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°This thesis discusses the realizations of second order

transfer functions by means of two amplifier-active RC net-

~e

works havingmthe property of zero

wSP (Gain pdle frequency

" sensitivity products) and minimizhd . sum Of magnitudes of

o ' ' - GPSPs (Gain Q sensitivity praducts).’ The{reaiizatians of the
. five commonly occurring types qf filters naﬁely ;ow,ggss,'; )
High Pass, ﬁand Pass, Nuli, and'A}l Pass are studied. These
filtets should besimplemented using hybrid IE technology.

The various possible denominator ‘polynomial decomposi-

-
*

tions suitable to fulfill the condition of zero GwSP are fi:st
»

studied in,deté&l. A two-amplifier configuration'(though not

pnique)_is proposed which will rgaliie;alllthe possible decom/

positions. The entire .realization requires the use of gene-

ratiﬁg’trénsfer functions whi.ch have to be realized by using
51ngle amplifier circuits. the output of each Qf which has to be

‘.

taken from the output of the ampllfler. TE/_gﬁneratlng fun—

»
v

ctlons could be of three kinds namely ZCro order,tlrst orderh

and second order. The realizations using zero order generatlng
) N - /

functions are not discussed further as the filters cannot be

designed i# a‘felstivelﬁ‘s%mpldﬁmanner. The other two'cases;,




-

have been studied in detail.

[

Representative circuits are
oo

» : -
\ 3 :

. \ given where’F, the sunm of the magnitudes of GQSPs Mis mini-

[ * " mized im each case. o , : ) ‘

The casd’where the’ generatlng functlon is first order

!

) y1e ds Low Pass, ngh Pass, and Band PaSs only. The case

[ *‘ . -
the generating functlon is of second order (referred to
—multlpllcatlon) ylelds, Band Pass, Null and All Pass

The Q-multlpller circuits are:partlculariy attrac-

whe

filters.

since one can start from an optlmlzed single ampllfler

’

. fl ter and then optlmlze F furthef

A value .0f F less than

P . .
Q, is obtainable while keeﬁ\ng the capacitive spread at -
Phd 0y q

a’'maximum value of three. o S

.

’ Threc Mull filters and two Band Pass flT ers

ot 4 A4
- . .

Lbuilt and tested.

have been

v »

The experimental results conform closely

‘

. : oo ) .
* to tngﬁe from the theoretical studies. . .
" a \ . !
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: CHAP[TER I ’ N :
- PN , | r=' '
-7 , . iINTRODUCTIQN e
- ‘ .. Q . “ gy
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v
o

PASSIVG LC frlters have, been c0n51derab1y studled and a
g #
* large amount of literature [1, 2] ex;sts on thelr de91gn,

Thesé filters are absqlutely stable and have na serious sensi- <

3 p ‘ ) - o5 . >
tivity problems associated with them.  However, in spite of

.

~

..
F '

these attractive features, they suffer from some serious limi- -

tations. B ‘ ‘

"7 (i) Accurate filter desidn is complicated by the non-, -
R : - * ' . .

S VIO S . e oo
J.-Lln..GL LiSYUuciivy Mo pTluuLive. v
L ] ' R

QP of the 1nductors and the-varlatlon of that Q

“ s . VT Ce 0 -
R T T A L R

.

from one 1nductor to another. T ) v -

(ii) The‘ihductors may be of large size (and'hencé of .

. hlgh cost) forx low frequency applications such as
f‘ - in analog computers, control systems, etc.
- ! S0 (did) gfoblems may arise . because of the magnetic cohpling’

- 4 - N

- A between the inductive elements: they may mask -
weak signals which hence may become not meéSurable..
5 : ' ) ' '

° N ¢ . . o
Microminiaturizat¥on and increasing interest in_integrateé

= ., N

circuitry (IC) technology has made the use of inductors not -

4

»

bradticablp{ as they cannot be manufactured with reasonable

S

.values and quality factors within acceptable tolerance at,lbw

_ . )

.f:equeﬁcy., - -

R e R
g

2
‘




a These difficulties may be ovefcoﬁe.bi employing active |
. " ' & had : A . B
T L RC filters [3, 4]} .. Their aésign fequires only resistors and’

o
9 ’

capacitors along with active"Elements; The main attractijons
3 “ . " N ‘ o LY = - o v
. T of integrated circuit fabrication are 1[5, 6] increased system
e o r\ . - . o v
‘ ] ALl - ’ oy '
reliability and reduction in ’'size and weight due to micromi-

Y

niaturization. RC active filters can be designed to have .

several'dcéirablg féhtureé over’ the RLC filters and somé of

] ' . e ‘
these .are: .. ' % ' .

. c (i) The use of active elements remove the two restric=

s ~~~ tions frdm RLC networks namely passivity and

reciprocity. ' Thus adtive networks not only rea-

lize network functions which are realizable by

’ - v

- 7 . passive RLC networks but also can be used to rea-
‘liée charécteriétibs not achievable with\passive
networks. ’ C o .
- .ﬂ , (ii) Input impedﬁnce may be méde high cémpared to
source 1mpedagce and thus these fllters draw very
' 11tt1e powef from the signal source.‘ \
> iiii) Output impédanee, can be made low compared to that
;h - . - of the load thereby making the filter response
’ \ ' .
independent of thé load’'impedance. 'Consequently
the filters can be cascgdeq.without additional
buffers. ' ’
(1v) "The RC filters often provide lnsertlon gain which
may be desirable in many appllcathnswthereby

eliminating the neced for additional amplifiers.

PR ) ¢ . “

5y




-dujres have been reported in the literature [7, 8, 9]. These

(13, 17, 18]. Therefore this approach is usegd in this thesis.

used' in thé creation of active RC filters [3,4] . The O.A. [19',

i ’ ‘ ) o ) ’ .o

. Howeveér, active RC fiit’er's if improperly designed have

T

two major drawbacks, namely: A T $ o
v " ’

0 < ] ¢
E | : : 3

. ’ " [

(i) ‘They may become unstable. STy

{ii) - They may bé sensitive to network parameter varia-
+ " tions. )

-

, B po ' V)
¢ . . - .
Thus proper care should be exercised in their design.

' ~ .
. : e

" /

1 2 Methods of Reallzmg “RC Rctlve Networks {

A large number of RC actlve network reallzatlon proce-

{

[N o
”

can be classified as: . ‘ -

. , ' ‘
(i)} Direct approach, where the given transfer-functibn

iy realiied as a singlé section [10, 11, 12].
(id) éascade»apprroa\c.h where the.transfer function is

_ — expfessed as a product of first and second order

-

transfer functions [X13, 14, 15 16] Each of. these .

functions is realized independently and the overall

network- is obtained by cascadi'ng‘j them. -~ 5.

The cascade approach requires universal sections and

each section can be easily designed and optimized independerit}y\ 4

Several active devices such as operational amplifiers

AR L .
(0.A.), negative impedance converters, and gyrators have been




v ) -
\

'20] is the basic active element conéidered in this' thesis. =

1.3 The Operational Amplifier

The O.A. is a non-réciprocal two-port device, idealiy

characterized by an infinite gain, infinite input impedance
’4.—4

and. zero output 1mpedaﬁbe. In practice, however, the<0.A.
.«‘"‘ -
has a frequency depen&eﬂf gain A(S), a finiwe input impedance

and a non-zero output impedance. ,As'an example, the Fairchild

[ -

WA-741 has a DC gain A ofgzod,ooo; an input’ impedance of

2 MQ'and|an output. impedance of 75 Q. ' Presently the O.A;s‘

A TN

are readily available in an integrated form asAof%-the-shelf

g

' components. Commercially available silicon monolithic inte-

' A(S) is the dlfferentlal open 1oop gain which for a 51ngle -

pole frequency compensated 0.A. is given by: ~

grated 0 A.s are re};able, versatile, relatlvely Anexpensave

(less than $1) and have excellent propertles. N . -

t

O.A. _and its equ1va1ent controlled source represen—'

tation . are shown respectively in 'Figs. 1.3.1a and l.3.lb.r

The output voltage vb is related to the differential

input voltage;vi = (Vé—Vl)'bY= . . - _ .

! N

Vo =A(s)vi o o - | (1.3.1)"

\

%

@ 3 . -', . = “t

. Ajw ‘ oL .
. A(S) = e S e . (1.3.2)
. > SFo) , . . . .
“c < _ .
'b « ’ . . ' . '
where Ao, W and‘'B = AOwC are respectively the D-C gain, the

cut-off frequency and the gain bandwidth product of the O.A.

e
L] ' v

.
e Wi AT QI Sty D et 4oy e S s

)
i

)




- N :FI"GURE‘ -1“.3“1

. . fan

’ . 4 MR . -

o l — e -0 -
- 'FIGURE 1.3.1b - . S hoo o

[ 3

LR I A
P .

THE OPERATIONAL AMPLIFIER AND ITS -,
-CONTROLLED" SOURCE REPRESENTATION.'

’

- . v
-~ ' -
.
’ -,
- . °
L e el e ——p o
0 t

- -
LA

R T
. 3

v



,
« al . ‘
%o -

Ab and W have large tolerances in addition to their = '

dependence on the temperature and power supply voltages.‘

Hence the characteristics of networks whose response are

: highly dependent on A, and/or w. will be subject to variations

0 c : 2
‘ N .
"with changing of temperature and power supply voltage. '

f
A ' 5
a . d ,

1. 4 Slngle and Two-amplifiers Reallzatlons ‘ ‘;%

°

The number of ampllflers in a blquadratic filter sectlon

- o

may- be one -or more. Varlous sirigle, ampl;fler and two ampll—

"fier networks have been reported in the 1iterature* [l7—18,f

P 21—§3]. For the realizations where the galns of the‘ampl;—

fiers are finite, the denomlnator polynomlal can be expressed -~ = -

D(S) = d)(S)d,(S). - K n) (8)d,(S) - Kn,, (5)d, () ™~
S ot KyKyIny g (S)ny5(8) - n12(8)ny, (S)] |
' | | = (1.4.0)

-

;o ‘n..(S)~
where g8y °re passive RC transfer functlogé ‘and Ki' are

- >

the closed loop, 71ns of the two O. A s. The decomp081tlons

corresponding to.’ 51ngle amplifier can be obtained from Eqn. e
(1.4.1) by putting K; or K, equal to zero. mable 1.4.1 gives
the summary of the results contaikned in [34} as these will be

A T e S ’ T t v .

—_— -

utilized in the present investigation.

*Only some of those networks which have appeared in the recent
past have .been quoted hcre and these contalu many other re-
ferences.

'
- -

7' . '/ i ’ \A
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1 5 Pole -0. (Q ), Pole- FrequenCy (wg) and Thelr Sen51t1v1t1es

. ! ,,um’ A d(lnw ) z. de o ‘ - ..
/ “Sz = m -l;); a-;— ‘ - L | ‘ (1.5.6b) ‘
. P , ‘ . ' . 5 ; .

-
/ ! v R e ' ’ '
. » )
- *
* v

' Con51der the second order,transﬁsr funetlon T (s): .
+ 4 s , ~ \
’ ’ ‘ N S N ' '
< . oo (s) 5 2l . M) (1.5.1)
v ~' D(S) 2 N , . . . .
- ‘ PaS ¥ PStPy
( : .
where N(S) fs a pélynbmial of~second'oraer or‘iess which de- )
e - termines the filter' s characterlstlcs Qb& Péss {LP), High'
, R .
q Pass (HP), Band Pass (BP):, Null (N) or All Pass {AP).. ” , o
) -* The quant;ty Qp is deflned by’ . - -
X PR ' . ~ - . '
o : 3 - - b - . ‘
. ‘ : {popz} i ' . ' ‘ o . e
Op = —5— : s ’ (1.5.2)
. pl . Lo T
4 . . -
. . ' o o o o - / M ’
. . . and the‘quantiﬁmeP is defined by: ™=
(Y . "‘ } . ". : N - . - ‘. ) .
‘ S _ pogt | . e ’
. Wpo= {5;) . - e ‘ , '1(1.52%)
) , ‘THence the_transfer function T _(S) can be rewritten in the form:',.,
) ’ B ‘\',’) ~ Lo ‘ . . ‘ ) | ' ‘t/ - .
T (s) = —8L e S - (1.5.4)
. M 2.%p ., 2 S ' :
' , . . '8TH5— Stuy . "
. = QP i . . . 3 . Lt '
v o ) 'The sensitivities’of Qp and uw, with respect to the vatiation
of a-network+«parametey 2z are respectlvely defined as: .
* ST L el - . : . ' ’
‘ . Cs.gL o digel) L do R o
- ' s P é’___é_g__ - __Z_ P . x_ ‘ R . (1.5.68) .
| - z -d(1nz) QP dz P ,
* 4 ‘— N . \

»vq
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-~ n

RC compone

process ‘such that:

Hence from Eqn

.7 R P v T 0 b ' ‘ ' ’

e N y

The fractional cHanges in Q, and w, due to variations in i
'the network®elements are [35, 36] : ' . . T
I a0 2K g O AG, Q- ' aC. @ <
e S KﬂSKPJf R i (1.5.7a)
P2 o i i3 73 o : —
. s i .'ﬂ? R -
Aw AK,  w AG, .w AC.” w ‘ s
oy s el Fs Sl Lk (1.5.7b) - .
, %p 1Ty E R T ' -
h @~ ‘ ) ‘ ‘,h_ ‘
where K 1is the closed loop galn of the £ 7" amplifier in the

-th

network “G*'is the conductance of the i fesistive element

in the network. ‘Cj is the capacitance of the jth'capacitive

element in the network. o - B .
Equation (1.5.7) ,shows that not only the variation in Q,

andrw, due to @' should he designed to be lohybut also. the

P

variation due to passive eleﬂfnts should be made low. H&Wever

A ‘ .
and monolithic integrated OAs is used, perfect

if hybrid 2ZStechnology whldh make use .of tantalum thln f11m 2
n

tracking of paSSive'elements is obtained; that is, the vari-

ations in similar passive elements due to changes in tempera—

e - ~ ’

-.,g‘,;;n 2 ’

' turé can be made equal, 41t is also possible to control the -

o . —_—

AG,  AC, ' : .- R .
—El-= —EJ-= ég-= Constant for all i and j . (1.5.8)
-i J o ) . '
. i : . E

(1.5,7) and (1.5.8) we get: - . .

-




’ :‘-‘_ N — o
‘\.,;'.‘7“' ' B
. ‘L AQL oK ' 0 . . ..
— =1 sg + 2l 2+ s © (1.5.9a)
p 12 Ky G5 6 5 C S
' Bw_ -~ AK w wp o IR
‘ k o ;'«32: ;Tz SKR+ “gf G +1 s'CP] + (1.5.9b)
T P g, Ry i i S5 .
' “As it has:been shown ‘in {37] \
I soP + ] sgP 0 . : : . {1.5.10a)
.b' ' ‘ '1 1 ] J ' ~ 4 N
o ' - L
A, g, - C - ‘ : G
] Sg * I8, =0 * 5  (1.5.10b)
i i 3073 ' . - - ’
. Equétione (1.5.9) reduce - to:
| /‘ ' 'AQP Y'S o S , . :
C T ey TR, Sk, o : “(1ls.11a)”
e e T ' S ‘
- l"b M - f*_ ) -
» Aw AK w
. o=E= T 2 s . © (1.5.11b)
RIS T T A S : . C
;/a. ) ’ ‘ \" N ‘ "

. e It 1s clear that the use of thin film technology has&eliminated

-the effect of varlatlons due to pa551ve elements sen51t1v1t1es.
i~ .
Consequentky,not onlyathe netw0rks w1th low passive sensiti-
- ?
. V1t1es but also those w1th hlgh pa551ve sensitivities become-

attract;we . @ - L

¢

¢ o The relation between the closed loop ampleler gain K and

the cpen loop galn A is: [19 201

K Kk A e - ‘ .
e =0 & O : .o - ,
o K== Sgan L A>> Ky, o (1.5.12) . g
el 0 : S "
. A : ., ’ - , ,,_\’ . ‘ i




1
where Ko

o

X Q B
SA an . for ‘é K

o é§.= AR oK ﬁfﬁ SK =K s
» K A A ’Ko KO -

is determined by a ratio.of

f

lesistorsJ Hefice .
}, . t B ! '

(1.5.13)

(1.5.14) -

The “Second term of Egn. (1.5.14) vanishes because of almost. .

peffect‘tracking and from [37]."Eéﬁs. (1.5.1laj and (1.5.11b)f

therefore become: ‘ T o

S
»

A

R

-

- Let, in the case of two ampiifiérs {2

AA
A% = max |
. A A

Hence we have

.

(1.5.15a)

(1.5.15b)

*s

=1,2)

N\




1.6 The Figure of Merit F . : ," - oh

The quantity A% is completely dependent on the OAs usedf
Therefore —=-and are dependent on the factor, ] K S, .
% “p R =5 Y
It is known that [38] the varlatlon in” the transfer functlon .

T (S) of a, second order network whose zeros are located far
from the high Q poles r? given by':

AT (S) aQL - Auw
v b - : P .
— . = T 4 —
7T 5Y | Ty Py oo e
v .. . P P
S=6uw . '
) 2
Awp ' , - - ;
Therefore 1t is de51r£ble to make —_— 0. A sum of two posi- —
. P . ‘e s ' . ,
tive quantltles can be made zero only when the individual :
. - : 1
quantities are set to zero therefore: Py T
< . — L] . .
d le >
w wy " : . . ' ‘
Sy = Sy, = 0 ) , _ (1.6.2)
1 2 - ‘ T f

-, [

This is referred to as zero gain pole frequency sen51t1v1ty

product (GuSP) condition . . '

AQ ,
It is furﬁher de51rable ¥o minlglze —52 This requires’ 2,
' o, . @ P -
the minimbzation of K._S and K,S which is thes sum of the . i
1 Kl 2 K, {

individual GQSPs of the amplifiers. Hence we chpose in thls

thesr§,to minimize F Whlch is deflned as:

Q Q S o ' o .

~ = P P ‘ , )
F = |K X, K|+ |K2 Sk } | . (1.6.3) i
1 : 2 . )
. ‘ L PR Op
which is the sum of the magnitiudes of K, S and K, S, and
. B 1 K, 2 "K,

which could be- interpreted as the worst ¢ase deviation.
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it -is possible to obtain single

1.7 Realiigtions with Zefo GuwSP

It is known that [17, 18]

plifler active RC networks(SAC)hav1ng the property of zero k

GuwSP and minimized GQSP. However to the best of-the author S

knowledge, any study of the second order two ampllflers ‘net-

works on the basis of a dJeneral conflguratlon able to generat

all the polynomial decompositions suitable for the fulfllment’
Aw

~of the condition —;E =0 lndependently of the gq1ns ‘of the/

3

P

-ampllflers together with the mlnlmlzatlon'of-F‘dOES not appear

ey

Such a study is desirable

1

to be available ir the literature.’

inxthe tase -of hybria“IC implementation and an .attempt is made

i@ this thesis towards' the.Solution of this problem.’

