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: (CHAPTER 1 - 7 -
B - Co T pUCTION ' - -
i | . v ., R a"' a ~ S ] : ,
1.1 GENERAL S h - . |

wu:h the 1ncreasing complexity of elcctrical equ:lp:unt, and the .-

’

I A L renultant emphasis on reduction :I.n nize. wc:lght and power diuipation. . 3
) T ' !
' efforts h'hvé been “concentrated on the duign and flbrication of ‘bicto-

. —_

niniacure cirt:u:l.t:s.~ T ‘ .

Ve o
v .

One method currently used by i:;dustﬁ for the realisi'tiét; of '.lindr

P '~ system fimctio;is is to inte cohnect passive ;:m;ponents fabricated 'u-i;ig S
| 'th'.ln film technology and 'acﬁi‘ve suiconductot devices. Oneoi)opuldr

".' semiconductor device is the opeuti.onal amplificr (OA). Low cost .

OA'o with excellent characteristics are now widely. aydhbh and have

been extensively used in the productiun of filuu for a wide varicty

- of appucct:lom. Thin film co-ponentt .vailqblo are the ruiltor, the . e

capncitor and a hybrid un:lt known as thc distributed RC (nc) lipa.v

Good qualiey thin film 1nduct:orl ars ™t yet n\mihbln nnd d‘i not nu o

- ' lihly to be lva:l.llble :Ln the near Eutﬁrcw

- . Althouzh the ac line hu rocaiv.d conlidcrlblc ltt‘nt:lon in the

ot

- last few years [21. 1t has Bot as yet ‘bean videly -dopl:od by :lnduotry. :

b o ST e TR

w e It 1e‘our purpose in this thesis to shov that it 1s possibie to duign

®C fil:crn wh:lch have good porforuncu chnucnmt:lu and to 1ndiuco

v e

, .' bhat in lm cases: a:lzn:lf:l.can: nv:ln;c cubsthcd ares ny be uhicvod o
throuzh t:he use of xc uuu. .

FENPT

RO

PNGvaEInG s SEEETIEE T

£



1.2 THE BUILDING BLOCKS
1.2,1 The EC Line
_The RC line conailtl of resiative, diclgct:ric and conductivc layers |

mperimpoaed as shown in figure 1.1, Thu electrical propettiu of t:hc

‘4

~<line are ducribed throuah i:c series hp-dance and shunt. lduittnnce :

per unit length (3], that {is, / ‘
2(s,x) = 2,(s) .f(x).' ‘ 3 . ““(1.'1)
v @@ B ¢ %% ) B

. ot
Thn \miforn RC lina (HRC) is & special case whete 2™ R, y, = cc.

;

f- gm1/% and' R und ¢ now represent the - total series reciotance und

¢ N ‘

ERY

shunt cnpacitince_ of the 11}1&, rupecuvd]:y. , T
'Diﬂeient u’éﬁﬁlf and methods can be uced for the fnbr:lcation'
of RC 1ines [4]. While it is easy to fabricate a upeudﬁ line by
varying the line gemtty [5] URC's are the linplut to dnign.
Ptact:lcal valuu of R's and- c's 11. in the ruﬁgu 102 -~ 100 m and

bur.- 01.03\?11' . For futuu tefaunce. the chn:ln utrix of the unc

:l.n given bclom

cosh \’

[a)= } .7 .

\/gnc mir\] aRC '71
1.2 2 !!! gtratioml gglifio -

Since oporational mlitiou (QA) *are 'cd :ln sthis thutl, ic
u mthwhile to ducun che:l.r propcrun. " Impmiv- Ilul “nialﬂ.p




..
v
)
’

A
P"é N .
. ¢ e
. .
. A
2 * . ' )
A ,
. * e’
. . w ' * (
t ) ’ | |
| - ‘ ot v o | ’ |
- . ) . | |
- ! " |
‘ | | | | A - 1 ¥ °©
. . . ‘ | |
{ a | ' ) .
' ) } o
. R
.

~



An exsaple is the’ hirchild uA 741, which is, 1ntcrm11y conpcnuud, :

lnd is mput over’ voltngc and oucpub sbort circuit protccud. s It

has nn lnput resistance of 2Mi ,. ‘an output ru:lstancc of 750 npd
gain bandwidth product of IMHz (ISHH: for LM 318) 'nx:li ’u‘nit ‘1is

_available foi ubput one dollar,

‘rhe most commonly. und OA il «a d.c. voltags amplifier with ¢

differential input and -ingh output. The network symbol for the

idealized unit i‘o shown 1in figure 1.2 . ’ S

R } Differential ou:put OA's are also uvailable but are not w:ldely

L

' used at present [6] - [7]. “ R '
?“: ~The OA, is a nonrcciprocal}-port,’lideally of infinite hain.

infinite ingut impedance \Qnd" zero output impedance. Hqunver,- as

indicated above the OA has a frequency dependent finite gain, ¥,
a 21&5:&.41!,!0:1‘3&1;1 input ‘impedance and a finite output mpoﬂance.'

K For'a;f&quency'compmuud 0A, dfftcrmtinl open loop 3:1:: is ‘

: N e
gwmb D A T

;. o 'u-'u.w/<é+w ) . T (1.8) \

“ ! ' ' &

i ’ B .. L4 N J '

' where, u., w,- and GB= i, w, are rupoctivcly the d.c. gnn. cut~ X

y . off frequency and the gnin-bana-wid:h pradnct:. . 4

1.3 SYNTHESIS USING DISTRIBUTED ELEMENTS. - ' -

4 _ - o Ptcvioua work 1n the deuzn. of RC ucmrh has procudcd llona

- two gcnonl lines. In one cass, 1: vas: u-u-ed that: the givcn '
S 7 ,
> T mcificnt:lon m alrudy bm npptoximt:ud or -u:ed 1n t.cm of - -
,.u:’iml functions of ». Eftotn wvere thnn directnd towards t:l\a ~exsct

«
]

......
: g

@

o BeiuR SR A S
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.

reslization of these nel:wo:k functions uu.ng a cuienbly chupcd m
network (8] - lllo] Ho\uvar. all these nothodn um “fo: suffer fro-
sone drlwbtc\it is nccuury to 1ncroducc cuts in the conducting .
hyor. the -h.pc of thue cuts dcpcnding on the x:rnnltcr func’t:ion being
rnliud. ’rhno -cuts, once made, u'a not easily nl:arod giving r:l.u

&

to difficulties in cuning. Further, it is often necuury to un.lunpcd

) puni'vc or active terminsations. In particul‘r‘; designc'cartied 'm:éL -
. g L <o : o« S
using negative impedance converters to realize difference decompositions

of the de natoi' polynominl"nay bo ’c'ubject to high Q - sensitivity.

gt

with fespect to variltioni In component values:

\

!

]ﬂu second apptoach (15] = [21] assumes that it has been POOlibh t’°
agproxinac? the givcn cpcciﬁcagion by a rat/f ional function'of some '
‘tthn‘oncy dope@cnt variable f (s) ’ | ,' ’ |
| The variable £(s) is chosen so tha% the npproximating function can
.bc realized as an interconnection of ficticious lunped slements which /. .
q:an be directly relited to distributed elenent:s. The min‘advantuge ’

o: the tcchnique lies in !.ca genoulit:y. Once nuitable approximationu

" have been found, ,the synthesis tochn:l.ques are applicable to a vide range

-of problems 115] for mnplé, rellizat:lonl uging RC sttuctuxu cont:nining
1uky dielectrics (RCG linu). 'EC 'tmccures containing lumped clmntl,
figuu 1. 3, or lonleu.h dintribut;d -tructuteu [22] The d;uulvnnnzo

- of the approach is the necuu.t;x of using unorthodox approxmti.on

: ‘procedurn. For example, Hyndﬁkm [151 l:u propoud a proceduts to 5 '
-pproxmu frequency ruponnc ‘npucificntion- in :am ot thd expomntul' R |

function: .- q e T < . \
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e

_which approximtion leads to syntiinis u-ia’é URC's.  Such approximtions '

.
.,

. Ano‘thor approach 'oud to npproxiutofy realize a uco'nd‘ ordor
-iltib ‘1 tr;nofer function of the fraqucncy variablel is the doninam:
pole tc_chnique [23] - (27} . e higher order function may then be
ru.:uud as a ‘cascade of necond*otdor a-ctions. ) "

‘ The lmitiﬁcf oﬁ Q to the uplif:lcr gain- for all these nethodo
il ‘of_ the order of Q 'Furthcr. W product of the lines 1s very

. high (for exam;(le some. dasigns’ g:l.ve ch valuerof 18 nnd morc) ‘There- -

o fore, assuming thin £11n t:oé‘hnology. whcre the maximum RC product

lvailable now is about 3 x 10~ -ccondl it is evident that these designs

w?ll gnly cover adequately froqucncin above several K!lz, (38) . ‘
- .

Recently, a new' tramiomticn hu been found to realize mctly

’

‘

rational transfer functions in s (28] . 'This l:t‘;l;fomt:lon, ho\yever-

Y

fequires the use of gyrategs. -
ACTIVE FILTERS - N

.

P . . . . H ' . . ,
- As indicated in gection 1.1, :lt t yet been ponib’.le to
~ fabricate inductors with reasonable vnluea and q'uality factors which

would b'e comp‘tible with thin filn elements’ dAa:kgned to operate in the

0 - 100 Kz ftequency range. This drawback has been offqet by the -

dcvolopnent of eheog reliable in:egntod activa clmnta such- as the
' 7

oporncioul mpl:l.fiet." ,Thou. when ua.o{!'in conjunction with passive




Ly ,
linear elements provide the filter duigno’r with a wide range of C

options. In parc:u:u}-r, active tilun may be duignnd 20 r.hat [7) s
f,

Q1) the filter output d.npcdnnc& is very lw; thereby mnking the relponu

ek

=7

sy T .
indcpcndcnt of ;hp load impod.ncc. Pilttr- may :herafore be :

’/
eucndod wf.thou.t significant interaction.

(2) #ho filter input impedance is high; hence littlc\power is drawn !rom

" the soutte. ‘ ' ‘ ' e
- é3) the tilt;cr often provides 1ni¢rtion gain hence a’linfnating the

nud for additional upnucu.

Il'. should be notad, hwnvct. tlut: the usé of active olemnntl uay " /j
rnult in high sensitivity of the transfer or uuochted functionl to

dwiation in conponcnt: vnluu. Such deviations may ’il-o tuul: in insta-

 bildey, par:iculnrly in the case of high Q filt:ar& Particular care

sust therefore be exercised vhcn duixning active tiltori. '
. \r' rd d
] A grut deai of uphu:ll haa bun phud on the design of filters’

K | Vhich tuuu ucond order trmfor funct:ionh more conphx fﬂ:o@'
- lgttng reilised as a cascade of locond‘ ordv: sections. It is aften unpﬂh
to design a pecond order nction’th.n & more complex sgction. !urthar,
- ncond ordo?‘nctiom useful for a widc /ungc of & /pplfcationl can ¥
| | nn.uny be manufactured and aold in hrto nusbers {batch ptocuung) .

- , ‘ _Mt ruult- in lower cost per !d.mr tluﬁ can be runud from the

X ,unu!actuu of a mlhr uumber of opccu-l purpose units (29] - (37]

-

O!nu. hctors pnrumt to the duun of - hybrid acttvo fnnrl are:

R ¢ 'rumnuy. that {s the edss vith which . pn-mum unit can be

adjun:cd to ruun a duit«! !uncuon.
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- .

Ovcrnll lubntratc ares required for the realization, Thin‘digando

S§

B
~
LN
~

ptinnrily on thn arca of the passive lubnctworkj It 1h gknitnlly
poosiblc fo reduce thc substrate: nrcn by minimizing the lpread
bétwlcn the vuluou of the larzcat und -mallelt elJmento[49]

) _Thc dcnirability of uling grounded cnplcicoru or Rc lines which

\

'rclultl in a rozncnd numbcr of‘contuctu and in th- elimination of

an etching process thcroby leading to a. greatcr circuit

e

rclinbility (38] - [42] S | . ,, o

¢

) The -useful fraquency rnnso vhich can often be expandcd through
designs requiring low nnplificr voltage gains.
1.5 DIS?RIBUTED REALIZATIONS OF NETWORK FUNCTIONS S <~.

‘ 1.5.1 Rcalization .

t

Let ¥ (') .and ? (l) be the .hort and open circui: 1mpcdaneal 1”1:

L ot an RC line.' It hll been nhown [43] that a neccllary and sufficient

éondition on - the rcalizability of a drivins point 1mpcdance ll'l finite ‘

1dtcrconncction of ;Rt-port 1mpednnce- of - the typul Hi: and adra is

. a 1
that 1t bu cxprclqihlo in the form:. _ -

&

2(s). = r ' [rational RC 1npodanco function 1nu-F /F ] Q. 55 T 2

1f, in Addition cha Jivon line 1; cynnocric (z;; - 232) then z(s) may
:iunyv be rcnlizcd as a c.-cnd. of cynnctric sections [651

‘The URC is o syn-ntric structurc hnvinz |hort and opou eircuit -
impedances given by: [45] B

. NN .
] .
. : cN

¢ g v, s . . . , ¢

and

Te %

m L .l . . . (1'6) - 'v‘/“!x‘. .
5'(') o 2 0) RLP




v (.>- 1/ /"; tanh B
& .
whd’u g 1- the éoul RC product of tha li.m v

, hcnccz

Uums l"‘ll’z ws tanh? v’x;

In the u-’pia.ne, the ch;in, matrix of a URC 18 given by
(8], = (1-“)-§'o L RRu A

u N
. | C | [

‘and that a cascades of n commensurate URC's 1is given by:

.o

+

Kk o 3 oL
i ' s‘ +
“a 1{ (xf + “1) »ua..F1 1{ (u 81)

rd

(lln-.- ——-LT(I*“) 5T

: A . .
B HY 1 (u + Yik-..gﬁ."‘&ﬂs T (w+6,)

‘

'Dq o .' . !
'whot;u k lnd 2 .oqual thc 'h:gnt 1:\"50301-- of '? and B?; :;upccc:l.vcly

;ndu>‘1>a>v uc.(“] L Y '.,?
‘l‘hcrcfou. a cascads of URC's ccn olwayn realize !unct:lon. of the !onn
&«
1

' (l-u)n,z,
T [u(e)) = =— = .
AN A
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(1.12) A

b, . o . L oo ' ' *

> : The realization-of (1.12) as a cascade of URC': can bc perf rmed using @ :

- modified form of Richard's tbtox? [(47] vy extrncting 2-port nctionl
P in a recurrence reh,cion. Another ne:hod -which w111 be used 1n Chapter 2

A .
:u to rmite (1.12) as follova 4
. . )

! a --.2- il >0 . . ’ ' '
S 2 [ x)(p-Bn)p- )‘ ] Yo 1(1'13) S N

) . R LY / . ) P
o e -1 ‘an + <Bn v <51<¢h<} " SR K ' S
. wand Hz > 0, x - AN o

vhere . , . - .
.i . ' : . * 5 .
. > = cosh Vs C 1.4

| p = col - o, ’, ! ‘ ( ) , L
35 I -~ t'q'= vXs sinh V38 ) . T . (; 15) . .

