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,7/ . . The thesis presents ap exact distributed RC-active synthesis

B \T . ,

procedure for realizing any ‘open circuit rational voltage transfer”

i

function. For' this purpose, a nescl tranéformation of the conplex » -~

- 2,

frequency variable s, using the one port impedance of a‘short
- \ . . v . . N -
circuited RC %apercq line and that of an tdeal gyrator ternminated

. ' s “\\»4‘/ . 5 . . - K]
by the open cifcuited dual of~the RC line, is first developed.- The

synthesis procedure is then c¢ffected by utiljzing this transformation

and in general, finite gain amplifiers, which in turn ¢an be rcalized 7

. "<

) i ¢ . oo 2,
using operational amplifiers. . =~ f . v
! N . . . ) . R

. " b
s - It is found that thxg“e%?;ﬁs a band of frequencies over which
o AN L PR
g

. ‘\\ , the transfofmatio? is-adversoi#i?ffcct#d'if:fhe lines are not dua{s
o of each other; while it remqing:iéi?;ﬁ%éa;/ngaffeét;d above or below ;ﬁﬁ
t ) thé above frequency band. }tcis fﬁﬁther found that not nmuch s ga{n!d '
. o e .
by using tapered'§c lines inst@%é ;f compensurate uniforn RC lines.
Thesreét of tﬁg thesis Ts, tglégfo;c, ;evotcd*lo realizations usfpé5>
, Ly -

<l
t

’

a " uniform lines.

) (4 .J ' ey E]
. . . ‘ { . . s * f, Z !
.\ : ;/{/~i . A simple step by ste m?th d 1{s given for-realizing rational
, ' S i ‘ :
- transfer functions using commensyrate uniforw RC lines, Thcvgfﬁvct
-{n ) “" w ' o - )
, " b N N
. %f the lings not beingcommensurate {s also established to be |
\ q N . 3.
N ko

’. .
negligible on the transformatio

, ‘provided that the total RC producg

of the lines 1s,such that\pr s less than 0.01 or greater than 30,

It is shown that in order’ to implement efficiently the 4.““

! &

N ' EREEN : Lt J. b
I synthesis p;occdute. a low sepsitivity lumped RC-active netwark with
. . \ . o d .
Coee T N

. ® .z" .\\




41l of its capacitors grounded, is required in the transformed plane. .
) d;é’such second ordpr configuration is proposed along with an optimum

} design for it. A ;odifggation of this configuration then a{}ows the -
development‘of a gignificantly improve design 7,;hé modified network ,

© -~ (1

is shown tg/be SCable during activatiocg. The effect oﬁ the design of

ghe finite d c gains of the operatioual ampllfiers has been found
to bg low. The finite bandwidth of the amplifiers has a neglxgible .
effect on pole frequeancy while it ;ives rise to an enhancement of the
polé Q A smelg ache;e is desc:ibed to compensate for the Q-enhancement

. . ! . o 5
without affecting thé-ﬁole frequency:"A Juning pr0cedure for the
compensated network s given which involves the trimming of oni;AEhree

/ /Q resistora. The theoretical results fér the network haye been verified

!

A »

by exteusivé experimental tests,
¢ * . e *

The synthfsis procedure is illustrated by designing, in detail
N
“ seconﬂ order band paba filters. ﬂ& Jds va?ified that the effect of the .

o

11neo being non comnonaurate, on the response, is ng‘ltnible prdvided o ; .

that the main part of the responsie . 1ies.in a frequency region such that

the RC proéqzt of the lines sati fiea any one uf ché conditions derived

.before. Guidelines are develope , for choosing the gyrpcion resi§gance
X a .

hayp_litfle inflpence on the r sponses., The effect of the finite band-

! .