\ -

1.8 Scope of tfe Thesis - ' . 4

. Thid thesis ‘discusses realizations of second order trans—
f‘%\(pnctlons by two—ampllfler RC active filters (TAC) pos— '

se551ng the property of zero GuwSP and minimized F.
' . " -

In Chapter II, the various possible‘deno

decompositions suitable for zero Gu re discussed. The
suc decomposiﬁions are studied. A

<

two-amplifier conflguratlon (not unique). able to reallze all

the above p0551ble polynomlal decompositions is glven.

different'properfies of

The

use of a generating function is,required to realize a given
t;ansfef function. This generating function could be of three

Q

- . " . 'S : 0
types, namely zoro order, first order, or second order. The

tbr-pqunomial

ro

.
! M b s




"and ininimized 'c-swsp. ,

.

ration of such circuits.

lized by-single ampilflers and have the property of zero GuSP

o0 ‘'

s .- * >

. - .
zero order i§~not discussed in detail, as it cannot realize

ih a 51mp1e manner the five commonly occprrlng filters. namely.

o

Low Pass (LP), High Pass (HP), Band Pass (BP) , Null (N) and

All Pass (AP). Chapter III discusses the case of the flrst

order generating function. . This provxdes a systematlc gene-

* For the fiiters obtained, the
GwSPs is zero and the quarntity F is minimized and design ° ’

equations and/or curves are-provided.

Chapter IV con51ders the case when the generatlng func-

+

“tion 1s of second order. .These generating functlons are ;ea— .

The overall two ampllfler realization pro-

vides Q multlpllcatlon while preserving the zero GuwSP property. é

' The resultlng Q-multlplled circuits have been optimized to

\ 2 . ;
§ 4 . ’

minimize F, keeplng the capac1t1ve spredd low.

Null and Band- Pass fllters were built and tested, The .

ekperrmental resultssare glven. Chapter IV summar;zes the
results of the: present investigation and proposes p0551b1e

»
exte251ons of thls work.

FE T, N
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2.1

‘can redlize d11 thne above mentionned polynomial depomposrtlons.

: It is known that Wy is a function of Kl, 2,as well as
of resistances(Ri)and'capacitances(cﬁ.lf the ‘active network - .
. is implemented using hybrid IC technology, A“@’z 0 is .
. -~ :" o . ', / B -( - MP - .
desirable "apnd as given by Egn.(1.6.2),we should:then have C.
. R R '
1 8 - , o - * P ¢
- ' NP L’P . \‘ . - — ' -
a SK (- ‘SK = 0 ‘ (2.2.
R T ' ) '

. satisfied. ' . : ) ~ L

"freqguency sen51t1v1ty product (Guwsp).

'+ CHAPTER II . VN , ’

1

[}

" 'POSSIBLE DENOMINATOR ?OLYNOMIAL DECOMPOSERTIONS FOR
TWO AMPLIFIER RC ACTIVE NETWORKS HAVING ZERO GAIN
POLE FREQUENCY (w ) SENSITIVITY PRODUCTS -

Introduction

o
‘.

-/ ' R .
In this chaptér'we discyss the various possible denomi-

nator polynomial decomposipions suitable for zero gain-pole

!‘a general

A Y

two ampllfler network conflguratlon (TAC) is pr@posed whlch

Further

A\

-

»
H
.

2.2 P0551ble polynomlal decomp051t10ns for zerd GuwSP

L

[
L

In what followé we shall discuss the conditions. and hence the

different ways of arranging D(%) so ‘that Eqn. (2,2.f) is




&
Fu
a

, - "\f, . ' N . | . oo ,f:: . : }
As stated in Chapter I, the denominator of any.two ampli-

- fier -network can .be written in the general form:
,can s i

. ) » o ) ,
| . . . . f/ . e 2 ) -
‘ ! - = i - ., - + bl ’ .‘;
1 , . Dis)l = Ly PRyKyayKye,mKapdyl St b +K1’(2‘3‘1 Kyer 4 1e
‘ R P . Ny . s
: - T .- B .
. " [_bo+x1.1<2ao 16-%14,] o 2e2.2),
Kl andwK2 are, the closed loop gains of theé two aﬁplifiers and

_are treated here as algebralc quantltles, positlve for the
. non lnverting ampllfler and negatlve for the 1nvert1ng one. f

Parameters a4, c, b are always positive and the a parameters

~can_be elther pos;tlve or negatlve,) ‘The pole frequency is

©

given by:

L3 : . ) No"‘ - ",
) +.‘ n ’ v
. . _ 2 1%23,7K1 65 J .

. - : - : .
ﬂgnd thefmp.sensitivgties with respect to the amplifier gains
R _ ] ) .
A0

are given by:

" - - ! -
Smﬁ 1 K Kza cho ., Kll(zaz--Ktlc2 -
Ki 2 By’ *1%2%07*1% Koy By Kpap K 6 7Rod
L -4 . ' - )' -
(2.2.4a) -
e 0§ ¥ ag 2 o KK *"szz _
- * P ” +
- Ky |2 bo 1K 2 0" Ky1Cp7Kdg - ByYK ) Kp3,p" 1 27K2d; | ‘
Ao . R . “ . (2.2.4b)




. . ,
LN - v,
.

(2.2.1)
" - - ' ' ’
then the relatiohshib to be satisfied are: s
. 5 . . o - ] K ) -
J , bo*K)Kpag K €y Koy _ Kpagcp  Kjagdy © (2:2.59
S BTK Bpar oy Kody  Kpaptcy Kyapyd, X
Then, froﬁ (2.2.3) we have: . T L J~’
42 _%2%07% _ F1%7% - o (2.2.6)
o P. o Ky8y7Cy, Ky#pmdy g ‘

It is desirable to fulfill this condition independently of

' _ K, and K, for the following reaeqﬂs: i )
i). If the condition (2.2. 6 is fulfilled 1ndependently
. " E)

‘of’Ki ‘and K2’ wp.w1ll -be dependent only on .thé pas-

. . ‘'sive elements.. This should make the/tun;ng 51mpler

B

' ; ) ii)’ Thls should also permit us to utlllze Ky
B . e * AQ° .
: . ' parameters in minimizing QP for any specified
p. S .

andol(2 a§’

. ' .value of Q... - e SN
. < * . - P . ., ., \ ’ )

. .
e - .
* -

Y

- A little algebraic manipulations-w{llfshow'that thelconj

dition (2:2.1) cad be satisfied independently of K

. , A > | nde K1 ?nd KZ!‘ |
' provided the folldwing is ‘satisfied: - LI
Y . -. . . . )
. . o , _r_y \‘ ‘
X ~ a b c d i
2 ) 2 . i o
A~ ™ . '\\r S
" ’ ~ .2




It is clear then, that; he corresponding coeffirients of
. - "
and S terms of D(s). should be

L om el
EETIRE e - oL S

_Kl' K.2’ Kle

o present.and satisfy Egn. (2.

in the $2,

). All realizable polyno- R
ol =

YT ] ‘by Egn. .2.2.7. are tabulated in Table 2.2.1. The expressions R

<@
for the correspond;ngQP and Qb sen51t1v1t1es with respect

.~ X ! \
N ol to the paramsters Kl and K2 as well as the bounds on these

I - » ) t \
sensitivities whqg,all the terms in D(s) are positive are

A

o ]
“oom o}

- - . 'ialso given in, the same table. If all.the terms are not posi-. .

‘o .
&
Pt N P . B

LN .( ) ~ - 3 ) ‘
N ‘ i . tive the bounds may not exist in many cases.

It -

‘e N
L N ~at

. h oL %(Péiynoﬁial decompbsitions 25 to 27 are respectively
- s . . . ) .

realizable [34} only in the forms: ‘\*

T

wd
| S ~”'_D(s) D S+6 516 )][(a X, )s+(6 -K{n,)S+(8-K,mo )]
- e ~ ‘ . " . (2,2.8a )
A D(s) [(fd“s%, 5 1S+8, )][«325+(5 K._l i K )S+60]

S R LAY - - 4 © (2.2.8b )

PR - 2 [ ‘
L 3 D(s) - (525 +615+60ﬂ‘(62 1 5~ 2/3)5"6 s+(50 K{o Komo)]

N ,‘ o . . , . (2.2.8¢ )
é’ o, ' o@t"/;' - . N , J

R S R,

& ¢ . . . . A g/ s .
. 3 _- ) - « lI y ” >t ‘i . N
‘ ,~}g§ These denominators can, provided suitable numerators are . e

-
- - ° N . o

» o " chose lead to secbnd order transféf'functions. However,
ooy at iﬁifl four capac1tors w1h} be requ1red and therefore
- ! polynomlal decomp051tlons 25 to 27 w111 not be con51dered

further in thlS the51s.' B ' v

P ! . oo L2 . ' N I . . -
- ‘s . < . . ) N
T , . f ‘. - . ~ . .
» ‘ ° . v -
. . . . !
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2.3 A general, two-amplifier network configuration

Py

»

A two amplifier configuration (TAC) is shown in Fig.

2.3.1a. It will be showrt that this configuration will per-'r"“\\>

’

tions discpdsed in Section 2.2

- mit us to realize dil the twenty-four pdlynbmial decomposi-

The sub-network which rea-=

lizes t (called the éenerating function) is. restrlcted

Il

-

only by(the condltlon that its output is- taken from the, outh.

L

plifier circuit (SAC) is required for realizing tv' The

radmittaﬁce Y. should be set to zero whenever ‘possible in

. put of an amplifier. This means that‘a sultable single am-

./

order to reduce the number of elements; however it will be

' shown later that in some cases Y_. cannot be-set to zero. if .

ithe condition expressed by Eqn. 2.2,7 is to be satisfied.*

L

Analysis of thé configuration shown in Fig. 2.3.1a

‘gives:

.o
(V)=V)¥g = V=V ) ¥ytv,

Y+ (V,-V )Y

’

(2.3,1)2'
(2.3.2)

(2.3.3)

*It should be noted that in the following derivation Ky and

‘__,Kb-a not 1nterchangeable and could correspond ‘Ygsp tively:

Dependlng on’ the reallzatlon




where

D, (S)

- Since the sub-netwbrk generating t,
fier network and since ‘the output is taken from the amplifier

output terminal it is p0551ble to express t

t =
v

¢

Hende Egn.

s _%n

Y1

<

N

Dy (5)

. , , ,
. v ¢
K Yot; o
’l‘)' < ¢ - (2.3.4a)
A - A
KY )
m 0 4 ‘o' iy
‘ﬁz;Tg‘)— _ G‘H B (2'03.4b)
Y ' , .
0 . e . . ) .
’ e o (2.3.4c)'
DA(S) s . . ST

-

= Y0+YF+YH+YL K YF KmYHtV ‘

-

(2.3.5)

is a single ampli—

as:

n, (8) o . B

——\g——g 5 - . (2.3:6)
. 0 A N ) . ; . . .
~2.3'.4_i:o 2.3.7 could respectively be reﬁritten as:”
i [ S
n, (8) Coe ® S
0 0 .- ‘ .
DB(p? - . ‘ (2.3.7a)
K ¥,D, (S) , ‘b
= . “r (2.3.7 )
DB( sy .. . ) _ . R
'Y D, (S) . ‘
Eaon ' (2370
B -
=,lY +YF+YH+YL K Y )D (S) -K Ko H 0(S) (2.3.8)

s . o ¢
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Beéause DO(S) can always be written [17] as:

~ DN

. : . . 1

"DO(S) = £, (8)+K £ (8) . ' . (2.3.9),

where'fé(S) is that poxtion of Dy, (S) with which K, is asso-

o = .. ciated and fl(S)_is that portion of DO(S) with which__K0 is

not associated. .It is clear that the denominator DB(S) con-
. . P2

tains KO; K and KmKo terms in the manner indicated in Eqnﬂ
(2.2.3). "

Since 'it is more convenient for several reasbns,sucﬁ as
the pbssibility of cascading several sectioﬁs without buffers,'

- and the independence,of the.transfer function from the nature

of the load, we will restrict our attention on the transfer

: N . . .V
functions taken from the output of an amplifier. Also vé
, . S 1
‘ contains zeros of Dy(8) in the numerator which will be of

T the erm‘(A SZ+A S+X ) . It’is obvious’that since D'(S)

1
should be a strictly Hurwitz polynomial, the basic flve

\fllter types namely Low Pass,, ngh Pass, Band Pass, Null and

All Pass cannot be obtalngd Thereforé our attention in this
v .
thesis 'will only be focused on T, = vi.given by Egn. (2.3.7a).
v l i ". '
‘A partlcular case w1ll be con51dered now. If we let

YF = .0 as shown in Pig. 2.3.1b the denomlnator of Eqn (2.3.7)

- - . ’
. ! ‘ \

i is glven by: .8

| ¢ '

| % Dg(S) = (Y +Y Y, )D (S) =K Ko ny (S) - (2.3.10)
.- - This form of D(S) is not quite genéfal as the one described




by EQn. (2.3.8) because it could contain only K0 and K Ko " ’ o
terms; however it w111 be shown at a later. stage that thlS '

configuration is_useful to generate several of the polynomial

'
] . . «

decompositions. © ‘ ' =
The network shown in Fig. 2.3.la is by no means unique. .

It can be modified in several ways and a number of othef -

-
-

' two-amplifier cohfiguratiOns can be generated. As an example .

the circuit shown in Fig.v2.3.ic'is~one possible modification -
y L ' ' ® g
. for which analysis using-Eqn. 2.3.6 gives: ' ’ 1

)

Z§,= [KmKOYHnO (S)HK YF“ £1)Dg(8)] L (2.3:114) .
Yl o D (S) . ’ LS
Va _ XmFo¥o Hpyt¥pat ¥yt ¥l BplS) 2.3.18) A
18 R N € - SRR Gt \
s : . | s T ‘ ‘
V3 KXo ey Yot Yty 1 Dy (S) | - ;
. T N D.(S) h (2.3.11c) 4
1 c’! .
C OV, Y I Y oYY LD (S) , :
= = — 55 . (2.3.114)
o.]. 5 ‘ . C- . . K
. 8
where N ) \ Coe ’
Dc(g) = [YO(YF1+YF2+¥H)+YFl(y +YH+YL7 K YFlYFZ}D (S) . ;‘
KmKOYHYFl o8 - : , (2.3. 12) | I
1

vIt is clear that a second ofder transfer function Tv
can be 'generated by using any of the following possibilities.

« ’ N .

. - . °

N . r ~ - .
N . .
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- % ‘when DO(S) is a zero degree polynomial.

.
\

.

A
R

. *

r i) JS) being & zero degree polynomial S LT “§1
’ ’ iii D ($) being a First degree polynomial | . ??
. iii).;Do(S) being- & Second degreg'polynomlal'u ) .;

. ¢ !

- We willjpow sﬁqw that the proposed configuration‘shown in . ‘-aé

Fig. 2.3.lacan realize all the twenty-four possible polyno-

-

mi§£’decompositions.‘ .
! L]
< . A/‘w
. ‘ y
2 4 The case of zero degree D, (S) : B
. -Without any loss of generallty a zero order transfer o
functlon realized by a SAC could be expressed prov1ded that,
-
the output is located at the output terminal of the amplifier {
éS: ’ : . / ’ - ) . " ¢ -
Ve T ‘ g - I B
T e - 2 NERCEEREIE
' 0 00’0 . o : ‘ ‘ ‘
' FiaikOW—Ggrst'cbndfﬁéqnsfre@uire‘that - .
_ - At _ o . T '
0 < < , N ' , . . .
¢ 0< ¥y <8 | , C o (2.4.1D)
_ . ' - . . i
Obv10usly YO is a non- negatlve quantlty whlle Ko,u ~could be f'\
either positive or negatlve. Using Eqn. 2.4.1 and Eqn. ;q-.
. . § . \\ LY
2.3.8, we get Dy (S) as ;. 0 . ,' .z '
' ‘ . - N N SN N . * ? L. e tr
: ‘ = - 1Y +Y Y W .4.2 .
. Dy (8} = [ByKgyv] [YO Yo ’YH ¥, K YF] Kmxoyn“o (2.4.2)

k3

. *This is designated as D,,(S) because thiefpolynomigl'1s‘obtaine¢

v 4
- [ T T ) . -




¢ GRS » ° 4
s ’ 7 o -
. R . S, ' ! \ <
. o , > , 32
\‘ . ,
N " w - :
) 2N ' * e N ! M g ' N o o
. \ ’ 'w-n . V ' S " ‘
\ It 1s obvious that a second degree polynomial cannot be obtal-‘ .
. y R
. . ned using 51m31e flrstorder‘ admlttances of the form : “
\),‘,— w* }J F 4 ‘. Y CS +G ; ) .-
. P : For this [').urpese admittancés of . the general form:, ‘
’ - N o R , , g v ) ' _ | B} N 7"
; ] e o ) ki‘(S‘-i- Zi) . . ‘ .
| ..‘,’““./—\\._, - (S+pi) ' ‘ 4 C .~ -
l ' o | : \ . - & ‘ : %-’ ) ) ' ) 5“
e e . ‘ :
- r o, o ‘ (¥ . R ]
N "alone or togoether w1th adm1ttances of the form shown in Eqn.
w ' Tt R ‘
< . " (2 4 3) should -be used. However their use necessarily produces .
.. . terims o& the form (S.+p ) 1n the numerator of the tr;n_ﬁer
L . _' ” uﬁct:Lon and hence the flve ba51c types of transfer functions -
&amely LP HP, BP N AP,uannet be obtalned w1thout one or more
g
PR pole-zero cancellatlonsﬁqﬁence the case of the zero. order degree.
- CT '1 T ! - N ' ‘ :
LR (s) iss nO/t further pursued in thJ.s thes:Ls. N o f
- :" , s ) , ” ‘ ::' . 4 ‘, . ~’“ . . ., ’ [
| ~ . }'3) 0 :,’f“. . - . . : . ta L
. . ‘l . . . ! ) . Ar ; 3 . . Ve -
i 4 a Yo P " ‘ ' !: L ’ N "
"2.5: The case.of first degree Db (s) S T T .
‘ 4 c T = < ’ , - n: , e ?1 . . p ' \.‘l
;& ‘I'Wlthout any loss of genegallt'y a first or‘dez‘:.'vtrlansfer ¢ ‘
! ' L3N . . s - -
funqtmn realized by a S C could be ex‘pressed v provrded that .
t
the om:put is taken through the output’ ‘of the ampllfxer . as: ,
Z AT B S v
- ‘; ) - (. ' N ) 'o" . , ‘s B
i - 4 : d‘:} im * ! a ¢ - N
. * . ,_." i - ,‘) , - ,
L] - . . ,
! A L » [ 4 ,' '
N VR . - )
- * d T, i 1
- LA . ,’ IS "’.1. .L' , ~ Va N
: - W o~ . . . ) _
1_‘ - 0 ¢ Ry 4 : h - L, G ’ :
' “ . . * N ' .y + § o ":HF'T - s _(




(s) _‘ " Kgla,S+ag)

Fialkow-Gerst conditions require that
N ) ' ‘o

-’s‘

0 <y, <8 0 < vy <By * (2.5:1Db)

where xl,:yd are non-negative quantities while KO,'al, ay,

I S ' o , ° . o
. could be.either positive or negative. Using Eqﬂ.gZ.S.l and

<'Eqn. Z.E.B‘Qe get Dp(S) as: ‘

¢ ! . D *
* = +Y_+ +
Dy, ’ [Y YF YH+YL -K'Y 1[(81 oYl)S (B OY ’n ‘
~ KK _(a;:S+a,)y Yoo : (2%.2)
: 0Om 17 "0'7H T e
Al - “

‘To 6§§aJn a second deg*ep denominator, the " admittances ¥,

jyould be chosgn.prppeﬂ&y. One of the possible -

~

‘Y P! YHI L’

.-

forms is Y = mS+n and therefore:

£

v = + ' I L
Yy T GytCyS Y =§G WpS ot
! ’ ’ - ’ ! (2.5.4.)
== + , = . - R
Y, - .%‘CLS . G0+COS .