= . _ . ,

T ; With the :nnsfomtion pmv + 1, (1 13) is Lonverud to an RL -driving

. ‘ - ’ \,,r . -
. point funct:lon in the v-plnne. Thil can be synthesized as a lunped

laddér netwotk conailting\ of cexiu dgductancu and shunt relistancng

4 ¥ .| which i"ébreunt sections of the URC cascade [48]. e
'8 Y o ‘ Lo ¢ . o . ) Iy ‘

F, . o ' . . B . co A . s

2 T 13Tt The e Happtag — » S \

: . The upping -8 + u indicated in (1. B) exisu snd in pni'ticuht the

’

. : 1 mapping of the inaginary axis segment |mi < = 19 -hown in figure*l, lua.

y 'l'he :mvcru upping u-+ i is not one ‘to one. Howcvar, one can eotabulh

. nﬁou-.‘in the s-plane (tiguu 1. A.b ) tor wh:lch a onc to, .Qne 1nvqru
o * . R ) , . R "A

upping céin:t [50] s S
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Letz= gs = (xHy)? | o 16

The s and v planes will be represented by C’' and C” respectivelv,

\

nov. define a region D, < C'  such that:” .- *

'

)

x.20 ° ' ) . x <0

T *or : '
o<y<n/s ~ 0<y<€n/s . “‘1?)

’ \ LN -
\ R '

It i{s elementary t; show that u:D, -+ c" is one to one onto and hence that
. T fa
culy C" + Do exists. We now partition Do into two disjoint subregions

‘v, and S, where ze-s implies that 3n/4 < arg v"< m/4. So- lies
cntirely 1n ttieleft half s-plane. .

may be showvm that u(Se) = S and uw(Ue) = U, The Union of S and (I

. émcituce c'. ‘The set of all other regions {D n = -7, -1, 0,1, 2,...

_which give rise to the one to one “onto map u(D, ) i C" 18 defined as follm

¢ .
a . u

s, ™% —-i——-+zjnw,/'.':7;, . .. aae)

1

-, where s, €D and 8¢ € De. \ J
E . !

L Plots of fuGw |- d arg u(jw) ii-c ‘g'iv n in figure 1.5. The

— e

‘ " low and high tnquency portions of these curvu 11lustrate the fncts that
* %
. I-:la 8+ O
‘l‘hc curves suggest that a fnctar of t.he form (1 - s/o.) “might be

+

approxiuted by a° fuccor of chg fon Q- u/u.)

3
u(a)-h Lim m_‘wl Goyt—=

". ’ Aceordins to (1 18). the abm tunctions vill givc rise to s-plane
nro- 8, 58 .o .a ' .te.. Hc nov cop-:l.d-r the ef.hct of non-principal

gdrpa, Iu particuu: wé mo:e tlm: the -uuer the value of the Ic-product A,




-

g arg u(jw)

Pigure 1;5: P't',egg‘.ncy Response of ‘u(jw)
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. the farther removed ars the non-principal zeros and hencc'th& batter

. . , v
the approximation. Conversely, ificreasing the value of ) results in

1 ’

a poour approximtion. ' ) . o

{ ' In order to assess. the ﬁufulmn of the npgroximtiom, the funcciom

1' / - ' 'y - o
¢ - -1-_-"37‘.-‘— for u.'rul and e, = i'" :. TH?’“F' for ' comphx

vere considered for a nomlind valuc o! A = 1, and for values of s,

1

lrhich corrupoud to typicnl A8, ptoduct- used thtoughout this :heuil. .

!ton the Tesults givcn 1a’ figurc 1. 6. we note the foll.ouing.

'

|

+a-~ Both ngnitudc and phase errors 1ncreau monotonically with frequcncy. '

» ' - Zn;orl for high Q-Aactors (Q > 10) are approximateiy thou for the

| case of m—agi‘ﬁiry—frc:or.

€= In the case where a ggod phase approximation is duinrcd. i1t will be

hd N,

necessary to use a sualler value of ‘A than in the case of a magni ude

,approximt:lon.“ ‘ .

It is noted that increasing ) may result in’ ota‘bility pro’blema. it

Q

3 o is easily seen from (1. 18) that the. diutanec betwcep - and lo dccruus by
| increasing A until s_! qoincidn with l.. at r.he value of A givcn by the

on
' o : L ' Y
apoAxes (XL, o gy
- . . “‘ M.z ‘ ‘ ‘ ‘.'u . , oo >
vhere Sl
: : SRS T I X

e ‘, !t A - h\crened yet furthu- such, zhat B. s 0 , ‘:hen the !.nvetsc" i

napping - u = s win giva riu t.o a zu'o Se € u.. uhich ue- in ahc

3 ,ruht aif st-plann. Ve wu.i thronghout chii ihenl ensuié r.hn: Y u
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chosen s chnt: Bo € 84, vwhich “will bc guarantud 1f .

.
,..(

P X <A pax ST - (1.21)

L 4 /rhote A max is the poaitive root of the equation (1.19)..

168¢;op£ormmzs:s C- o .

7 ' o ! -
« * In this work we are coucerned with ,optimal des:l.gn of distributed

'pltmter networkn. Throughout thc thelis,.upccifica:ions will be given

for frequcncy tesponcu of. filu:- having low-pau. band pus, high-pnl.

‘ ks
tll-pus or notch chnncteriptica. After an approximtion to these
* 1
mcifﬁcltim is found a design procedure is carried out: to obtain an
optiuun performance criterion auocinted with the filter requirements.

In Chap:cr ‘2 the approximate rullzatign of all-pole open circuit

volrage trapsfer functions is conaidered‘ ‘We start by the synthesis

r

‘of a cascade of uniform Rc lines which is au\med to IPP!'OMN/“

the given function, fl’he ,lynthqis‘ is carried out through an optimization -

-

" procedure which seeks to ninimize substrate area, As a next step, -

' .

. frequency. fit is incorporated 'into the performance criteriof® Fi,nnliy,

s

" substrate afun of distributed realizations.are compared with those for

‘lumped’ realizations for a series of specific examples., It wiil be -
: L)
r Al ’ ‘ £ "

e ngn s bR
i ety
- -~

i gl A

9Bu£ned through the use ‘pf_!t?: networks.. . - - '

-

‘

" In Chai:ter' 3’the u’nlintion of filters with"lcompll.ex poles and ‘zeros
’ . S e

of :nnsliuion are cons:ldared. The n?wérks of Chapter 2 are incorporated

e hote 1:1 a .rounded acc:lve tuur uruc ure. The case of, secénd order:

RS thtar is discussed 1n detnil.and several deugns arqﬁarr‘ied out for

lw-pun, band - plll lnd high-pau t:uurc using an optimization ptocednte

‘ !

L

o to dniniu ‘an objcct:lva tunction such as to guarantco ‘a best approx:luation '

"l . te J
N * e 0 .




. .
. - . oo .
’ , .t -1’. . - .
B
'
.

\:-/
¢

and lowest sensitivities of .the response to pa.i'uuut' \zarliationl'whue

‘ ensuring a stable operation. The possible advantages and disadvantages

of the use qf/moot/hly tapered RC lines in the dgnign is inv.en‘igar.ed

/‘nd?u :peciul case of an exponential line ia concidered

3

'£11ters mentioned above. _ The effect of th& mplit)iers ‘finite 3ain-band-

_ -Chapter i 1s a mtuul extenoiou of Chapter: 3 vhcre the design of .
:onoul b’iquadrut:lc functions using TRC's is studied in detail, Optin+1
d.l:lgnl are ob:ainod as in Chaptu' 3 f.or the five different kinds of .

-~

width ﬂioduct on the circuit perfomnce is investigated _and a compgnsation'

.

"schezs is introdiced to increase the useful frequency‘rauge‘of the circuit.’

!iqu'riuntal,requltu'lre also obtained where some filters were built ;nd

-

compared 'wichx theoretical cnlculllatioqs. : , . )

"l'hc“ pérfomﬁce of the ci‘rcuit 1s also éompared to some other °
ulltin;'filceyl fm tﬁc. poin£ bof 'vie‘w of the effect o'g' fiﬂite GB and
its v;riation,on the response. : ' ' : X

| :
Chapter 5 contains conclusions and suggestions for futTh“ work.

.
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o ‘ " . CHAPTER 2
OPTIMUM TRANSFER m:cnou REALIZATION

: USING GRDUNDED UNIFORH RC LINES LINES

2
L3

2.1 INTRODUCTION

v

°

Iﬁ_thi& chapter we consfder the approximate realization of voltage
}nﬂfér functions of the forme

T (8) = - - C@n. -
d o h—-‘?ai) : ’ ) ‘

[

. as 8 cascade of commensurate URC's where 01'9 are distinct real axis: polei. o
. N )} ' . - , ; -
Two specific prob . ; : that ‘an ;& °

approximation for the required response is given and a realization is

to be found such that the :otal area of the network 1- minimized. Next

we - usume that we are given the specification in the forl of the ot

equation (2.1) and are required to find a realizatjon while minl.niz:lnz
'an objective funct:ion which contains a measure of both the area of the

| minimized nework and the deviation of 1:- frequeucy response fton the

mcivan that the frequencg, renponaa of an approxtuu

tulizat:lon of equat:ion (2.1) ¢s a di.r.ributed network 1s acceptlblt.

r’ /.-.,/*

" & criterion for dec:lding vhether to use a lunped or a distributed .
ry&’i{aao& is a comparison of thc areas rtqu:l.rcd. We will uluttutu

throuzh exanplu that t:hc -inhnn ares uquirod to realize npptoxi-

. utely a ‘! (s) of the {orm (2. 1) udng unc' 1. cowlnble to, :




2.2 msmm-:sxs

Tt win be ahown in a later section of this chapter :hat 'I‘ (s)

- . given by equation (2.1) can be approximat.ely rulized by a cucade
s . )
] . of nnc'mﬁé Tpéﬂ‘ctttuit-vc%ﬂge—trm&Lfnnc;ion of the o .

ey —

. form £€1.11) and uuocinted impedance function of the fom of (1. 12)
' , While the caacade ayy:hesis ‘of equacion (1. 12) can be carried out
Co ‘uliné Richard's theorem, it is rather difficult to relate theJ ' o
/ o : patémetera of the raalizins network to the coefficients of (1. 12)

-1t 1; also desirable on the point of view of computakional accuracy - |

to find a transfo tion for equation (1.12) by which the parameters

“of the network can be obtained uging the leut ,pymber, of computations. v )

" A tnnsfomation of Ql 12) to the v-plane 1s adopted here vihere

v~ R L < ) .
) " the transformation variablea are given by: ) S
. 2 . . -~ - . ‘ ' AT v,
. c \I'“Ll;t]_- Y ‘ R (2.2) L
. : . . . N ' . ) s ‘ . ) " , . o ",k ' »
p= cosh /AB _ L (2.3) A B
v-p-l . S ¢ X'
, S ,
\ o As &- renult of this ‘transformation. the. negative gal axis u-plane '

8

T \ Wmmu(u) are- upped onto the line negﬁent {o, -2]0!
the v-plane as showu in figure 2 1., ' '

A e T
N

e T me L e s T

Ancther advantage of the u*v ttanafomtgn will be the ease ot d.

adding emtraints to the optimizstion problem to be £om1atad im
»
uct:lon 2, 3‘2. Thp inclusion of thau conﬂ:t‘liut- will retult in a

e e,

rapid cunvergence :o thc optiul uolution. o T

SN

EORTTEC YL




i .
5
N .
- @
' .
.
v
’
R N
.
-
L] - |
. ! . . . »
- . .
. [ - I ‘
- B 1 » N . . .
. » . '
. R . .
! v
. .
‘ .. , - R s
s [ . ‘ , i .
. . .
- . v \
' Lt - -
« i, . . 4
. 5 )
i ) . co .
. . .
. . . : p-plane }} -
-
. LT ’ . N
. , ' . .
4 I L .
' . ' .
- ' ) 3 0 ' N
y; .
. )
' .
v T T
. .
v . ¢
- ~ “ . v R .
+ .
) . , s ] -
T - P G .
. - .
. > 9
° L s .
Y . . . ' .
. R R .
s - ~ . ’ . a
. s , .
n . »
‘. ' ! .
" . . ‘. . s
N ‘ . M . .
. . . - .
. 1 . . . . .
e - ‘ ' ' ’ ' 4
Yo Lo . n Lo
) D | [ . . . ‘ . N .
5 ’ i’ o ! ) . ,
! v ’ . ’ 7 - )
A \ A
s
y - . X ' !
(' N . . . v 7] . . .
., . - . ,
5 . f . . ' ! LISy
'’ : A
N . . . .
. . .
3 .
; .
f
. .
P
i N ‘ .
X .
» -
. y
. a
o
. [
) ..
. - “‘U;__': .
. : NN )
. =%
v .
. s i [
oo B . .
' PR * .
A *




Using thewabove transformation, we can rewrite (1.12) as (48]

24y ()] sfrp . @ = €47 T - £ (2.5)
I N ,’p:g -

"vhere 23; has a p-plxane zero or pole at the origin. or,
A

I ,
L v +ﬁ// __+a (2.6)

+ b,

z11(v) =

LR X

. 2 2 e 2 2 . ‘
Where H; >0, 0 fpn <‘fzn e < f?l < le < land n= 2k,

' The number of URC's required to cascade synthesize this impedance

fnnction is one less than or equal to the degree of the numerator

polynomial of qz“ (68] Equauiop (2. 6) can bd expanded by cont inued

fractibtp to yield,an, RL ladder network wh@r’e the values of the resist-

ances in the veplane ére dir_actiy related to the lirip sections resist-

ances [48) o/f a cascade of n URC's. ’

<

2.3 AREALMIN éarxou ,

hia uction we consider cha cucadc rul:lzation of the open

/

) clrcuix yoltage tranasfer function of the fprm.

2.7

- ¢ B ulci) \ E
\ 1.1 ¢ C !

-+ which lnve been obtainad :hrough an approxi:ution /of equat:lon (2. 1)

2.3, 1« Pgnlingmgz Cquderauog . |
An a- -.'miul n%a u tho objeetive ‘of the deoinn. it is hportmt '

- ¢
a -
.

to to be ublq to rallca the lrd"of the network to che difterent pn-m:e;:a. |

ror this wc cmidcr ‘P‘ eounguutiou nhm 1n £ uure 2 2 and note that' .“.‘
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“ “"7 (1) the length of the URC is proportional’ to VX which 1s fixed
. o - '
in our case. - '

©

the minimum width gf fhe line and consequently the maximum

resistance is determined by the technology to be used in the
“‘_‘t‘? ¥

fabrication. . '

' the width of the URC/As propottional to %where R is t:he iine "

at

reaigtance.

Co.t_n‘sidering‘these ﬁoint 4ty can -be useg\/tﬁ‘at for a fixed ‘technologir

»

v © » . . -
v ‘and a fixed number of lihes .the'area is proportic& to the maximym ratio
l"( o £ of the Iine resistancee R <, .,
- . 2.3,2 Formulation of the Minimization Prob’lem

[ B K N ~

. ' In foming the ‘impedance function (1.12) the choice of the poles

<

: ) +’i \ga's_, arbitrary. This suggests that a control of the ratios r of the .
- Q@ ° 4 . ’ . !