width of ‘the amplifieré {s sho “to result in a de-enhancement of the

¥

pole Q of the~distr1bﬁtcd réa izﬁtigﬁf '.Finally, a design-is prasented

for a second order 10w pass ucterworth fiACQr uith a cut off frequency of |

) 1

shown thdt‘the entire filter is hybrid

- a

10 radians per 'sec. and it is

-~

integrable.
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. CHAPTER I ° , ‘
LA S |
. ny
S . . INTRODUCTION - ~

r '

“ 1.1 GENERAL " ' : '
: ’ :
. A 'considerable amount of literature-exists on the theory and-

design of passive RLC filters [1] - [3]. However, there are several

r Pt
)%roblems encoungfr;d in the QGbign of such filters. One of them is

the magnetic doupllng between elements which may introduce é;rors in

.
\

insttuments such as those carried by satellites for measuriné very

]

>

weak signals. Further, the nonlinear frequency dependence of the

quality factor Q of the inductors, coupled with the variation of Q.
from one inductor tolanother~§akes an accurate design, of passi&e RLC
filters fairly com?licaﬁéd. Another serious difficulty arises in'the
case of low frequency applications (less than 1 kHZ), such as control
systems and analbg\computers, where practical {nductors of reasonable
Q tend to become unrealistically’ bulky ;nd expensive. “

Recently th;re is.a surge ofvfctivity 1n‘the ;gpidly developing
area of integrated circuit technology. In this technolégy, a complex
network, with all its'elémenps are fabricated on a single chip. The
main attr@@pions of integrated circuit fabrication are the following
{41 - 51 ,” ‘ .

. 1) Inéreased system reliability -
(11) Reduccion of size and wefhht ‘

(1i1) Reduction in power consumption




e

“u

. Y
It is perhaps in the above area that onc is confronted with the

not yet.been possible to fabricate inductors with reasonable value of

5 .
inductances and quality ¥actors by integrated circuit techniques. On
. | .

. ¢
major drawback in the use of inductors. This is,due to the fact that it has

[
the other hand, coaventional inductors, when miniaturized to be consistent

inksize with other integrated circuit components, are extremely poof in
R +
quality to be of any use for many applications [4].

t

‘A promising way of overcoming these problems is to'dcsign filter

networks without inductors, using active clements, resistors and ‘capa-
* [ .
citors which are integrable. 1In addition active RC filters can be o

S

designed to have the following advantages over KLC filters [6]:
(1) The filter output impedapce can be made very low, thereby
t ¢ N
making the fflter response independent of the load impedance.

Consequently, the filters can be cascaded without additjonal
. buffer stages.

.t

(1i) Frequently, the input impedance of the filter is high ;

comipared with the sodrté~impedance. Hence, very little’

powef‘may be drawn from the wignal.

’

(1iL) The.filters often provide insertion gaing thereby eliminating

the need for additional amplifiers.

3
’ -

«

with them. These arc:

I4

/s

The active RC nctworks, however, may have two problems associated

4

A1




¢ (i)

" while passive RLC networks are absolutely stable.

-

!

v

the circuit may become unstable if improperly Besigﬁed,‘

’

active filters, if propef attention is not giye:/;i;)“ ‘ . . .
their dbsigd, may become highly sensitive to the¥ariation
of network paramcters. Fok\most resistively ‘. )

.

terminated LC filte;s the sensitivity probled is not

serious., ' ’ . ,/

- hd

, ) ! N ! {
f

Hence, spééial care should be exercised in the design of actlve

-~

RC filters! 1In addition,the filter designer should be aware of lthe

* limitations-of practical passive anl active components in order to bhe

N

“ -able to develgp mbéthods of circuit design which account for and minimize

- the effects of these limitations. ’
~l \ '\) . . . . .
‘ 1.2 ACTIVE DEVICES ) ' ) .
Many active deviges have appeared in the dite%ature‘sucb as .
» M . ’ 3
' eontrolled sources, negative immittancé converters (NIC), gyrators, ~

generalized immittance codnverters and operational amplifiers (OA)

y .