N

Q

.

.Using these expre351Q€s ln DBl(S) given by Bqn.\(2 5 2)‘we

get' . C . '3 . s 1/,'4

vt x ..’.‘

. vm(

'*Thxs is deslgnated as BBl(S) because this polynomlal is gp;}
taihed when.D,(S) is a first degree polynomidl.

o * . " - /




- ¢

. - ! B N - N .
b & X - v 34
- R Il .Az ‘ ) N ‘
= +C_+ -
- . ‘DBI(S) S°{8, (C+CL+C +C )=K B,Cp’ *
§ ' . ' ' S
L] . . :_ + + - .
o . e Ky (CHCLACHC ) HK K (v, C ach))
| 3 oy, T S8y (GHGLHG +G, )48, (Cu+C Co‘cL)\~\~.
K ' ~ .. ' - h( . - . ‘ .
o Lo . s - . +G, +G .+ - .
: | K (8185 *80Cr) Ko [11 (G Gy o™ E0)
“ R Yo (C.A4C 4O+ ‘ Y.G_+ - -
o o Frg (CyCptCy C JFK_Ko (¥, Gy Coma, Gy aogﬂ)}
™, -~ o~ -+ +G_+G 4G ) -K.. - )
: - St (B GytGEHCYe ) Ky o CpmRg g (Gt CptCy Gp)
. - Y ’ ' " DI ! <«
P " + - M- , [y
‘ ‘ K Ko (¥ oCp=eqGy) ! . e
L ‘ " S {2.5.5)
R 4 . . > N . ) LI - -
L T - : For thjs denominator, the condition expressed in Egn. 2.2.7
« ) ..is given by: ' ‘ ’ . \\ '
. B +C, + “+C. - -
Br(CytCptCorCy)  ByCp ¥, (Cy#CetCo+Cy) :
¥G_+G +
By (GutGp*Gp¥GL)  BoGp ¥ (GytCpiGy*Gy) &
%%, 2 | S , '
<Y G ma G ‘P ' _ . (2.5-6)
“ToF Y0R = :

) - - .'. \“.‘. . . . . )
It is to be expected that depending “on the. realization con- P
sidered.it may become. possible or, necessary to set some Qfaf*“' K

the capacitances #nd/or conductances to zero. However in

' the realization.the conditions: .o ' o B |
. e . K
. A 4 , ‘ c B i .
DBy 4 Yy B a S . o]
ﬁ@% and _55 S i "(2.5.7) R
P07 Yo~ S R I S ‘ N
‘ R T ' ’\' . 1" . . ’ L ,' , '
if satisfied simultaneously give rise to a constant t, and .Y
- C e it h ' . " o ' — .
v oo . ! » ' F I - C . . R ]
- s S ) oo S . " y
. ll . ' . E P ) . \ ‘
. : o .
- o C S S |
, . .‘ ' ~ .4 - :-Al - : '
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i
4

— . B . a4
hence the resulting Tv is‘notia second order transfer func- %
. 2
tion. This possibility should be avoided. 3
- . . &
. *  From Egn. (1.4.1) and Fialkow Gerst conditions, it fol-

Vo] ' , \ . .
' lows that for this case only the polynomials decompdsitions
* 1 I' \’ ’

T, 1, 4, 9, 10, 15, 18, 19,. 22 are possible. _These areé tabula-
///dai ted in Table 2.5.1 where the quantities to be set to zero .in
DBl(S) are also givén for each case. It should be noted

i o that in the cases of decompositions 9, and 22 there exist

two possibilities which are also shownt This case is further

discussed in'Chapter III. } : : ﬁg,

2.6 The case of second degrce DO(S)

Withqut any loss of generality, a second ordcr transfer
function realizéd usiné a single finite gain amplificr could

be expreﬁsed,'pnovid?d that the oufput is taken tﬁfough the’

output—of the amplifier,.ast - =
i | "— , -
~ Kono(S) _ Ko(a2S +ulS+a0) [r\
R Py C R )S24+(B =K v )S+(B K y.) |
2702 170" 0 070
s ' ‘ (2.6.1a) |
. ‘ ]
Eialkow-Gerst conditions require that: i '
T P \ : .‘ 3 ’

0 < vy < By o<yl~'<ﬁ1, L0 < vy <8 (2.6.1b)
where Yor Yir Y are non-negative quantities while KO' One
ay s Gy could be either positive or negaéive; Substituting -

LY

f

3




t= = ::il . T ' | '
Yo 90 YF GGF YH GH Y G o (2.6.?)

we get Dy(S) as: . . B

. A S ' ' . o
* = + +G, )~ - +G, +
DBZ(S) N S [BZ(GOF GF+GH GL) K,m §2GF KOYZ (G0+GH4..GH GL) .

:ﬁPKo‘YzGF’“zgu)] :

- ' -+ S[Bl(G0+GF+GH+GL)—Kms1GF7KOYL(G0+GH+G£+GL)
' +¥mK6(ylGé—alGH)]' , ea‘f | "

+ [30(GO+GF+GH+CL)-ngoGF-KBYOkco+GH+GF+GL) N
+KﬁKO(YOGF—aOG;)] | ‘,‘ o (2.6.3.)
| NSO

From Egnf'4;2.7 we get . ' S . -
~Bo Yo %0 _ 2 ¢ S T (2.6.4) °

82 85 . P - . - et

-
EY

T

3

It isiknown‘ll7,18] that t, can be reaiiied by various decom-

positions of DO(S) involving Kye By proper choice of DO(S)

znd the conductances CO, GE"GH’ Gy, the decbmpps%ﬁioné 1 to

'8 LI s
.24 can be achieved. Thgse’are'tabulatéﬁﬁin Table 2.6.1:

<

The quantities to be set to zero'in DBéfére also given for.

each case. It ' should be noted that(in the cases‘of e

P 4

*This is designated as D, (S) bécause this pblyﬁ¢m1a1 is ‘ob-
tained when DO(S),is a sécond degree polynomial. .

3
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.decomp051t10ns 9,
‘are also shown. The pole frequency of the denomlnator

the transfer function given by Eqn‘

{

.
s °

.
. TBo o¥o
P0 " B Ko

12, 22 there exlst two p0531b111t1es which

ok

2.6.1. is:

(2.6.5)

wﬁiléuthe pole frequency of 052(3) given by ggn. (2.4.3) is:

v -

B (G+G+G+G‘)KB

+KK ('Y

0CF~ Ko

.' T
~a,Gy) - b

. L
‘Go+G 7 Gyt Cy),

¥G_+
B —(G GF GH

.

- If the qohdition‘ekpressed by Eqn.

~

have‘wp,=‘gpo.

82(6 +G +sh+c; ) -K 32 P

—KOY (G +G +GH+GL)

N «.‘—Kmlf (Y2 F‘-uzGH)

+ - .
L YRR (rpGpma,Gy) ‘

+GL) K 82 F OY (G +GH+G ¥G_ )

H

5L

(2. 2 7) is fulfilled we .

The Q of’ D Z(S) is g1ven by: .
- ‘0 r—\’ 'l‘ -‘1‘~-"“

&

B (G &&GH"’GL) -K 80 F

Q. = ~—
p B, (G ¥G,7G,¥G ) K wB1Cr K

. +x Ko(BlGF

~

This could be expressed as;;

*K K (Y F 02G )
+G +G-+G£T* N
' .. (2.6 .7) .

071




r e

' tion the followlng could be mentloned. / "

+G_ 4G, +G_")+
(G GF Gy GL{, .

azG )-rK B

(G +G +G +G 3+

K (1gCp~0Cy) “Xp 800k
Bo o*o
(ylG 6*) -k 3

v ?1 01 27

S o ' . (2.6.8)

Ko (v,6p

B DY

9 ' (G +GF+GH+GL)

{(ByKgY,) (87K gy )13 Lo Lo
- _ LByKy o Xovg?tt _
L X 'QPO—_ . Bln l l : ~ . - (2-609)

) ‘ »

is the Q of the SAC transfey fufiction given-in Egn. 2.e¢l., -

- ) ‘ )
Hence it is clear that if the passive and active parameters
) ' LA : ' “ * Ed ! . .
are properly chosen and if the filters are fabricated in
> » 2
hybrid TC rerhnoloqy the g1ven conflguratlpn\achleves a @

-

multiplication (multlpllcation of Q of t- ) whlle keeplnq ‘the

A

pole frequency wp invariant. b

- ' S

———

Q multlpllcatlon has already been menxloned 1n the li-

terature and a 51gnal flow graph for achxev1ng«1t is glves O
fy
(311.. This paper does not'dlscuss any reallzatlon or further

probertles. Among the 1mportant advantages of Q multlpllca—

o~y
- JN . ‘ o
Py
St ~

i); Low~Q ‘circuits having good circuit pfopertie?’cah’

be used in sultable Q multlpller berUlts in order.

-~ —

wﬁm




.
vr

L3
-

onés %@Q@ng their properties optimized indepen- '

. . v , H N A .
dently. . . . . _ ~
R .. -
High-Q positive feedback circuits haxe.a tendency

A4

to become unstable although they may have other

.good propertles.' ThlS s1tuatlon could be im-

proved by a comblnataon of low—Q positive feedr

b’eg:k c1rcu1ts and a Qgglultlpller possessxng a ne—u

LS

1
)
|
I ’

gatlve feedback loop

.5 +iii) In many 1nstances tunlng/is Slmpllfled.

&
[, 1

- i . .
B ', L
)

- S . The case of $econd order D (S) is further

. ’
' ' \ "

| dlscussed in Chapter 1v where the reSultlng filter netgy
A 3

> works are referred to as the'"Q-multlpller cicuits" (QMC)

LS

N P . . %
v - v a PRI
\ * v T, . .

-

;f:f 4Sumﬁary and Discussions
§

. -
’

. Cd y N i . '»",‘ . A
v .- In this chapker, we have-consxdered the various possible

denomlnatorﬁpolynomlal decomp091txpns for two ampllfler filter

networks hav1ng-zero GwSP. For hybrid’ IC 1mplementat10n, .
A |
1
thlB will lead.to deslgn of fllters havlng zero functlonal

dev1atlon of wp which is a highly deslrahﬂé feature for high
Q appllcatlons.\ '

\

f, . A conf;guratlon is proposed (though not uniqud) whlch is’

‘-

,nshown to be capable of reallzlng all the above polynomlal
]

3,

decompoéitlons. Thls 1s possihle by the use of three types

of generatlng functions. These'generatlng functlons have to
. N .,
'be reallzed such that the output is taken from the output of

B, [

an ampllflex. Out of th%fe three 90331b111t1es, the dases

v

. ‘e

¥ . o B PR

x
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Lf © of the first and sebopd'order‘Do(S) ﬁili be discussed further.

L . ’  The case'of zero.order- Do(Sf\will no®be’ discussed any more

/ - . v

/ , i because. it does not appear to lead to any filtér design ih a B t
- _simple manner. . The case of the s,ecci,ﬂc?f&é‘&" D, (S) *appears 'to‘f

> -0 - . . . '
. ‘. be- particularly attractive as in this case starting from an

) . . . . . . L4
: optimized SAC filte}:. A TAC filter can be designed such  that

] ) “‘Q—multiplication", is achieved while kéeping the pole fre-

#

quency “’P- invariant. X i '

. 3 - -

N ‘
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CHAPTER 11T

)

T THE CASE OF THE FIRST ORDER GENERATING FUNCTION , -

oL g ' . £ -

3.1 " Introduction . o

i

In the previous‘chapter,‘we considered the different
© polynomial aecompositions having the property of zero GuwSP . =

N

s ' and proposed a general conflguratlon for reallzlng them.

Ty

F Rl
e

: Further 1t was shown that the generatlng function could be
,elther of first or second order. In this chapter,'we.shall. .
'dlsC&SS reallzatlons in which, the generating c1f5u1t produces a .

L : ‘ first’ order transfer function. The quentlty F of the re-

e "sulting two amplifier network will be minimized. This re-.
e L, ) ’ AQ R .

* ol sults in fllters haV1ng zero GuSP and minimized QP The ' -

P .

_.technique is 1llustrated by Selectlng approprlate generatlnq

R . : \
« -
N . .

c1;cults. N - S . SR

~

—m— M e
*
i
|

-

. ~ - - - . - , %

55, ES

. o I CoL .
Z N AY
’ 3. 2 The Basic Conflguratlon with First Order ‘

ot Generating Function . ‘ , o _—

«

The proposed conflguratlon is shown in Flg. 3.2.1. g "

Us;ng Eqns. 2 3.4a,2.3.5 and settlng V4= Vo we get

.
v - -

,“,""‘ ,, v ) ' KYt _‘ _ ‘~v M “ ' ) .
e o -0 _- m 0v ) - (35;31)

Y ¥
1 - Y0+YF Yy YL K¥p~ Kmxﬂtv

[

|
. <

L TTTS e © s ¢ s

' From Eqns. 3.2 l 2.5.2, and 2.5.1 we obtain the transfer

——

functlon T ©f the conflguratlon shown in Flg 3.2.1 as-

[AE N -~

. 7 - ' R 4
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FIGURE 3.2.1 THE PROPOSED CONFIGURATION WITH FIRST ORDER




L R et R

¥ ‘ , : - 48
L ' .
. * Ko (6t CoS) (a;5%a )
. LT Ty 2 _ ] _ .

. 87 (B-Kyvq) (Cy*C +co+c ) =K 81+KmK0(YlCF,a1CH)} .
" 4 + - E
] + S{(Gg+GL#G*+G ) (B - oY )+(c +C +c0 c L) 8o Kor )} -
. ’ ' - Km(y lGF2+Y 0CF2)+K K (a G +a 0C -ral H—GOCH) g

T + (B85 Ky o) (Gy* Gyt G* Gy ) K 8 oGt KKy (y o GpmaGy) )

: : . ] : 0 (3.2.2)

[y

.Table 3.2.1 gives'alllthe possible polynomial decompositiqné .

and for each one the correapending generating function tv'

the transfer function of the entire circuit Tv’ its poles Q E ‘ é‘
Q Q N—_—
(Q ) and active parameters sen51t1v1t1es (S P) and (SK_) as \\M
0 . 4
well as their bounds when all the denominator D(S) terms are
’ 2

S

, positive,

"

It is slear from the numerator of Tv that we should RS ' / q

expect to be able to obtain Low Pass, Band Pasg)and High Pass

transfer functlons but no Null or All Pass oness The number

of elements (partlcularly the capacitors) may seem to be high
» ' . —
' in Fig. 3.2.1. However it'should be noted that several of -

these elements could or have to ,be set to zero.in order to

achleve the dlfferent-polynomxal decomp051t10ns and the dif-

ferent klnds of numerators of T . . ’ ¢

)

‘Table 3.2.2 gives the quantities Which_can or have to be

. set tquero in‘érder to obtain a T" 1t. shou%d be noted that
in some cases the element5°are kept for the only reason that
' thelrfremoval would make the condlthn'expressed«ln Eqn.

. 2.5.6 (which_ensures zero GuwSP independently of 50 and Km)
- : A

P v . ]
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impossible to fulfill. It is clearly 'segn from Table 3.2.2 - :
that L.P., B.P., and H.P. transfer functions are obtainable . .
using polynomial decompositions 1, 10 15 and 22. o

\ From the foregoing dlSC\JSSlon it is clearn that the eight 4
'polynomial docompositions can be obt¥ained by using only'six- - )
generating functions. ’These are tabulatéd in Table 3.2.3 . ;
together with the polynomlal decompos:Ltlons which are reall- -
éable by each one. . In fact the generatlng functloQ . LO and

BO can be con51dered as two partlcular cases of LBO; also Ll

as well as Bl can be considered as two partlcular cases of

LBl, thus redu"cin'g the number of'géneratin'g functi‘onﬁ to two -

only. . ) B

The £irst order generating circuits can also be classi-

7‘fiéd as: . ] A.§
(1) Passive circuits cascaded with an amplifier (called
. RI). . ' , - T
(2) Active circuits (called RII), - IR

[ ‘ ™

» . . . . ’
A detailed study of four ‘representative TAC's will be’ given

"at the end of ths chapter.

N

Table 3.2.4 gives as illustrative examples TAC's classi- -

-fied according to the kind of generating circuits from which ’ o

they are-derived. These \{AC's have been chosen among,those .
which realize LP , HP , BP transfer functions. w1th

the use of no more than three capacitors. 1In each case»the

identifxga.tlon with the' general para’meters used in Table’ 3.2,.;4,’\
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. TABLE 3.2.4 (éqritinged)
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is given and hence expressions for the pole Q (QP) and the’
- . W W l - t
active sensitivities SK "SK are easily obtainable.
. - m -0 T , .
Some of these circuits might have appeared in the liter-

ature, however it should be noted that they are derived here:

systematically as special cases so as to satisfy the Zero

4 . 4 N
GwS8P condition. . . . .

- -

!

ap . - o
A 3.3 A Band Pass Realization of Type 1 -

The overall realization consisting of two amplifiers is
° 9 * t

shown in Fig. 3.3.la (Figs. 3.3.1b and 3.3.1c show the actual’

’ The generating circuit is of type RI. The generating transfer
function t, is of type BO. The TAC is a Band rass filter of

i . N

. L realizations of the two amplificrs,contaiﬁed_in Fig. 3.3.1la). .

-

type 1; Its iransfer function is éiven Ly ' : '
- ’ R - v - +
. i , o K KGyCyS K -
- - "BP1 2 iy ‘
' + + + - + +
. L ClCLS [GlCL Ql(Gb GH) KmKOClQHlS Gl(GO GH)
- T . ¢ (3.3.1)
B - J e o ' GA ’ . ' M \ ‘., .
=' + =2 ’ b .
; ) Km 1 GBy , ‘ s }}.3.}a)
- 4 N G y . ) - ‘ * )
CK,=1+ 2 ST LY (3.3.1b)
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" Frow Eqn, 7.3.4 it is possihlé €o express the quartity KoKy
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Hence using Eqn.’ 3.3.8 and 3.3.°9 :
s ' . ’ . . « o




- - -
5o
b ] a
-
o
L
: ;
'.
4
\
| R
.
Pl
t
-
<
° .
P
"
.
-
te
LV d
>
‘bé
ok
Py
2
‘ ?