. . @ - different line fesistanCes can, be achieved through proper choice of the
/‘ ' ‘ o poles Y:l ‘ T ‘ o , - J ’
R Den"oting the fac:l:o between Ry and‘Rj of lines 1 and 3 respectivel.y
by rfj’ we can formulate a minimax problem as follows: 8 N
. Minimize the ma:gum of . ru given t!,at the v-plane pole and zeroa
‘, - Py end £, are 1nter1u;ed on the negative real axis between 0 and -2,
. K ;e”nitl'x‘eutical terns we can write, a\s problem*A: B - ) . b
. ) o mmzeuc_f_)-w SN L e
b 1 A 4‘ "nt;bjcct to the comtreiny. ) ! o
S I."-ﬁvf Ty 0 1, Jml2....0 o I', @8 -

L=, 2.... n(n-1) B \




‘ ' ’

8, =P, —24,>0 5 i=12...n1 - (z.s!)-

Where § is an upper bound on £ as indicated in (2.8) and ‘the minimization
* . 34
of Y will result in £ equal to the optimal value r.

Y is the parameter vector given by

Y= {p,} ,in lyeeeen N

The interlacing property indicated earlier is guaranteed through the

inclusion of constraints (2.9)- . o s

Probllen A is similar to the nmlin&ar programming problem T

described by Fiacco and McCormick [51] - [52]) and “stated in appendix A. -

The fact th;!t problem A satisfies the cop@itions for the existance of
a solui::lon. 18 proved in appendix B. |
It immediately follows from the proof in appendix B that we can '

write the f.ollowing ‘theoren:

Theorem 2.1 i .
- Y ' . 9 b , . .
- Let z33(v) Be an RL impedance function of v having fixed zeroes

* and arbitrary poles which is realized as a cascade of URC's. ";'he:i . ‘ '

there exists some pole distribution such that the ratio, £, of ‘the

< maximum to the minfmum line width of the URC's has a global minimum
" T ‘ ' |

Te . ..

pbjei:tﬂe function:
=y
vas 1ncotporamd 1ut.o L dtgital conputu progran baud on the

(2. 10)

3

s.qu-ucw. Unconstrained mnumuon 'reeuiuque (sm) [53) - (54}

and colud on a (mc 6400 cc-puccr\ A ﬂov c!urt 1' iim in Appandix D. -

N "rs,g‘.gmz,my}g'q;u.,* |

.
n
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P . ! . . .
Y . \ - .
. - - ' N T *
. - s + .
. . ‘
. K . .
, - . ’
[

. .. Initial values of _yyi are chosen, the'u-plane impedance function
P * \ , . .
(1.12) is transformed into the v-plane (equation (2.6)), and then the
2 ' . T ‘
values Rt are calculated. The values of p 1.' 8 are then varied as

. . . N
indicated in Appendix D to obtain an optimum solution.

? In order to obtain a loOte' onffom-diatt:lbution of i:lie liqo wi:dtha
, an objective function 4of'che form: i | , .
ST . 221%“_“"‘-””"‘ | o (2.12) \
* was also used for problem A instead of y where: C
| | | R, =max RF ; =1, ccogn |
i . Tranafer functions with differen‘. pol%disttibutions were ,
- ;'ealized by o::ln‘imizing (2.10) and 2.11). Results for 4,5 and 6
. ﬁ‘ - oection lines are showmn :‘ln'table‘ (2.1). An indication of the
’ | hprovhnent obtained throuah optimization can be seen by comparing T
colunns 3 and 5 of table 2 1. 'rhe results using objective function J_ -
I Jx are thown 1n column 4’ of t:able 2.1 and in figures 2.3.a and '2 3.b.
. | where a more unifom distrﬂmtion is obtained "This is of course
‘ A '. at the expense of a larger value for :-. D:I.fferent ‘controls an't.he. (

‘ ) llupe of the diuributed st:tucture can be ach:leved thtough the use E L

Ce b of other fom of objective functiona. ' ‘ |
PR . onmzlmon |

| 3 . As a fir-ﬁ; step tmrds :lncorpoi‘atins frequncy fic mto' the\ .

ogthiutm proceduro. n uov inclwle Aas a put of the vector ?.
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" using (2.11) , .

! ’ [~ “ o 0

- R . c +
. ° LS , '

;ﬁ";«m'“e“
4,« g ‘3' o Y )
‘s )" & e
s

ot o

gk v B

na"»l,fﬁ.‘v Ly, ‘N,r,,

SR \mFM-"J}. 'y &, ““
et ’ l' 4
"._,‘ i W o

=
S

A kY

S



ST SRR R TN

Poos
)

. ‘ .
[ , ‘
. , ," ’ \ Ay ‘e
. '
- - b | O
S . /
’ . i . i
;' ’ .' ’ '.—-—&;—1
r .
' I3 .l ) o s . i
. ' B
. , | ) i (‘
: ) : i using (2.10) . '
' ’ l. - N ’ " ‘ "
T ' . .o e
18 - N , .
\ " . .
. , f o
B ‘ ’ '
, ’ C ’ @ ' ' \
. . i . . ) .
. T . , b
i
I . . '
. . - ' ‘ .‘, LY
. . - o . R 4
3 » » : ) *
' . ok . S ‘
N ERY 1 . B
' . 3
' . Dl e * . .
. N »
' f N . ‘ .
. . ' >~ T . .
. 3 ) . . P , C
. ” ~. ~
. . I} , '..' o - '
. , o ' ‘ .
. ’ . Ll
f . .
. . . ) . ﬂl N ) ’
- , 1 ' ] .
. . -

. ,
, N
]
'
BN 4
. .
)
.
i L]
'
L] -
.
’
’
.
\
f
)
3
‘
L
,
C
.b?.

-

Figure 2.3.b: Op:ﬁ.qiaqé Pro

£1ile of Cnc'qdo' )

.

) P : : ,
',. “-—1-—-"‘"—"2‘_"""*_3““- l‘a—-——l‘.——s ;-f.]_-——6

XY



. ‘whete Y and g 1 are the sane as introduced in problem A, Th:ls problem

\.

Hora npecifically, we formulate the problem as follows:

-

minimize J = w

subject to:. |

B =¥ -1y, @ >0

' = -2 >0
O BT PR kel

gn=lmaxf7>\>0‘

uh'ere?= {p1, p2 cree P . A}

o .

is pimilar to problem A in that 4t can be solved using the SUHT) This .

&

uinilarity is a result of the followins’ corollary to theorem 1.

’- .
Corollag 1 ’

e .
Let z31(v) of theorem 2.1 be used to approximate equat:lon (2 1)
vhere the RC product of the lines (A) is arb:ltra;y. Then there exiats

some value. of A together with some pole distribution such-that the ratio

'3 pouesses a global minimm, ):. ' ' -

: P!;oof ¢ 'From the ﬁgoof of Théorem 2.1 it is-8een that the telation
bctween £ and the pole positions : i’a.] define a convex hull.
Next we note that the relagién betveen A and all p. 1

motonic and singde valued as proved in Appendix c. Conbining

. the tvp results we ‘see that the relation between # and A is convex. .

Bence 2 havé the proof. f& ;

o
S

Aftho : the choice of Y has thus far been tnfluenced only by requiting

the ratio £ to be dniu-, it was tound\ m all emplea tried, that:

v . -

the. temlting ftequoncy rcsponne approxiutn cpecification (2. 1)

*




e

_ the form:~-~

foirly' well. We can improve the goodness ‘of fit, still further,

by including in the obJective functions a term characterizing the 1

4 °

7
error in the frequency response., "The objective function now takes

/'..z

. 7 ' \ }
. // Js = Wx ¢' + W2 f2 [9(‘”)] ' (2.12)

It is of courae to be expected that there will be a trade-off between
+

Y and fg [e(m)]. The function £, 1is chosen to be. '

+

£f2 [e(w)] = 1¢1e(mi) (2.13)

-

<

' {11 @ R
e(m) = Abs(log -!l-i,-‘-l-—(z)-)—: ) s (2.14)

~

T P io the.desired response, T the actual response,’ wi"" ere oelected

»

frequencieo in the renge ,of interesdt. WI, Wz and ai 8 are ouitqbiy

choien weighting constants. .

2.6 cnorcz OF mmmm or szc'rmrfs

-

As seen from' equat:ion (2.9), the cucade struct.ute may be...designéd

‘ to contaiP either m or n+1 mtl sections. 'rhe effect of thie choice -on the

nininized value ; and on the resnlting frequency response wea in\teat-
ignted by conoiderins a nunber of specific casep. t

' ‘upical results n-o shown in tnblc 2.2 and Figure 2.4. It can be
seen that although theto is a olight i-provenent in the frequency '

regponse. through using lg+1 instead of m sections, there is no cleot '

i ﬁdioation as to' which chotce will tuult in a smaller area. We wiu

rutrict outtol've- to reeuution: u:ing the mller nunber of nection-.

v
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2.7 ‘EFFECT OF WEIGHTING CONSTANTS ' -
In this section we examine the effect 05 varying t(e weighting
conatants Wz and a, specif{ed in equationQ (2.13). To study ,fhe effect” '

of W, on the design we specify the a 's’'and vary Wz. One ‘of the |

i

transfer functions used for the study was:

P : ‘ ) N ' :
\ . Gl * D D , I
- ‘ -
. Typical results are ahmm in figure 2.5 for the case a_\l 1 and'in

figure 2.6 for the case a1= i. Both figures indicate that the,
improvement in :he frequency response fit is obtained ét the expense o

. * ) .
of increased valixes of r. Finally, in figure 2.7 it is seen that the

use of increasing weighting coef ficients results in a better frequency.

reaponse but again 1n higher Values of r. ' _ e
2.8 COMPARISON BETWEEN LUMPED AND DISTRIBUTED REALIZATIONS :
| The purpose of this section is to demonsttate through examples .

.

that, in many cases distributed realizations result in a considerable

saving of a\ubséxnz(})tea when compared with lumped ladder realitation
' ) .+ of transfer functions of the form (2.1). ‘ .

/ / ~ H - v

f In order to have a valid basis for comp‘arison, (2 1) 1is reuliud
o such f way that the total area required for all capacitors and )
resistors is minimized.' The objective function used for this purpose °
. ' ‘ Juth+KCt_’ e . o
vhete A N

“.Rt"‘ )4 _Ri. ct A- £ Qi;
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.
X : . N, N
: ,

:

ni and [ 1 are element valuea and K is a constant depending on the
- ’ . "~ . 4 a!

" c technology used in the fabrication. For a thin film tantalum and . o 1

tantalum dioxide fabrication process, the value of K was found to 'y

v be equal to 9. 010 x "10'2 QIF [55]. ! . e

.

-

Bms 2 AT mm b abe L s B R

The optimization procedure was similar to ’that described in s
‘ %
pection 2.6 above.

We assume that the distributed elements are fabricated by the (

ar

AR e R o b b

sane technology, 1i.e. ’v'alues of capacttance per square and reaistivity

- arg the same as those used for the 1ump d realization. Thé maximum

line vidth used was determined to be tha which could be easily 4

‘ . ( / .

I . fabricated with good tolerences‘. This was ,,ta\ken to be 5 mils [55]).
: * 1

] ' ‘rotallat_'egs for the distrjbuted realizations were Lalculated .
. . * . [ b ; E
; in two ways. In the first method, the area Al’ is the prqduct of the '

J K
» r

";‘line length, the mnibgr of line s_@tions and th_e" daximum jite widtli: , ..

‘ o . 1) ) . In the second method, dz is ‘thewsum of the line section areas. ‘rhe\.;

. ' #ctual area will lie somewhere between these two limits.

: '. J‘ o A large number of e;mnp'les \vb.ere solved, witl;.wz c'—' i: and a i |
' tepi:esentdt«ive samplé of“ them appear in table 2.3. ' It can be .8een 1

o

/>\ ‘ that areu required for. 1umped and distributed realizationv et . J'

vorst 103e, and that in many cases considerabfe savings can /be
[ )

y . elfected through the use of cascaded URC s . o Y '
. . . o, q - « , ‘ . » ; . * 1
Doy !~ .29 CONCLUSION DA ‘ ~, . ‘ L o §
n - . fn thig chapter the Erequency reaponse of equation (2. 1) was o 1

, b : - ) T
Lo Lo S:lized wi:h a v7y good accuracy, uaing a cncade of co-nensuratet |
v .- .0 . ALt h . \ -
¢ ) -y ' S i Tt : ) . N ' oo, .:' . \‘
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s

'URC's. The’ parameters of the different liue sections were chosen

o~

8o as to minimize the overall area required for the network. 20:

o

this, an optimization procudute was adopted where the design problem
. |
‘ -7 was formulated as a convex programming problem and shown to have a

unique solution. This problem was solved on the digital computer

where the convergence of the solutions was very~fest, the average

&
DO

« time .being five seconds for a sii“§2ction cagcade.
When it was assumed that the approximation of (2 1) has been

'fixed, the saving in area using the’ optimization procedu;é as

t

opposed to random design was very considerable, the op! um pelurion .

[ . ’

requiring 0.5% of the area eeeded for a}design whetre ghe choice of

5

the poles of qz;l(u) was arbitrary

The problem of achieving a desired frequency response while ‘ '\\\

minimizing subsrrate area was studied next. Good fits were achieved

Ite)

" with little increase 4n substrate area. Finally, optimally

) designed distributed networks were compared to minimial area lumped
;networks‘realizing the same transfer functions. elthough go:definiﬁive
!conclusion could be drawn, it was found that the substrate area
required for,e disrributed realizatigr wéé at worst close to tﬁat
‘needed for a lumped design and chat'very'often considerable savings

could be effected through the use of a-diecributed structure.

? ‘ &

f, . - t Although the inequalities (2.8) -'(2.9) differ from the conventional

nonlinear ﬁrograuning formulation, problem A could still be solved

uging "an 1nterior'pepalty function ;Eirto~%he fact that the #bjective

Y function tends tolinfiﬁity ag thelboundary of the féaaible,region..L‘.
. - . ) . e
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3.1 INTRODUCTJON

. CHAPTER 3

s

ACTIVE SYNTHESIS QF TRANSFER

7

'FUNCTIONS USING RC LINES _
// - B ~\.-h‘.‘ :‘. . T \

'

- v . ' -

In Chapter 2 optimizat‘ion techniques were used to design passive

filters with negative real ax:.ls’ poles. In this chapter, optimization

~ techniques were again use,d to study a 'éw active filter with grounded

3.2

! annan f ——“‘\

Ul}c's and operational amp],if:l.et:s, proposed ,gcﬁ,?,r,,thi realization of

the general biquadratic open circyit voltage transfer function. The )
filter is cefistructed using grounded URC's and operational amplifiers. "

Element values for this circuit are chosen.in order to optimfze certain

characteristics.related tc; the overall per,forma"nqe of the filter. The

.pqssible advantages of using tapered RC lines (TRC) is also investigated

through consideratjon of the exponentiél 1ine (ERC) gnd ‘the'cas.cade of
two commensurate URC's as special cases. -
THE ACTIVE STRUCTURE '

. The network shown in figure 3.1 will be used in this chapter to '

L

approximately realize rational voltage transfer'flgnét:,ions' of the form:

2

LS

a1 8° +by 8+ ¢ o
. . (3.1) .

