 4
LY . a Py '%
. * v n ‘ ’ W . i A i
- ; .hu . 1 ’ ‘ 4 ¢ ) ' ) - "i
N I ' 7+ n is the last coeffibient of ‘polynomial V. H
] l © : - ° . 2 ‘ - 'sé
1‘ - | ’ < v . 3 t . v :3
{ «This algorithm has been implemented on a®digital ' .o b
':a ‘. computer with efficient results.. This progr7m is used to T
;: i . . I . . R ) ) . ‘ ¢ R “ ‘"‘;’
T ' generate the .critical frequenci"es ;and the unified design 2
~ '
s
’ charts »for those classes of £fX ter functlons which are of \
» . . - . -
<, . ) . ®
-+~ current interest or have poj'.entlal application for communi=- - 2
. cations systems of the future. These include: T B A
' T o e . .
gy o / . Filter response functions exhibiting maximum ' ;
v N s . ¢ . ’. N ,/ - . : . ( :
' ' permissible equi-ripple peaks in the passband A ’%
- ~ . - . . ' » * . :L
r , : and a.s:Lngle transmissién zero im the stopband., =~
é', : : .. Linear Phase Filter functlim-s with a single or ‘
(A N double pair of real-axis zeros with or w1thout . .
* - q
, . ’ Lt . g 3
. . -a transmlssmr} zero in the Stopband. &
B . ‘a y .o . f . -t R ' ¢ ‘o }0 R ’ ' . ‘g
3 ).l e ’ . - . s ' U <o & ' %
. n Tables B.l to B.9 prov1de the crltlcal frequencies §
° €~ Y
- ._:. .
_ : and the é\lmg.fled design chart data for fllters of practlcal T
e 1nterest in Appendix B: S T ; :
» . :
~.——)—- T . ;;'
: . is
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4 , ‘ ‘ .
‘ Figure 5.4 describes the unified design chart for s
. S , :
filters with a single. transmission zero. - , .o
. A o . ) , ) 4
. - ‘:3 . ~ . ) 1"
Figures 5.5 to 5.8 d&scribe the unified design i

charts for linear phase filters with one and two pairs~of

real-axis zeéros. \ /7 .

[

TECHNIQUES : -

3

) > ' Y
- Three different filter types of practical interest ’ ' ;*

%

are identified for the use ofioptimization technigques to
generatq the critical frequencies and the unified design

chart relationships. Thesé are: .
. g
. Eighth order filter with two transmission zeros o

a

*“in the stopband exhibiting equi-~ripple response

; in the passband, as lel as stobbahd. ' .

N -

two transmission zeros ” e

. Eighth order filter with
- in,the §t9pbahd éxhibiting maximum permissible

. ¢ ’

‘ equi~-ripple peaks in passband and a 10 dB differ-

ence in the attenuation minima in the stopband.

‘ ‘ ' - )f/‘l ¥ ' ‘

Eighth order filter with two -trdnsmission Zeros ‘ C

.-

in the stopband, a double attenuation zero at ,

T Er e

‘origin and equi-ripple pass and stopbands.’ )

VO maa e
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‘ v
This datazis of practical interest for dual-mode -
. ! ’ L. »
« ' realization of fﬁ rowave filters and-gives-'a measuge of . v
]

the‘efficiency'and flexibility of tHe optimization program.
T B : a

Tables 5.4 to 5.6 provide the critical frequencies

and the unified design chart data. A similar procedure can

S

be used to generate critical frequencies for filters of‘aﬁy

-

- LR
' order and arbitrary amplitude response shape, as described

N = e #” 1

in this and the last chapter.

a4

T EANR DR T T s

- e e A

5.5 CONCLUSION
N\ . . -

From the design data of.some new types of filters

provided in this chapt?r, i£ can be seen that filte;s‘with
'maximum permissible equi-ripple peaks in the‘pass—band and an
equi~ripple stop-band provide the sharpesé cut-off character-
istics. Making thé stop~band non-equi-ripple improves the

L . ”w . )
pass-band performance at the expense of decreased selectivity.

S o RS e

Introducing attenuation zeros at the origin further improves®

P

the pass-band at the expense of stilloaecreased selectivity.

e

e — o
?‘Wm e T e T NP rner LV STV
.-
-

Thus, for a given order of filters, one can derive practical«

ot

-

] performance trade-offs by manipulating the response function )
+ : ’ ' o
% in 'an arbitrary manner. This is exemplified in Figures 5.9 .
% oL and 5.10, which show the computed amplitude and group delay
N - »

response for a 0.5% band-width 8-pole band-pass filter at

12 GH=z {or the three alternative response functions with one

[
. —
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pair of transmission zeros and having 8,7 and 5 equi-ripple- P

o peaks in the pass-band. - . ///// :

In conclusion, then, we claim that by using the .
. o ” ‘ ) .
analytic expression‘for gradients and optimization techniques
- N -~ \ -
described in this and the last chapter, filters with completely

PNY

4

3
U ST TR

.

//, . arbitrary response shape can be deriwed most efficiehtly.

This provides & powerful tool to filter designers and system

\' engineers involved in the optimizé%ion of communication

g

-

channels.
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oL - > CHAPTER VI. . Al
. COUPLED-CAVITY SYNTHESIS OF SYMMETRICAL '
5 B , BAND-PASS FILTERS . g
.ol Co o
o ,
. ’ : . . -
- y 6.1 INTRODUCTION . . ‘
P Ve [ | ' .
N ‘
- ; In this chapter, we- shall describe the synthesis of :
Yo wavegdide band-pass filter ‘networks at microwave frequencies
from their low-pass prototype network in a dual-mode con- = i&
, figuration. It includes: ‘ L "
' i Ve . e e . ' . . .
.o . . A brief description of the relationship . . .
L , between the pole-zero frequencies of the low- ,
pass prototype network and the eigenvalues
] \ of the generaiized coupling maﬁiix.of a coupled- .
A ) J‘ Ty ] o " N :l l‘
cavity structure éxcited'in .orthogonal modes. %
7/" .+ A-new technique to détermipe.ahd optimize the - - (
‘ “ available mutual couplings from these 'eigen- -
.. . - . B . . R gt o c *
f > values to realize the desired response“fungtion. IR
T . . , o . . ( , ! . . - ) ’
' ~: C - . A bgief description of the relationships -
oL ' between the mutual-couplings and the physical’ ., T
- . dimensions of the dual?mgde waveguide bénd—pas§% .
- N ' . [N . e - ‘ '1 K Lt
. filters. = . | [ 4. . e
N - ) c ! ,E‘A‘v'?
N : . ‘, ¥ “L. ety
t ® (¢ '
., "}.:.“ . g , ~ ‘\ . :\.“h »’ L O
1 1. - , ,,,t T ’ \ A, T B ”;
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g , .. Measured versus computed response for the ’
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z \ following filters: * - , : .

A . (

§ . ],
H ) = . .. Sixth-order filter with six equi-ripple .

14 - . , : . .: ¢ } s 1
_% - - peaks in pass-band and a transmission zero

; - e ,

§ Lo e located symmetrically on either side of -

Lt [ + " o b

;_ , ¢ o the pass-band in the 11 GHz frequency band. !

‘. - R . "-.' Y. 3
¥ c _ '™.. Eighth-prder filter with eight equirripple. 3 )
’ ’ . . '!x" . % 1
£ gy T peaks in pass-band, a single palr of trahs— .