A2

.
- :
(3.3.10) .
- . ' . 7, . . ._ ‘ .
From I'yn. 2.3.9 ond N 3.3.10 it is edenethat for any .
s . - . o ' ' ’ . N . | ’ ’
prase ibod value of- Qp,.and for give, valurs Gf the pasrive
. N o’ g : ' \
- - N . ‘ N f 1 .
clemeatl s sthe sallest valy: of F oic obtained i1 we let .
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— e ettt
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—_ . € c . o o N
- I T PR . . . ) » . Y . . A .
. ' oo e . ’ l\ :
Gl L l" . . s ‘,‘ ."‘ . - s o Y
i T , . Co _ ‘ o (3.3.14b)
_ G-u . 1‘ ' oL . - o .
a % B . |
66‘ P ’d‘ ) "\.";‘:\::)'i. : '}“m » . N o . .
' -G-m— = YQ ) bl \\:\,:-w . “ (3.3. 14C). .
Ol T . «
o> ‘ _ , ' . - . ‘
& A ’ ’ H * N ' ¥ s
- - ' N \“ " ! ‘ N l\ \ .
- - ! o . - - .lL ) ’




L] J; )
N e ] \
We .get - ’
Lty gy v ) 3/2 o o
‘Fm’é' 2QP A l/é ‘v (3.3.15)
f . [Ylvc(l+Yo)} ‘ . .,1
“Purther Af we define ) " '
1+ Yo = X “ (3.3.16a)
y N : ' AN ;/ .
’1ch = Yec . (3.3.16b)
I Lo o ” -
F_ becomes ' ~
- R . ‘ ™\ /
Ixty, 3/2 .-
Fn = 20, (x )]_ Z -, . N (3.3.17)'
"ie!. : o : .
e~ C e : ‘ v ‘ -
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Fig. 3.3.2 shows the.variation of 63 versus'yl for,
- : P'
, several values of x. The lowest value of i is 5. 2Q aq? is

\obtained fo&:iy1

= 0.5 and x = 1 which 1m911es an unrestrlcted

) resistive:- spread. The follow1ng set of. de51gn equatlons appears

a8

spread Yir and of Fm for spec1f1ed values of Q and of the capagi— !
tive spréad Yo -Letting . , v o . i
\ - - ' . > TR . .

L) - - . ’ s ‘ ~ . X ,.v.‘-‘

Y, = ¥a = Y ' ‘ - ‘ " (3.3.19) C

. 1 0 ' ~ > .- . * o
S ~ F ' N o ¢ l b
, 1n the expre551on of Q gi»ven 1n Eqn. (3.3;15)" Minimization - ©
F F_ *p , , . ‘ 2

of (——) u51ng aa ( m) = 0 yields : . ‘ “ 4
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to be é\g_pd compromlse abke to achieve low values of resistive
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The corresponding Value) of K

respé&tlvcly from Eqn. 3.3.12

R 4

(3.3.20)
NN
A F | .
= Ko'* K and oo can ‘be obtained
R -~
and 3°3 15 as S
* =

)}1/211/2

K= [Liy (I+y )- {Y}c(14Y (3.3.21)
~ ¢ P - Y
kJ N .
and * -t l
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G- = 173 - ' . (3.3.22)
P vy ()T e .
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Fig. '3.3.3 shows the varlatlon of v, Qm Yp Versus Yer
Wp and QL can be erressed as )
P3 N ' 4 ~~
Gu M v
p T Y Y(1+Y) . (3.3.23a)
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‘1 /2’ ‘i ’ H R ) N t '
(rr (1+y) 1777 ' ’ , )
o, = 5 {3.3.23b)
Ity (1+y ) -K® K
v c - ’ - .
Tﬁézelemedtal-vaiues/are determinéd when mp, QP,Aychand
‘ hence y) are prc§cr1bed using Eqns» 3.3. la, b, 3.3.14, 3.3.19,
3.3.20, 3.3.21, 34@ 23. | ’
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crete elements and tested
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3.1 Ex per1mental Results

T

v

. The network shown in Flg. 4.3.1 was bu11t up using dis-
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. Any of G Gﬁ or G, can,be used to achieve the tunlng of w

p*
" Then any or both of Km' KU.can be used to achieve ‘the tuning

st

' “of QP‘without aﬁﬁecting the value of wy, because wP‘ls 1nde— f'

v

.pendent of both K. and mell. ) \

The circuit was implemented using ‘1% tolerance resistors
as, s ‘. N - . ¢ . . .
and 2% tolerance capacitors witfh values chosen to be, within

the range of.currently available elements, as close‘as pos-—
31b1e to the des;gned ones. (Trim pots were used whefever

necessary ) The OA's whlch have been used were LM74l. Actual

o

.values obtained are.

Wp = 1000.6 Hz. - . .-

. Fo, = 990.2 Hz, . Fg, =-1010.4 Hz, - .
N - . -
\\\Eg = 49,53 —

. - M ‘ ) . , /\ , ‘J .‘
QP and wp variations from their designed values are 0.93% and.

0.06% respectively; this is due to the small differehces

K Ll : s . v P \
‘ between .the designed values and the real ones as well as to -~ . _
~ t N N 9 .

‘the folerance of the elements. Power supply voltagés:used

: wére.?lovland~ilsv._vhlso the OA'sfwere heated .and theirw
' temperature controlled- The resp0nse was experlmentally ' _';‘5,
measured and plotted at 22'6’(room temperature) and 70 C for
. both power supply voltages used. Only the OA' s were heated;‘°
the paSSLVé elements Were not heated in order to 31mu1ate '
Hybrzd Integrated C1rcu1t technology
As shown in Flg. 3 3.4 nokeppreciable change in the

response wai observed, thus the experimental results conflrm “ﬁ
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Effect of'the‘pple of the OA on d> and w [17 33}

R plac1ng the ampllflers of Flg, 3 3.1a by the networks

of Flg 3.3flb and 3.3.1c the analysis gives

i _
— X+

S A
QW “lcw (JL+

»

x; (S)"x e (s)ﬂ

(3.3.24)

! -
'(3.3.25a)

(3 . 3‘-'25b)

whére + .
1 - N . ’ .‘“r
. . ‘
0, B are the unity gain bandw1dth of the ampllfxqps. W SOy

g‘are the poles of the ampllflers. Ao Bo/wo,Am Bm/mm are the DC

. gains of ‘the ampllflers. We get
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. ~.D(8) = 4544 a,5% a 5% ajs=(s4P)) (4P, ) (8 45-— s p) -

w N m' W, X y Y .
4 “m 1,1 0 Up lc .
S" l==r] + s, r-—( Py S k=) () L+
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0 m 0 m :
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.j * The domlnant roots of D(S) are contaanéﬁ 1n the factor

CS + aPa 'S + '2 ) S, o .
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Using Eqn. 3.3. 24 the valucs of —

.

(3.3.27)

s

and X due to the effect

of the polec of the anpllf}er have been obtalncd for various

values “of w and are given in Plg 3.3.5 and 3.3.6 respec-

P

fivoly. .The use of oA LL1741 has been assumed in these compu-

R .
tations. ,
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¥
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The overall realization consisting of two amplifiers is

> >
shown in Fig. 3.3.la (Figs. 3.3.1b and 3.3.lc show the actual

realizat;ons ef-the two amplifiers contained in Fig. 3.3:1a) .,

This is a Low Pass filter containing an RI

hav1nq a t of type LO and the dcnomlnator of T

The transfer functlona;s-glvcn by:

‘

} ' ; R_KG

T . . 0 O 1
Lpl 2 + + ¢ 4
s%C,C*S [6,C+6C) K K(G,Cyl 16,6
-
A
= + =
Km 1 Gb
-
o B \’«

generatlng CchuiE'

>

is of type l.

(3.4.15)1‘
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Neeme

(3.4. lb)

(3.4.ic)
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LN ' For the transfer function given iR Eqn. 3,4,1 we have:
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GG, /2

;. < g 170 : . ;
f}:’m = {-—.—.—.‘} . N | -
PTG i
. 2 ‘ . ) .

Y ¢ I I S

. ‘(E-.— C o ;‘ ’ f )
1. 5 .
S QT g e | (3.4.4)
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" “"The.technique of minimizati¢n ‘of F is the .same as before; L :
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_ however sihcé'tﬁe equations are diffefent, it is discussed
\ 4 - i ’
: below .From Eqn. 3, 4. 4, 1t is p0551ble to’ express the quagtlty
3 ;Ax KO as ‘ o ’ ' o ST \ N
-‘ i . ' n‘ ' v -\ ' ‘ i ' “a
’ . , . " , * - 1] .
gy gy Y2 | NN
KmKo =1 ¥ '-G—-'-c—— -. ‘é“{'(-;—--'é-—} o (3.4 .'9) ’
e 1™ *P 7k CH . s N
‘ .,;kv ’
? * Hence using (3.4.8)-and’ (3.4.9) : S
. ¥ o A} ~
m s ‘ ,
gy 1/2 ‘ -
1 G, C G, C ) . .
S (x+x)[yuQ_Lr 1{0_1} ] o’ Y
: - 0" " 6.8y 7 Q9 Gy Cy a
R L F = ' (3.4.10})
; G. c. /2 . :
f "ﬁ _l-__{ 0 l}‘ ' ) /5;' ' . N
% c'r e
3 Qp G Cy ' -

From EQn. 3.4.9 énd 3.4.10 it is clear that for any prescribed
.o .o ) \)
value of QP and for given values of the passive/elements the

smallest value of F is obtained 1f we let

" (3.4.11)

" (3.4.12),
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which is:a valid assumption ds long as the spreads: are

5 -. . modérate and Qp high; and .defining -~ { <,

. 'L , . . . C. . - . 7/ . . '> . . ' ) t \‘.. .
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FJ.g " 3. 4;2 shows the varlation of F /Q versus YO The
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v Towest value of F 1§ 5.2 QP and 1s obtamed for yo = 0.5

)
3L H

5

O
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i which peansf, that we should have . . .

" The value of K is obtained wsing Eqn. 3.4.12 and 3.5.18 as ¥
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,literature I23 24] it has-been studied here and design equa-. . \

’ tlons for a mlnlmlzed value of. F glven to show that 1t is

3.5 ‘A*High Paési]galizatién of Type 1 I . (bn

_ shown in Fig. 3.5.1la-(Figs. 3, 5 1b

(3.4.19)

: . ' 3
a ZQP; B - <
- »
W * ) T ¥ . s .
W, can be expressed using Eqns. 3.4.2 and 3.4.18 as ©

A ‘ v . ' ' S

‘ . 1 1 . "A o . . . ‘- ‘ e ' "

wp . 7—‘57' ’ S T o | .,‘(3.4.20)

. - ."‘\b

The ‘elemental values are obtained when mp‘and Qp .are prescribed
. - T -

using-EQns. 3 4.la, b, 3. 4 18 3.4. 19 3.4. 20. -

Although this c1zcu1t has been already reperted in the .

\

-

only a paftlcular case of the general conflguratlon presented

in this thesis. . . ‘ ' o | o

- ’ : v

[4

. 'The overall realxzatlon con51st1ng of two amplifiers 1s

?;bd 3 5 lc show the actual

kY

reallzatlons of mhe two amplifiers contalned 1n Flg. 3 5. 1a)

It con51sts of an RI genexatlng circuit of Type B0. The

entire circuit is .a ngh Pass filter having a denomanator of

 Type Y. Its transfef functlons is glven by ' . -

. .
. .
) - . .- ‘ R , i
. -, v’

& . xxccsz‘

S e e L 07071 —  (3.5.la)
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K = 1 + A . ‘ ' ", N ’ B . ’5—'1 .
‘ o ¢ -G-,B— ) . '. ’ S N “ (3. .. C), ‘

“The dpéign equétions of the High Pass filter are obtained
from those of the Lébw Pass Filter by RC-CR transformation.

. R Lot !
- Therefore the curve given in Fid. 3.4.2 and the expressions’
Y F - Coe : '
for o~ and K obtained in Bgns. 3.4.17 and 3.4.19 are valid
’ P !
. in this case also. ' X : .

-~

* -

A \ A \'A .

© 3.6 A Band Pass Realization of Type 22b

t

For the sake of cqmpleténess, we show that the metHod of

. minimigation of F can be épplied to aﬁy éolynomial decomposi;

‘tion by giving here” a Band Pass realization of- Type ZZBﬂ' The

’..\

: . 3 - o 3 . ' c-, ’ »
overall realization consisting of two.amplifiers is shown in

Fig. 4.6.1a" (Figs. 4.6.1lk abd 4.6.lc show the actudd rFealiza-

ot b -

- tions §fl the two amplifiers contained ih Fig. 3.6.l1a). It

‘consists of’an RI generating circuit having a tv4of Type BO.

The entire circuit corresponds\tb a Band Pass filter having -
I . : . R

a denominator of Type 22b. 1Its transfer function is éiveq L
- ” Al * N = * .

‘by: . ‘ _'4' ] ~ o ‘ o A

B _ K K,G,C,5 | : o
2. : ‘ i

- + + + b : 7
S71C, (CpC L) *KCy Gyl A ‘

Tpp22

’ ¢ ' ’ .o : . o
§ LG *Gy¥GE) Cy 6] (C#CE) —KyR(GyC ¥R (GCy 06, N

3

+ » ’ " | : . - ‘ - ,
[(Gy*Gy*Gp) Gy +K G Grl - T |

(3.6.1a)

9

e




1
- ,
¢ -
»
. .
o,
» o .
lh_l#
Al

TR s
N

v

9

S S

S
¢ .
\

T s

v
., )
£ N
.
R .
. -
! o
. «
- ey .
/"' - N
’ -
.
- . 2
] .
. L.
. . N R
PR . [x)
.
. — -
»
- -
~ -
, . -
»
’
. -
"
PO
. LIEI
I T
.
~
] .
¢
S
.
v e
‘
. . ;

, R

.

»

* FIGURE 3.6%1 A BAND PA

FIGURE 3.6.lc-

SS TYPE 22b TAC REALIZATION'




¥ 0 .
D AT TR L L R

-
-

4

 (3.6.1b) €

(3.6.1c) .

‘'

(3.6.1a)

. (3.6.1lc)

These equations take into account the loading effect of the
Dt : : : ‘ o ‘ T
amplifiers. The condition whi¢h assures a zero pole frequency

[

A ‘ .»
deviation is given by
’ .le+ + 2 ) : ! ) -
6 G 6y O 1% _ - 2 L (3.6.2) .-
N n A , . . + . . ,
QI‘CF'CL)~, C,Gp P : .

.

Under this condition
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N ‘ = TEF TC.FC )Tk = .
MY ‘. + TRy Q(GTGT GO (C FCRITRTCEC FCpG Ko Gy Gyl .

(3.6.6)

Using Eqn.~ 3.6.2 let us define - 5

+
c _G’OGH

_H =y S T, (3.6.7a)
Cr ' .

Cg

and

Cj1)(2 ~
1-. 71 K | - ’ :
{___._ . E—},: a - i . ' '(3-6.'7b)
F .

.

4 _c__:: b ." ) . . fe . (3-6.7(:)

2

e ; " (3.6,7d)
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r 0 a(ltR_+a)
9 = FIFEFTI KX
P TR, -

L (3.6.8)

" fSQP' _ Km - ls‘(b-K'O‘C) ' .
Km_\ IR ('11+).)\b‘+‘](m(%c:)‘ R
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. (3.6.9)
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Where it’is necessary that

1+)A+K 4
m

’ b . 4 ‘* _ ' , ‘i
Ko S TR B ) . 3.6.12)

»

Using Eqn. 3.6.8, 3.6.9, and 3.6.10 we get

o : A\

Q. - K, ~ - . »
kS F) = —B— 20, -1 . (3.6.13a)
m m - - :

l‘f'(m)

~-

b . -

e

Qél" _ A1 b 2,1+)

Libg -2y,
ko' T Rplace T MR

l.xos
Hence if b Q >>l
a P y

-

. K. ’
_ b,1+) e \ , I
F== QP [E(I—('—— + 1) + -'-“—-] ) ‘ . : (3.6.15)

a /-
o ] m ) 1+¥£’i'/» ' T
/IW\\'A set of design equations can be obtained as follows. Itlis

' c_leaf from Eqn; 3.6.7 that the guantity ghas a minimﬁm value

which is two and which is’ obtained if we let
: ! \as

hd

(3.6.16) .
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“,,\(3.6-18)

, _ <
2 1+2A m ] K
= 2| ( + 1) + ] (3.3.19)
(A eo) Ko ) K .
« And assume that

e << A

0 (306“ Zg) . ,‘
Then . _ S S ' o =
F K :

. +2 . 3

=2 [213;__ + 1) + —2—) » ' (3.6.21) ¢

QP m Km ' 4

) . ‘ 14—~ ¢

o A+l '

The variation of Fo vgrsué K; for several values of the capa- -
citive spread A is shown in Fig. 3.6.2 accordiﬂg“to Eqn. : {

3.6.21.

The correspondlng value of Konfor any prescrlbed

_wvalue of K can be obtalned using Egn. 3.6.11: ) T

The elemental values are obtained whenpr, Qps. K v Ay

‘co, are prescribed usifig Eqns. 3.6.1b to 3.6.le, 3.6.2, 3.6.11, :

3.6,15, 3.6.16, 3.6.17, 3.6.18, . Lt oL

: - PN " . : 2
. ' -~ .
o . - .
\ .
° - .
o,

3 6.1 Experxmental results

1

The network shown in Fig. 3 6.1 was built up u51ng "ais- -

crete~e1ements and tested.

The reéults-are sUmmqrized below.
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- Designed values:- . \ ' ,

‘ w, = 6283,185 Rad/sec.= 10Qb Hz, ﬁ
/ . Rp =50 . . - o ' o .
Ao=5 ’ '
¢ L :; - . ? .
Km." - . . L)
co = D.4 , ' -
a ='5 . .
"l <
3 b = lo ‘ - £
c = 23 ' T i
) KQ = 1.72174 ) j . Ve . K : , '
, . Ve * “ .
, . C}. = C; ="22 KP? | Cp. = 4.4 KPF _ \
' . . _ . . . - . - ' '1\
: . Rp = 36.172 Kn ‘ . o
T . U L 2T I S R
F . RH'= 7.863 K? L - P | |
; . | Ro = RA = 180.857 Kq . ) w-' - . e
g ' ' 'RB = 361.715 K. * . S S -7
{ B , - [N R ' !
‘?4 / = ~1 . . .
rRB . 24.910' ‘ ’ - . '
M A : ’ - ' P .
: ‘ .GQSP values: AR : A ) o SRES
’ ' ' : e .- R
. - . ]K'SQP]— _ ™\ ; ‘ s ' . ..
f . m K - , t . ' - .
. m - s . +
. = 3 . e ‘ 4
' ~QP - \ ) , ~
- - » Q ‘. L B
P ) . L . ™ -
lxostf ‘ . . ,_
" y ) 5) = 3.48- _ , ~ _
M P ' ' ¢ .’ 2 1’
‘F . : 2 ', » y ~" - % - ~
- m !
= =:6,48 ' ~ :
,J,:--—v-'-'-.:.....z—\ s, 4 «'\'
v = o :F. : R ~ ! le "’:




Flement spread: ‘ .