(s -5, (s -3,

2

T(s) = — = H-
‘ ‘tey st £, “

d; s (s ~ sp) (s - sp)




.- ] Assuming ideal aﬁplifiers, the.open'eiicuit voltage transfer‘

- ' function of the structure in figure 3.1 can be written as

~ ey M

‘

;o Ks K3 Ay A2 + (Ks + Ks K1 Kc) A1 + K1 K3 A2 + Ki
T = : , ' (3.2)
T o Ay Ao - Kz Ay - Ky A - K, '

. - 'Where N1 and N2 are’made up of interconmections of RC lines and are

A assumed to havedopen circuit voltage transfer functions
, A -
Ty = 1/A;, Ta = /A . ©(3.3)

- Assuming N1 and N2 to be cascades of URC's, we have * ‘ .

: ' ' '" (l + U/a ) ‘ , oo
- TS R g S L —_ o -G8 .
i;g A (u) , ni/2 ¢

4 o (l _‘u) R . , X ,

PN A , ' .

. where n; is the number of lines in the cascade (N1) and k; = n;/2

“
——
N

for n; even and'(n; - 1)/2 for n; odd. A similar relation holés for

N2: ) , : o )

, ’ Equations (3. 2) and 3 4) indicate that the structure\can be used to
realize filters of- arbitrary degree in u through a suitable choice of ‘
' o ' the .number of sections in each cascade. However. it is weil established \'

po] [34] that sensitivity consideration often makes it preferable

to realize higher order filters by cascading second order sections. We

shall therefore restrict our study to secorid order functions.
3.3 THE SECOND ORDER FILTER Bl ‘

8 ‘ ’ ’ , .
To obtain a second order function we let N1 and N2 consist of two

, sections each. Equation (3.4) can now be vritten as:
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Rip . . - S ,'
r; = i;;" - BRIV (348)

is the ratio between the resistances of]the lines in Nl ‘A similar

,statement holds for Nz ) . Coe -

Using (3.2) and (3.5) the overall ‘trans.fer function can be

written as:

, (K'sxarzrz-xsr‘xlgrz+1<1-xlxa1<.sr1) ut
-+ (KsKa(ritra ) +Ks( r1-1)+k11<3(rz-l_)-ZKx*Kxxelq:;(l‘x'-J;))il.

+ (K5K3+K5+KIK3+K1+K]_KQKG R ——
(W)= — '

(rlrz*'l\z(rl"'“l‘z)-xu) u2+(n+rz-xz<rz-1)-xz(n-l)‘*zmu
~+ 1=2K3-Ky

Using the approximation procedurgof Chapter 2,’the parameters
(A1 ry, rz and all K's) in eqh ion (3,7) can be chosen such that

* the principal f‘s—’plane poles and zeros of (3.7) coincide with those

4
i

Of (3li\)‘ " "‘Q . - ° '
It can be seen from the above discuasion that ‘there is a large

number of paramet:ets which could be uaéﬁ as variables in an optimi-

- 1

zation program. There is also a posgibility of adding two more

. , r
parameters if we consider the case wheh the lines in N1 have a different
RC product than those in N2, Letting'h' al)‘ and Az = az)‘ be the RC
product of lines in N1 and N2 respectively .and rewriting (3 7) as a

' r

. 'function of w = tanh /a;Xs and uz'= t:anhz v‘azXS, we may add 8y

. 'and ay to t!}e list of ‘parameters. .




3.4 PRELIMINARY CONSIDERATIONS \ ‘ R

-1t 4s our purpose in this section to carry out a preliminary pd

! -investigation of the effect of some of the variables listed above o
» . \ . [ .

*in order to‘determine if they could be preset and thus eliminated = - o

‘from the optimization probiem: ' ' ; . ‘ -

Y *  We will, as a first step, restrict oumrselves to a study.ef the

depdmiqator of equation (3.7). There will be no loss of generality

in doing this since the conclusions reached will srsg be appliEable
- ‘ : “,\

to the numerator.

Ry V
Considering the denominator of equation (3.1), Oe may define )
the ' quaptities: ) N
. i ; i . ) M .
N 2 : .
6y ISPk S o ] |
‘ . and L '
o, '|3“ I] . )
] sQ i = l! , s ~ v
d 2R 8 : ' R
e p S .
where it is assumed that |s | >> 2Re 8,
o These two quantities are sufficient to characterize equation (3.1).

We will use wo and Q to deecribe the agsociatéd characteristics of
. equation (3. 7)
We can now 1list the parameters needed for our study as .ot

_’Z_ = {KZs Ky )‘; L1, L2y als 32} : . -

v

°&
hd to . & °

where a; and a2 are set equal to uniry for the rést of the phaprer

o -,éhere being no apparent reason for using noncommensurete lines. One

/ ’

. or more of these parameters was preset’ and the remainder allowed to vary

.in order. to achieve'a minimum value of the performance criterion.. ' ‘-':.

J-[Q-o]’+[w+w S L X )




f h R w ! - ’ . :
~Setisitivities*,38 and Sy°where y € Y were then calculated for‘ geveral.

-

éesigns' with preset values of th,f; different parameters. "It was_found S
wo , : '

in all cases, that Sy° <: 0.5 and we therefore Jl_:hnit c;in: presentdtion ,

here to results of Sg. Two séta of resulf:s relating to Q sensitivity

are of parﬁicular interest. The first set (figure 3.2) show the .

. !

-effect of A an the various sensitivities an)d indicates that a;value —

of ) can be found to give minimal sensitivitiesu Co . K

e Jgecond gét (figure 3.3) show the variation of the vardous

sensjtivities due to cha‘n?e in r1 and r2. In particular, figures 3.3 a.

dnd 3.3 b. show that the variation of :“:22 and Sgu as r1 changes, is
a mirror image to. the variation of ng and Sg“ when rz changes. Figures

3.3 ¢. and 3.3 4. show that an increase.in r2 res;ths in an increase- in }
ISQ | and ISQ | and a decrease in ISQ | and ISQ | . The same effect s
az ) T2 a1 ', r1 ’

will also result from a decrease in ri. Finally, we note that
. ' * * i '3 a M )

1S4 = |s® | ana |s® | = [s¥ | when'ri = r2. It would therefore o
a1 . a2 T ra ' , - .

s

" seem reasorgble to preset r3 =12 = T, ' P

v

+ Exprea'si:ms Yor sensitivities of Q and wo, are derived in .

", Appendix E: ) E ’ s =

o
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3.5 OPTIMIZATION PROCEDURE AND EXAMPLES ) . : ' ’ \'t

* The performance criterion chosen for the design should contain
™~
> e

not only a measure of deviation from the desired values of Q and we

’. but also a measure of the sensitivities 53

A, r}. Stability must alsp be enmsyred in this design.

and S°;°~wt;ere veYl = {K, K,
As can be seéﬁ
from the discussion in Chapter 1, the stability qf.the'active-URC r

l , a necwori approximatéiy realizing) (3.1) will depend exclusively

‘the value of A. In fact we must have A < Amax whére Amax is calculated -

k4

"from equation (1.18).

This restricion can be includediin the.

‘ep

-

"‘takan to be 10

performance criterion’ through the addition of a term inversely ,
proportional to‘(Amax-— A).

The, overall performance criterion chosen was ) ° .

lSI

e

o
(3.9)

>

J = W1 (Q - Qd) '*-Wz (mo - ) + W;/(Amax - k) + E b

*F e 8]l
Yy
where w'a , b's and c 8 are weighting coefficients. 3 NI
Cpe

Bécause '

.

The Flatcher-Powell methad was ‘used for the optgmization.

analytical expreasians for the gradients‘were not readily obtainable, de-

‘The effectiveness of che Platcher-

\ .

Pdwell method was reduced near the mininum becuaae of using_nunericak,

rlvatives vere evaluated numerically,

detiVativea. Thereforé the more simple uethod of steepest deaccut was

-uaed at the final-stages of optimization. The accuracy of the search was

=Y s S
and convergcnca was concluded uhen both the variationh

in the objective funccion and the valuea of the derivatives were less thln 10”




. ) ‘A flowchart of the optimization procedure followed is shown in Appendix F.

¢

Represénfafive résults are listed here for the following transfer functions

" i- Td(s) =y . L : '

, L vst 01258 + 1 L <y
, ‘ ' S : B
. - . 2-T(s) = H £ o

. . . - 2
S * 8 +0.1258 + 1
2 ,
\ - -s .
, 3-Ty(s) = H — . ,

2 .o r. 8%+ 0,1 s+ ' . ) -

14

4's = 1 parameter values were

fobiaingd for the' optimum designs and are listed in table 3.1. It is

"\ with Wy = W2 = 2, Wy = 0.25, b;“s-and c

3

seen that the values of xhe\amplifier gains are low and that the
largest Q sensitiv1t§ 18 of the order of Q/2. We also notice.that

the sensitivity of bo’to all parameters (except )) is less than 0.5 ,
A S ! . ] C e .
‘ "'‘Frequency responses for these designs are also shown in figure 3.4 .

Y

3.6 EFFECT OF LINE TAPER ON THE RESPONSE -

: r

', The fabrication of the filter could be glightly simplified if’

%hglcascade of two lines used for N1 and N2 could be replaced. by a
‘ single uniform line. It would also be ,of interest to investigate

»
?

oo whether the cascade.could be replaced'b a single line h&ying a

i

Emooth taper, say, by an gxpoqgntial“line. {Such a possibility has 1
' [ . ]

r

already been investigated to some extent [35] where it has been shewn

that a tascade of five commensurate URC's resulted in a gdod .
. . W P .

approximation of a smooth taper. - ’ : ° : o '
B . ‘ o ‘ . yy

’




TABLE 3.1

! . T N ’
RESULT§ FOR DESIGNS OF LP,BP AND HP FILTERS USING

P

' CASCADES OF ‘LINES:

B2 Q = 8
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We will i% this sectioﬂ'cqrry oﬁt the design using a uniform line;
simpl§ by letting r = 1 , and compare the results obtained to those of
designs using cascade of lines .

‘Table 3.2 show the results' for the designs of che previous three

'e;amples using uniform lines ; The main differences BEtween the re;ulpé

ptésentgd in. tables 3.1 and 3.2 .are in the values of ) and the émplifier i

—-—~ﬂgains~T»~It~is*seengihﬂi_th_égpl*fier gains needed with cascades of lines.

A"
have larger valuesg . This means that the useful frequrncy range of the

filter will be limited, on the _high end by the operational amplifier cut~ .

of f ftequency . This cut-off frequency'varies inversely with the amplifier

. . . 1
+gain . On the other hand we notice that the value the RC produpt A
, B \ )
is smaller when using cascades of lines . The \alue of ) has a special
bearing on'the regsponse of the filter . If we consider ) as a means of

frequency scaling , and recalling that there is an upper ﬁractical value

Lon A‘qictated by the technology (see _Chapter.l) , then we can see that the

dgéign value of A sets a lower limit on the useful operating frequency .

The above discussion indicates that when r = 1 , that is the case of
a URC , the filter i;?advantageous for use at high freqﬁencies . As the

value of r increases the values obtained for A and the amplifier gains

A\ d

make the filter more suitable for operation at lower frequencies .
) ' § : .

’
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. TABLE 3.2/
- RESULTS FOR DESIGNS OF LP, BP AND HP FILTERS USING
_URC's
LP Q = 8 BP Q = 8 HP Q = 10
K] 100 1-0 | 1.0
K2 .0.507 ' 0.418 0.561
T : '
Kj 0.0 -1.0 -1.0.
/ ' N ]
Kk ‘,"'2149 C -2.733 "2.335 "‘
Ks 0.0 0.0 '-1.0
A 3,17 3.43 2.99
Sg, . ,3.539 2,664 ',s.o&
"sQ , 5.56 4.562 | . 5.56
’ Kl. 0 "o . .‘ Py
' Q l; . " N oA
s L#g.o 0.0 0.0
/' . ) ) :
s‘l‘(’° 01241 -0.,1795 . ‘| 0.3012
. ,
g% -0, 44 | -0.4087 =0.472
Ky s . . .
s;’° -1.0 =1.0 [ - -1.0
°
r )

AUAL e U DR




3.7 DESIGN Usrgg\;/ EXPONENTIAL LINES . - . -

r ) P : . N "
'is to investigaté the possible merits of using 'ERC for low frequency

.« degsigns rather than cascades of URC's.

. can be obtained for the ERC case using the same design procedure where,

L logica'l extension of the work carried out in the pfev‘i,oua secgéi'lon

»

'

The transfer function of the ERC is given by {57] - .
e-BE ' - 3 L
T(s)-’g, ﬂ_ N N N o ! (3.13)
cosh I'L + TL sinh T'L R e
) . a ’a @ J".u’
where Bl is the taper factor , and R
© ‘& ) . .
' T = V/B% + RoCos o (3.14a)
R(x) = Roe 20X, cho S| G —

: ! X -
‘i_’ The above transfer function is used to replace (3.1‘;) in deriving- the

overall transfer function of the filter, Uéing this new function, designs

i

o . f . . o
now, B replaces r as a design parameter . . : S

’

. | “ ‘
A comparison is made between the designs using cascade and exponential

+

lines . During the course o_f‘comparison, the par;be’te_r )\ is set at different

4

valu‘eé and the remaining parameters are ﬁsed infeach case to find /an‘
optimum value of the objective function (3 9 .
The important: result of this comparison for the case of a low pass

’-/
filter of Q = 20 and Wo = 1 , are shown 1n figures 3.5. a-b—c-d where, for-

N

all these designs, the values of the amplifier gains lie bet:ween 0.11

and -22,0 for the design using cascades of URC'S, between 2,69 and ~ 11 8

) Kl

=1

¢ e design using BRC's. |
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. ’ N ' ————
These results suggests that tHe #%e of the ERC is advantageous for low ‘.

-t . . frequency application, which is consistent with *:i-findings in the

- by _S kfﬁ»

. ) prev d‘s gséction. . , A

° . g
‘ R . -
i v

- - In order to' show the effect of taper on the design value,- . e

‘»‘calcuiations were- carried out for both designs using URC's and ERC's.
\ ) o Y ) : L-‘ '
. Several va/xl‘fxes of‘RO Co 2“ were selected an* optimal designs obtained for

2

Swgdch value, once using URC's and again using ERC's. Typical results are

N

- :,: shown -in table 3.3 where it is seen that for low values of Ry Co 2?2 the
v éensiﬁivities'arg very high when using URC's but low for the ERG v
.". ) ) . N s ’ . i -
' designs.
N [ L /" — . '
! . ‘Several designs were cartted out using ERC's. The values of the -

[
o t

' ’ < : . [% ~» o g
sensitivities of Q to the amplifier galns were lesg than  Q/2 and ,

those of Q to g were.of the. order of Qf4 while the wo Ro Co g2 N
* 1\ p ! L . LA o | ) ' q
. product, was as small as 0.02. As mentioned in Chapter 1, the upper ‘ -
12 , ’ . ' : ‘ vt

practical limit for Rg Co 22 148 3 X 10—3 seconds, thus a design*&alue

of ,‘Wo Ro Co % = 0.02 will make it ppssible to design a filter .