P . ano ' . L, v ‘ [ RS
T ' v LT

e °o T mission zeros locatqusymmetricadly on

- g L gltheflside of the bésslbapd followed by a-

two-pole all—pass network in the 11 GHz .| . . .

frequency band.°

' T e Tehéh-order;linear phase filter with ten LI

,
;
*
.
U ~,‘1\’. . ...‘ e
LR KR b e T

Lo

N , ' equl—rlpple pe;ks 1n pass-band”and hav;ng

. v e ES
Y - .. " two palrs of meal—axis zeros for lineariza-

5

¢ 5 v“ R

‘ : - tloq of phase. ’ . .- ; . A ﬁ,
x AN

MR All filters are realizchid‘aidhal—mode cénfigufatioq:. RN

o . ° * - b

i s ~ . -

T 6.2 EIGENVALbES OF A NARROW—BAND COUPLED- e ]
~ . CAVITY FILTER NETWORK - T .

o

. - N : . @ ‘ .
More than two decades ago,‘Cchn [1] in his classic , /

¢ L

paper, described the reallqgtlon of half—wave dlrect coupled

.cavity waveguld fllters from the gonventlonal mlnlmum pha S e

Fyos "
X3 ~ . s f AN
. . ” b N
v ‘ \:“ . N N b
., . kS 0; "0 . 1, & o4 ) i v
. ¢ i s 0 . ‘e t . . E
. " : A B [y -
M R [N o,
' - “ DI " .
B ‘ . Y o
» = . . v T
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. . .
1ow—gass prototype network. The basic concept~introdu&§d

— in this paper was the close relationship between an ideal

immittance inverter and a shunt inductive iris embedded in

a small negative length of wavéguide. In the physical ,

: i

- realization, the pegative length associated with the coupl-

ing iris is taken care of by the equivalent shortening of

- t 4

the resonant waveguide cavity. .gohn has demonstrated that
the-fractional bandwjidths of up to 20% could be‘readiiy
obtained in the synchronously tuned filter. This procedure

S “f * . 3 v .\ ! ’ L]
is still the basis in realizing the more generai filter
. ) . '
R A . . ’ . T~ f -
chiaracteristics. . p ~ o

¥ ‘.
. . ¢ -
[ S ~

.. For a simplé cascade of coupled cavities +{1].

where only the adjacent cavities are coupled to each other;\\

- &

. . . .
only all-pole insertion.loss functions can be realized.

- Q Vo -

* For moxe genetal characteristics, the coupling between the

nmon-adjgcent cavities is'reauired. Kurzr k [le was,the -

¢ N\

\f{rst to describe how extra coupllng between the flrst and

— ‘

ﬂ hu’ﬂﬂlast cavity of a dlrectly~c$qpled 4 Coaxial-cavity structure
b 1J
RS

pfﬁduces a zero of transiission. / Easter and Powell [54]

-«

: havéhdéscribéd~9imilar filters in,the redtangular waveguidef

i i f .

TR Saito .[55] has presented a synthesis procedure for

general.. coupled-resonator transmission networks. It
_ . ’ RPN Y " .

involves'a large number of couplings and therefore, 18153[ . "

g

¥

very practical: Rhodes [47]1 has descrigeé‘a synthes;s‘"

o S LR :
- K 1/ . - P T O N 'x“ ’ .
! ' K o ’ N a
. . .
W' i ' ~ /,‘,6 z -
B . . -, ' .;' -

.-t . [ v
g e e . L :
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- as Q¢écribed in Reference ' [56].
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l.

¥

procedure for generalizéd inter-digital networks and direct-

y~

coupled cavity linear phase filters. Moré'recently, Atia
tet al. [13,14,56] have described a synthesis procedure for

.synchronously tuned coupled cavities with multiple coupl-

L)

)

ings‘ih a non-cascaded form. This procedure is being widely
‘1 F -
used for the realization of microwave filters in a dual-mode

-— _

coqﬁigqréﬁion,“and isf%ollowed, in part, in this thesis.

The following is a brief description of the determination

N . * Ty . .
of eigenvalues for the generalized .symmetric toupling matrix,

- .

- ~ao3 _ \

- Figure 6.1 shows the'niloopaequivalent circuit for
a myltiply~-coupled structure of synchronously tunegd cavities,

Tﬁe cavitieg are assumed idénﬁical, all tuned to the normaliz-

B

ed center freqﬁency weg = 1/YLC = 1, with a normalized

characteristic impedance ZO = yL/C = 1. Further, upon using"

thé narrow-band approximation, the cavities are represented
by their lumped,element representation. The n x n symmetric

Ccoupling impedance matrix JM has zero diagonal entries
and arbitrary signs on other entries. It is purely imagin-—

ary and frequency independent for frequencies near wo. The

coupling~céefficient between the ith and jEE caQities

is. denoted by M, g which are real numbers and assumed in-
dependent of frequency. Further, we will denote the source
A i ,
- and load impedances by RS and RL which are assumed purely
. f ! - 3

resistive. : - ~ C to- ‘ )
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The lloop equations can be written as: : .
- . ne .
[Rg axi +' Ry Gni + S] I; ¢ jkil M. I, =e 61:'. (6.1) .
. k#1
! . ' ’ i l"'2'3' see ~IN .
where ' Ce. 4
aij is the Kronecker delta ;
‘ ~ ]
e, is the input voltage, and n
S 1is the band-pass frequency wvariable.given
) by S=s+1/s, s = Jw 4 ‘ X
Equation (6.1) can be put into tHe matrix ‘form
) LY
; I, 1]
y 0 —
. ' Izl 0 " e w
I 0 .. ‘
. n R .
where . )
I is the identity matrix and
: 3
-~ ’ ' [-— . N —
‘ I Rg 00 . . .
- 0 . 0 L b - ‘e - N
R * ' . (6 03)
N o 0 . . . . - o
L] - L] /. - RL ] ) .
- P ' . .
~ o . 4 . ' = '1A
PEY N q ) e
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1 ) L’
— a ! .
“ ) — . = ’
‘it 0 MIZ 0 Mllq . . LI Mln [
H ‘ \
' My 0 Moy 0 . . . . 0 ‘ (‘&
M= Lo (6.4) | H
: . ‘Mnl 0 Mn3 0 .—— é . . 0 \ 3
. .,
, - L - 2 3
. - ¥ +M 1is a real symmetric matrix with M,. = M,.. The
- I S W ) - 1] Jji
. - f : . -
@ - transfer voltage ratio InRL/e1 can be determined by solving N .
g " the system of equations given by equation (6.2). 'It.is the :
, ' S
L guotient of polynomials in S with denominator as the ni—:-ll
g 1order Hurwitz polynomial equal to the determinant of the ;
k ’ " matrix (-3SI - JR + M). N 1
; B
L ) a ‘ ' ' |
; v Ini terms of the two-port short-circuit admittance }
~ ~ M » ! = ‘ » ’
- e |
£ ' parameters 'y' [19,30] as shown in Figure 6.2 - B b
% . (/ % »
o i T S s In=ynVr ¥ yaav; . . .
, - S . (6.5) j
I = ya1V; + y22Ve . oo - ' ,;%
L and y's can be deduced as ' /Y" ‘ ?g
, yi1(S) == 3[L-38T + M7 T ;. (6.6) LR
and < . . T ' e~ T
g - PO by S xR
E . - A <5 yp(8)= - gl(-asT + M) 2] 6.7 fe.
. ’ . :}I ’t;} "? '.' . . - g N . '
ki - " Ny h . . :"{“ "l‘t;‘ ) \ \ o '. K
: * by solwing (g.Z)'w1th R$ = RL“R 0 énd e, frli
I . ’ (Y
j o/ ‘
N
!
/ -
/ -
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Thege equdtions reveal thal the denominator of both
A\,
Y11 and y2:1 is the characteristic polynomial of the matrix,
-M. Since M is ‘real symmetric, all its eigenvalues

"are real and it can be reduced to a d1agonal matrix of the N

' , )

/

elgenvalues. .
N . ' '

P A two-port neﬂtWork can have four alternative repre-

N
X R R R N R st RO

s

* . () \
- sentations {19,57], two on the~impgdance basis’and the
" other two on the admittance basis’. Choosing the latter, the

3 short-circuit admittance parameters are related to the

-

charadteristic polynomials by . '

(6.9)

where the subscripts o and e stand for the odd and even'

\

parts respéctively, of the indicated polynomial. Thus, the.

'eigenvalqes\of the s'ynunet.ric"coupling matrix M are given
; . -

: \3 f ~«-by 1} . T i
, ' . E_#F_ =70 , (6.10) 4
- ) . N - ‘ —‘
& . }

- and are of the me .- . - "

S o jA;L,=‘1,2,3, S

Atia and w:Llllams [13] have shown that the symmetrlc

coup]‘,?mg matrix 'M' can be représented in a reduced form without

»

. loss of generallty. ThlS compact form takes advantage' of the
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( Y, = :lz-[yn'*'Yzl] o (6.12)

- syThe even-mode input admittance may then be expanded in the

form ' ‘ L I .