6 N
‘ ’ . 3 ' L &’
- Capacitive 1:1 ' L IR ; 0
- ﬁcsis{ivé'46:l S - . .
"The 3dB frequencies. are: '
o .= ' - >= g ’ .
) Foq 990.05 Hz _ FCZ 1010.05 Hz, . ' N
R -v . - » . . . '/
Any of(Bl,(m or G0 can- be used to ach%cvo the tuning of wpe &

Then fo can bhe uscd to achieve the tuning of Q0 without *

affécting thc‘§a1u¢ of_mp,bccause wp is_independent of both
KO and Km‘ . o a : :

The circuit has beoen implemented-using 1% tolerance

. 4 m .- D STV S S U .
LL.‘I.:.L‘Q‘_X\::: iU % LtulLULAaliLe capracs LO1 5 Wi, vVaaues Cravacian Cw

”  be, wit\in,the rahge of currently'available elements to be

i a

as :close as possible to the designed ones. (Trim poté have

been used wherever necessary.) The,OAs which have been used
< - = ) ° ’
’ ‘4 ; » v
... 'were LM741. Actual values obtained
: - ) L o ’
Op = 999 Hz., , 7 S Co e
Fer = 989.3 p?. ‘ . Fop = 1009.6 Hz. L . .

Qp =-4?.211 ‘ . t '
f.SB%Eand ‘

o and‘mP variations from their designed values are

“

= 0.1% respectively. This is”due to the small differences

' - . 1 . /:M\
between- the decigned values and the real ones as well as to

.

the tolerances of the clements. Power supply voltage uscd

were #10V and 15V. .Also the OAs were heated and their’

id -
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_+ 'temperature controlled. The response was experimentally

-

’\'.: - ' .measured and bib??éa«at 22°cC (fqoh téﬁge}ature) and 70°C for

j, ‘ both power supply voli/ esT Only tge Oﬁs‘wefe heated. ?ma Y o
%' , ! . pa551ve elements werxe \not heated 1n order - to simulate Hyb;id V

) Integfated CerU1t é&ﬁhnology , ' ‘
- « As shown in Fig. 3.6.3 no appreciéble change in tﬁe_ -
;' ? K 'response was o?served;:Zhus“the experimentallrésults confirm
r 5’ . , the b;éorethal ppedictioﬁ;. It was £ound &ha; the circuit
i_ - - _ was gtablgihuiﬁg activation. - . ' ‘ |

+ . -
‘ .

. . ) . . - . ‘.
v ' L. v .

3.6.2 Effect Of the poles of the OAs on w._ and Q;117,33]

-
o

o

B ‘ . . Replacing the amplifiers of Fig. 3.4.la by the networks

ig..3.4.1B lysis yi
- ?5‘{19 4.1b and 3.4 lqaana}y81sly1elds

RN ATV s <
f
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*

04 o .- . \
\ D(Sf = - - T . °
A ' el ' " ) ~ P : o
P W 4T gt gk ek k ko e .
i ; ‘ +o—aat +
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H . R . ' '
3 L T - . . . .
; T B ek, /G K kg . :
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b . > N ’ g k eko g"k k . / * . . 7, .. .
v ‘ o * i o . “b
& C e egle r‘*(s; i m e Bee.22a) ‘
B \ c here - ) ° ¢ ’ \ . 'e ‘ ’. . l v . . _
EEARRS B e =1+ .+ K, ® . T -. \ ( (3.6‘.22b) ‘ ~
' k= 1¢ K, - ‘ 7 (3.6.32c)
. ' ! k., = 14 K ‘ , . ‘ {3.6:224) S
c _'0 v A_JO' 'y _' -~ . © " v o K 3 E_
A, . o ¢ , ' ) . L BTN \\ 3.6.22 ‘ . .
¢ PR g =1+ . ‘ . (3.6.22e)" .
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(3.6.22q)
. " , °;
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?\ t\
- (3.3.23a) .
o R ° T 3‘ 3.23
3 S+w_, (3.3. b)~f
.: — ' . v
§ . © wiherle - . , oo
5 . Bm’ and B‘O are the .unity galn banu-n.dth of the ampllflers.
i g : 0,0 wm are the - poles of the am 1f1ers. Ao, A are the DC
’ . ‘gains of the amplifiers.” We get ' . ,
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values.of w, and are given in Fié..3.§.4 ahd 3.6.5 respec-

Jcomputations. ' \ I -

L]

.3.7 ' Summary and Dislussion C

P .
tively. The usehof OA LM741 have been assumed in these

- s

. , : . . .
\ - ~ s . -~ '

- .\\ . ,

o

— g_ ) '
' In this chapter we have considered TACs using a first’ N ~
ofher gene;atlng function t‘ It is shown that eight _poly- T .
/

nomial decomp031t10ns can be obtalned when the admlttance are

of the form y~= CS+G and requlre only two types of t Only =~ =+
. i o

o

Low Pass, ngh Pass and Band Pass fllters can be realized.

Thesé flltErs are designed to yield zero GuwSP and mlnamlzed
’ AT (s) . - ‘
l is also 'minimized. .o

5

F. Hence the quantlty ‘
V S=jup
Two Ban'Pass filters were built and tested. Experimental

o

results confirm the ‘theoretical studies. o ' .




R .
.
. N -
. v 2 b
s, , - _
;" !
- N M A
. “ »
. . a
s .
. - . N . « s ' @
. * . .~
’ : * .
s ! s .
. . -
. . .
1 .
L . ,
. o T
N ,
. ’ . » . c
. . - ’
. l 4. ‘."‘ -‘
1 N lI . : M -
N . . .. e ’ N
s .
, : . el . .
. . % . oo
' * N . 0
- . . L
. R
CHAPTER IV -
N
R
L3 -t ‘.
P ‘.r ! ¥ "- ' = a v
- x( -~ Al i, -
N . » . o
‘ T C ) ZERO GuwSP Q‘?MULTII"LIED 'CIRCUITS
. . N
) ’ v s . .,"' ) ;‘v N > .
- . L ,
PR / : . T - N »
. , n".\ : . \L—/‘n. ".
. e, - e C B o
’ ' * - N “ oo . N
. - - . . B . .- ! - v
- — ’ .' - : “’ . P .
[ , . . Y . RN N
.\ . \ ‘ Al . . s
. . . .
. 1‘/ ) ‘ M ' N
. . . * « . - e e s
B ’ ) o h : a “ /4_____,/
— . - . N : R . : . - &‘
i . b . . . e . .
‘ o ) . ‘_‘ ' -... . L ' L : ) :
RV . e , S - .
: N N L - .
' ' . . — ! . . !
‘ * .- Co ' :
. A . P L : ! - .
. ' r:' @ .. -
. . PR ] v L - y . , . N
[ - " .
n o . . ' < -
4 =\ '.
.. Cn ';‘ By " r‘ o
.t . N *
. N N , [ . ’
.
. . s
. . ) e
. L4 ‘ *
- N — R * .
. :ll ‘\ . "
. . .
-~ . N .
L . N N . ’
«

B g N
‘?%ﬂ f‘?'

e

| gLt e

<



CHAPTER 1V

_ZERO GuwSP Q-MULTIPLIED CIRCUITS

4.1 Introduction - _

In tne previous chapter we considered realizations using

5

. ® o,

A ‘two f1n1te gain ampllflers when the generatlng clrcult

3 , : -

; C con51sted of first order transfer’ functlons. In thls chapter
L Cwe will discuss realxzatxons when the generatlng c1rcu1t con-

| -sists of second order transfer functlons. This results in’ r*
Qbmultlpllcatlon., The quantity F of the two amplifier net-

wOrk w111 be’ m1n1m1zed to obtain Q multlpller C1rcu1ts haylng
! . AQ :
zZero GwSP and m1n1mlzed —62 K The*technique is illustrated
. P . .
..by sclectlng appropr;ate 51ngle—amp11r1er ggneratinr circnlta..

’

.

4.2 The Basid'Q-Multiplier Configuration
] The proposed.configuration is shown in Fig. 4.2.1 which

is obtalned from Flg. 2.3.1a by letting XL = 0.

N

Slnce ' .
ng (8) ) . K. (a s2+a's+a o)
¢ 0'%2 1
v~ Ko D (S) _ 2,
’ v . ll) 3
. | S _ (4 2. la)
0<.vy <. o<y < Y 4.2.1b)
).Sv3 < 8 A T T
3

The transfer function T, of the configuratiqn shown in Flg.
4 2.1 will be ‘







KI\OO i

2,
S™18, (Gy*Cy, +Gp) <K 8 ,GL-K v, (G*G

(a 5240 S+a )

-+
F GH»

?

+I\mo(erﬁz L AR

+ S[e, (G 4:}3+G )=k B G ~K v (G & +G )
10 Vr PR The” 15p 0 °F °H

m O(YIG alGH)]

4+ 8 (c +G 4G ) -K Bo P (G +G +G )

F F

\

+ K Koy G

aG)]-, . -

oCu (472.1)

-

It is known from Chapter II that for the condition

to b satisfied independently of K ond K‘f

- m 0 it is
wp - ' T i - o .

vrcquired that

(2.6.4)

. This restricts the choice of suitable t, to the following

typeé:‘ Band Pasg, Nuli, and All Pass. The Low Pass and

[

.High Pass types have to be excluded ginéeyany one of the

guantitics L or &2 gan;ot be set to zero without making the
other zcro. : . . ’ i .

The numerator of T, béing.identical (within a constant
'muitiplicr) té the numerator of t;, we shouid'then expect to

be able to obtain Band Pass, Null and All Pass transfer “func-’

. .
? ]

tions but no,Low Pass or High Pass ones through the use of

and the éonfigunation sho@n in ?ig. 4,2.1.
. ) ! /

'tﬁe second order tv




Table 4.2.1 gives all the possible polynomial dgcompo-
sitions and some of the prbpeitics of e&ch decomposition’a
basced on Table.2.2.1. It has been shown in éection 2.6 thét
provided that the conditions of - Eqn. 2.6.4 are fulfilled,

the pole frequency w, of TV is the same as the pole frequency

P

W of tv'andnits sensitivities with respect to the active

paramnoters Km, X . are equu! to zero.

0
An examination of Table 4.2.1 shows that-the twenty-—

four polynomial decompositions can be obtained by using only N

1

twelve gencerating functions tv = KOnO(S)/DO(S)J These are

tabulated in TaXlle 4.2.2 together with the polynomial decém—

‘ positions which are respectively realizable 1.y each’ generating

function.

it 1s cleariy noted thot these generating functi;ns\havem
to be realizeq by SACs saiisfying the condition given in Eqn.
2.4.4. When this is donc all the possible polynomial decom-
positions shown.in Table 4.2.1 cap{be‘qbfained. This enables
us tq'realize two ampiificr nciworks with the property of
éero‘GmSP starting from‘éptimized SACS [17, 18]. Tﬁése
rcalizaetions dre by no‘meaqg unigue because each geﬁerating
function can be realized in secveral ways,(thus~%eading to
sevcral corresponding TAC{;

In pur'séudy we are restricting our attention to Band
Pass, Null or All Pags transfer functions only. Therefore
- thé gencréting,fuhctions can only be Band Pass, Null or All

Pass. In addition Lhesq'gonerating functions will have to

B
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G G ™ +
1 2
. , {} - 3 .
. v, cll 7 . vy | , ‘ 5
‘ S 2 ' -
. } X, lclczijs .+ GG,y {C+Cy)] .
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‘ p be realized using optimized circuits containing-not more .

L.

as shown in Fig./4.3.la (Figs. 4.3.lb'and 4.3.1c show the

L . . ¥
< 5 than three capacitors [17, 18] . Hence our choice of gene- :
" rating functions will be restricted fo ghe»No; N,» Nyy By N -
,; Bl’ Bz‘and C2 types only. _

’ ﬁé S Table 4.2.3 gives\d'fferent'TACs obiainablg from the :
-, above mentioned generatiﬂg functions and the corresponding .
transfer functlons.f Table-: 4 2. 3 can be comblned with Table

4 2.1 to obtain the dlfferent propertles of these c1rcu1ts. ¥
. '. - . ? - following claSSLflcatlon of the géneérating c1rcu1ts &
- can be de: . o ,'- ’ < 3".
R o (1) Passive circuits cascaded with an aﬁblifiei: o .o
_ (called RI) ’ . . K
4“ ™~ ‘ o . v ta v T h‘-‘
T . (2) 8ingle ‘ended (inverting ‘or non-invertihg).amplitier .
N . . . ., . - v‘
' ' cirquits (called RII) . _ o
. ‘. (3) Différential amplifier circqiﬂs (called RIII) . ° T
, . X “' . ’ , . .
A detailed study of representative QMCs obtained from one . - .
g - of each of the above mentioned types of genera%ing‘ciqcuits
: wili be given in this chaptér.‘ - N .
* ,1' * N
4.3 A OMC Realizatlon Obtalned USLng an RI . N e
Generatlng,clrcult , . R
The Qverall ‘realization con51st1ng of two ampllflers is x g
{

actual reallzatlons of the two ampllers contained in Fig.

o j' 4.3.1a). "It ConSlStS of a pa551ve optlmlzed twin-T network.
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FIGURE 4.3.1c (Ko)
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spread 1s 2 and occurs. when Q£0 .0.25 which eorresponds to
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”b5:3a cascaded with a finite gainlamplifier constituting an

‘ ¢ 4 «

RI generating'circhit having a tv of type NO, used in the

*

configuration of piga 4.2.1 with G = 0. The entire network

F N
'corresponds to a’ null tilEér‘havingﬂatdenominator decomposi-
" o , : ’ . N L : .
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G - r 0
[ H , . 2
- 'G - , . ' B '. ‘ N
K = __6_‘ ' . ,(4'.3.1(1)
m~ G . >« €
B - . . -
.. - . . Cn . . - Y R
. R (4314
S Rt e, U (4.3-14)

! 3 v .
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Thls takes care of the loadlng effect of the ampllfler. T

r .

The de51gn equations’ of the tw1n T have been glven in . N
o 4 '
Table 4.2.3. Flg 4.3.2 shows the variation of the resis-. T
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v

>

- tive and capac1t1ve spreads as weLl as the varlatlon of .

@

a. Frsmhthe graph it is. clear that the mlnlmuqualue of

‘e

pe

“3.932. From the transfer functlon glven in Egn. (3.3,1{~
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.
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p = ?_?__ , @
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we get B, .
F= |KS.P| + |K SQPI = (K_+K )(1- —)
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‘inspection of

'(4.3.2) shows that this co

-

F | =
‘m
@

t

It is obvious that for

i i a g1§§n$&alde“of pr it

':t0°reduce the

o

valne of v e 1 and. i's

Sp:eEd. *In which case

~

AR
[N . ¢

‘ . .3/2
po= 2071707
m . . p .
’ ' ‘ -
o ] .

which can be approximated for p >> 1 as

v

-~

From the’ prev10us equatl\ﬁ\»
of

duced for a glven value

* ’

increasing Qg However, i
. U . Y

parameter X as much as p0551ble.

1mp]199

.
value of F is obtained if we let
L " . s
— A * » L , ' , e
. = = ) {
- \Rﬁ Ky £ X ‘ L (4.3010),
v F T . - { ) v "’
Hencg "
LX(p 1T¥i~ .. , " (4.3.11)
" fdu‘
. M ~ ' b v' . ! AN ¢
.and F‘becomes e : ) ‘ . "
' ’ i 4 - -~ ‘L. 2 .v , -
3"‘/2 R e ‘:'x, » , . . o
1 - < a:,,_\ ’t T vy - Y :
v 2% 2 i£~l%——* 1 . (4.3.12)
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indesirable

ngever

Egn. (4 3. lb) shows tha the mlgkmum 20551ble

unrestNicted res1st1ve

»

v .
.y N . N 'y ) A




cw L known tha,t the maxz.mum theoret1cal value for Q is 0.5 for

. e L ( B ' an infinite capac1t1ve spread. Hence the theorej::.cal lower
b . . L‘),A 1] ) v ‘ 4
S © limit of D is’ ZQ .. Flgs.(\(4 3.3} and (4 3 4) show the varl-
., P .
- . atLQn of ™ versis. Q for several values 8f x when Q. =t
) !, Qp ‘ P RO
y N 0. 25 (correspondlng to a capac1t1ve spread of 2) and' Qp

D 0 4- '(corrgspondlng to a capac:.ta.ve spread: of S) It 'is
_ . F ~

' , clearly,noted from the graphs that Qm decreases as QP in-
c P . ,
P creases. *The varlatlon of K for. several values of X 'versus
'p .is shown in Fig. 4.3.5. i '

R o CL 'It 'is Slear:from Eqn’. 4.3.12 as well from the grap‘hs'
.~ " ghown in Flgf 4.3. 3 ‘and Fig. 4.3.4 that J.t is des:.rable to

f S ’ reduce the value of x m order to reduce the value of — Q
- R -4

. . . . N

e ", bo:,responding to any prescrlbed value of Q , However de-
creas:mg the value of X is assoc1ated .with an incréase 1n

) R . the re51st1ve spread v. Let

: ’ ‘ \I . ' R o ‘ -
o ., Lox =14 I SR S , . ' (4.3.15a)
S v o YA Yo o S .
G . . . , - - . «
Y B S E;A - ~ . (4:3.15b)
3 R k _ YA - . - . " T . .
' T ey ' I SR
RERR S ; (4.3.15¢)
: - Y G ' : -
- - L. ) H . - . o *
_— » Al . r .

Where for the purpose of m:.m.mleng x it id4 assumed that

“

.o L. >u.

. YO » 1 with these assumptlons\\
Coee . GH . - ] . . ;
S & T YK . o (4.3.16) 3
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b ra
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1s the quantxty Wthh for low values of Q ana hlgh valﬁes e

of Q (Whlch 15 tfue in thls.aQe51s) determlnes the resis~ .

v —_— -

tive’spread Y. Thereforq: s . fiu;“ T .
. . ' 6‘. . * ... ) fa . .
J,oyg=12r S -7 (4.3.7%a)

g -

(4.3.17b)

appears to be a good compromise‘to"

' ————
§ and v. Hence

Liﬂé:LZC)
Lot
(4:3.18a) )
2(2+3) - .o . (4.3.18p) 7 ‘
> K ( ‘P , ! N ) '
’ < . . - v
: , . T by
et of curves giving F./Q ’ Km (obtalned-from Eqn. 4.3.18)
“ "

and y versus QP for\Q . 0.25 and Q = 0.4 are given

respecQ{Vely in® Flgs. 4 3 6, .4. 3 7.
. AN Y
For the Null flltEI network shown 1n Flg. 4.3: 1

q, . * r

groundlng the 1nput end of Go and(llftlng from ground the

-

common end of G2 and C to transform it lnto aﬁqlnput ter-
’ - ’

minal as- shown in ‘Table 4. 2.3, we get a type 3 .Band Pass

filter netwofk hav1ng the same denomlnator as that _of the~

F“" ' < w’

Null network. For the same element values];hls néﬁwork'shall
¢

’
v

‘have all the properties, namely sen51t1v1t1es, gain | sen51t1v1ty
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# 4.3.1- Experimental Results .
+ . . The- network shown in Fig.

discrete elements and ;ésteg: Thelresglté

"below.

w W' o ©

NN e

2

-

Desibned values:. -

. . X ’
= 3.732 - . : e .
= 6233,185 rad/sec, = 1000 Hz;

0.25 . o

=50
= 200 C
= C, = 1l1l.254 KPF,

i

1

3

22.508 KPF . )

R3 = 14.142 Kq

R

A =R, =

A

K, =K, = 2.01...1‘,94
X =.2.049 ‘ YA‘ = 1-' :,
Ry,—= Ry = 142:792 Ka
Ry = 135.720' Ka )
"GSP‘Vi}ues:, ‘ voo

w W

P = P = . - * *
KoSk_ = KpSx =0,

0

s

Ry = 7.071 Ka '

\e
.