» ) ‘ . .
. with a centre frequency in the vi&inity of 1 Hz. It is thus . .
'\\\' *  preferable to use ERC's . ( or tapered lines in general) for low ¢ o
. £y | . , ' i -
jrequency applications. waeveb the’ high amplifier gains limit s T
A " the use of ERC s.at ﬁigh frequencies and it 1s preferable to usg.URC s N
Iy for ‘'such appllcations. It should be noted that studies dsing lines having . “
- ’ ‘. ) Y .
: J values of B > 0 showed no advantage and were thus not bursued.‘ .
J _ ) g sueds ,'
[ ‘ fo o , FREEE
' vl ’ ~. :‘ W
\ | € LA ‘ ’
i - _’6,‘ . y "} -t r ' . : ; 3 .
- y . f [ »'
Lo A “ . v
M - |
) [ . cN ! *
" T ) ' * 3 N * ] e '
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3.8 conclusion

In this chapter & new grounded active distributed RC-filter is

LY

&’ introduced. The circuit is intended to approximately realize any opeo

7

‘eircuit voltage transfer functions having real or complex roots.

The important case of second order functions is considered in detail,

'
i

where a preliminary. study hao led to the use of commenshraé@pia lioes.'

Several filters wore designed uoing an optimization procedure %o
uﬁnimize an objedoive function ohich contains a measure of‘parametg%
sens%éivities and éoooness of approximation‘while ens&ring a stablé
operation of the resulting network. All designs resulted in a,vefy
good approximation of the desired response as weli as low amplifier
gains and low oénaitivities,‘ The maximum Q-sensitivity to:ahplifie

J . .
gains, was of the order of 9/22 The, sensitivity of w, to_all parameters ..

was never more than 0.5.

‘The deoign procedure was %héﬁlused to*exploke the changes in the
performance of the filter when different types'of.lines‘are used.. This
study 1nd1cated that if the filter is to he_used for high frequencies (in.
the Vicinity of 1-10 KHz withOut compensation) then it becomes advantageous
co use single URC's. 1If the filter is to be used for low frequencies -
(as low as 1 Hz) it is better'to use tapered lines. In particular,

F

' very satisfactory results were obtained using the exponenqial'lihe.

3

[ . R
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It should be noted that all designs vere carried out Lsiqg
- i'deal ‘a.mp'lifiers. In the next Chapter wé will focus our attention
"on the effects of using non-ideal amplifiei‘s. For this purpose '
we will limic vo"{conside’ratibn to fealizations using URC's.
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CHAPTER 4 '

" ACTIVE SYNTHESIS OF SECOND ORDER FILTERS o

- " ysine GROWNDED TRG's -

. 4.1 INTRODUCTION B
In this chapter, further studies are carried out for’the .

filter intrbduced in the previous chepter. These studies are festricted
a . p
to filters realized ‘'using URC's although similar investigations could

o

be carried out for the case of tapered lines.

Calculations to, determine the effeot of finite gain—band—kidth

product _{GB) on the design value of Q are fi:st performed and the circuit :
{

°
\

compared, in this reSpect to other'distributed designs. Further

|

comparisons were carried out with respect~to‘the variation of Q and We

, ‘ due to changes in amplifier gains. Test results are presented for

experimental'prototypes.

[

A gimple compensation scheme is introduced o extend the useful
frequency'of operation, ‘limited by the  finite GB.

Finally, designs for the notch and all-pass filters are. presented

]

4 2 THE s + p TRANSFORMATION 4 ’ "
. " The work in this chapter is' carried out using the relation
. ‘- . ] . . .
- . p = cosh Vr?' S (4.1)

L]

and "the open circuit voltage trangﬁer function of the URC is therefore

written as '

[

. , ' .
A .
. 4 ” .
) . , . N @
o, . . o .
. , L
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5 4
. ,. ) 1 . " ~ , ’ ‘ d .
T(p) = = : . . (4.2)
e . p . B . N . A
R e . 'I‘hefvariable'p is related to the .variable u as follows: . S,
Letting o o ‘ . - °
u = tanh®/s\/4 ‘ : o (4.3)
' we can write ' ) ' 4 t .
(P -E)(-£) Q+£)A*E) ¢ (u~o)(u- a) I .t
" — = T - L ' /
p-£fl)p-£) @QA+£)QA+£f) (W-v)(u-7v . . .
p P P P .
yheré o .
+1 +.1 .
, fen b
a = » Y = - - ' (4.5)
~ ‘f —‘Z‘L fp -1

- . r N '- :,’ . ) B '

Conversely, , D . q )

G+e)u-a) (1-a)- (pa- £)(p - ) B

| — = ' .__h : B O ) S
e MEsT a-na-n G-)e-T)
! ) . ) : . i. ,"

where . ' . * . '.'\., \’\

. » = 1 + a = l‘-f- x . . ;E\ ':‘. 1
e . flz l-a 3! _ .fp ' l'Y'. - (4_‘7).\_

7 This is a bilinear transformation and the results in section 1 5.2
for the 8+ u mapping are. applicable here by replacing X in@S) (1.21)
by ‘A4, The p- plane image of figure 1 4 a is shown in figure.A 1. |

Y ANALYSLE ' .
. Th Open circuit voltage transfer functiqn .of the circuit in )
( .
' figure 3.1 where Nl and N2- are idcntical URC 8, can be written as
’ . / '.‘I , ,\ ’
. ! , ’ . +
o ' ) 2 / b4
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f - o
.. KeKsp® + (Ks'+ KeKsKy + KiKa)p + K; .
. ’ \ T(p) = 2 ~ (4'8)
o . P° ~ 2K2p - Ky
. o : - *
where we have:set K7 = 1 and Kg = Kz )
As 1n Chéptei‘ 3, we can rewrite (4.’8) as . ) bw“ ‘ '
. G-£)0-F) - o '
T(p}?_ = H : — C 0 (4.9)
p-£)p-~-f£ - o ‘ '
' P p (P p) ; '
where fp and f2 are related to the s—plane poles and ze,ros,l to be

‘realized, by equation (4.1). o . , .

e ! ‘ .
- The expressions obtained in Appendix E for.the sensitivities
of Q and w, can be applied to equation (4.9) when A; is different .th’aﬁ
A2 . Itis easy to show that

i

s sinh v;s

6D e
= [ cosh vYAzs - Kz]
EEREY R A
s sinh vAas - ; . g J
gg - = [ codh YAs - K2] -
! 2'x28 . i , I N
.&
L g2 L san /X cosh NS - S aian VAT
= I, : (——=— sinh s cosh 5 = sinh VA, sg) ,
,H,ilg.&:} P Y L
o o Now'lettifg Ay = A2 = A , 'the ‘sensitivities become, .. .
. (. ’ Q = Q = = f.-: ‘ *
X ., SAI SAZ 0 3 \‘ [ Al AZ A' .. &
- Wo _ oWo o 4 ’ ~ ~— o
. sl] s)q,. . 1 * .
* 4 ’ *
\.l . Je'»\“' L ‘ a
: e N .
L] ) ” ." * * .

e
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4 4 Examples'

~

-78~.

4
~

It is further noted that, since Al'ﬂrli = A frequency

'scaling can be carried out by varying the lengths of the two lines.

+ ’

’

A computer:program was developed for the design "of

, biquadratic filters using URC's. . This program-uses the game
S

optimization and design criteria as given in Chapter 3. The program

® . i "f.:. ' ‘ ‘ ! - .
waé'extendedﬁtB include such options as the calculation of the

)

effect of the finite GB of the amplifiers, Ehe;pq;gibility of

altering the objective fﬂnction and a wider rané@ of filter
//

P .
characteristics. A flow chart is shown‘in Appendix G. “

., Of the many filters designed the following four are chosen ,’

for further studies in this chapter : °

1 - T(s) 1 (/’\ | :
) 82+ 0.1s + 1 ' ‘ - ",/' -

S

2 - T(s) = . h
: 8% + 0.125s + 1',
2
3. T(s) = 5
’ } «82 + 0,033 + 1 "
4w (s) = 2 ~

g2 + 0.1s + 1

It should be noted that for these deeigns, the constants w1,wz,bi's

and c, 's of equation (3.9) were set equal to one. and W3 set equal to 0.25.

Theéaverage time taken by the piogram on the CDC 6400 computer

was - 40 seconds. Results for the above four examples are shown in figure

+
-

423-42dandtable41.. .
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RESULTS FOR DESIGN OF LP , BP AND HP USING URC's
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- Tranéfer = . Example 1 Exa@ple 2 Exnn;p'le 3_ Example 4
function _ Q=10 Q=8 Q = 30 Q=10
Ky 1,0 ° 1.0 1.0 1.0
K 0,509 0,418 0.422 0.561<
. t 4 B
Kﬂ 0 A . . "1.0 ! "'100 . "1:0
Ky ~2.522 -2,733 - =3,204 ~2,335
K "0 0 0 0
Ks 0 0 0 0
-t . A
jl A ) . 3518 3-0‘34' 3.65 r 2.99 .’
~ lo” . . );7. . i ‘o
sgl -4,34 . =2,664 . -9.04 -5,072
8!%; s 5.75 4,562 15.3{% ' 5.56
,V N "‘.“‘ . -
£ 0 N SNEEN 0. 0.
) gle ©0.247. ~ |  0,1795 . 0\15‘59 | 10,3012
s 2 o I~ ' ©
. ) ~ . \ .. '
, . ) Q\ . ' \.'
o S5 ~0.4435° -0.4087% " .| | -0.3936 " -0.472
N S . .
o adR S I N =1.0 1,0  =1.0
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4.5 EFFECT OF FINITE mumMm-sm—wmm PRODUCT, ‘ I ‘
— ' ; ’rhe amplifier imperfections tend to 1mpone some limitatiom on the. * - .
) regponse of the circuit, In this section we ate‘ corfcorned with the
. effects Of the’finite band width of the amplifiers .on the design values
B of Q and we. We, therefore, use chc onc-pole-roll-off model o£ the
. o amplifier shown in figure (4. 3). . \ ' o ‘
L Analysis of the circuit of figyre (4. 3) yields {
. . . o Z Ge, eiR /Ry
\ ., 1 L] i - i
» h.'“ . i s L .Qol,L uo’+"_——7-—-1 e Rf Rl ]\ ‘ G 1 + Bf/R; - (l‘-lO)
-~ . - . v k >.. - . i. . .'1-1’2. .E‘. 0 ' é‘
where TN . T .
' ' : -
G;= - i - A1)
i Ri .
. G - z -1—. ' ~ (4 12) ) rs
e U Ry o - d
- ' \(\\\\ A
| Replacing Vo by the ona-pole-roll-off model ~ oo o
e . - N\
B Mo, . L N ’ / : o }\1\ N : :
' u - ' * . . ' ) . ) )
| .1 : " u S
: ? ‘ -'"P- ) . a ~
we obtain o . oo _' e ' * .
) l . | " f . .o ’ cn ’ o .7 . "
~ o m ; 1 '2‘,3‘.\... o N _ ("‘0.14)
i i o f .
= - f N ' . i"\ . R ,1' \ Y N
N - and . ' -
B . - . , L4
A e « f(;\GB\ ' . PR ' o . . >
; ' N — .ﬂ — ] ' ) “ ‘ : ) ' (60/15) '
; ‘1 L(l :- ‘l)' + Gs ) ~. ' h u-_,. } B S / ) £ )
. '\n . ' N . . \ . ' ) , %gu L o "/'/ * N B ""‘ b4
- . .\\ \\ : ¢ ,
“:‘ v \ 1 - . -
a ‘ ‘\‘ » Q" o . \: }
. ' ! "‘ = & \‘t ¢ ‘e r
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. ' s ‘-,::(4;165

. oy Ky -RE/Rx T L . e (4.17)
S . . . i . \ . Y ,

o

A

-~ Note t':hp’t the gainu. now have phue lig nsociatc& vith them, .,
0 » , iapl;cing each of the ides) -gains used in dariving equation .
o (4.8) by expressions (4 14) -0r (4‘15) will cause Q and wo to
deviate from the design valuas. In order to obCain .an- indication
of the dagree cf the deviation, cnlculations were carried out for
‘uvarnl examples. Reeult:s are prasgnced in figure 4.4 for a band - e
‘pass filter having Q of 8, where ic is usumed that the amplifiorn have -

a nomiml GB = 10° Hz curve A showa the percentnge deviation :Ln Q due

e ‘t:r-finite -GB ‘_as‘ a —functionfoffccntrgjrg)quency Wes Cpr;qe_s__lL nAnidﬁC? o

Y

indicate ti# ef'fec_t' of & 20% variations in GB, It was found ‘that

ppea———t e

I the effect of finite GB on centre froquencly @o 1is C)yll. Wo varying,

less than 0 3% from the duign value for all values of. Mo less thn’n

4

10 rad/uc. o " ’ - ‘ o

‘e

‘ 4 6 COMPARISON WITH OTHER UR "E ACTIVE FILTERS | ,

a

v © The new circuit was compnrad with Kex;win ] circuit [60] apd

B Huelamn'l circuit [61] boch of which make uss of URC':. Tha '

complrison vas based on the un-icivi&ies of Q md wg,, and on the

N o effect of t:hs.ﬂ_nita GB on thcn two quqntitiu. ’l'hn compurinon . .
vas carried but for GB's ranging from.0.8 % 10° to 12 x 10° e, |
; "‘ ‘\f;, “ﬁ‘ Y ',7:'\;“.'___'
P ‘ g o V ot £
'”.,(/‘: — " »'> P A PN
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' Reuults of'}e compatison are shown in figurea 4.5 - 4 7 ana tablea '

. 6 2 - 4 3. Figures,lc 5 «.4,7 chow the effect of finite GB on Q of . o

b ‘ all circu;it:s. ft is noted that. eomparison with Kgrwin 's c:i:rcuit vas not" o
K ] poaaible for high values of Q since hia circult becomes unatnble fc;r * _.
| ' Q >11,7. Tables 4,2 - 4.~3 show thg-ef_fecr. on Q and W, of ;mry;ng, the ': .
amplifiet gains. SR A T - S

L] " i

° From these rssults it can be seen chat,the gensitivities for the . o
R r;ew éircuit are mhich lower than r‘g;hgae for Kervin 9 _circuit. The useful

- , - . - - - 12
- frequency Of operation for Kerwin's -circuit i‘a limited by the finite GB |
to more than one_decade' lower then for the proposed circuit. The

+ ‘ , . -~

I < s‘&nsiti‘vi:ies for liuelmin'a 'c,ircnit are, close 't:o the senn’itiv'ities for
s ' - the new circuit. however the usaful fraequency range 1: about 0. 7 decade

S 1eu than ‘that of . the new circuit.
o, s 1 . N\ .~y 7 ’ M )
EXPERIMENTAL RESUL'I‘S . Ve -
MN;\____

"' 'iIn order to 'verify the- theoretical predm

v’:ere built, Experime‘htal resulta for{ exnmple 2 are. presented here, 7 K

The vdluec of the circuit elementn ubed Are ahown tw cable 4 1 and the

finite gainl wer"" realizcd

of nomigil ;; of 10 B e diltribu;:aq’eh\men;n vere co‘ns:r'uc:ec; using.

t:gInde'lto paper and cofiducting foils and verified axperimeht&lly to be ,
K /_\ ' v 0‘
URc'u Different values of w, were obtainnd by nltering the lengtho of A

the URC's and hencc their RC-products, A typicnl frequeqcy renpo\\u ‘of "

‘ot

this iilter is shown in. figurc 6 8 for fo = -i;}:' 247 Hz, |

,
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ABLE

coupAntscm WITH HUELSMAN 5 CIRCUIT
'FOR A BP rmewa oF q =30

.Huelsman's circuit

a Q.z i A woLZ

e g
(A K 2 (mpée effective) — The ney civeuit
: X R b wo X.
T -0 ~14,55 | -0.37
-0.5 , « . ,| ~8.25 -0.17
MEE ' ’ t‘ R
- . ’ +0"5\ ! k /’——\23,94 0018
e \¢10 L 15,82 0,37

-16.2, | -.~0.32
~8.75 <0.16

o

q4
8.58 0,13,

21.1 0.29

.