0 N N , ) - l*
\ . ‘ - _C Ca Cs_+ ...

. Ye(S),( 591 STz -y (6.13)

v | \

' : o I
symmetry and is dyined as the even-mode coupling matrix Me 3 g‘ |
. » o . !
given by . )
v M M M _ M M _| M
] R 172 1,072 L,% 1,074 1,n/2
. ) , .
M : . .
| 1z 2eRmn Mo :
- M, = M,,n-z M'z »3 Ma ,h=2 : ' s (6.11)
.o . . . : :
P A R :
~ b . . k-\-'—“/‘;c'.,’- ‘,'. . -
: M . T '
. 11/ 2 I M, (n/2)+1
; |~ n/,
N L .
A\
i , v
.The corresponding even-mode driving point admittance Yo is

given by . ‘[13] / C e

'C1C2,C3s, ... are the residues at the Irespe‘ctive

!
v \\’.// "

ceigenvalues.

.. ovhere T : ' S ) ' ;ﬂ
L / . \

\ - : -
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1‘- . 6.3 CLOSED-FORM RELATIONSHIPS FOR MUTUAL |

: COUPLINGS FROM EIGENVALUES . P

‘g Atia et al. [14] synthesize the couplin%‘network by »

%. fir§t generating a coupling maprig containing all possible - |
i ‘couplings from the eigepvalueslusiné the Gram-Schmidt ortho- 1 {
' ' |

normalization process. °‘Then, they use the reverse process
* P

- of similarity reduction based on Jacobi's or Given's [68]

, . N ' . )
' - methods to reduce the undesired couplings to zerc.. Thus, a

v » f

symmetric coupling matrix is obtained containing only

available couplings for a‘given filter structure. It
1 : .

be hoted that, in general, the coupling matrix to realize ~ -
, . S
a_Qizsgﬂtransfer'funét;on is nofﬁhnique and the available N

~ 4

couplings exceed the number bf“qhdépendeﬁt variables

determined by.the order of the /filter or the eigenva

PR 'rf:v{.‘&é‘myww*y*%u i i ot

the'coupl;gglmatrix. This leafls to an infinity of

for transfer functions with finite zero locations.

! e

P

The method of Atia”ef al. [14] involves considerable
matrix mani;ﬁiqtions and restricts thé relétionships between
Y the mutual coupi}ngs to theggriteriawuéed in Jacobi or ‘

‘ Giveﬁ's method of similarityireduction in éonjunctibﬁ with

‘ the choice of element values of the orthogonalhtiansformation4 oo

matrix 'T' in the equation to generatew%he gengral coupling ,r -
, ) ’ " [
matrix. The method described'i;i!§is section alleviates the

above drawbacks but suffers from lack of comﬂiéte generality.

\ closed~form relationships for mutual-coup}indé are derivaifor'ﬁ,G if

} . . . .
' V- - | N .
[ . - Y . P e , N , .' , -, o R e
\ ' <o . ot . R I Ly oy ’
. ., K ) ' v . Yoo m o [ o o Vow ! .
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) o LY o '
and -8-pole filtérs~in a ‘dual-mode configuration. ‘@his, in ‘the

~

W

uthor's view, fulfills the performance requirements o&f’

most of the communication systems -+especially the ones in-

13

volv1ng communications satellites. The“ﬁethod can be extend-

ed to odd and hlgher—order ( > 8—E order) filters or to
cdnonical.realization [59]’ of dual—mode networks.,.Thls"’

is left as an area for future inyvestigation. ﬁ:

s
a2
-

_Before deriving these'relationshiﬁs, we shall briefly

describe the operation of dual—mode fllters. . >

6.3:1 Dual ~Mode Filter StrLcturg

e . - 5

The dual-mode {ilzgr i aepicted in Figﬁre 6.3.. It

employs a cascade of wav ulde\cav1t1es, each of whlch re— ,

sonates, synchronously, in two\orthogonal modes .’ These
cavities are either square or ¢y11ndr1cal The modes of

»

propagation that are employed are TElg, or TEllﬁ“ for the

:square .and cylindrlcal cav;tles respectlvely, R

14
{ 4

.o -
The coupllng between the orthogonal modes w thlﬂ
%.‘.\ l t
the cavities {s provided by a structural dlsconblnuity, such

as a'probe or a screw. This screwv is located at an E vf}gld
janti-node (maximum) and is oriented at a 45° angle-between
: : y - b ‘ . '
" .the orthogonal E field vectors, as shan in Figure 6.3.
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: * Such coupling is called “intracavity” coupling; it is capaci-
tive and coupieé the 'E field vectors (1,2), (3,3), Li,&f\ - ‘

. ) \ . . .
. . . . {
. v >

.t ' PR (n"'l,l_'l). . ) '

. Digect couélihg between the phygibal cavities is -

provided byxﬁolarization apertures located at the conmon

8

* walls between the cavities. This coupling is called '1nter- .

) cav1ty' coupling, and is induétive sxnce 1t coup es the H -
[ N
WO types o Lo

*

fleld vectors of the adjacent cavities. There :

J Y, \ . 1

of intercavity‘eouplings:‘ the ”sequentlal“ ones, whlch ‘- T .
» . |
uple the H vectors:(3,3),’ (4 5), (6,7, o0 (n=2),(n-1), -

and the "cross” coupllngs wh;ch  couple the H vectors (1,4),

6), (5,8), ... (n-3, n) / o ' ‘ N A- ‘ 1
|
|

‘In additjon toqthe/ﬁisO coupling screw which provides

P

Qe.cavity,parallel to each E: field vedtor, and control
the tzgquency of each resonant mode by varying its electrii

/ _cal length. | ' : , :? ‘

['The filter has 'n  resonances 1n n/2 phy51cal cavities

and hence, the .name dual-mode. When the input and output . : '; i
|

[

ports of the filter are in 1ine, as shown in Figure 6.3, P

it is called a longitudinal dual-mode filtexr, It provides

e, the simplest physical configuration. The relative orienta-
o A . :

tion of its ports dependsﬂppon the number of pRysical cavities
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v
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i-'émpléjred. . These ports are in phase if t:he filter has an'
' o “even number, of cavgties;rand are retated'at a aof:;ngle,5
: Q‘Qith respect to each other, if the number of cavitieg is

3 - ' . The'all~pqle al-mode filter is 'realized using c.t |

Foa the se;hentiai couplings only. ’Transmissioﬁ Zexros or feal-" -
: i . ax;s zeros require cross—coupllngs 1n addltlon to. the-sequeﬁzl

h ial qoupllngs. Transm1551on zeros are normally realléed B,
.  when the H field vectors are 180 out of phase.  Such

-

coupllngs are calIed 'negatlveﬂ. These are reallzed'by

) | 4

coupling screws orlented to have 90° phase dlfference between
each other, as shpwn i Figure 6.3. On the other hand when

v

ot . .
the coupling sCrews are in phase, they create.neal-axls

.zerds fesulting in linear phase filters. \ i ’ '
.. The longitudinal dual-mode filter, as defined herein, - '
o - have .input and output ports located at the physigdlly first
- 28 °. ~ . .

and last cavities. It provides the simplest physical

i . .

structure. The permissible couplings are: - -

A
Z ' ' s tial . | o -
L equentia ‘ »
8 . : 9, (] M ", L ) v )
E . : Couplings . Mlz" 23’ Msu'. Mn-—l,n
. &
E . '
Cross. . . N
\ P . M M M cse "y vegece M u
, . Couplings | 1v! Tae’ Tse’ "¢ \Mk,k+s' n=-3,n
an ' ! ) ' . PR
R 4
\B . . N ,\' R I ~ -
& l , 3 N ’ ‘
*: \ . . - ‘o
'] v- ) {21 l
. W - ‘
\ v ) - P . I ‘i{. B -
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. . The aVailable number and type of crbss-couplings .

-

determlne the, number of perm1591ble zZero locatlons - be ite
N S

transm4551on zeros'ér real-axis zeros.