‘as such .no further'detailed discussgon

Y

&

of> this network is .

~
-

»

';producﬁgg F‘HQ-multiplngfion, etc. of the Null' petwork and

4.3.1 was built up using-
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) ) ‘ o
K ) -
& : : i - ' ) . ’ 3 o
T G e g
. b - QE . ’ . Q ’ , ' . ..' . '
° IKOSK '/QP = I I'(mSK' l/QP = 0. 403 -“?“,‘ . y] ] .t
. 00 <. M S -
. F/Q, = 0.804 - R
. P . : 1 e
It o . ¢ . . . . . .4 .‘v - /‘
! . ' RN
P Element spread: | - . e T .
, . . ' . S .t « y
- M . M - " a
Capac1t1ve 2:1 AR SRR . -
-eT Re51stlve 20 194 1L J )
. ((‘ ; , .
The 3 dB frequenc1es are. . . W -
2 . | 5 ' -
B - T . i . & . Do
. ‘~FC1 ="990.05 HZ. FCZ = 1010.05 Hz: - = S
R . : , ‘ ST ‘ L ' .
;. Ay or both of ¥ and K, can ‘be"adjusted in order' to achieve
) - . the tuning 6f_ Qp without affecting mp' . . -
' The circuit,ha{s beéen. implemented,using 1% tolerance
o » . . .
) .
) ‘resistors and 2% tolerance condensers with values chosen to
: be, within the range of currently available eleméﬁts, as
V.ot close as possible to the designed ones. ‘ (Trifi‘pots have %
. , been uéed wherever ‘i:xe cessary.) The OAs which have beén
used were SN72301 properly' compensated so as f‘avoid high -
v .- fngquency osmllatflons due to e}écess.we phase Shlft {20] . ’
. Actual values obtalned . . . . v‘ .
w. = 999.% Hz., - - I c ~ C
: “p oty o S .
‘**—T[T - uFCl = 99]t.7 H-z‘.‘ -~ FC2‘=, %011.4 Hz. L -
- . QP = 50.74 . -
The depth of the notch has been foﬁnd to be ‘—70 dB. It is
found that the 'c1rcu1t was stable durlng act:.vatlon Q and
[3 ’ \ “~ 1} -
s h ; R ' ’
! ' N . ; * o ’ : i .,
¢ - ‘)\i “‘ . “;" ) ] : 70.’ R
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Wy variations from their designed values are :1.48% and -:

'0.04% -respectively. This is due“to the'small differences

b
i -, -

betwecn the d051gned values and the real ones as well as to

the toplerance of the elecments. The power supply voltages'

/

hsed.wereZ?lOV and F15V. Also the OAs were lleated and

N

perlmen-

thelr tempcrature controlled The response was

R i @ € o

. tally measured and plotted at 22°C (room tem erature) and

[

-

-

ZO,C for both power supplles voltages. Only the OAs were. .
heated; thie passive-elements were. not®heated' in order to

simulate Hybrid Inte§rated Circqit’technélogy. . As shown in

ot Yol e B 2t

Fig. 4.3.8 no apprecidble change 'in the response was ob-

served; thus the experimental results confirm the theoretical
B ‘., . . ¢

, .

pﬂedictions. ' . . .
Y ] . |

9 -

“ .
v « g
- A .
ror

“A.3.2 Effect of the Pole ‘of the 0.A. on Q and w 17, 33)

In order to study the effect of the pole of .the 0. A.

on Q and & 1t is dssumed tqgg the desxred elements are: .

P’ A r
avallable and therefore one pole of “the passrve c1rcu1t s
always Cancels with one of its zeros. Replac1ng the ampll-
flers of R;g. 3.3.1a by the networks of Flg 3.3.1b and

.
: e - -

3.3.lcwthe analy81s gives:
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where' . - . ) R e T .. : -
Jo ) o N :

ry =14 20 R i , (4.3.19b)
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A (S) = g o 2 | (4.3.200)

oo n .

Where BO’ Em are the unlty gain band w1dth of the OAs, mo

‘mm are the poles of the OAS. 'Ao, A aﬁﬁ?fhe DC galns of the
. OAs  we get . . o ' o
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ST ' Using Egn. 4.3.36 the values-of —— and due tO the
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effect 'of the pole of the ampllfler have been obtalned for-

various values of mP and are glven in Flg .4.3.9 and 4.3. 10

g

‘respectively.’ Use of 0.A. SN72.3ol-proper1y cpmpensated has

“ been assume?_invthe computations.
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T ‘4.4° A QMC Realization Obtained Using An e -
.~ RII_Generating Circuit '

» The overall reallzatlon con51st1ng of two ampllflers .
f , ' as shown in Flg. 4.4.la.(Figs. 4.4. 1b and 4.4.1c show the

actual‘teallzatlons of the two ampllflerq contalned in Fig.

-
4

4~3:ia). It consists of a single amplifier optimized net-,
kbrk_ll?, 18] consiituting an RII generatihg circuit‘having

a t, of .type N1 used in the conflguratlon of. qu. 4.2. 1 Wlth N

) GF = 0. The entire network corresponds to a null filter

having a denomlnator BgcomeSthon_ofvtype 6. Its transfer

- . anction is given.by ' : . —

ol
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172 0 ,
+- (142 ] o (4.4.1)

C1C2C3 ‘ x . i .
- ” » ’
. G.+G, ! S o

x <1+ 2B s © . (4.4.1b)

. -H’ *', . N

~ ' »G ) ®* \ 6 . !
K= Eé _ T ' N4.4.1c)
‘: B P ’.A-'ﬂ. .
GA’ ’ s ¥ - ! _ - I3 - v ’

KO =1 + G- , ‘ . ' ‘4‘4’16)'

\BI . . . ) .
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éhis takes care of the loading effect of thé amplifier: The

parameter x has a minimum value of one whichacan be obtained ,

s .

for an unrestricted resistive ‘spread only.~ The de51qn equa-
tions of the generatlng c1rcu1t have been glven in Table
4.2.3. It is known@? 18]tha§ for this generatlng crrcult

'the minimum capac1t1ve spread which is smaller 'than two Lo

!

- occurs for the fOllOWlng values of ‘the desxgn parameters

b = 3 c=0.71, 5& = 1,65 and that for these valueS'bKo < ..

3.91. We will use this set of design parameters values
- . .
whqrégﬁk needed in .our cubsequent work.

Lt <

<

‘jfrom the trangﬁgi\iunction‘given in Eqn. 3.4.1, we“havé
o 3 ° . -

v . -
(C+c)g o ..
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.4.1°A NULL QMC TZATION OBTAINED FROM AN
RIT GENERATING CIRCUIT. ’

A SET OF DESIGN EQUATIONS

“ i . Gl .62,63,01,02 ,CB are given in Table 4.2.'1_!
‘ v v . ' .
. ) *Ko"c)\/cnﬂ . . \ .
K Gp/GE O/ Gy S 5
. 'anxo are obtained from-Fig.4.4,.6 for specified QP
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/ ‘ ~\\jSng Eqn. 4.4.7 and 4.4.8 we get
< ’.- ,. .,'—'.. Y .

- v
1 e Y -

v Ry KmKd N , ‘. 'y
5o |
KK, -

* K. bQ +
F=-9P

[Y . l+’ m 0 - . ’ . —
LT : x N -
! . 1] . ‘. ' . .
A . - . . ‘ ' ’ .o
. Using the exbreésion¢bf KO givén in the generating function's. ¥
- " design equations ) i ( .

- . - - Lo

~ = T . '
‘ ' o . Y

Ky = — ° R o . (4.4.10) | ) 'f

.’ ‘ - b—C+ . s, M L v . "‘
e = o Ty Qng . “ . . ~ 2
. ' - e '. w.\;f!y, ‘ {;t\
‘ and Eqn; 4.4.4a_it is possible to express Km and F respec- ) A
- -tivély%ase L ’ ’ | K \ S o ﬁ?
e . -y i " 3 L
' @ - K= —"[s8-akg T - . { — (4.4.11)
- ", . ; K ’ T N . -
- be e . 0 Y ) . -
. - ' . . A s
LT LKy L . . \l{4.4.11a) N
— L ) a ’ ‘- ' .\ . K ¢ ' ’ .
S . X o s 42 e 2 . , .
, . }Kz [8. aKo] +Ko[8 aK0]A+8Kq__ o T o
=0 - — T (3.4012) ] -
. Ko"" (B-jaxo) X v
." p . R - ,’ o _“‘»a L ﬁ"
A . .
¢ . B = v (4.4.13a)




(b~c)Qp+l C-

— . .

4; C o (4.4.13b) -

- “~ N Ls

. s 4 ¢ A ) S, -
Minimization of ¥ for various values.of‘x using Ko as a-
1‘, F
varlable has been carried and values, of = versus Q and

v

>t 9,

the correspondlng values of K0 Kmand QPP

-

are given in Fig.

4 4.2 to Fag.

o

. From Eqn.

Fig.

4.4.5.

x

°

Il

Lo

4.4.12 as well as from the curves shown®in

% .

4

4.4.2 it is clear that it is desirable to reduce’ as

e

much as possible the value of the pKrameter x in order to.

N

-, reduce the value of F correspondlng to any prescribed value

of Q. Also the curves of Figs,4.4.3, 4.4. 4, and 4.4.5° show\ N

v

that the reduction of x yields reductlons in the corres—

~ponding values of Km' KO, and on which are desirable because

-8
toa

of'the‘following reasons.
| o )
The reduction jn the values of Ko and’ Q decreases -

e

sefce of negatlve terms'ln the S coeff1c13nt of the"

ﬁ%r high values of QPO

(a)
‘the pd%Flblllty of 1nstab111ty caused by the pre- .

denominators especially
The reduction of K contributes to the reduction

*  of the resistive spread of the circuit, B
. 7z

However, decreasing the value of x is associated with

X { . . 3 ‘ T
an increase in the resistive spread y. Let .
. ‘ nﬂs, 1 N ‘ ’ : .\ '«. " ,
~— X =."_l = + = N ) ) (4 4.143)
A Yo . ST o .
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where for the purpose of minimizing f?lt is

- (4.4.14b)

(4.4.14c)

assumed’ that '

¥p ? vy 2 1. L 1 o
e With'phese assumptidns, 5 '
. " ¢ 5y ‘ 4
. ~ ' ‘
G ) : . ‘
»_..i = \ v ’ @ . ¢ ‘.
&= YaKp (4.4.15) :
B : : , ) !
is the quant¥ty which oi{iow values, of on.and ﬁigh'values_' B
e . . . . . ;.‘ . ‘ i . J
of QP determines the resistive spread 'y, the following set e
of design equations appears to be_é good compromise able to 7.
- - ) . - ) ' o - 11
. ' achieve both low values of Fn and of v s
X A . ) - §
- . ) NN N
. \\' . . L
. Ypa =1 S - * (4-4.16a) 3
- « . 2
—.s H “.’ . ‘ { .':
. . , N L é
-— » L3
. Yo-= Kn . 54.4.1§p): ﬂ ;
. - , Hence o : > . T PR ‘ N
Co ! . C ) ' 1 4 B - ' " .«
' — X ¥ 2+ = L v oy S (4.4.178) " - .
- . e, -, -\ . o
m . . s .
B . i ' . r{ i ) , K 4 . . . )
and. using Eqrs. (4.4:11), (4.4.16), and 4.4.17a ‘ \ T
. T ’ ) i . PR . l . ‘ _—
L : ’ ) - K(z) N B"GKO .2 . i& . 2 . Z -
+ + ~ N v
1+a vl U sl I S -
F = v (4.4.17b) .
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A set of curves giving F /Qﬁ obtained from the minimi-

e

zatlon of F as expressed in Eqn. 4.4.17b, km obtained usiné

'Eqn. 4.4.11 and y, versus Q- are shown in Fig. 4.4.6.

'

‘For the Null filter network shown in Fig. 4.4.1 grounding

the input end of G and‘lifting the capacitor'C3 off the

0
ground and connecting 1t td the 1nput terminal as shown in
Table 4.2.3 we get a Band Pass fllter network of type 6
having the- Sante denomlnator as that of the Null network.

For the same element ‘values this network shall have all .the

~ properties, namely, sensitivities, gain sensitivity products,

F, Q-multiplication, etc. of the Null network and as such no

o ~

further detailed discussion of this network is necessary.

~

\‘4.4.; Experimental Results
The network shown -in Fig. 4.3.1 was built up using dis-

crete elements .and tested. ° The résults-sre summarized below:

Designed values: ( ‘ o i
L ey = 6283.185 .rad/sec, =1000 Hz, ‘ N
_QP =‘50 ) . - u
. Qg = 4.858 - ‘ .
ro )] n:= 10b292
Kmo‘= 15.946 N
N —- ~ -
.. Ky = 1.202
X = 2,063 , R
' &»
Cl = 9-356 ‘KPF ! ! R ‘ *
l' B f
- ‘. 4

O e S + A SN

i

o ke A omak o Mo 5 S b A ¢
v




'. 5}3 = 0.66 . t ; . Fy 7
— P .
- " ‘ ! ° ) .
Element spread: |, - A
¢ ’ ’ [ - ‘ ’ s » ', )
Con . o - - , . v Y
| e

) RO ' ' o l . : , ’
v ’ - .y\ . S \/_/‘ ) V . K 193 ‘s
'l' _— R ‘ o R
— .= 4.93 KPF R SR "

- = 8.984 KPF
=.12.077 Ko - S , N ) SR

= ?0.422 KQ . ' - g \
= RF = RA,= 6.933 KQ

= 110.554 KQ ° ' - T,

-
W W oW O 0
W N oW N

&wq
i
o)

o

|

R, = 100 KQ : T

Capacitive 1.898:1 L, (

Resistive 15.946:1

. « - . - s "’ ! ‘v .
. . The 3dB frequevLies are: ; ) L. \ . . L N .

.0 o~ !

P . Fgy = 990.05 Hz. ° Fop 1010:05 Hzl

e Ary or both of K_ a1

- !
- : . ) . i *‘, . . ! ‘
) ..achieve the tuning of Qp without affectlng'mb .. : : 1
. . I . . c ]
The circuit has been .implemented using i% tolerance A | -
_- - . ) o U . A ’ . ’ ’
" A . * . ‘ L _ ) o . .l
e ) , . ) \ n e T '—.:,":_—7.“ ] '
. (3 . ‘ v — w7~
% ) - T ‘ !
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resistors dand 2% tolerance c¢ondensers with values chosen to

. ‘ ’ be, within i:he range of(_,ft:urrentiy availalfle elementfs, as

- ’

s close as possible. to the designgd ones ( im pots have been

3

used wherever 'nece'ssary. The OAs-have been  used where '

.
PO AMV\.&..’ JRCRT WIS

o,
e e vy

———

= 999.4 Hz,
e T
'

= 990.,1 H

o

. = Hz , ’ -
FCl FC2 1010.4' z

- . ]

. Qp = 49.23 . Lo

.
]
C e LR e T A3 g A

The depth of the notch has been found to be -70dB. It is

P

P’ variations from their designed values are 1.53% and 0.06%

respectively, Ethis$is' due to the small diffefences between’

found -that the circuit was stable during ‘é._c;tivation. Q_ and .

w

the designed wvalues and the real ones as well as to the ’

+
Ay

tolerance‘of -t}xe elements. The power supply voltages useé o
were ¥10V and F15V. Al}.so’ théfb/i?wiere heated and their (
temperature contr.olle‘d. Thé response wals experimentally ,'
. : me;sured .ané‘ Piotted atl 22°C (xroom temperature) a:ld 70° C fdr
both power suppiies voltéges. Only the OAs: were 'héated;“the

passive elements were not heated 1n order to simulate\Hybrid

5

N S e ek s 44 M A
. N

. I.ntegi'atéd Circuit technology. -

As shown in Fig. 4.4.7 no appreciable change in the

1

B,

. response was observed; thus the experimental results confi;m~ .

, - A ' . R g
the theoretical predictions. - > ‘ - !
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4.4. 2 Effect ‘of the_pole of tﬁe b A. on Q aﬁdnu [33, 17]

In order tq‘study the effect of the‘pole qf the OA on - ~

where BO' Bm

are the unity gain bandW1dth of

‘are the poles of. the OAs. 0' ﬂ are the

the OAs. "o' ‘

D-C gairfs. of -

“m
L >, F
the Ohs, we ! get -0 ) ’
u‘ t el
v - o .
™ * B "‘&
- L) - BV
Al »
" ’ # - - I - : -
. . ' - ~ 0
LA * ° I - ' * & /
. -
g)-. N - ’—' N A
. . 3 . SO A w . - - . "

! or wp it 1s assumed that the de51red elements ane avail-- D
able and therefore .one pole of the pa551ve circuit’ always r"f m,‘
‘ ; . [
caneels with onelof" its ‘Zexros., Replac1ng the ampllflegs of !
Fig. 4.4.la b 3 netwdrﬁs of Fiq. 4.4.1b, and,4.4.lc the, .‘
analysy}‘glves. ) .o v l‘. - LR 1
\‘ ‘ » b ‘-\, e -~ . i
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. . L . . 52 [1 4+ m 0‘ + 0 X _(1 z) . {\ - - ?}
{ ‘ + . X . A \A b4 . . e e 1
. L] ‘ ) N w P 1 N o ', )
‘ 4 [L+K#K X] * KB + _ , A
e ! ~ BQ B 0 - 1
— po ., . . -
| * Co : ~ TR 2 ~ =\
* o mP .
© 1 ‘ * ’o.
12 —(b+ 5 K, (1 K X) +— K (14K X)) . i ,
. AB \PO »0 B?' 0 m x°° ¢ WA
4 “a, 3 " ’ ’ - - . z,’
. N X 1 ) M - ‘ - f
. .+5{——-+ [1+1\+K ] K.b + , D S~ A4
. > Cpo ’ ,AQPO .0 Yy 0. . . ' i
,. vl . (ﬂ ‘ ‘o N .
‘ . . (b+-*-L) K (1+K. Y.) + -——(1+K +K ) + ( (],+K )Ko} :
S po ‘ e
' . ; " —— ( . \g - ./ ) ' ¢
A 14K &) N
S ' ..[1+—“°——+ [1+1<+K an( —= . , S
oL 0O "m 0 J\2 - ) : T
* ' . 3 . o e - :. \ . ’.- . . * .
¢ | L o ' (4.4.21),
) , B ‘ R S WA - AQP ' vt ) .
) , Using Eqn. 4%4.21 the values of and of o due to ' .
" .t . : : : ‘ , P 134 T e P -
‘the’ effect of the polés of the amplifiers have been obtalined K
for varlous values of % and are g~1ven in Fig. 4. 4 8 and h
' ° # = Y X
4.4.9 reSpectlvely. The use of SN72301/0As compensated : "?
- accordlng ;o the curtent specifications of the ma‘nufacturer ) S %
, - -
. has been assumed in the computations. ~_ -
. : B N o o ™
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4.5 A QMC Realization Obtained Using An
" RIII_Generating Circuit : : N

l The overall 'realization consisting of two amblifiers is
as shown in Fig. 3.5.l1a (Figs. 4.5.1b and-4.5.lc shows the —~

actual realizations of the two amplifers contain®d in Fig.’