TABLE 4.3

COMPARISOMNITH KERWIN'S CIRCUIT

FOR LP FILTER OF Q =-10 | ~.

L

N

'A\K % (most effective)

The new circuit

Kervin's circuit

AQ1Z

b wo %

A QX

A we %

"1.0‘.
-0.5
+0.5

-
’

~5.95

1.6
46

-3.35

0.57
0.34°

007"

0.29.

-210 2

O

T3-23
-113
o b

+ 4
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1t was found that the frequancy response ‘(tor was "r.oo siall to-bs

-

meuu‘rcd. It was also found that the effect of the finita GB on the
‘ design vaiu; of Wq 1a negligible, vhereas the cfch;t on Q vas tn

agreément with theoretical prcd:!.cuionl,‘ ~as shown in £1gur¢ b.4,

A .'t 202 variation in the GB was achieved thtoug'h at 14% variation _

in the supply wvoltage. The effett of this variation on the value of

qQ w'as'found’ to matcf\ theoretical calculations,

co?*ms%nou , s

1t has been mentioned in section 4. 5 that i:h‘e_ phase lags’

+ %

introduced by the ampliﬂérs result 1'n a Q-enhancement, thus limiting
-’ - ‘ .
the‘ueeful frequency range of the circuit. It is possible to
. . ) °, . . 1 .
| counteract this effect by introducing a phage lead into one or both of
. , »

the distributed networks.. . '

L

It is easy to show that. the circult of figure 4.9 has the

transfer  function

cosh 61 o ‘
co-h 6 co-h § + % sioh Oz sinh 6;

'T(g)

‘

P A N A s 0o

'Roz Cos.
Rop» Co2 '’

. = : — . 'l. . ,
Oy = /Rey Cop €38 . (4.19)

- ! . ' K N ) .
Roz, R“. Coz and c.. are thc rui-tmcu ant caiuciuncel per unit y

R S et

@

v

hngth ‘of t:h- lin--. - ' ‘ o L. . .
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S ~F:I.guro'4’.9: Compensatioh Scheme




- let:t':ing k= 1, (4.18) becomes
) o cosh 8, Ps
- T(B'). " Cosh 8 ‘ -/’r

&

9 =g, + 0,
. * ‘ ) N . ‘ ) ) : ; “
. The u‘se of this circuit instead of line 2 in the circuit of

‘ [

~figure 3.1 results in. the network shown in éigure 4.10 which has the

transfer function o ' . ¥ -

*

“ KsK'spxﬁz/Ps t Kspy + kaspz/Ps + Ky
T(p) = Pth/Ps - Kap2/py - Kst - Ky

- . . . .

(4.21)

’
’

The c‘hoice of A3 is' made sucH t:h;;t -the Q - We relation remains

flat for the largest: possibl requency range. Several filters vere

compensated uaing this scheme and the resulting Jesponse :L e. the

low variation-in Q and Wwo* from design valuea indicated the effectiveness

of ‘the techru‘qk The Q and Wo sensitivitiea were checked after

compensation "and wexfe found to remain practically unaffected A ,

. typical result of this compensation is shown in figure 4.11 for 2 low-

. , -

pass filter of Q = 10,

DESIGN OF NOTCH FILIER , , ' ' ot <

[}
[

L
. In this section 'we show that the.sam circuit is capable of

B

realizing Uotch filter having the voltege transz fqnction

' 82,4'85—0) l ﬁ

v,

" T(s) = . s e=Q0 . (4a22)

82*9&3*‘@:{
+ Q- .

A

s - ) y
B e e T P P R T
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by W . The fagto‘rﬁ«ia ideally zero, however, in pracfice'it may be

where £ res(lfs from a worst case deviation of the circuit parameters.

‘function-(3.9) 1s modified to include: , .

" In addition to Q én%wo, the 'nocch_ filter is characterisad

- . . i - b -~

’

non-zero ‘due to variation 4n the éirgu§ﬁ'pafwe'teré. ‘A measure of ‘the -
quality of th? notch filter will be taken as _
cw - . ' - (4.23)

Smtgemaq

. , - ]
g vy oo . - '

+ ‘ T N ' . l’ {
‘Therefore, in' the design of the notch filter, the objective

IS ) e . ,
a

1) The sensftivity of wn to different amplifier é}tns"

.- ’ !

2).The value €, : : R ‘
3) The sum of magnitudes of amplifier gains. ' N .
It)~can be ea'sily"shown (Append-ix H) that s |
-

g dNfax e SN

Syril - - Imas ( _N7Ts_ )a - Ju_ (fh24).
and. : s ) : I ‘ o
/A/ dNId . ) S S E

- Ay Real ( ) "4.2 )“
. - 1 i N7ds P / \ , o e

whare y is a circuit pnramter and N :ls the umgrator of the :
i | p

' 2
erinafer function (lo.8) and Aey is the variation in € resulting from
‘ . . Co T .
the largest variation Ayi in Yye ) - : X

'I;he objective function (%.9). then becomes . ' o ,' ﬂ
. * \ .
J =i «@- ~qd)? + W, (w.-w)* +w,/(m- 2 - -

+ 2 b, ]s l + Le |s ] + WL |xil -tw,!: IAe l(ﬁ,'za) |

. , \
. , ’ R .
. i i



T Several 'designs were carried out using (4.26)% As an cximplo

results are presenf:ed here for a notch filter having a Q-value of 50
while w 1is taken-to-be S : o RN

. n - e ’ ' ) - ° .
- . 1_ wn = 018 wq ) ‘
S ‘\ o ?- w, " W ¢
" ' : et 3w = 1.2%
“n y.

.

v Igé/;esign ‘values are shown in table 4.4, The quanticy g is calculated
" to be = 0.00118 for é tolerence of * 0.12 in the amplifier gains,
y .

Thus4¢?@ a notchH frequency of‘lK rad/sec )

R N . ' _‘ '. 1
P ,w 5 ‘ : i e e
n

E—-a47sx105—~ .

~

‘ vhich is quite high. = L , S

4.10 DESIGN OF ALL-PASS FILTER -~ . . - 7 L
o . ) In this secticn, the design of an All—pass function of the for?
’ . 32-m/Qa+m°. .. . . ‘
T(s) = — ' e AA(4,27) ‘
Pz + (Oo/Q 8+ wo . o ¢

a N
- o ‘ 4
In this case the optimization procedure has to reault “tn valuenof Q

: whe;e'w = -Wo and Q = Q, is considated.

and m that are as near as possible to mo.and Q « Therefore, the obje tive

-

? ' ’ . function used in thia case is P N ‘

3 ' ' ; ‘ f ' L ' : oy
4 , - J = W(Q - Qd)z + Wz(wo“- wod) + Wg(Amax - A) o

; s . - A R ,
2 '* - ‘ ' . + Zilails ' + Z ls I + w..!', 'K I . ‘ o 4

! ‘ - . ' . ’ »

: PREEE Con L + w;(Q - Q)2 + Ws(wo - wo)z‘ - L (W28 /

Sl

3
13
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] . . . TABLE 4.4

.

. . : ' NOTCH FILTER DESIGN

L -
g e . PR

‘.~ _—’; ) . ', ‘wpl..a‘u’o L vw .w°4

ook " 3,13308 - 21,297
] Kz 0.541 . |° o.s61 .- -

K3 . A ’l 05243 " “O‘. 472
Ky -2.789 - -2.705
1.0 . 1.0

T R R 0,541 0.56

’

Ka 1.377 11.467

Kl

- A 3.2753 13,1998

, | L2128 (22,59 ° ,

9 | 26.55

1 3
. v
L0
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.. TABLE 4.4 CONTINUED

S
’
¥
3

RN S ST

B e Sh
v

v

i

-

Ty
. S', o
. .
¢ .

.wn
. . S . '0.7245
" Ki; . < )
' " o 4 \ _ 1
-8 -0,4619 , '
- . . K3 ‘ [ ' N
. w‘_‘
-0, 7245 :
. s .
‘. 2
) wn .
| L 5" 0.547 :
* . s
; “n " *
5
; , SRa 0.547
- ¢ . wn T A
o~ “: s)‘ + "'1.0 . {
T M S
Al € ) -
" S By, 0.111
- " . E . ’
. 4 -0,266 .
AKa 0.266_ ,
_ , . L \ ' . ‘
) 8% 0.111°
. € “ \' . C .
e Ake. 0.32. "
o A= Ty
C € -0.
. bg, -0,32 -
n’ , , e . ,
‘ ‘ AS 0.0 .
- - _‘Q 1:

0.688
‘4
~

=0,489

0.0661 *

|

"0 . 231
0.0661
S

1

©=0,4568 -

2

0.0

-y
-

(]

-

w

o -
»nN

(o]

?

0.0235 ,
J 0175

4 -’_0 [ 0235‘

)
- 4 -

70.52 '

.-_0’. 62"‘ ‘,
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K . The design was carried out for oeveul all-pass filters by.n'tnilui,ns .
- | e
the Approximation e_rror and the sensitivitieo of wo, ?., w_ and Q to -

- the different parameters. Results for an all-pasa section’ of?- 10 are

., * shown {n'table 4.5_and figure 4.12,. .. - - —

-

4.11 CONCLUSION 4 T : . = . .
g ’ - . ‘ . ‘ .. , / i . ' a

o : A new distributed RC-active configuration for realiqung"geoond,

A

order voltage transfer functions has been descriped. The cohfiguration

-

- uses. three finite gain amplifiors and .two grounded commenaurate URC's.

' . . The design 19 based on obtimizacion pragram which’ simultaneously »
' t

yielda 8 'very olOse fit to the desired response and low sensitivity of
t

Py

Q and wofwith respect to the.various eleﬁzents, while guarénteeing

E)

‘stabl.e operation. Further, the Q-sexusitiv:lty to changes* in the

RC product of the ,URC's is identically zero. 'The method was used co‘

/

design lmi-p'aas, band-pass, high-pass, not:ch and gll-paoa ttansfer

‘ . 4 * P

e _funetions having'Q'o up to ;I.Oé and centre frequency W,, of up ta 10K

' T rad/sec. The senaitivity of Q to.changes :Ln amplifier\gni'ns was* fourd .
s
S to bé of the.order of Q/2,- while that of w, never excceded 0.5. It vas

. found that a gain-bsnd-width product of lmlz limited the duuign value

‘/ of wo-to about 350 Hz for a mixipum of 5% changs in Q and an effective-

operating -range of 3500 Hz. When eecond order filtern were built anh

v .

‘ . S ‘ tested, expurimental resulta were found to agree with theoretical , ‘.‘ .

. pred;ctiom.‘ The duign was also found to.compare f.nvourobly with

<&

| " circuits proposed by Kerwin and Huslsman,



. L

.

r The introduction of a compensation scheme extended the useful

! .
{

v fraquency- range conaiderably, and the- length of t:he URC required for
[ 4

<
N

‘ A ‘com’penastiori was comparable to thehm{}of the mai;x URC's. - \’\.
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TABLE 4.5

f

ALY.-PASS DESIGN , Q = 10

"
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<

Value

.

‘A& . Parameter

4

\2. 5998
0.65880
-1.99

-1.177
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. roallsa:ionn shéwed that thc diccribuccd design otton requires 1..- _7

N . CHAPTER 5
CONCLUSIONS AND SUGGESTIONS FOR FURTHER WORK

A d
- . . +t -

-

L
. In Chaptar 1, the proﬁﬂan of lynthccizing tranater functions uning

'dtctrtbutcd RC linoa was conoidcrcd and the appronch to be uied Ain. the

thesis dcfincd.

'-In the remaining chapters, opt}nizntion'techniquat were used to design

‘distributed plsuivc aad active circuits to meet various criteria. For°the passive

L

: uynthccic of all-polu voltage :rln'fcr functionu an approximation ‘ ~

Aed

-proccdurc vas proacntcd and used to show that those functions cduld

bé npproxinn:ad by cascades of URC's. Tho dasisn problam was then .
!or-nlntcd as an optini:acion problem where the performnnce eriterion |

wio a b.st:approxinn:ion.co-bincd.wlgh a ninimal area regquired by the
. ' . o PR |
Lntvork. It wvas shown that the problcn possesses a unique optimal

nolution and the effectiveness of chc timiigfion proceadure

[
- B

d.-onntratcd through sevaral examples. A cénﬁlriion with'lumped

!

o&trall arca. ' A grounded URC active network cipable of rqnliztng any
I * : . .

crannfh: !uncti Qul then presented. ‘A doaign ptocedufc‘wa- dcriv,d

' to achicvc liuulennaoucly very ¢ood npproximation of the xivcn |
cpcc&fication tognthor wtth n&ninun -cntitivity of the renponnc to  -~'
parannecr vafiatlonn. The proccdutc vag unod to design low-pass, - "g.
band*paau. high-pau- » notch und all-pacs filtetl. The ;epults :

y

dc-nnctraccd cha ptacticality of tha dcciga since:

1 n. vmm ot chc mlgl.l;l.t ;mu wen 1n the neighbourhood of unuy.' .

.t

ot [ x..’ '
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2~ The RC product was withif' the prgctica’l‘limi:s dictated by

¢ ’ - L . . .
’ v
° v . * +

the technology. . ) ‘ . .

"3~ The sensitivity of Q to the RC p'rc;duct: was, :Lden;icnlli zero.

» “

e —Th&aenﬁﬁﬁ%%w_mpl;fimm of the order of Q/2 -

. o ’ ,
"5~ The gensitivities of we to various parameters vas alvays less

than a half. . i o T &

‘

As the finite band width of ‘the amplifiers limits the useful
frequency of operation of the filter, a simple compenaation a-cheme
vas- introduced with which the frequency of operation could be

cons iderably extended.: . K - A

The effect of other paﬂiitic (npetfeactions of the ope:ation

Ay

. o

.0f GB producc and the variation of aﬁgg.:l!ierf gains is concerned.

aﬁiplifiera_ such, as the inpgx; and output impedances were foun'd ‘to

be neglible in the experin;en:al prototypu t}aated.