~

Table 6 1 enumerates‘

the avallable Tross- coupllngs and zero.locatlons“for even-

order‘ﬂual-que filters. « 7_ L

. . -

) . - -~ . LI
b.3.2 Canoniéal‘Duel%Mbde"Filters,‘ S , ST SRR

4 .. . . o
. . # B

[59]

(3

. Recently, Atia-and Williams apd Pfitzeﬁmaief

[60] descrlbed 1ndependent1y the reallzatlon of a. six-

pole edliptic functlon fllter exhlbltlng two paris of trans-

mission zeros in & dudl-mode cgnflguratlonh Thl&»reallza-'

tion is referred to-as the canonical dual-mode realization, -
P4 5 o e . ¢ v

.as it involveS‘the least nuﬁber of qross-couplings for e

<

given number of -zeros of the transfer function.

o
t ? @y

Thisarea112a—'

FJ

»

T - A

tlon 1nvolves a set of- coupl;ngs dlfferent from. that of. the

L] - r N

. &
long}tudxaal structure, and does not have the input and
. putput ports located at thé first and last physical cavity.
. . . \ . . "“. -

This makes,the eonfiguration more complicated than t?e longi-
tudinal structure, but offerg the realizgtion of the maximém
number ‘0f zeros, which can be:ef significahé“;dvantabe, |
deﬁenaing upon rhé performahce requirements of.a given/h

<

- system. Fox even-order filters, the maximum permissible zeros

are.(n;2)~where n- is the order of’tﬁe filter.

k]

"

L
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'Closed-Form Relatlonshlps of .
Coupling Parameters for 4,6 and B-Pole ’
Dual-Mode Fflters E R

’

q - - . \. - * ' ~

‘e o

* (a) Coupling matrix for a 49—1 oider— filter.

' f ” t ’ - \ v, ; ' . ‘ S ,\-.‘\' T - ' '
' . . . \ ' . - f
The symmetrlc even-mode coupl:.ng ‘matrix for a 4-,
. pole dual-mode filter is given by [13] '
- ~ , ‘ ’ . - ,L
. ' \\ J
° My Mi2 ) !
- ' * . - Me = . 4 s . (6.14) ’ o
¢« 4 . . ) . Mlz Mz}/a A ) - l
. \\‘
) The charagteristic equation of this symmetric '
. . . r . °
matrix—is gi venr by’ LT Lo ‘
. :' | . R a\' -
‘ : . Miv=A M,, RS : '_ '
/q ) [- ‘Me")\I] =‘ . . .‘ . ' ~ ' , (6015) . '
oLy T My Mis-2 v ~ o -
7, Expanding -the dethminant, the characteristic” poly- ‘
nomial 'P' 4is obtained as: o ’ '
' - \ ' -
o * o ~ . .
P (=M -AI) o e .
. v e ‘ " ' * ' . \ ’
¢ ‘.=ko+kax+wz . sa2e) "
M I .
where the coefficients . k are given by o '
. . ‘\zM/ & ' o ‘ - ' *
‘ . e e AR l
. . ' R : . ! : \

LI - .

. “'.1*,- ")‘i“r'r‘»\\»? T E T




- ' ': , E '\. ‘ e ' - (6.17) .
. , ro . 9 . , ! .
ki = Myy + May -, - ‘ .

SN , ; B : . . ) R -

. ( - . i
L . On the other hand, if Ale and Az ‘are the'two eigen--

R 3 e 7‘

v  values of the symmetrlc even—mode coupllng matrlx - M ,\then .

Y LI - ‘ X R4 . o - . , .,[ ¢.
g ) ‘t : o ".‘ * . .4 \“
,' TR 2R ST NP N C s Y S PP I
' ‘=‘ A'Z ‘- A(A;'H\z) “*‘/)\1)\2"' . (6 -18) L - J
Thup, equatipg the coefficients of A, we.obtain'. -~ . -
! ' * K . ) : ) ' . B e, *‘-- . n E
Iy ] ,\,*l‘ ‘ . L s ' ‘/i'. N v".‘
' iy " Ky = Mdg = MyyMas = My2 T I
ST , : e
ST . ; (6.19)
- ‘ . - s A - ;‘ . Y . .:
’ Yt T k@ o= (Ahh) = Miat May '
L. ‘ » e

.«
'

: There are- thrée avadlable coupllngs but only two 1ndepe?dent ¢

- varlables.‘ ThlS necessxtates the determlnatlon of anyftwo

.o ‘_of‘the mutual coupllngs as a functldn of the remalnlng one

¢

"and implies an infinity of solutions.- If we assume Miy 7

- as a variable parameter, then :
- . o ! B R . - ' s

v
Q‘ . i .. ¥ .
\/" '\.' - ‘MZ'!' = kl -,Mlt ' ‘ .
] - =\=(Mi#rg) - Myw . " (6.20)
. ‘and : s .i t
1 * o \ ‘ P N
. - ‘ I A '
Ay ” . . « "L ,

- . ‘ ' : ‘i , .
i
i
i g,

-—1' "

K
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‘ form, with M1u as a parameter. Varying M eo‘that all

“

‘K couplinge values are within. the.bouhds of bhysiéal replizabil-

1ty, an infinity of practlcally reallzable solutions |can be

derlved. Thxs also therefdre, prov1des the" ba31s for op llelng

~
.

_the’ coupllng values so’ as to obtaln the ‘least sens1t;ve net- /
'work ' The coeff1cxents 'k' are referred to by'the author as.

characterl tlc coeff1c1ents' .

' . [eumamiy
'

' , A Y

", ' For all-pele functions’ ) .

" .( . :-
o My =

. (6.22)

“;‘.The coﬁplings are unigpely determined -'a'réeult
- . — .

“that is identlcal to the c1a351ca1 synthe51s technlques. This

. .

‘also provxdes an alternatlve de51gn procedurewto the cla351cal

]
,

"+ technigues of Cohn [1] and others. ? SRR _ .

»
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{b) Cdg&[mg Mat:::.,,x /For Slxth- .
' Order Filters gl )

' . / . - B EO
. N . -, . '
¢ . LT
[ . . - .

. The cjenerallzed even-mocfe couplmg matrlx for a

e g g

symmetrlcal structure 1s gn.{ren by
T . - . - \ .
] o ‘ e A% ' » '-1 CT > .

L | Mie "‘ M2 . Mu‘ : T -

L S
. - . ' . - N R

' ’ e . - M "'-" ‘Mi2 oMzs;“ Mza - '(6.23) \

. Miy M2 My y :

- [ . .
o

- A 1 =,

’ 9 N . o
In' a’manner similar to the one described in the

’ previous section, the/ chag:a.cteristic polynomial for this ’
i o )
. v ‘ C T . T . .’ 4 '
. matrix is given by - . o . .

N + ~

/ L - M - . , )
> / . P = | M2 AL : .
, / g ‘ " o= ko + ki + kzkz.-l-'k,ﬂ VA (6.24) -

/ . - .

. . 2 - N '
A . ko L= MIG-M25-M3‘0 + 2M12 uMlli-M23‘__M15M23.-, oo s T
. - . 2 2 . ‘
. . Mi2Msy-My4M2s . o
: 2 2 2 1 . o (6.25)
ki = My2tMa stMyy~MigMas—MigMau-MasMsy - .

v

= MietMzstMsy ' o .

g
b “.
I

_‘]_
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e e A 'Y A .. .
ot ' . < - ~ . - v [} .
( . . s ;
.. . " . . Vs
l » - . , ’ » \I 1?4 .
ol ; L, ’ ‘ . *
r - - ~ v v . -, 3
% I3 ' ! ¥ ~ A s ’ ‘\\
4 (. - F] R
| . , /T . . ‘ \
. IE A;, A2 and Ay are the three distinct eigenvalues ‘
'+ of the symmetric even-mode matrix - Mg, .then ) L
. / * ! Ce . e '
’ " ] , * Ad A}
- - / \ ° LY N » » !
© = P o= = (A=k1) (A=22) (A=As) " C s
‘ v .07 c ., ° ' , e ! » * b
. ~~\r = = (kptK Atk A 2+ksAd) 7 " (6.26) L
. " £ . - Fa R ~ , u
-0 . T o) L \
. ’ at 1 s "~ 4 ! “‘ : te
~ _ thid Ay - . ST L . . g
Y ek =0k BN T oL
. T v o S < (6.27)
kz =t(Xy Az0%s) - -
S . ks = -1 . B ) .- ’ ‘o ' . A
» ‘I * N "_ ° ~ . * -.- l il
. ’ There are six distinct couplings and Snly three .

indépendent'vériables, i.e., distinct eirjeniralues.( Thus, a
general solution.is obtained by assuming any three cbuplings
'/ as variable parameters and evaluating tlie remaining couplings '\,
, . N ) .