.
. 4 .
. N .
oy
>
4 o e e e SN LSS I = 4 W >

. 4.5.1a). It consists of a differential amplifier optimized

il .

L] L ) - - .‘ “ - N 5
network [17, 18] constituting an RIII generating circuit
] « )

% . [

having a‘tv of type N2 used in the configuration of Fig. ‘ 1

4.2.1 with G, = 0. The entire network corresponds to a null

!
o - _ . G
L filter having a denominator decomposition of \type 7. Its ‘ ' %
. transfer function is given by:. ~ o N ’ i
S KKp  Gp 2 6183(C*¢y) o o
o : x g St~ \ ‘ L ‘
- _— __H 1°2°3 t c :
‘ 7 : K K. G, G, (C +C.) '
‘ , 2 m 0 2, 371 "3° :
| 8" [MHK +——] +8 [z~ ] + ‘ B :
. \ ‘ SoPox €1 C1%fs. - °
L : 1 G,GL(C +C) K :
. 1371 "3 m ; <
: : , — [1+K_+— K_} ‘ (4.5.1a) i
. . ‘ , C162C3 D' x "D AR i
| . ] ‘ ]
s ¢ - G0+GA L ’ < X . - ! 3
e Lox =1+ —& : o . . (4.5.1Db)
. - H . "‘
- ) - G “e D . - . ¢
‘ ‘ K T S - T (4.5.10)
B - ‘ . ’ , . )
’ and N , _ :
, ' ,a __.‘ 4
QV’L_‘ )y . B [ B g
. B .
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4 R 4 . a B
[ D ~— , R PV
. i ) H A o
, " A SET OF DESIGN EQUATIONS  * , 4.
. . . g = N
. . ) K ~GI'G%{?3'C1'CZ'%3 are g:.v?n in Tab]:e—t.z.? N (.,_
) T 4‘ G“~/6A - l ' . . . B - - B
P K5 Cpo/Cng” Cao’%po=Cw/S0 - - - -~ _
L4 - R"f’ G)\/Gn . L . '
Kn'xD are obtained from Fig.4,5.5 for spe&\ified QP T . -
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D ’ The parameter X has a minimum value of-one which can be ob-
tained for an unrestricted resistive spread only. The design

equations of the‘generéting circuit have been given in Table R
4.2.3. It is known [17] that for this generating circuit the j}
- 4 minimum capacitive spread'whlch is smaller than 2.5 occur
' §

for the following valdes of the design parameters b = 3,

.= 2.3. We will use ‘this set of design parameters valuec - .

_wherever needéd in our subsequent work.
v For the transfer function given in Egn. 4.4.1 we.2§ve
B v - © 6,65(Cy +c )
: : ©1%3 : : -
] w = w, = { } . (4.5.2)
. , e L 4 clc2c3 : -
o ) b " . : ' ,
- . - SKP = Skp = 0 o ‘ . (4:5.3) L
' s D o m oo . ’ ' %
KK R :
. . Qp = onll + ETR—IIT] o (4.5.4a)
. . ) )
where M o o I
- ' T o
- 4 . +
: @, = (03046466, (€750 ) k41 = Do (a.5.4p)"
: ) PO . czc3cz+c G (cl+c3) p . b _ - 2. 30
N
Hence f - ' : :
1 oK L ‘ s .
. Grdir BB e
KDKm , . .
,QP * X t , . ¢
S, =" . . (4.5.5a)
. . Km , ,KDKm T K
. . T ‘ o R
- . .1: ! . J ' g ' “ T, . R . '




gould be.ekpressed using Egn. 4.5.4c as

N .,
i

g Q ’ K K . : .
. N q . {4.5.5b)
4 I \. ) » Mo 3 - »
' K K Y -
D' m - * .
Q K+ -, - L -
SKP % .+ (4Ys.6a)
. ' 3 D m :
- 14K _+
L L+K
e This could- be expressed using Egn. 4.5.5a ' T
Q K K "
- s P = B+sm (4.5.6b)
Ky . bOp T x - B S
Hence '2 ~
, Q b 'K K
' P 1 m D . A
. leSK [ o S ~ D (4.5.7)
1 m P - ‘ o
, $
Q K K ' C ot
P _ D . “m - » . -
I,KPSK | = ga-(1+t0) (4.5.8)"
. D P A
and ,
‘ X K2 - - N
o F = 50, I * Kp(1+5-)] . (4.5.9)
- . } . ‘ . . 3
Minimization of F for given values of QP and of the parameter
- x which is independent of both km and Ky can be achieved in - .
- * / .
the following way : Using Eqns.4.5.4c,4.5.7 , and 4.5%.9 it X
. %
,a ' :" s is poésible to express K, and F respectively. as :
T ' - CLoah | § . )
— " . \ . a‘.—' ) - . 1 , v .
. bo,-1- "~ N
KL= X [— -1 . ' (4.5.10)
_ m K. . . .
. D _l_
-a‘




. b
s

" s , -

: ' ; L KD{ [bQP—l 2’ - :l
F = X .- + (bQ,-1) N
= ~ ‘ b0, K, 2

-

(4.5.11)

2
-

.

to zero yields: _ L -

) - . ; ) )
KD - (bQP—l)[bQP"’x"l] 4 Vo

-

(4.5:12)

(

value

4

v , respectively the value of F (called_Fm) for prescribed

- of b, x, and Q, and the corresponding malue of K_ respe

) | + tively as: ' } " N ’ A, . o " oo
‘ ot - ° : S 2. -
| S | % (bQ,-1) 2 ] g
- . P = — -1 . N
:. A m bQPe ‘ .
| "(4.5.13a) -
! and - .
N o v ¢
, : . . bQ£+x- R
K, = X (4.5.13b)

\'- (# ' . . . f s
- . . . |

- N . -
‘The result of minimization of F for several values of

i
x as well as the cgrresponding‘gplue§ of KD' and Kﬁ versus

' 'IQP'are'shown'in Fig. 4.5.2 to Fig.'4}5;4. from.Eqﬁ} 4.5.11

L

+

.fhat it is desirable to reduce the value of.the parameter

x in order to reduce as much as possible thi value of Fo

-

Setting the pargial derivative of F with respect tQ'KD equal

Hence using this value of KD in Egn. "4.5.9 and 4.5.11 we get’

4'as weli as from the curves shown in Fig. 4.5:2 it is clear ,.'

4
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P 4 - .

‘ correépond}ng to any prescribed value of QS."Also imspection . .-
_of the curves shown .in Fig. 4.5.3 and Fig. 4.5.4 shows that

i the reduction qf x contiibutes to a .décrease in the resistive ‘3

. »

, % ,épread Y. .How verjdecreaSLng the value of x lS assoclated

>
&

with an inc mentnln the resistive spread y.: Hence we can
o

ot » follow the same'pfocedure used previously. Let ' ' .

’ . R R . - { -

| A x = ;1 U SR . -
| e Ya - Yo o, " R
| 0 . .
- : : %
- 7 9 -
’ N ‘YA GH ; . . ’ ‘§
r ‘ S a - P, t
. v - " , ' , .
. . . . . : ‘ 4 o
. G, ' : - et tox
Lo B ' ' * (4.5.14¢c) 7
Ye G;} . . . i N . ) ‘.| - 4 ";:
. . ] , ~ ‘ , . 4 “ N '— s " “ \ » “‘ ) ’.h
g where: for the.purpose of minimizing x it is assumed that - !
M.al ) YA > 1, Yo ? 1'yith these és;u@pgions. . : H
- . . . & . . , , " X ot . ;
¢ - ' n o |
| ‘ R e SR | B (4.5.15) |
- - x G Ya®*m . . . A4.0. L -
- ’ B g t ’ ™ . s
T . - ’ | ’ ’ 2 - —. ) ‘ -
E "is the quantity which for low values foQPO and high values ' .
~ - 3 kg . ‘!’ 4. ' ., - h '. .°. N ' - N
of QP detérmines the resistive sgread Y.* Thé;fol%owang v e .
. e . - : LT S R ) Mi:
i I . *The resistive spread y to. whlch it is' referred here does . <
. + not thke into account the scaling up of the resistances of o
" the generating circuit which may ‘be necessary to.avoid the " bl

loading of the Twin-T if the dlfferentlal ampllflers is. = B
reallzed u51ng a 81ngle O0.A. as shown in Pig.’ 4 5 le. ) .

- e . 4 Y
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coﬁ\promiseﬁa

_® . .

- set of design equations appears ta be.,a good

' to achieve low values of F_ and Y

(4.5,16a)
(4.5.16b)
B =2+ = ' o . (4.5.1‘75)"-
A R D o Co -
’, \ - ‘ !’- . ) "- » ) - ' * . - )
»t, . . and using Eqns o135 .11y 4.5.16 apd 4.5.17a ' . i
. oo { . B : . - AR ' - ,
)’ T . '. o . ‘ L 1 : - é*
. . - . 4 ‘ . ~‘~ ’ - )
AR T ‘ ‘Ko ' 1 pr'.'l - 2 . e * ‘\4
F ;‘Fé-— (2 + f-) % - 1] + (bQP‘-l) *« (4.5.17b) j
. Pl D D ], . ‘ )
~ L 4 N , . ‘ - - - . R :
) .Y A S‘et of curVves giving éﬂ KD ‘obtained from the mJ.nlmlzat:Lonr s T
) Y *,. ;,p . P . s f
o g of F as expressed :in Egqn. 4.5. l7b. ¢K obta;med u51ng Eqn. 3
// 4 5, 10 andg versus Q, are shown :m Fig.  4.5.5. ‘ gl
: « | : co N
) v - LS . o . ) . ;
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L 'as.l Experimental results -~ o i . B
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. D . Do . - I
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-below. = ¥ e, » . .
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: QP =_ 50 e . - : . . , . ’ ’ N
A 0 . t. . l ) ., . s . . . . ‘ .
Y Cpo 6.19 | .
. ' o . T . .o -
'r' . - - ‘e ow 4 . w { . . C ) Ve
\’ . . . , ) ' /" - .. . * h 4 ~
. w ' .




. .
~—
’ Y
. — ¢
b - -
B L] X .7 N o
- . \ t ‘ 216
. . - » + . . «
- v . . Y '
. .
- A, -
A
. A .
te .v A -
4 -
< e}
A} - .,

= 15.376 e R
= i7.58 . - . C e

' 1 = }KQ' _' ,’-] . o b
, = 0.533 ks e e S -
i . . ,
* 3 =' lo 76 KQ : . ‘ n" 1 ’ -

10 = 0.199 yF B o S Py S
= 0.239 ,F, : ‘

= 0.08649 VF - o B !

x = 2.0569. ' S L S -

= 0.533 KQ

£ 1

.RA
R

Ry T :
R Ry 0 = 8.195 Ka '8 A
R

1

) : .o C o
= ’ = v . : s . ! ¥ )
(A o= Kyo = 5-668 Ko, .. . i . é

‘R, = K 100 kKp Y | c -

BO ‘ : , ‘ - 8y
o , o : . = SR

" . caphcitive spread 2.77:1 ‘ ' SRR T r
e | , ‘% A o .
w wp

S .= S =0 .o T 4
./kO m

02,3492 S, e T

L

|K0§KO{/QP

- - §
.-".7 QP j 4 ‘ - ‘e

‘\ .om ‘ , - - . ‘* .. , S ‘, . , ‘s
Fm(QP = 0.619 -_ ? 4 \' “ “‘. ‘.t‘

Caé;bitive sprégd_2.75:1 C o ‘ _ :: .- L
. SRR
. ‘The 3 dB frequencies are:* L . . » 1.

* ‘ \ - \
‘. Fg = 990.05Hz. . Fgy™10110.05 Hz,

. , ) .

. . ? N .
. , R v £ . “ « 7

] - ' o
. o o . . - .
. N . I ' = R . » |
ot - ' 5 : N s ‘.
. ~ 0 . [T . R N

[l ’ . : ' N

'
Lt




. Any or both of K and K canﬂbe,46;hsted in order to achieve ' g '

the tuning of Q w1thout affecting wp,

- " The circuit has been 1mplemented u51ng 1% tolerance
resistors and 2% tolerance condensers with values chosen to "

. > . . ~ -

v - .. ‘ 3
be, within the range of currently available elements, as
- m‘,

¢
close as p0551b1e to the desxgned ones (Trim pots ha%e been

R used wherever necessary). ‘The OAs wh&ch have been used were

4

lﬁ internally éompensated'ﬂngl.. Actual values obtained

~ ‘ ! v v '
. Wy 1000.6 Hz. . . - N - ) . < '
" - - . , . oo - E
Faqp = ?89.8 Hz. E.,=1010.2 Hz. . o
Qp, = 49.044 “ - . 3
- The deptﬁ of the notch has been found to be 70 dB. It’is - %

J

found that the circuit was stable during activation. QP and S

‘- w, variations from their designed values are respectively

P
1.9% and 0.06%. THis is due to the small differences between

the designed values and _the used ones as well as . to the AN

| : ) .
tolerances of the dlements. Poweér supply voltage\used_were ‘ - ’

: t10V and *15V. Also the OAs were heated and their tempexa- |

5 ’ . ° <
. L% .

ture contro}led. Ihe.r95ponse was experimentally measured

. and plotfed at 22°C (room temperature) and 70°C foqﬁﬁbth

power supplies voltages. Only the OAs waxe@heated. The : E

>

. - - o . '
passive elements were not _ heated in order to simulate Hybrid .

-
-

.

;ntegrated té%hnology i ‘ ) .
N > ) ' St I
: . As shown in Fig. 4. 5 8 no apprec;able change in the o
et = 1
response was¥observed; thus the‘experlmental results confirm

" the theoreticdl prédictions, ‘ . ‘ ' . .

'/' . 4 . -
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4.56.2 Effécé of the pdles of the ;Hblifiers .
' on Q_ and w_ [17, 33] i

P : ‘ 3 s
In order to stiddy the effect of the pole of fhe_ampli—,

fiers on’QP and wp, it is assumed that the desired elements

are availéble and that the input impedance of”th? differen-
tial amplifier is high enough to avoid any appreciable loading
_of the twin-T." Therefore one pole of the passive circuit

always, cancels with one af~its zeros. Replacing.the ampli-

fiers of Fig. 3.5.la by the ﬁetworks,represenSpd in Fig.
3.5.1b and 3.5.1lc the analysis gives '

D(S) =
‘, K K ¢ ’ _.(I+K Y—).
2 - m D 1 ’ Y . m X
- 8 {K'D+ <. * A M X 7 MR WE N

~

-

|

i
g
]
8
o
]

!

b4
D (14K <)

.+ + K .+
AL (S) Am(fc') DA iS)AD(S)J .

m

K. (1+K_ Y
1+ m X
L

i K_K - ' ]

m D l . ) y
x’D + = + Am(s) Ky (1+Km SE) +
- 'Y- ,‘
DA_ (/S?)AD(S

+ K




(4.5.18Db)
' . ) " .
'{.‘B #» B are the unit gain bandwidth of {:he'OAsq B., B _ ‘are
D m . R . s D m -
the poles of the OAs; A, Am are the D-C gains of the OAs .
we get: ' ? : ' i
D(S) = - . ) .
ror : : i
4 wf,x (1+K ¥ v ' :
st X} +-
. L BmBD
i
N / 3 | y “p ’ .w o R
w./ s K (1+k_ Yy B+ g B4 g (14x 1)( wg)up
o e x TB, C p By D Tm X . i
il : +g X S ,
; K, (1K 2) N z_l _ ﬁ
. N TR - W Wy / . } 1
. * D‘Fm --’ » ' - X ~~
7 . o~ . . Cos 3
. K K . w W -
27 . mD Y m ' D
+ + — = .
s [KD — * K’D(1+Km x) 5 + Ky 5 + . _
. m D / )
, o | Sk 4y
[ ] . H
K (1+K ii)'D +—-wn+——ﬂibm+. : .
D m X BDB BD P 'B‘m P . '* :
+ b x '
Kp (1+K_ %) (mem)w KD(1+K P . ‘
. BDBm . ) BDB i r ) .
w :4) v ' w
® .
+ +K. — + % (1+k, L) 'K (1+x X D’“~
S[b(l KD,.BD B_ Iy ) KpFK, ) 55 .
. ! m . D
cen 7wy Ke (14K Yy 4 K (K D) (w e, )w
+K’D"1§E + 2 me’WPJr > 5.5 : '
P D m - . D m .
. ‘ y s
[ N ! o 2 X. W ' : - + )
+ K+ £ + Kpép +'*KD(1+")'“‘ + K} (14K “D°m '
D X ‘B B ( m X B B ‘
H D x m ’ D m' '1' |
‘ C - = (4.5.19) -
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If we lét B_ = B
m -

L 4

s

D(s) =

2. 'y
a|wpKp (MK 2D

-+

L B2

1

221

0= mc,and uge B = ch we gg#:‘

K . . ’ »

\ o lv . T

i K (24K L) .
3{%p"D m X,

p? ‘ X 2
KD(1+Km x)wa

+

"l o x
ZKQ(1+Km x)mP

B‘.
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L Using Eqn; 4,5.19 the values of

Aw

0y

AQ
and of —62 .
P . ' .

(4.5.20)

due to . =

the poles of the amplifiers have been obtained for various

_values of w, and are given in Fig. 4.5.7 and Fig. 4.5.8 - °

L]

respectively. The use of,LM74I’intérnall§ compenséted OAs °
- . ,

" has been assymed in ‘the computations.
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4.6 Summary and Discussion

>y
?

In this chapter we have considered QMCs which are ob-.
The general TAC discussed in Chapter ITI has been adapted to
suit'tﬁe use of a second order tv which requires that all
the impedances be resistijve. It is shown that only twelve

types of gEnérating functions satisfying Eqn. 2.6.4 are T

needed to obta;n all the possxble denominator polynomlal

tained starting from.a second order genérating function tv'°

decomposatlons of T .

y

»

o

-

Pass filters are obtainable.

It has also been shown that only Band Pass Null or All

Only SACs haviﬁg zéro’C£SP and

224

~¢ -

.

minimized GQSP have been used.

-

)

~

)

the zero GuSP

i ‘
F. Hence QMCs/%aving minimized

ATV

r

* -

~ are obtalned

*The resulting QMCs retaiq//“

property and have becn optimized to minimizc

! v|S=8up
The QMCs/have been class;fled 1nto three categorles-

-

RI,. RII, and RIII accordlng to-the generatlng SAC.

'reprESentat1Ve circuit of each kind has been studied in
.
Tab%; 4.6.1 gives a comparlson between the three

Fin

detall.

given realizations.

One

It'has been found that — of the order

N

F
of 0 5 or lower is achlevable and that- —h

decreases as Q

D

< QP

L

Experlmental results confirm the theoretical

increases.