4

e 2o

The prOposed net:work has y.so been shown to compare fnvourably
Ly 24 L]

with other circuits using dist.ribuced elements, insofar as the ‘effect

For lov( frequency duign 1: was demonurated that the. use of

taporad RC lines :[a to be preferrod as theae have much. lower

°

unutivitiea cmm antm—qwtuz;tﬂte*n———}t—we.e—waﬁbk—w-ur;v out > >

e

duigns using BRc's where the desirad responae ‘had a centre frequencya
of 1 Hez. ch filtars should be uaeful 4n such areas a8 biomedical

‘enginee ns and, s:reu gnalysin [58] - [59]
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L0 ‘ Additional\ factors which .could be considered in the design are
! the dynamic range of the filters and the effect of noise on the parfomnc..
‘ Althotgh the ¢ffect of amplifie'r imperfections was studied, 1t
’ ) T - ] N — N o
' would be of interest to incorporate these into the optimal desigt‘n procedure.
. , ‘ ° A study of the cost of production, in comparison with other designs,
‘ ) - @ . .
{ ] should also be carried out.
B o Finally it s of academic interest to obtain an analytic evaluation
. ‘ . for the errors of approximation using dietribu’t\gd- parameter  networks. .
_‘i‘ . ° . ‘ ' . , . ) P
E '
. D ' U :
‘ ¥ — 7 2 I - ' \\
‘ ’ i”i‘
. , . K N
4+ o ’ - B o ! “
g ‘ : e oo '
o ("q ’ - ! ’ )
3 - ] . . R B
n - ) D 4
) . “ﬂ -' ! 3 .
. . ) - ) N
“ b . . _:\;,
* . ‘ 7 f N .
C, e ' ' >
.‘ . i ) i - ) “
. f * & ’ ¢ J\\\A‘ o ' h '
. ’ " IS 2 oo
‘ g, - ' ' S o " '
oo o i
. ’ R LT .
o . ' ) * ] r J ' »




[1]-

..1;0..

;nifznﬁkczs

L.P.Huelsman , Ed. Active Filters: Lumped, Distributed, Inteérated

J

Digital- and Paraﬁétfic, New York, McGraw Hill;— 1970+ ——

5

{101 .

[2] P.M. éhigltan, Integrated and A:Zive Network Analysis aﬂd antﬁesia,
Prentice Hall, 1967. Lo ’ ’
[3] ~M.S. Ghausi and J{JL Keily, Introduction to Distributéd fgrameter
Networkﬁ w;th Agplicatiﬁn to’Ih;ggrated Circﬁits, Hélt.‘R%neharti
. and Winston, 1968. ' ; ' G
[4] - A. 3. Khambata, IntroduccioJIto Integrated Semiconductor Circuits,_
—John uiley_and_SQn_L,1963
[5} "S.N. Levine..Princigles of Solid §;ate Microelectronics, Holt .
Rinehart and Winstgn. 1963 ‘ h '
[6] R.N. Newcomb, Active Integrated Circuit Synghgsis,'Eggléwood/Clgffs,
N.J., Prentice-ﬂgll. 1968 | . A i
17] S.K. Mitra, Analysis and Synthesis of Linear Active Networks, New
| York John Wiley, 1969. , " N
‘[8}, RK.W. Heizer,"Distributed ac Networka with Rationsl Transfer Functions"
IRE Trans., Vol. CT=9, p.p. 356-362, December 1962, , -_ ‘
(9] s.Y. Hwank'gnd W.C. Duesterhoeft Jr., "Digtributed R; Netwofks with
; Rational y-Pafamatera Ha%iné Prescribed Poies", 1EEE Trans., V61.101-16,5
.No. 4, P p. 423-428, November. 1969. ‘1 _
"E.D. Walsh and C M. 01039, "On the 8ynthesia of Any RC-Raaleable

‘Rational Ttanafer Function Uaing,a Non—uniiorm RC Distributed Circuit"

'IBEB Ttana., Vol. CT-17. PP 217-223. May 1970.°




[11) D.G. Barker, "Synthesis of Active Filters Employing Thin Film
Distribute% Parameter Networks", IEEE Int. Conv. Record, Vol. 13;

Part 7, pp. 119-126 1965, -

w*“"'——“_[‘]:T)”*“’Y"—F‘u—an'td”:FS——Fu«——«S)tnthc;si,s_r:u'L.Al’:L;l.y;:_121st:r:!.but;ed RC Networks".

- IEEE Trans., Vol. CT-13, September 1966, Pp. %59-266.,

[13] Y). Fu and J.S. .Fq, "N-Port Rectaﬁgulai'-Shaped pistribut;ed lll'C
Networks", IEEE Trans., Vol. CT-13, pp. 222-226, 1966. .

tll;] RA Rohrer,'S.A. Resh and R,A. Hoyt, "Dli'stributed Netwo'rk Synthesis ‘
' for a Class of Integrated Circuits", IEEE Int. Conv. Rec., 1965,
13, Part 7, pp. 100-«112.

[15] “R.W. Wyandrum Jr , "The Exact Synthesis of Distributed RC Necworks",

N;z\}{ork University Technical Report 400-76, May 1963.

(16) R.W. Wyndruy Jr., "The Exact Realization of Distributied RC Driving

Pe:lnt: Funcfions", Wescon Recerd, 1964, B,‘Partbz, 'Pai)er 18.1.
‘fan) | R.W. Wyndrum Jr.,, "The Realization élf Monmorphic Thin Fil:g Dia;:ributed
" RC-Networks", IEEE Int. Conv. Rec., 1965, 13, Part 10, pp. 90-95.
(18]  R.P. 0'Shea, "Sym:hesis Using Distributed RC Networka", IEEE Conv.

¢

! 'Record, Vol. 13 part 7, 'pp. 18-29, 1965. . '

(191 J 0. Scanlan and U, Knou;r“‘keﬂ:izabﬁ&y—aﬁd—wmw

- ~-Re§t§icted Class of Distributed RC Networks', IEEE Trans. Vol.,

" cT-12, pp. 277-285, December 21965.

S.C." Lee, "Synthesia of Absolutely Stabie Active Dlstributed RCG

'

Networks", Proc. of the llth M:ldweat Symposium on Circuit Theory,

4

PP, 99—113, 1968.

-




. [21] J.D.Rodhes , "Transfer Functioh Realizability of Grounded URC

Networks”, IEEE Trans., Vol. CT-14;‘PP. 129-139, June 1967.

¢

» .. ' Lo o
[22] H.J. Riblet, "General Synthesis of Quarter-Wave Impedance Transformers",

IRE Trans. On NﬂErousVe Theory and Techniques, p.p. 36~ 43 January 1957.
- [23) .M. S$ Chausi and V.C. Bello, "Design of Linear Phase Active Distributed
RCﬁNetworks",,IEEE Trans. Vol. CT-16, pp. 526-530, November 1969. ’
[24] w.J. Kerﬁin,’"synthesis of Aetive~RC‘NetworksvContaining Lunped ano
Distributed EledenUB", Proc. First Asilomar;Conference on Circuits and
Systems", po. 288-298, Nduemter 1967, ! '
M.N. S, Swemy and J. Walsh, "A Simple Design Procedure for Active Low

4,sss_Eiltexs_nsing_Exngnential Lines", Proc. 13th Midwest Symposium

on Circuit Theory, Minneapolis, Minn.a pp. x6.1-x6.10, May 1970.'

J Walsh, "Basic Lines and Some of Their Applications as Distributed
RC Circuit Elements", Ph.D. Thesis, The\Gniversity of Calgary, Cslgary,
Alberta, April 1971, ° S . ' o
"H. Mahdi, "Synthesis of Low Passd Linear Phase Active Circuits Using
Distributed RC Networks", IEEﬁ\Internstional Symposium on Circuit. '

Theory, Symposium Digeat PP 110, Deéember 1969. .~ .

[28] M. S. Abougabal, B.B. Bhsttacharyys'and M. N S. Swamy, "A Low Sensitivity
Active Distgibuted Reslization of Rational Transfer Functions", IEEE
3 1 N X .
_Trans., Vol, C AS-21, PP. 391-395," May 1974, . ' y

{gg] S.K. Mitra, Ed., Active Inductorless Filters, IEEE Press, 1971

{30] W J. Kerwin, L.P. Huelsman -and’ R.W. Newcomb,."State Variable Synthesis
£or'Insensitive Intsgrated Circuit Transfer Functions", IERE Journal

of Solid State Circuits. Vol. SC~2. pp. 87-92, September 967.

)

-




A

<

J

.
L

{
)
¢
i
p
;

131

(32]
[33)
[34)

[35]

» - . " s ~ A ! ‘ ~ -,113- ; i , .

. ~ . ' ! . ‘ ,

) ,@ ’ - ’

A : C s
R. Tarmi and M.S. GHausi, "Very .High Q Insensitive Active RC

Networks" IEEE Trans., Vol. CT-17, pp. 358-366 August i97o el

L. C Thomas, "The Biquad Part II - A Multipurpose Active Filtering

s

ystem";“IEEE”Tran377~Vcl7~G$-181—PP*_liﬁ_iéll“__zél971

T.A. Hamilton and iA S. Sedra, "Some New Configurations for Active

Filters » IEEE Trans.. Vol. CT-19, pp. 25-33, 'January 1972. '
.P.0. Brackett, "A New‘VSingle Op~Amp. Actiye RC Network", Proc. \ K

16th Midwest Symposium on Circuit Tneory, April 1973. .

G.S. Moschytz“,and W. Thelen, "Design of Hybrid Integrated Filter

Building Blocks" ' IEEB Journal of Solid ate Circuits, Vol SC~5 .

& . .
MLJune 1970. ’ i e v %

 [36]

(37

.

G:S. Mbschytz, "G&in-Sensitivity Product - A Figure of Merit. for
Hybrid-Integrated Filters Usinag Single Operational Amplifiers',

IEEE Journal of Solid §tate Ciﬁrcuits’, Vol. SC-6, ppy 103-110, June,
' s )

S

1971. ] .
' e /
P Stein. J. H. Mulligan and S. S Shamis, "Realization of Tra fer

Functions Hsing Uniform RC Distributed Networks wit:h Common-ﬁround .

Connections", Proc. cf the Symposium of Generalized Net:worka. K

L, W

'[32

Polytechnique Institute orsmklyr“pp——i@%—anz” 1966,

W. Happ and G. Riddle. "Limitations Film—'rype Circuits Conaisting

&

of jlesistive and Capacit:ive Layera"; IRE International Convention

-

Record, Vol.'9, Part 6, pp. 141-165, .1951. : S
\ "o
J. Dupeak, western Electric, "Mnnufacture of. Thin Film Filtera" '

¢

Workshop on Active Ngtworka, Organized by IEEE Circuits and Syltems

. SOciecy, November 1973, . ) ' ,' 7

N



-~

» -. i ¢ R
M. Fogiel, Micro lectronics, N.Y. : Research and Education Association,.

1969, S .

I &

Private Coﬁmunicayion with Dr. B.'Loﬁbos, Concordia Univers;;y, Montreﬂlﬁ

Canada~ . ' - : : : l‘

B.B. Bhattacharyya. M.§. Abougabal and M.N.S. Swamy, "On an Inteéfable
Active RC Filter » Prog. 1EEE ISCT, pp. 256 259 April 1973.
J.C. Giguere, M.N.S. Swamy and B.B. Bhattacharyya, "Driving Point

Function Synthesis Usihg Non-uniform Lines", Proc. IEE. Voi. 116,
No. l, pp. 65-70, Janvary 196&.: é . e

J.C. Gigusre, M.N.S5 S /'Swamy - and B B. Bhactacharyya, "Distributed RC
Network Sy:thesis 8%_Transfer Functions Using Symmetric Scructuree

IEEE Trans;, Vol. cT-17, PP 468-451, August 1970.
J.C. Giguere, M.N.S. Svamy and B.B. Bhattacharyya, "Driving Point

Function Synthesis Using_ﬁniform Transmission Lines', Proc. IEEE

<

{Corres.), 1968, 56, pp./B68-869. R

M. N S. Swamy, J. C Giguer nd B. B. Bhattachaqyya. "Synthesis using

Symet'ric Distributed RC—Stru turea", The Radio and Electronic Ehgineer,

" vol. 40, Yo. L, pp. 38-4é, July 1970. . . . . . ,
A -

.-Van Valkenﬁurg, Introaucc1on L) nouern-ﬂetwmn*rSynthestsT'Johu

’

©

Wiley and ‘Sons, 1960.

N , . 3 .
J.C. Giguerg, "The Synthesis of Netwo:k,rﬁnctions Using Non-uniform

-Trahsmdaeioh Lines“., Ph.D. Th?sis, Nova Scotia Technicai do;lége,
. } " : o, T . ‘
1968. ) . '




3, e
A (Y

R
:
A%
1
T
e

. PN R
e {0

P

m ‘ B | ~115- " _ | '
. . | . I : 3 - - o
[49], M. El—Dliiwany‘ and 'J. Gig'eere, ':Area Minimization of Distributed RC. '
' Negv;onks", Jroc'. of iEEE International Symposiun?,on C:Llrcuit .Thedry, :
| pp. 338-340, 1973. . L .
"[50] ¢ J.C. Gighere, M.- Vidyasagar and M.N.S. Swamy, "Input Ou€put _ , ~—~
- S'tabilit:y .o‘f two Broad Classes of Lumped-Distributed Netwoi‘ks", - . |
Journal of the Franklin Institute, Vo. 294, No.. 3, pp. 203- 213, o
0}.’ 5 September, 1972. . ‘ R ) -
[51]-' A.Vr Fgacco and C.P. Mctormic, "The Sequential Unconstrained a
’ . Minﬁnizationﬂ Technique fc:gr’Nonlinear Pr-ogramming, A Primal-Dual
'Met}lmd", Management Science, vol. 10, No. 2, pp. 360-366, Jan. 1964,
;:' [52] A.V. Fiacco and G.P. McCormicik,Nonlinear Programming, Seg.{ueﬁt'ial ‘
, . - - .
:'Lk_ . ' . Uncbnstre:lned_f?inimi'zati‘on‘ Techniques, John Wiley, New York, 1968_
; . | o {53}) '_ o N "Compu{:ational Algori-thm for the Sequential Uncon-
i 0‘ strained Minimization Technique for Nonlirnear Pr}ogramming",
' . Managemertt: Science, vol. 10, No. 4, pp. 601-617, July 1964. .
[54] - IG.P.' \Me'Cormiék and A.V. Fiacco, "Exper;lmencal‘ suMr", .R'esea‘rch . -
a‘ ‘ ' Analysis Corp., McLean, Firginia, TP-151, Mar;?\ 1969.
" [55] : Information fro;q the Microelectronics létboratoi'y, Cencordia‘lm(fversity," o
S f*ldntreal Canada. e S ' R

) [59] J.C. Giguere, "Th,e Approximation of a Nommiform Transmiesion Line -
. by a Cascade of Uniform L;lnes", Electronics letters, pp. 511-512,

» ' s

5 . .

bl . : ..