L]
: in terms of these ‘parameters. There are three cases of . . o~
/ . ¢ ~ * ' ’ - EY h
'/ " particular interest. ' ' : '
(1) . Filter Structure With Nov Crbss—Couplings ¢
T .
<.
‘ ' This+implies all-pale fupctions\nd that
* ) . d ) . : ~
/
Mig = Mas = Myy =0 oo
7 ' . \ “ - . * b
, . . . LI N )
. Therefore, , "
. N \ s R . -
‘ - » 4 -’ o
. a - \ - K \ ' A !
N '\ e Y v
. ) ) 8 ) & .
I . a. .
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. T T e TR TR, W R

P . el
.

o / .‘_‘m-,','._'«, _— - “ /

k2 = Mjy = A o+ Az + A

- 2 2 2 B ) o
ky = Mag+Mja2+Myy = - (A1X2+Azls+lsl1) (6.28) |
Ko = 2M12M11,M23 - M12 Mz'o = AIAZ)\S .

Couplings are- determined uniquely as expécted.'

. . {

-

7

(ii) Filter Structure With One Cross-Coupling

: For this configuration, we shall assume a longitu- ..
R > @ =on
dinal dual-mode configuration for which :

\

‘Mpe = M2s =0 S

- ’

and therefore .- RN :
-~ s . ’
kz = May X -7 .
~ / 2 2~ 2 ' < 1 / . '
' ' k; = sz 3tM;2+My s ST (6.29)

- ky = 2M12M1uMza~M1zMsn. ~ . '

. . There are four avallable couplings and only three
’\‘” i
- J.ndependent variables. Assunu.ng Mi2=Y (say) as a vdriable

/parameter, othe:;' coupllngs are determlneﬁs

I3

, Msy = ko2 . .
Mas; = %— (i¢§~+2 “* -VszA,
‘ : My = %— (+/B+2A =/ B-2A) ' . ]
] . \‘ .o . .
where ® ¢



v

b . - .

The choice of a single cross-coupling gives rise to a: single .
S . ] : . ,

\

, Lo e ™M .
pair of zeras of the transfer function. This is an important

consideration "f&\ the r izability of general transfer o
functions. . ’ ' {
. L . ;
. ~ j j; - . .
(iiiY) =Filter Str¥cltures With Two Cross-Couplings
N l 7 ' - .
. ./ , . .. .

For this con'figuraﬁion, we s‘hall. assume M;s and M;s

as available couplings, anfﬂ‘
}-. L meye o

Since there are, five couplmgs and three independent .
.

©

variab{ej;we shall ass‘hme, a;bltrarlly, Mje=a and My,=Y

as'variable parameters. Then, | ° ‘ ‘
\ /* N \\Q -
6 v Mas = kap—a-Y¥Y . . ' .
'} vy - . - / hd -
) Mpg = ¢ ‘131;02 ! (6.31)
v b .
Ci- \
Mz = t/C; - liacz B ,

LY




- . e 1, - 3 =
¢ - ' - Q' \
- P * 4 . ) < R 177
.l Ld ’ . ’
- - . ‘ N . . .
‘ \ ‘ ) . ’ - ! i . - -
't Cy = ki+ a¥ + (aty) (kz-a-Y)
. Cz = a(kz-a-Y) = ko/Y¥ R
. The.choice of two cross—couplings gives rise. to

'two pairs‘of zeros of the transfer function. Atia and

. N ' . i ) ¢ 0 ¢ ) .
DR Williams [59] have realized such cross-couplings in a dual-
mode. configuration. The response function has.two trans—
. E . ’ ' N i 'x. * . . . Y *
., - .7 " mission zeros and is being referred to as 'the canonical |
r . ' - . 7\\\
"~ realization. , \
» N O . - , . . - -
- \ . " ’ R ' ' ' .
. \(c) Coupling Matrix for Eighth-Order Filters - iy
T - ) , ) . o
o "If A1 Az A3 and Ay "are the four distinct 'Eigen- * >~
. - values' of the transfer’ function for the symmetrical struc-
', . M -‘ . , , i o . .
3 ture, then - C. - N
. > . - . ) . ." . .' v N .
. N - " ko = Ai1Az2Aaly T "‘ ,« ' S e
S T k= mAaka(AstAa) - Ay (Aa#dy) , S
£ Lo - ' N ) : .
: . v * Ko = Ay (Az+As+As) +-A2(As+Ay) + AS:A" (6.32)
ST L ks = H(A1A24A stdy) .
. + . ~ ‘.‘A . k" - +1 B . ’ ; ° . . - 4"‘
! Y- _ e . : . . b *
S CoLt © The generalized even-mode coupling metrix for a ,
. . 3 . . . . ! o A -
. .« symmetric structure is given by LT <
’ ' I Y . ) ¥ ’,n‘ l : - ‘
; - .'.a ? N’ - P
. ~ - »
‘ . . ‘ | (" | r R ;\ ' v ~

RSN LAY AR w——
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F - - ) .
! ’ o™ .
| . :
! * "“;‘.. ' - f - F— ' - o Py v
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T Mis® Mz Mg My
J" "“ : ‘ ’ ‘ .‘ 4
s T :) ! » o .
. ’ Mi2 Ma72 M2y Mps R
' - M, = (6.33) -
, ¢ Mg ° M2 'Mas Msy
’ » , J Mis M2s * Mgy Myg .
. T AN |
4 i . .
ot The characteristic coefficients for this general :
g -

Goupling matrix can be determined as described in the previous
', - sections.. We shall describg here, ‘the solution for dual-mode

-

longitudinal realization of a filter network.

» -

B -

~

.

s

*s

’ @ R v 2
. For longitudinal dual-mode configuration,
e
- T Mip = My = Ma7 = M25 = 0

. k] . '
\ ~ # . .. . :
o and the realizable, symmetric coupling matrix is’given by
] K M2 0. M]Q-‘- . '
) ) ' Mi2 0 Mzs 0
> c =M = , o . (6.34)
.0 Mas ' Msg Msy -
) [ Miy O Msy Mus |. .
S , o = oA .
.o , 3 s,
’ SR There are six availaﬁ}e couplings and four degrees C
of freedom - identified by the distinct eigenvalues. . Assum- )
ing arbitrarily v
, ' MSG;YI " , 4 -
- o _Miy-=y2 ! )
- .’ 3
- . 2 ‘ n
! : - ® . , :
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" as variable pafawgggzgj the remai \z? couplings are gfven by

a0
\ '.. »

Mys

. c . , - N ] 2 2
Y. W Mg //;:—YI?i;??’(xl+ka) ‘7 (6.35) .

. - ’

2 2 2
’ ‘ ' Mg V-[My2+Mp s tyotkotyy (Yatks) ]

Myg-ky =~ A ‘ g

"
H

It
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* M3 is.evaluated as a root of the .
A BEE-order éﬁuation -
8 "6 2 4 2 T2 .2
Mzs + Mz3(2d;-bobjdz) + Mas(dit2de-agbidg-aibedz) +
N N , - . .

1

’ 2 2 2 , .
+ M23(2dodi1-apa;dz) + dg = 0 . . (6.36)

The eighth—orderibo ynomial yields 8 roots of which only the roots

‘with zero imaginary arﬁs are écceptable for physical realiza-

,,.f—ior\(‘ , -

. by ; ) ~, ?'

.2 ’ .

ao a; . Yityak 2 .

a = : + +¥_.SL_3_+SXE_. . o -
1 0 b 1 o0 .

»

L - . - (aoa1+aoy1+aoy1ks-ko)
) , . . N, bobl
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‘s - o
o ' ¢ R ’ -
- X 2 \
- . = e 1 + %
a0 ky :
\ 4 = . -
.
i+ 14 )
bg = - _EL . t
N ) Do ( s‘)
’ . - ’

) . ) al =ncl—a° 3

o
-
"

= (L+bo) - . ' T

_ R .2 .
C1-=\f'Y1(Y1+ka)\-‘Yz - ka2 . L

. The signs of M23,Mi2 and M3;sx may be selected ¢

1

‘

RN _ arbitrarily but within the .constraint of the relationship
T y
S : . E 2 2 2 2% 2 . .
. Mz?-sz-M:u = M12M3u+Y2§;:-M12Y1Mus-ko . (6.38)
' o ) ™ ' .. ) y
. ~ Tomee : .
% " It is evident from this relationship that there will be

! i

a choick of four solutiaonms, whgther the, RHS of the equation

above is positive or negative. .