. studiés. -
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)- ‘ “ - N . . . : N ~ .
» . - R CHAPTER V , . -
! : ' : i : . ) ’ o
. . ‘ N - . ) v -
. ’ e " - P
. : . . & -
. ' . : - SUMMARY AND DISCUSSIONS . )
. ‘ ; . L ' ‘ R : ) ‘ ' - . -
- -~ . . [y » ." ' .J ¢ " . ' ’
# - ' This thesis discusses realizations of ?écond order trans-
“ , 1 r, . * : N .
“p . ’ ; o . .
o fer functions‘by two—ampllfler active RC'netWOrks. The realiza-

tlons of the £five commonly occuring types of fllters, namely
¢ LP, HP BP N,and AP are "studied. The’ fllters should be imple- °

':‘ mented using hjbrld Ic tecnzology Assumlng thlS technology, ¢

\

ST de51gns have been’ obtalned which. yleld fllters with zero

) o ' Amp - AQé
= (at least for first, ‘order varlatlons) ‘and m;plmlzed o
| 4 P
Whlch 1§.equ1valent to mlnlmlzed ﬁ {the sum of’ the magnltudes
,* R /’“of the qaln - sen51t1v1ty produéts) ’ }‘ Yo

2

*» N e
Chapter II dlscusses the varlous p0331bhe denomlnator,.

°

polyﬁomlal decom9051t10ns hav1ng the'property of zero GmSP.

.
0 Q —

s\\
- A’general two ampllfler coﬂflguratlon 15 proposed&whlch will © .

.

realize all the p0551b1e polynomlal decomp051tlon§l !?hé ‘con- -
s o flgu;aglon is not dnique,and some® vquatlons of this conﬂlgu—

rétieh‘are given., The overail realizatioh fequires the use-
-, of generatlng functlans" whlch can, be of three types, namely

- 3
« -

‘.zero order,\flrst order and secpnd orden. These generatlng J£

K : . functlons have to be reallzed by 51ngle ampllfler RC networks‘

-

e hav1ng thelr outputs taken from the output of the ampllfier.

s

The ‘casé of the zero order is not M/PhaSLZGd further 1n _this

i

thesis, as it has been found tha} 1t 1s not. possxble to déSlgn,
' . \ - . - ] ) - N

It i's found that twenty—four such decomp051tlons are p0551b1e¢‘ A

W N
- . ———"
M Q - , t a . N . . [ -, -~ ™ ", A




filters in a relativelx:simple‘manper. o

- . - [ Ve

r In ®hapter-IIXI, the realizations using first order gene-

, - . X Te - . - ) ce ’ ' ¥ . H

{ ; rating fnn%tions are discussed. It is shown thatoonly low- - -

- ™~
C e pass, hlgh pasf, -and’ band- -pass fllters are obtainable. wh@h .the ™ 7

a admlttances are oﬁgthelformMYf S*-G lso,~these fllters

. 1

lww—~—~“r§”112e elght polynomlal decomp051t10ns, startlng from only

two types of generatlng fjnctlons. They are destgned to yleld

t \

zero GwSP and mlnlmlzed F. A value of 6— of the oraer of 6 4 -_t'
. ) P . ~
. (fox;.Q ‘= 50) has been shown to be obtainable for LP, HP, and

Pr
- H

'BP corresponding to the polynomjal ﬁecompoéition.of type 1

= with a unity capacitive spread-and. a moderate.resistive spread. :
. ' o .8 . - N . — ,\l

¢ « ¥or the BP cOxrespohding to thie polynomial decomposition of

tyfe 22b, &= {s also of the order of 6.4 with & caglcitive u
P g, & ) | |

spread of 5. quer values of g— can be'achieved if the.capa— \ .
P B - - . H
ci 1ve and/or re51st1ve soreads a?% allowed to increase. It ’

’
* ¢ . L

u;te,p0551ble that’ sope of the circuits generated mlght N

L
een dlscussed ‘in, the llterature nevertheless a systemat;c

2 have
L X ¥ N 3
method of obtalnlng two ampllfler‘01rcu1ts starting from first
: -~

orderx generatlng functions is given as shown in Tables.3:2.2,
5 : : 91 :

3.2.3, 3.2.4." ’ S - o o
‘) 7 , 2N "r .
¢ .- " In Chapter v "Q—multlpller circuits" are: dlscussed in’
detall. .This “Q-multlpllcatlon- requlres a second order
N L 1 /’

|3enerat1ng function- t reallzed by - a 51ngle amplrfler c1rcu1t. S '.f
_ C e . It is shown that all,the pOSSlble twenty -four polynomlal de( T

%omp051tlons can be obtained by the u&e of twelve types of
- } generatlngffunctions. Only SACs.paV1ng zero GwSP and .minimized L
* . - ,g\ . a , s . t

' v N » .. N -
., s .




_GQsp " have been used. ' The overall QMCs preserve the property

4 .
. t -

of zero GuwSP and have been optimized to minimize F. _ ?fb
It has been foung tl'lat\‘[since the numerator of the QMCs '

trahsfer function is the same as the one of its generating

-
‘e ]

‘SAC ‘only BP, N and- AP filters are obta:mable. The QMCs are

.further c1a551f1ed accordlng to the reallzatlon of the gene-

ratlng SAC. Three reallzatlons, one"of each klnd’, h‘e'lve .been-

studled 1n detall and compared. The comparison shown in Table

-

4.6.1 gives the different features of each realization and

v

shows that for all Of. them a value of q of" the order‘ ef 0);5 ~/'
(for o ¥ 50) is obtelnablle‘ while the'capaclriv_e spread is

) kebt beléw three and that 6@ decreases as Q increases.
Three null QMCs and twg band ,pass filters obtained from

o

'f:l,rst order generatlng c1rcu1ts all for Q = 50 were bullt

-;-md tested in the laboratory at BC supply voltages of 10V and

° 115‘9 and with the, OAs at temperatures of 22° ¢ and 70°C.. The

r

tg}t'fe/sults conf{’rm the theoretlcal predictions.

. . . -
- - - W
Bt PR IS SIS et

°

ES
Thus thJ.s study clearly establishes ,that:

. ‘ ~
(i) Ywo-amplifier RC filter networks having zero.
GwSP and mlnlmlzed F (sum of tﬁe magnltudeg of
the GQSPs) .can be obta:med . .
All the “p'o.ssible"‘twenty—four -ﬂolyr{omial de'compo-?
sitior}fe, ha\'rin? the p“rope;st%, of ;ero GuSP ean be
~ 'realized"by one general configuration. .

“'Startlng frc)m low-Q sqmgle ,ampllfler c'ircu»lts

with zerb GwSP, Q—mult:.pllcatlon perm:.ts us to

-




rd

-obtain higH—Q circuits with low F and preserving

0
)

.. o the property of zero GwSP.
‘ - /- .

. N ¢ -

~ . In this thesis, zero GuwSP has been the starting condi-

tion. It is desirable to conduct‘investigations regarding
fgc realdzations that Vill miﬁimize a Qeighéed sum éf ﬁg% and
;ﬁf' Also the ggrg order énd first o?deg cases are not ex- ,
haustive. It is worthwhile‘té‘sfudy fi;ﬁé; fealizations when

the passive admittances are rea;ized in various forms. Fur-
dhermore only open circuit voltage transfer functions have

- beén considered and realized in this thesis, but the same

-

]
procedure cofld be readily®extended to realizé-currégt‘trans-
- . . e
fer functions using the property of network .transposition

[3s1.. S

.

-J

o compmet i s




N ) ! e ' ! ‘ : - ‘e CEE Y ot
- ’ . . B . ’
. . . .
M . . .
> T : L 4 > N M . ! -, © . .
N . N o e . ) , P s \
, . ) . ’ I
- v , L g . .
. 0 < A A : . a -
‘ ’ ' ‘ B » -, .
L . - Y .
. . \( Ay . . o ) . £l . R ) L .
° . Pand ) . ’
. 1§ N B+ ' R
- . \
. . . . . > . . ) ) - ' ,
. - 0 - 3 N ., - . - . i B
.
- - , . . .
¢ . . . . . . L ) .
’ . . « “L . ) .
. . N . . !
. . . . i . ' - . ,' ) (‘ .
' ot - . * EE R
« ., , . ’
. - . . o R . ‘
) . ' . ' ' “ . : . '
- .. ‘ . . . R ) A
. PN . .
- . C . . - . . , sy .
s ‘ -
) h ' . B * . “. .
l . . ”
. . . K ‘
: - - . ~ ’ »
* . . . . - ? {
- - N - . . P -~ i
' . v
. . , )
. o - R N . . L . l
h * + ‘ - ; - . ¢
: ? . - S ‘ p )
. v, . . o 1
' . . . . . N N
B . 3 - - . , ' ;
. ' . . ]
— , .. . fl
* - » - n . ! N
t * . Al 0 —
Ed , . s
' . N - f

o N . . ' . ’ i o 4
. i . . REFERENCES , K - ;

3
B ‘ . - Y e 4
. , . - ; ..
S r : L. , . , .
N . - )
, [ [ X i o C 4 3
) : . ’ . N : — - . !
’ . ‘ . * » . . Y 4
. . . P R . . i
~ . ~ - , o
‘e " hd 0 - . R
. . . .
Y ] o . . . N . \ .
R - ' B e
. \ . )
. . . » . .
. A v ] . . - ,
LJ . s ., .
B 7 4 e .
* .. { . -~ ’ . ‘ o, . N '
‘ Lox 3 ’ . ‘ - . R
P R 8 . .
3 . R . B . \ N
. * t . : - . R ‘ .
T , . . : L5 Y . v
. ., 4 ‘
. . . | a . . ) ,
' * M e B o
* N . N - . 9 R
i T -~ B . ! g ‘. - . ) . . <
8 , - N " PR €~ \ ’ I
- - . -7 v b .. : A . . >
[, [ ; A . , B .
: . .y . o ) B
: . , . , ) ,
. - ' . . . . . - .
. X o . . , ) . R N
. , . -, TN , . . ) i . . . )
/ PN . N . ' . .
—— . ~ .-, ' . ) A
. F3 ' a PR . : . . . . Y. .
¢ P - s ; : - . - B - ’ i
. A ' . L. e v ‘. ¢ . <. P_—
o ' ) ! ' * ‘ T L ' . f B
N N ‘/ - . - . \' . . P \ . . . . .
: . Ve » ' . : - ’ " . [ v
N N —— e : . “ N - ‘re L .
. . i} 5 . . \ N R 3 v - .
o Ca h . = * Cam e v, : - S,
. s . a0 Lo e . , -t , s T . » , .
! ! ’ N N sy . . . b
Lo, - . PR A . .\ ey, ' « -
- LS - , » e, R ., » . s, ; L. o
- - .o s, . ! ) ) - .
C - i ) N . .
R Y ) * . ot [N - . . . F - .
* ) P . L , ¢ : v Ot . - " . t et
[ . te AEREA LN . N LS . - ) * : - < o '
. . . - — . i N i N -, N ot
R . A i . P ) . o, B ' I ,
H ' e ’ 4+ . N A s . N
’ ‘ ' ’ ’ ! * ! . . L t
. ‘ . oo ' . . PR _ f
. N [N Yo . . - ' o Ay . .
. . s , PR \ . ot N . : .
. . e . g . . . B . ™
R P L ’ et = e
e 4 e

: . } i s oSt
s 4SRRI DB 5




1]

(2]

< (3]

14]

15}

(61

{7

(8]

(91°

[10]

[r1)

“

12

'3

[14) '

M.E.

-S.K.

L.R.

S.K.
S.K.
G.S.

W.B.

,- REFERENCES

—_— ! " B - : ’
) ' . ¢ . , . . 1: i

1 ™~

Valkenberyg; Introdudtion to Modern Network Synthe51s,
New York: Wiley,. 1960.

‘Louis Welnberg, Network Ana1y51s and Synthe51s New York:

McGraw-~Hill, 1962

L

Mitra, Analysis and Synthesis of Linear Actlve

Networks, New York: Wlléy, 1969. L

Huelsman, Theory and De51gn of Active RC Networks,
New York: McGraw-Hill, 1968.

Huelsman, Ed., Active Filters: ' Lumped, Distributed,
Integrated, .Digital and Parametrlc, New York: McGraw-

_Hill, 1970. s

Newcomb, Active Integrated Circuit Synthesis,'Engle-
wood Cliffs, N.J.: Prentice ‘Hall, 1968.

Mitra, Ed., "Active Inductorless Filters", IEEE
Press, 1971. ) ‘ )

Mitra, "Synthe5121ng Actlve Filters", IEEE ' Spectrum,
January, 1969.

Moschytz, "Inductorless Filters: A survey", in Proc.
1970.Electron Components Conf.

Mlkhael and B B. Bhattacharrya, "New Minimal Capa-
c1tor Low ‘Sensitivity ,RC Active Synthe51s Procedure
Electron Lett., Vol. 6, Pp. 694-696, Nov., 1971

A. Antonlou, "Novel RC—Actlve Network . Synthe51s Using

Generalized Immlttance Converters", IEEE Trans.
Clrcult Theory, Vol% cr-17, pp. 212 -217, May, 1970.°

A. Antoniou, "Realization of Gyrators Using Operational

G.S.

@

L.C.

Ampllflers and their use in RC Active Network Syn-

'thesis", Proc. IEEE, Vol. 116, pp. 1838 ~-1850, Nov.,

1969, - - . . N
o b (‘ ’

Moschytz, . "Miniaturized PFilter Building Blocks

Using Frequency Emphasizing Networks”", Proc. Nat. 1

Electfon Conf., pp. 634~ 639, 1967 .

Thonias, "The quuad' qut 11, A Multipurpose Active
- Filtering Systen”, IEEE” Trans, Clrcule Theory, Vol.
CT—18: pp. 358- 361 May, 1977. A C

N

.
ey S S

\

TR AR s satonrrd S, A

A




2

Hamilton and A.S. Sedra, "Some New Configurations
for Active Filters", IEEE ‘Trans. Circuit Theory,
Vvol. CT-19, pp. 25-33, Jan., 1972.

Bhattacharrya, Wwasfy B. MioZael and A, Antoniou

"Design of RC-Active Networks by Using Generalized

Immittance Converters", IEEE International Symposigﬁr
. on Circuit Theory, pp. 290-294, April, 1973.

(17] N.P. Singh,‘PReelization of Single Amplifier Networks
. with Specified Pole-Q or Pole Frequency Sensitivity"”
, S8ir George Williams University (Thesis), Sept., S -
' 1974.

.[18] N.H. Singh, V. Ramachandrar, B.B. Bhattacharrya, "Reali-
' zation of Single Amplifier Networks with Specified
, , Pole Frequency Sensitivity", IEEE International
Symposium on Circuits and Systems, Munich, April,
1976.

- AP
-

et

{19 G.S. Moschytz, "The Operational Amplifier Linear Active
o Networks", IEEE Spectrum, Vol. 7, pp.*42-50, Jan..,
1970. ' ’

-[20] CmRobergé,"Operational Aﬁplifiers"; Néw‘York:f‘Wiley, 1975.

[21]’ A.S. Sedra and J.L. Espinoza, "Sensitivity and Frequency ‘
. Limitations of Biguadratic Active Filters", IEEE , i

Trans. on Circuits and Systems, Vol ‘CAS~ 22 No. 2, | ;

T Feb., 1975. . ¢ H
. ‘ ;

f

[22] G.S. Moschytz, "A Universal Low Q-Active Filter Building
: Block for Hybrid IC Implementation“, IEEE Trans. on
Circuit Theory, Vol. CT 20 No. l,,pp.'37—47,
) January, 1973. -~ ’
[23] A.S. Sedra, "Generatlon ‘and 1a551f1cat10n of Slngle )
o .Amplifier Filters", International Journal of Circuit
Theory and Applications, vol. 2, pp. 51-67, 1974,

TR SN i s

w . " [24] T.A. Bamilton and A.S. Sedra, "Some New Configurations
. for Active Filters", IEEE Trans. on Circuit Theory,
vVol. CT-19, No. 1, pp. 25- 33 January, 1972.

- . [25] T.A. Hamilton and A.S Sedra, "A Slngle Ampllfler Biguad,
o . o T Active Filter", IEEE Trans. on Clrcu;t Theory, Vol.
* C-T19, pp. 398- -403. ’

— - W ,

"{26] .A.S. Sedra, "A Class of Stable Actlve Filters 051ng Unlty , NN
. Gain Voltage Follower", IEEE Journal of Solid State
} - Circuits sC-7, pp. 311- 317, 1972 _ . .

. S . ! .V




-

e SRS TN, iy o

v oy et -
.

[

271

[28)

[29]

(30}

_131]

132]
[33)

(34]

_135]

[36]

1371

[38]

(39)

o)

“J.J. Friend, "A Single OA Biquadfatic Filter Section",

pp. 179-180, 1970. .

€

Atlanta Conference Int. Symposium on Circtig\Theory,

Brackett, "A New Single OA Actlve RC Network", Proc. -
thh Midwest Symp. -on CerUlt Theory, April, 1973.

Sedra, "A Survey on Recent Trends in Actlve Fllter
Design", Digest of Papers, 1971 Com. ‘Conference,
Montreal Caﬁada,-3.9-3.17 (1971).

Geffe, R-C Ampllfler Resonnators .for Active Filters,
IEEE Transaction on- Circuit Theory, Vol. CT- 15 No.
.+ 4, December, 1968.

'
'

R. Bach, Jr., "Selecting RC Values for Active Filters",
' Electron, pp. 82-85, May 13, 1960.

A.E. Sandérson, "A Q-Invariant, Invariant Active
Resonnator", Proc. IEEE (letgers), Vol. '60, pp.
908-909, July, 1972. ) ’ .

N &
Wasfy B. Mikhael, "Design of High Performance RC-Active

Fllters,/D. Eng. Thesis, Sir George Williams
University, Montreal, 1973.

M. Soderstrand and S.K. Mltra, "Gain and Sensitivity
 Limitations of Active RC-Filters", IEEE Tranms.
~ Circuit Theory, Vvol. CT-18, pp. 600-609, Nov., 1971.
G.S. Moschytz, "Gain Sen51t1v1ty Product:- A Figure of
Merit for Hybrid Integrated Fllters Using Single
Operational Amplifiers", IEEE Journal of Solid State
Circuits, Vol. 5C-6, No. 3, June, 1971.
. o . ,
G.S. Moschytz and.P. Horn, "The Gain Sensitivity Product
. As a Ufhiversal Measure for Active Filter Pole Vari-
ations due t¢g Non- Ideal Ampllflers, IEEE Proc.’ ’
ISCAS/76.

c. Bhushan , "Some) studies on Network Sensitivities and
Network Operations",-D. Eng. Thesis,Sir George
Williams University , Montreal, 1972.~ )

G.S. Moschytz, "A Note on Pole Frequency and Q-Sensitivity" '

IFEE-Journal on Solid State Circuits, Vol. SC- 6, PP..
267-269, 1971. - .

B.B.-Bhattacharrya and M.N.S. Swamy, "Networkxﬁiangposi-

tion and Its Applications in Synthesis", IREE Trans.
on Circuit Theory,, Vol CT-18, No. 3, pp. 394—397,
May, 1971. ° .-

V. Ramachandran. Design of RC Null Networks, IEEE Proc.
Vol.55 N8 Ang.1967 , pp. i507-1508 :

. 1