] . Septemfer 1971 o - e } c . C
. [571  J. Kelly and M. Ghausi, "On the Effec}:ive Dominant; Poledf the )

a2
U

Distributed RC Networks", J. of Franklin Inst:itute, Vol. 279,

" o. 6, PP. 417-428, ‘June 1965. o SRR ~_ -




o > —

- . . A ' ) ~ ' l ’ ’ Ce
' , ‘(58] M. Clynes and J. Milsum, Biomedical Engineering Systems, N.Y.,

.

~ 0

. .
N

McGraw Hill, 1970 - , C .

ot ’

. (591  A.M. Khalil and P. Fazio "Moire-Fringe Measurement",: Experimentali

/./ﬂ/ . '
o —————Mechanics, Vol. I3, No. 6, pp. 253-254, June 1973.

[60] C.V. Shaffer and W.J. Kerwin, -"Multiloop Distributed RC Active
2 . C
Networks for Low Parameter Sensitivity with Low Amplifier Gain",

2 )

, @ Pr‘o‘c. Second Aéilomar Conference, pp. 197-201, 1968. ’
. " . [61] s.P. Johnson and L.P. Huelsman; "High Pass .and Band Pass ’Filt‘:lrs ' NN o
with Distributed Luméed Active Networks", Proc. IEEE, Vol. 59, 3
" pp. 328-331, February 1971. _ ’ - L
) [62]' ‘D ‘A. Pierre, Optit;xization Theén: wi:th Applications, ‘Johnl Wiley \ -

and Sons, 1969,




T : l |  APPENDIX (A) ' L ,
: "THE SEQUENTIAL UNCONSTRAINED MINIMIZATION.TECHNIQUE (SUMT)

< . .

A . '
» - - N . .
- ’ This teChnique»_consigcg of transforming a constrained mipimization ™ %
probfem :Ln%o An gquivalent unconstrained, one, . L A e
. Ed

' The prdfb*lem is to determiﬁe a vector Y = [yl, yz, veny bl *] such that

£CY) 18 minimum ’ 1

. . gy@»0 , 1=1,..,n . ’ .
'i “ One of the four differ@t \Lrer_'sions‘l of the SUMT uses a pgnél't:y
T function of the form

| S SRR R p’ 5., Vi @

1 - .

mz—a:’cgo“ri—thm—wed—tio:—solﬁng_thajroblem consists of picking a - y
'proper value for p, minim;t‘ziqg.P and then reducing (o} and minimizing p

A

again, A theorem given by Fiacco and McCormick states that. if the ‘

=4

seéquence of positive bounded numbers Py is monotonically d'ecreasing"
~ then the sequence of minimized function g(xk,pk) will converge to the ..

infimum of /f(!). This ‘48 true if the functions involved aatisfy the

v '

‘ .~ following condi tions: o . L ' .

- .cl . hd = H > & > O, i = 1,2,.0.,&} is n??empty f S

o, -

. 02 Thé’ f‘;nctions fz,gz,....gn are twice cogtinuou:ly P

R -~

* differe‘ntiable. fTT o
e3 : For every fini}y(‘{g.f(_) <K, Y e:OJ ia a bounded set .

) whate ¢ is the closure of . . - - .

0
o
do

.-.f(g) is convex.

O T Y. S 81+ Bys+»+s8, aTe concave,.

4 ) ! "
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. APPENDIX B © -

PROOF OF THEOREM 2.1 /

, . .

R | ' B ‘ . .

In’yt:.he continyed fraetion éxpﬁnsi_.on of (2:6), lét-us consider the ’

-

and zeros of this impedance be p's and z'i"s while those of the original

impkdance remaining after the extraction of some.lines. Let the poles J

-

[y

function are p'i!s and zi's.. A simple drawing of the impedance function

during the realization process shows the monotinicity of the rélations:

i

- between pi » zi, Py and z. Therefore it is enough to show that, at{}' -~
, . - .
i ' any stage of the 1:'4!(;1:[:11:10:1,1 the ratio between the first two resistances
. /7 - !
, has a convex-relationship with p; and z;. . .
N ’ : 7
- Consider the impedance ' \ -
P * ' i R ’
<. ' ’vmfl-ramvm-c-am_lv 1,.. 48 ) S~
. " Z(v) = e ) (8-1)
, " Peb vl +b Yo
- -. ml L) LR ] .r.QOI o
f . - ' ' .
~ A continued fraé:ion expénsic'm yields
, _ AR g:m-l*'bm-f 41 |
From the properties of polynomiais we have —a . / v
. ) - .oy , )
- b .= =~Lp ,b =LL.pp, ,a =L I z,z, . (B-3)
) m-1 \ :l m-.2 144 b k| ml.iij 1) \ )
y A

a.m-l . ) b“ ?2‘ . "

Y - e . - -t - =

~ then we obtaim oL -




- ' 1-y + U ~ o : N ' ‘B= -
2 s T, | , . @),
' [ Ul - Nz ‘ - " . i—_‘ '
———— T \7¥E1;1‘2“ :
12% P SR— ' . e
o grewrw T |
o - , - - K
v It follows that. . : ' o L
' s, —(uy-u )2u" + 2(u,~u,) (u')‘2 S o
. o o221 o 1 "2 1 172" Y1 . (B~7a)
Gpi . (lll - uz) . . . . .
\ ! 4 [3
~ 5% (p,=u y2uy +2(u,-u,) (u’)2 oY
21 ttMpTHp) Mg TEMWLTM,) W2 . (B=7D)
' . . . [ . < ! ’
[ GZi N (u,l -'uz) i ~‘ . . , —
1 ' :
T Qe )2l + 2 @h? |
| 12 . p i e R 1 ¥y (B-7c)
| 7 . : g -
LN “ 6?1 R X (1 -Jll + uz) i
I . ‘ N ¢ i ’ “ :
Lk 32: (1~ +u’)zu" + 2(l-u‘+u )(u;)2 ' " - -
S T 1 VM2 ¥y My Ul (g . (BeTd)
h ' - ! ’ v \1 -
N . A - - _ N ‘ ‘
. b, Gy |
. ) > g [ «
I From (4), (5) ?and (7), we Have ‘ , ,
S T 2R fy T2 K L (BB /
where p_ 4 and py, (z_, .and zi): are symmetric roots around the point
) a ' ' ¢ - y

v = "'l. s . 4 ’ 3 ! '

s




S ey ’ ; . b e

N A N
e ' M . t — ' ! ‘.
. Y
i ’ , ¢ [N . .
| oweie2 (B-9b)
e’ , 5t “1‘ P 6 2 ' ! . R Lol ' * ’
v , Py . . ' _
Co . . o .
L | (B-9c)
' o 8z, | i .
’ 2n i f ;
\i - 2" 7 =~ 2 - - ‘ v (B~9d)
' |
\ 621 r
Subsgtituting from (B=9) imto(B=7)—and-neting that 1 > Uy -'uz >0
"and 1 > 1 - urﬂuz >0 it can.be gseen” that all the second .
derivatives are positive. This shows that the ratio between any
B ~— - . » )
‘ 'y two line resistances has a strictly convex irelatioﬁship with the
5 ‘ -

5 ' )

2 - -

iy . Usiug the slack variable as an upper bound for the ratios we

poles of z (v)

° ®

~ have - S’i.j >0, 1, =1, 2,...,2 R . ' (B-lO)

» o S ’ A ,
. ’Wtion of lll is in fact a minimization of the maximum ‘ '

'

resistance ratio.

Now we are in position to investigate the conditions of prob‘l,em:

A: C o ‘
. ’, -

’ +
'

1. ?ﬁe nonemptiness of 9%« {3_:3i @ >0,,1=1, ...,n} 4s guarnateed
| o S by (2.9) and the fact that Y- 0. » ' b

- It is clear thst Y, gz's, and .gi'a are continuoua in ¢°..
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-, -3.. . The boundedness of Y is guaranteed by the fact that all roots
¥ N ¢
S ! - ,
‘a ' in the v-plane are between zero #id -2. . .
t h." P 1is convex in ¢,
e ’ ' < ' e ! ' 9\{’ '
K ) s
C e ] 5.  When Ty is convex in ¢, g,'s are concave
l" . ‘ ' in §, o ‘
Vv . ) . ]
° . 3 I | “
‘ . 6. When Y and — are both convex and
. i 2 A
o . ‘* * be gseen that Vo > 0, P is strictly convex in. 0,
A ' . ¥ . L -
v a . . - . l‘
L - It is clear now that ‘problem A satisfies the ¢onditions in, .
L‘ e ‘ - - * [} M . e :
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B, - THE RELATION BETWEEN A AND
» THE POLES OF THE DRIVING POINT FUNCTION z;;(V) o
n , - o ‘
‘From equation (2.15) we can write for the case of negative real -
;;oles,l’s = 0,. ’
< e :
) -, . M g X .
uy = u(-s )= - tanz v/XO'i : (Cc-1)
Using (2.2) and (c-1) ' - . .
. - 2 - v . ‘
u o P “e). -1 pf-1 N (=)'
R S SN A S ‘
Hence we can write the factor, (u—ui) as
t “q .
‘ p? -1 piz- 1
o R u - u 3 -
. ‘ ) ‘1 o ] Tp.2 .
. , « 1 . p
v -
1 /2 2
- ’ —_ rd L ) (p - p ) - C-a
¢ ” ’ pz pi N ( ?
' \ 8
3
| From (C-1), (¢-3) and (2.2) we have .
) \ o LT - .
: a P - AR
. . u- ui\g ----------.(p2 - coa2 v’XO‘i') . SR (c-4) .
ot '~ P \g Pi ’ ' ’ ’ . ‘
:i M . Pfoaﬁ'(c-lc.). (2.5) and (2.6) :lt 1s seen that the v-plane poles are '

ays

~N

| rclated Lo A hy the rel tion.
vi *p; - 1=cos J'Xoi ' " (Q-S)
" And if we note that - 2€v

4 € 0°we can see that the function_l)\ > vy,

™ 1s single valued and monotonit o -
s . A I ! .a '
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APPENDIX D Co

FLOWCHART FOR THE DESIGN PROCEDURE IN CHAPTER 2
' s ’ , ‘ : ‘ J

’ , N ‘

specify the problem; approximation,
B or area minimization oqu, A

. s
, .

4
. -

'

v

input required accuracy, poles of transfer

|function and coefficients of objecfive.function

compute Amax

' ' pick an initial value
- . for \ and convert to

o ol v-plane

\ . r - ‘ ‘
pick initial value ‘ ot

for poles of z1;(v)

;ynthesize the
cascade apd find ¢
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\ . ‘ " APPENDIX E R
f {J - \'&; , ) . . ' - *
: . . SENSITIVITIES OF Q AND w, 3
' ' As we are dealing with transcendéntal‘lfunctions'. the expressions
- , l Q and éuo are not readiljv obtainable, and hence the‘sensitivity
' ‘ Te eicpressions for Q and Wwo are obtained as follows: Let D(s,x) denote S
" . - , . ¢
the denominator of T(s) where x 1is any circuit parameter. Assuming .
N ’ , that both 8 and x vary such that the value ‘of D(s,x) remain; constant,
:‘ ' . . , ' 4
& . _ we have '
: | ©sp 4D (e-1) |
W ‘o dx + — ' :
'L»;; . dD= 0 = r dx 38 ds ) ‘ . ) '
fg“ ) - or , B | ' ., . % L 4
o o ds ’5D§5x . T > (E=2)
*_ : 4. dx = - &fés - - ' o :
A ' Nl : : - i
’a “Let : . .
ﬂ 8o ® Oo + jBo . AR r . - ’
‘ ‘ ’ For high valued of Q we ;nay 3s§ume. that Bo =° We'» _ \
Hence , , ' ' ‘ ’ o ‘ A
Q= we /200 . h ) (E-3) '
. oy - <
dso ™' d0o + § dwe S . (E=4)
. 3 ' . 2 ’ .0 l ‘
> i _ TFrom (E-3) we get ) o e
, [ T o
é..o. ‘.- _d..g,.P .. g_qo -
Q ' we o . . .
N S 1 1 oy " (E-S5)
3 [ - —— ~ v “
, . . wo.Img dfo R Revzal‘ dsf, ( ‘ i




Using (E-2) '
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x
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X

g¥ - .s
X

1

dso

= X Imag —

Wo dx

' &,

+

= [ - —:—O—Imag

X
Oo

8p/éx .
6D/ &8s

' It is also obvious that,
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i B ! - ’p - ‘FLOWCHART FOR THE DESIGN PROCEDURE IN CHAPTER .3 s S 2 '
. " feed filter specifications and '
_ » ] coefficients of objective function v . ‘ ,
7 . ‘ . "‘
, . ;‘ 4 ) . ' . '1
;e compute s-plane ' '.
. ' |poles and Amax . R
; ' o : o ,
] input any preset values, pick an inifial’ e
C ' value for the remaining parameters '
X , - . and check feasibility . .
b o ' " . ’ 1 . ‘
Y . .
¢ PN . e : [+ .
' ' éompute objective function|{ ° . ' °
4] + [ + A . ‘
' . 4 ‘ . /
v ) ‘ . . " ; ‘ ) ’ " . Y-
. | e comp ute gradient of | 1\_,‘,,;\(
- . v objective function , '
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‘- o | matrix of second derivatives |’ L '
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N ' - APPENDIX G

. , . L. . * . ' e
' * ' ELOWCPLART ,_FOR THE DESIGN PROCEDURE IN CHAPTER 4
‘[ L% Y [ Y : " . ' )
r ’ ' - , - 5
; » ) ‘ j ‘ ) ‘
% “ L . : .. |- feed type of filter and l
¢ e ',, "+ . | choose objective function
| . I
L‘ PR L
| .
' input filter specifications, coefficients| .
M " ‘ ~ A3}
[ . ) - o of objective function and preset values
j e ., - ' " ‘ * '
l
|

compute a"-plahé poles
and maximum RC-product’
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. -’ . o v
t " L . . .| pick initial valués R
; : - BEEE " | and check.feastbiley| -
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of finite GB
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) . | _ - - ~ inmput 63. required impedance
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' SENSITIVITY OF THE NOTCH FREQUENCY i =
‘ ' . 'Let‘N(s,x‘) denote the numerator. of T(p) where x is any circuit .
' ~ parameter . Assuming that both s and x vary such that the value of .
N remhins‘const‘:ant » We have ’ o .
a 8N &N ' : , o
| dN = 0 = 3e ds + Bx dx ey,
. - ' therefore , at the notch frequency 5, | L , ' ,
o S . . . |
. 6N$6x | .
o dx, N/6s - ’
. 8 :
letting '
| i 8 =0 '+ juw . : E
. n n n L. i - . . ' ’
.w;&?haVe ‘ C : R 3 Co
- ) ; ' “ . N R
v 6&) . ) . , . v
n . SN/ox ' -
. B Imag 4N/6s 1 . . o :
i ’ : n . . . " ’ - '
: so_ - . : : ' ' '
, 0D . paaq ON/Ox o . \ - ' ,
- . o = ~ Real m-N P l . . . N
. o C v\ n . ’ ,
. ' 'f‘or a notch frequency s n "jbn we will sét © =€ : ) ‘
therefore , I
. I U '6.h C ' Co
. ~ W, . ol .
' A IR n., _x . SN/8x . - © (H=1)
. . - 5% & = T o Imag  IN/Ss l ) ' ‘ .
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