5
E N 2 N

Ly . . .
The procedure described in this section can be

extended to.filters,@f ordérs'higher than eight. However,
beyond the tenth-order, the number of equations will be too
. ‘ N

. many. For such cases, it will be easier to use the procedure

-given by Atia et al. [14]. From a practical StanQPOiTE;.ié @
- is the author's view that filters with general charact@ristics
o . v ' N

and up to _the tenth-order’} cover the requirements of at least

90% of the communications systems. These closed-form relation-
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y ships should- therefopre aiaftﬁe filter dLsignegs.~
‘ ‘ . ~ .
6.4 MUTUAL COUPLINGS VERSUS PHYSICAL ‘ ‘ . : *
DIMENSIONS IN WAVEGUIDE STRUCTURES . . -

. h)

There are two basic types of~+couplings - involved in -’

L

the realization of band—Pass,fifEers in waveguide structures.

These are: N — A |

‘ ' (a) Input and output couplings ' g ' .
oo (b) Inter-cavity‘\couplings

&

The input and output coupling apertures represent
the ipterféce between the waveguide or coax interfaces. Here,
we are concerned only with filters that ‘are realized in non-
, . standard waveguides to achieve a low+loss or.dualémoae|real}za—
tion, or both. A transducer is therefore requiwred to provide
) the transition‘between the non-éténdafd guide to a staaaard

e~

waveguide flange or-coax intﬁi;ace.

/

v

The couplings between the synchronously tuned elec~ ,-

. ) e 3
trical gavities are referred to as the inter-cavity coupling.

[

These can be provided by:

. R
+ Inductive or capacitive irises, or

R ‘ : s
. Appropriately placed structural discontinuities
) , , such as.a screw placed at 45° between two
/ . orthogonal modes in a dual-mode realization.

P TN
R W, T L
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For filtgfs in standard waveguides, Cohn [1] has

désoribgdlthe relationships between the‘npzmalized susceptance

BT TR v e .

of irises in terms of the coupling coefficients between the '
‘ 3 ..

electrical cavities for all-pole’ response functions.

. @ ..
L Yo
. - & > ’

For dual-modé filters, operating in the dominant

mode , Williams [12] has described the relationshipé'between o

- e

normalized susceptances and mutual-couplings - Based upon - the
4 ) . '

works of Bethe [61] "and others [17,62]. For dll-pole dual-
K ' ' mode fllters_operatlng in 'TEllN or TELON propagatlon‘mode, .

©oee i Kallianteris [63] has described similar relationships, based "

on references [17,61,62]. ‘ i 0.
. ' E . N L -
X " In this section, we shall describe the reiétionships
- ) : 2
i between the mutual-couplings and physical dimensions of
symmetric filter with the general characteristics operating in '
ant « 10N hw
modes. The details of the derivatfbns»&f§4;§§

t
: '

{ the dominant or higher order TE or TE

)

4 ' dan be found #n rqferencesu [17,61,62].'
| v “

-

6.4.1 Input and Output Coupling Apertures|

e

The|normalized susceptance B/Yaé f a coupling

-

aperture. connecting two rectangular wave-gu des of different '

[ 4
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-and
. 1%
where ‘
- N
Qe
on
A
\ go-
. a,b
{
2,
ai,bi
“D

e SO ] B ]
1 i
o | ! . "a'
9 r (] (
.183 B
» "' . *
N ) »
B o » ‘6

3[

’ 2/~ 12 ! o,
Q .A“ A_ab ,
'=—/"/e°4°———-.(a.39)'

_3_]
ToTEion - aned a) by
" / s
. 2 . . ‘
B =./N-Qe AP A ah r
Yo - 208 2
TE11N . T4 D
« ‘ ) ~ . Y ,
Y - . & ‘ , ) .

is the third index of the TE waveguide modes

'is thé external Q [17] of the prototype network . -

is the free space wavelength at the band-center- N

- is the guide wavelength at’the band—céntér

" are the inside dimensions of the interfacing

(staﬂgard) rectabgular waveguide..

is the length of the waveguide cavities

4

are the inside dimensions of the rectangular

14

waveguide used for the realization of the filter
is the inside diameter of the’ circular wave-

guide used for the realization of the filter FAA

- .

For half-wave direcﬁ—coupled wg&égqide struc-

tures . )
L
. ~ ‘ A’ . ..
- P (R (6.41)
. \ '
IS - “'
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. . *r The external Q (Qe) is given by~the reciprocal of . .
R, where' . . \ . . )
-7 » +R) 0 L " B
. . R= (Rs*Ry) . (6.42)
‘ —_ T2 : ;
% ] )
" and - ) : ‘ .
o L% N - ‘ Lo
E " Rg and 'Ry are the source’ and load-resistors of .
4 .’ . f.
,the prototype network
"b‘.ﬁ & LN n- l N . . '\l
J and their Jum is extracfed as the coefficient of § in\_ : :
- the Hurwitz polynomlal E(S) of the transfer functlon E\KJ
. - i o, .
‘ Making juse of "the above relationéhips, the end
o \ a <
aperture suscéptances can be 31mp11f1ed to
' #
N - f2 )\o . 2 ab
10N ' .
\ e e b L
¢ _YE' = -~ 812 L] (lko)z at o (6..44)0
RN TEpn ., NTOR go D ' ‘
"+ ’ 1 ‘l
) 654.?‘ InterfCavitj Coupling Apertures
y ’ ) + o +These coupllngs are prov1ded by elther an 1nduct1ve
or capac1t1ve iris or a 1ng screw placed at 45° between
: two orthogonal modes for dqual-mode flltsrs. In either case,
.the normalized suscepﬁan s —%T' of he\apertures coupling
\ two electrical cavitles are given by ¢
. ' \ . »
! 4 1\'1 ‘ , E .
) ! t “%‘ ."‘_l: ' ’ ‘..kl"
- \ ' ' l\ ‘ \ 1
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. [..‘_T..J VoE et 90 ‘ - (_6.45)
‘ . .TElON . 4‘"’2 M« 'J+l , . Co . ) . - §
. 'Y ? % . “ ) - o : , ]
o 3% AF A v ' i
’ To = ST (6.8 -
o C TRy AR R L
where . , ' Y ’
‘Mj j+1 are the normal:.zed coupllng coeff1c1ents
~ f 4 . s

"of the symmetric’ even-mode coupl:.ng matrix, .

) .
- . ‘ ’
% - . .
[ { -
.

aAgain, for half—wave" res’ina,pt structures, these *

r/’ o

relationships’ can be simplified-to ™

< . ." ¢
\ . B - (6.47) =
[—T(;- e .
and » ) . .
T s (6.48)
-TEllN ’ NTr 3 Mj 'j74.' gb
/
! “
From the normallzed end—aperture or 1nter-—cav13y
su5ceptances, the actual susceptance can be obtameda as '
B = B r/ gl ' ) ) . .
¥ [—on-:' Y K (6”.4.9)
i ¢
- //? . v
] . * o
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fapertures load the cavity, thereby increasing its effective ]

‘ ¢
® N N . - ' 4
fo 1% the center fregquency o f

' Af is the filter Bandwidth

| . ' : -
- From the above relations, it can be séen that in

higher order mode filters, -the end apd'interéavity suscept-
. | , t
ances are related.to the corresponding susceptances of
* ]

dominant mode filters by A and %. réspectively.‘since / ) R
m - ° - . .

~-lower susceptancg values correspond to larger apertures, the

above factors-make thé T

and. TE * filters less . i
E ) 11N - ;

. . . './‘&ey %‘ v ¢ » N

4/ sensitive to aperture dimensions, : N A
v .
‘ , ) ' s ,

6.4.3 Cavity Length ; - . . '

-~ g- ¢ ' «

, The nominal length 141" of the half-wave direct-

coupled waveguide filters is given by "’ h

’
.
3

T N 1‘Ez'= N . ig_'; e T (5150)‘

Where , ' U
W * ) \ - -
N 4s the third index of TE propagation modes

and . e T

’ A
. . g 0

A

is the guide wavelength at the band-center
Ll /‘ . : A'

‘For 'practical structures, the édjacent coupling
: AN

. “ :
‘length. This can be’qompensaté%\by amending the relationship

A . .4/'

et
N . :




) "s Y § _ A P s
2 =[Nr -3 (tan™ 3%-3-_+ tan ’_3%:—)];%;’?" (6.51)"

This aménded length may be used to refine the ,values.

\

. ’ e 4 «~ '
of normalized. susceptances, as given by equations/ (6.45.) and

(5.46)/.‘// ) - ' . ) , . /
'lshysical.Dim'ensions of Coupling

-AEertures .

- . aw
—z

The normalized susceptances —57 can be computed in

terms of slot or post dimepsions of coupling irise's [17].

~a

These computations assume infinitely thin irises and the

approximate small aiffractliop theory of Bethe [61]. For

narrow~-band micfow‘ave' band-pass filters, these computed dimen-

[ 3

s1ons reqiire 51gn1f1cir/1t emplrlcal adjustments §o account for’
the underlylng assumptlons. For this re,ason, pract:.cal

designers resort to a measurement of —%—)— ve’rsus slot dimen-

sichs of an iris of a glven thlckness.‘ The normallzed apérture

usceptance may be obta:.ned by measuring either the VSWR or the -

transmission loss of the slot and use the relationship [35]

-
-
N

= VSWR-1 _ /B0y
Yol /YEWR

~ -

. .

A irs the transmission loss in dB.
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mﬁﬁ ! This measurement is effected by placing coupling

‘;/alsks with slots of constant width and variable 1ength between,”

twqhsquare or c1rcu1arwguldes which carry dominant modes.
y
For filters with fractlonal bandw1&ths 1ess than 1%, large . |

4 s < 14
- L |

values of susceptances are requlred. For such cases,-the
0w E o
transmission loss measurements provide a greater accuracy, t

as it is difficult td measure qsqprately large VSWR values. ‘

. ‘.
o . . R \,
’
,/ . . 1
.- . . ‘

In the design of higher order mode filters, the

4 -
H » .

.measured susceptances are. scaled by, —}~3 for, the end,apertureg
’ - /- N : ~, ' [ 4
and by % for the intercavity apertures. = - - . '
® . ' ' . s N
6.5 EXPERIMENTAL FILTERS AND MEASURED RESULTS , '

- o : .

Lt The work done during the'coufse of ;his thesis A .

found immediate and very useful appllcatlon in the' analysis, '

PR

trade~offs, optlmlzatlon and eventual exper1mental verifica- -
tlon for the designs of the input and output multiplexing 7' . .o
v ne?WBrks for the 1 upcomlng Canadlan.Domestlc Satellite (ANIK-C).
dggicated‘to the 14/12ﬂGHz.ffégpeney%ba;d. This work hds been
N rgported by Kudsia et al .'[64,65] at the 7Eh. Europeen '
Microwsve Conference in Copenhaéen,_end at tne l97é Ineernaﬁion—i' -
.al Microwave Symposium. In this séotion}-we will describe " v f‘ "
the details of this work It 1ncludes the design and measuied
versus computed response for the followxng flzter types ln the Pi

~

12 GHz frequency band: Lot ,'? , :

A




' 6.5,1 Sixth-Order bual-Mode TE193 Fflter with

J frequenéy band. Both networks are realized in ardual-

" as the mode of propagation. This ISLF competing deslgn .'x,

for the ippht mﬁltiplexing network for the ANIK-C \M

o e R \ ) ; :
‘ . " ' ]

: 189
. .
-Sixthsorder filter with six equi-ripple peaks’in . N
the passband and a single palr of transmission zeros. - .

¢ (33

The filter is reallzed in a dual-mode conflguratlon

with TE as the mode of propagation. This fllter

103
type ig\hNtendedqgor the output multiplexing network,
. . .

r

for the ANIK-C satellite. -
r ) 1
‘E;ghth-order filter w1th eight equi-ripple peaks \

"

in - pass—band and a 51ngle pair of transm1551on zeros

followed by a two-pole .all-pass network in the 11 GHz' , -

mode conflguratlon with TE103 as the mode of bqppa—
gation. Th;s is a candldate design for the input multi-

plexing netwoxrk for tqé ANIK-C satellite.
. )

/ *t
Tenth-order linear phase filter with ten equi-
ripple peaks in pass-band and having two pairs of
real-axis zeros for the linearization of phase. This o

uhlt is realized in a dual~-mode configuration with TE103

satellite.

3

a Single-Pair of Transmission- Zexros

. This unit was designed to check out experifentally
A
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and theoretically the longitudinal dual-modd#?laSS‘qf‘filpers .
.exhibitiné a single pair of transmission zérés. A\sixth=order‘
% filter was designed to exhibit the following éharacteristicéé".n i
ft . s . Cénter Frequency I ¥ 11900 MHz ', =~ 7.
o . - . . B o P ‘ -
: S Equi-Ripple Pass-Band L : ) I
;% - Band-width . : . 38 Mz )
P , ‘ oo . ) ’ e
S . ; - : oo
@ Return Loss in ?ass ' . -26.5 dB
'gf Band B E 3 . [
§£ R ‘ - - l":‘l
|2 s N . :
3 Minimum Attenuation/Notch b -
%o / . H .
% °*\Levg1/1n Stop-Band . ‘ ?6 % dp X
: Average Unloaded Q of . > 9000
Wavequide Cavities * poo= :
P . R Q
- The characteristic function for such a filter can
be written as
“w s . : ’/j
. s 2 ‘2 2 ' 2 -2 2 o oo 1 H
"K(s) = g%zg - (s +a;) (s +az{(s +tay) (6.53) -
: (s?+b?) :
J R |
where ) : . ° f ‘
‘\\E Co ! S -is’ the complex frequéncy variable e o ‘ ;
: : A
e - ay,az,as are the frequencies of attenuation zeros

) ' N |
_ by is thé frequency of the attenuation pole

' . . -
. Ly .
‘ ’ —_—
m ’ 1 . A .
. k4 4 .

The critical fﬁeQuencies aj,az,ag -and b ' are

SRUPORRCEE VT Sl S N

_ determined using the optiﬁization program that makes use of

the' new Fletcher's algorithm,‘aS‘described'in Chapter V.

. 1+ .
. - g * I?'
- .
s . ' . - R ¢
D

a ‘. 14 :

- ~ .
- . .
. .
* >
N N . B

N . ' T
O ' L | @




. * A computer Gutput for this is shown in 'I‘_atble 6.2, Alterna- b S }
F. ' . tively; ‘one” may ‘use Fletcher's algorithm in conjunctiori with .

P

Bennett's transfformation', as also described in Chapter V, for 1

ra»

;. this particular éxamp}e under copsideration. Another- alterpa- \ Q
. R ‘ t'ive'is to :use Belnnett's transformation, alone. ﬁe‘gEneraté s i:
- - v \
- . the critical frequenc:.esuand the resultlng character:.s‘:.c
o factor F for a range of locat'lons of £he transmiss:.on zero -

" as shown in Table 5.8’. By'inspection, one.can 'se],ect the set 3

L " of crltlcal frequen01es that yleld the- F nearest to the
. e <
des:Lred value.. From a practlcal standp01nt thls is adequate

’ - -

and most efficient.: ! o
x. D . 7, . .\ . ~: . < .
j - ? e s . .

"1 ¢ o . ' As shown if Table 6.2, the eompﬁ"t'ed cr'itiq_al fre-~ 3 .

¥ ' ’ ' qﬁenéfes for the.equivalent low-pass Drototy?e network are: .
‘ 1 , 1

» . ., ‘ Vid . i “
» < N

-~

.
.
LY
]
oy
[}

S ‘ v ¥ .2731

|
3 i . ~ - ’ : : . s‘
‘ - l .Y ’ - v . az _= -7284 “v ' A v ‘r';l ~

> | ~°. . The'poles and. zeros of the t:r';ensfer function are ‘ \

s | 'computed as: | , e

7
!
N R Y . ] &

. L. . . . . "‘~ . ){;} -
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Poles Zeros e

—=\6865 ¥ 3 .3498 | & jL.794T | ——— T
- 448 * 3 .8989 - ' A
- .1398 * 31.1419 -
i . - .

' ~The( even—modé\goupling maqiix:and the resulting

. . s v to. k3
susceptance matrix aré computed, as described in Section 6.3.

Table 6.3 is the computer output for the general synthesis o \

h S . '. .S A

program. It includes the computation of eigenvalues, charac- ’
. { .

teristic coegficients,'coupling matrix and the susceptance,

matrix. The physicai dimensions fqr, this are included in

Table 6.4. -Calculated and measured resRénse of the filter

'

‘are shown in Figures 6.4 and 6.5. Measured response agrees

closely with the calculated response. Figure 6.6 shows "the

A

dual-mode configuration and.the‘photpgraph of the prototype-

unit.l ) ' ‘ .
. : ¢
6.5.2 Linear Phase Versus Externélly Equalized . '
Iongitudinal Dual-Mode Filters for Space R SN
Application ! R Co //
- V - A‘ "

The linear-phase and externally egualized dual~mode -
filters are éxamined, with respect to the input multiplexing
requirementé for the ANIK-C spacecraft. Thi¢ section des-
cribes the trade-offs for £wo compe?ing designs and‘drawé v

v

conclusions for typical satellite requirements. Optimized

" designs are realized in a longitudinal dual-mode configura-
* ; ' . " T
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TABLE 6.3 TYPICAL COMPUTER OUTPUT FOR THE COUPLING
AND SUSCEPTANCE MATRICES FOR THE NEY CLASS

. . -+ 'OF SIX”POLE FILTER S
2t ' ,"M,f/"”

e

e T

~—~——ﬁﬁnERAL”CUUPEED CAVITY SYNTHCSIS—NEW CLASS

e —— s . 2. o k. i A i S Ao e A e i

CENIER FREQUENCY 11900.00 MH7
RANDWIDIH 38.00 MHZ
RETURN LOSS ~ =-26.00 DR -

MODE OF PROPAGATION - TE103

RAVEGUIDE S1ZE .91 INCHES

_ INTERFACE +  ®R 75 )
k, ——————————————————————————— o — e ——— — o - s e > e s e e 4
' EIGEN VALUES ~.4324 1.1267 -1. 2850/
CHARAC COEFFS . L6260 .. 1.3794 -.5907 |

- S " - S - - S 0 - S S T . G U Gf S . i e T L D - S P - i S v T S > R

EVEN AODE-COUPLING MATRIX

s o e A e D T U e S o . o

« MORY SUSCEP FACTOR 45.59

. HEAD W12 AS Y12 o R
1O ) - )
| 0. 0000 L9317 -.0R55 .
L9317 2.0000 L7099 ‘ ’
-.os55 7099 .&907
SUSCEPTANCE MATRIX. \ -
--------------- =T | - .
o 0.00 ~ 50.00 =-544.58 B
50,00 0.00 . 65.63
i5a4.58  65.63  “Fs.87

END. APERTURE SUSCEPTAVCE 3.772 .
HONTLENGTH OF CAVITIES R O & &

CORRECTED LENGTY OF QAVITIES I.694 1.764

-
e e e

e e =
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tion with close correlation between the measured and predicted

respdhses.

©

6.5.2.1- Design onsiderations g

’ . »

’
-

For 'space application, the requiremefxt_g for optimum
performance, maximum reliability and mini‘mum weight are oftean
"in contradiction of each other. For these reasons, the

following guidelines were estab(lis_hed.'

. Invar is chosen as the preferred material_éor the

realization of the narrow-band multiplex filters.

The Iprimqi_y. reason for £his choice is the thermal
stability of this material coupled with its .long
history of flight experience. Graphite filter epoxy
composite (GFEC) material is capable of similar
thermal‘stability with a significant“‘imp“rovément in
weight. Data on the GFEC x?ilters and multiplexers
.at 12 GHz, in terms of such pafameters as achievable
unloaded Q, mechanical tolerances, short and 1ox;g—

term creep effects are not available, and it was not
considered as candidate material..

. An allowance of * 1 MHz ‘for the equivalent linear

. § frequency drift ELFD is incorporated in the tradéo_ff

calculations.

w3

'



3

- -

and'TE113 are chosen as the preferred modes of

. TE103
propagation. o RN

a

Thig ensures the realization of a minjimum unloaded Q

of 9,900 and prbvides'the mechanical structure less

14 0
sensitive to tolerance than a dominant fgil;mode
! ~

design.

/ . \ N
) ’ ’ [] [ ' » ’ ’
. Longitudinal dual-mode realizations are considered . \

‘

C .-
for filter networks. This represents the simplest

dual-mode realizationy o

¥ T ' : a

. . For externally equalized filters, the quézi-elliptic.

response with the maximum pdésible numbexr of equi-

< F 'ripple peaks in the passband-and a single pair of
’ N

trag:mission zeros is examined. _ ) >
1.

.

.

An® anhlysis shows the minimal difference in the
\ performance between this responée and that which éxhibits a.non~

| equi-ripple pass-band with two pairs of transmission‘;qros.a -

\\‘\\\\\‘\ Realization and tuning with a single transmission zero is . ... -

' simpler and it has been choken for this reason.

~ o . For the self-eqdaliied structures, all permissible .
, ' [
combinations of the transmission zeros and real-axis

zeros with equi-ripple pass-bands are aﬁalysedg-The

’

a
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i
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‘ purpose here is to generate trade-offs with respect
2 PN

to all theoretlcally p0551b1e equl rlpplé’response

« functions for even-order filter networks. These
® functions can be realized in a dual-mode ronfiguration
with varying degree of complexity. : ¢
6 5.2. 2 Trade-offs and Optlmlzatlon of Filter ‘ N,
Response ’ \-
. ., For equl-r/pple pass-band response W1th the maximum "
po551ble number of peaks4 it lS most convenlent to utilize

"Bennett's transformation [53] to determine the characteristic

<

polynominal containing attenuation zeros for a given location

of attenuatjon poles or real-axrs Zeros, or both. Real-axis

zerod tend to 11near1ze the phase response. This transforma-

tion is used extensively to generate the unified .design charts -
\JUDCS)'for the alternative response functions, in Chapter V.
UDCs for linear phase filters, are generated in A parametric
form with the available zero locations ds the parameters. By
inspection of these désign charts, one can ohoose,the near
. optimal valdes-of zero—locations to achieve the lowest group

» delay for a given isolation refbonse. If necessary, further
- \

reﬂ%yement can be obtained by computing ihe filter response *

with T}nor variations of these zero loca ions. This procedure,

’ although less eleg7nt than a formal optlﬂlzatlon program:’ls

-

51gn1flcantly 51nm¢er an@ is best sruted to generate performance

El

- \

.

" L™

- ld v
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lresponse shape., For such a realization, the permiséiblé )

- .G
¢ * -
2 . . -

trade~offs. A similar proéédure is followed f6r<filters with

¢ . 9
b

-2

transmission, as well as real-axis zeros.

.

. _ ' ) :

4 4 . .

The rahge of interest of real-axis zero locations is

in the vicinity of unity. This ensures the group delay ripple

o -

to lie within one or two nanoseconds. \

-

"For cofifigurationsg with external eqﬁalization, the e ' .

Pl

group delay response of minimum phase filters is optimized using

all-pass networks as described in reference -[66]. Based on R
these techniques, and the cbmputér programs developed in - .

. 3
Chapters I to V, optiﬁized filter trade-offs were generated

with respéct to the ANIK-C satellite. Tables 6.6 and 6.7

’

describe the optimized critical frequencies and resulting per=

formance trafe-offs, respectively. )

3

. The trade-offs are carried out so that the resulting

e

filters may be realized as longitudinal dual-mode structures.
This is the "simplest dual-nlode realization; but somewhat res-

trictive in terms of the available couplings and hence, the

number eof zeros available for_B;ortlo-pole filters is two.

/ - -

There are two possible copfighrations for the linear phase

filter,as described in Table 6-.7. " One has both zeros on the’

L} . ~
real-axis, whereas the other has one real-axis and one trans-
U e -
<
inission zero. The first one yields superior in-band response

but poor igoiation characte:ist}cs, yhereas t:Z second one has

h ,’ , ° 2}
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