RN

[4, &]. Most of these devices can be realized using the operational’

amplifier. Since in this thesis OA's and gyrators are used, it is

* ‘ A
13 -

worthwhile to discuss their properties. 7 - T . oo
°, - "1.2.1 The bperac}onal Ampllfier - J . | ,
- . : Presently, inexpen;ive ahd religbleiccmmcrcggl OA's are available
. . ' : ] ‘ -
,? in monolithic integrated form as off-the-shelf components (ec.g., ..
. 4 . . . ~ .’ . i v
. ‘ a3




-

W

F) . . . -
- v

Q@

the Fairchild-uA 741, which is 1nternaliy coﬁpensated and
’ - . . ’ )

‘ g ren AT , . . '
input over-voltagé and output short circuit protected). It has .
o " ° s - .

an input rcsistﬁdﬁ%:of 2M7, output resistance of 7Snghd gain band—'
with product of 1 HHZ“(1§ MIZ for 1M 318). 1Its prLc“is hesﬁkthan
- 1 « . .

-~ -
$1.00, compared with $70.00 for wA 709 in 1965, and there is every
- by

-

1ndication'o£ OA prices going down even further. B

P The most commonly used OA is a d.c. voltage amplifier with

di(ferential‘input‘and single output and is represented -as shown

in Figure 1.1. Differential output OA's are also available but
q

they are not widely used at present. The OA is a non-reciprocal 4

. two-port, ideally thdradierizcd.by an infinite gain, infinite
input impedance and zero output impedénce. In practice, however,

.the OA has a frequency dependent {inite gain uha finite differential:

input impedance'qnd finite output Impedance. For a frequcgcy >

'compenséted OA, the differential open loop g%iﬁ is given by |

W= bgw /(s v w) ‘ (1.1)

o

where kg, W, and B ® Lol are the d.c. gain, the cut-off frequency

and the géin bandwith product, resp@tt}ve}y.

- A
N ! . .
1.2.2 The Gyrator )
The ideal gyrator is a’two vort which.has a y-matrix [y]given
by " . ’ . .
- ' - | .
- 2
RV,
2 : . Y
. . T !
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Fig. 1.1: Symbol for OA.
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o

whéie Z{.and Y, are the inpd

Ky

T

2 ' .
. ;//“/{(I.Sb) that an ideal gyrator has the property of inverting an
. Kl

a

immittance.

|

-

©

o . o
impedance and load admittance respect-

oot .
ively, connected to the input and output ports. '
Letting K’f 1/@1, equation (1.3a) bécomes .
- 2y =Ky h (1.3b) .
' B

-where K. 1s referred to)as the gyration constant. It is. seen from

-

-

Many gyrator realizations uaing OA's have appeared in the

they are

r

f [6]. One of the’ better realizations of gyrators 1is the

14
eing mags produced and are available at lou price [8, 9].

v

design [10]:

1.3 RC-ACTIVE SYNTHESIS METHODS

s

.

- ARY

: , i

1) The direct reéliza;ion approach

251The cascade realization approacﬁ

-

There are basically’ two approaches to the RC - active filter -

e

¢ ~6 1 ,
~» -
¢ < /hj
~ 3 g".. i
o - g
’ - B _J .- Wi il
. . . - ' (w\
¢ < < ° - AN L e
' o . ! 124 ™
i e~ P £3 . > 1
. Y 8
[y} = . ) (1.2~
-8 ‘0 . I “
L . ’ From (1.2) itf}s easy to show that AN /////’/”” *
YL \ y AN -
Zi = _-2.'- A rﬁ > (1- 33) ‘
i 8 o ' N
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by
]

-

: .9 ‘: )'f', ‘
) . N
i
o .
tion

In the first' approach [11, 12, 13], the‘fi%{¢r'transfer func

h ‘ /- N S .

is synéhesized directly as a‘two port network. K/On the other. hand, : . v
. - § . ‘

1

-

4-20), th¢ filter is éynthesiécd

—~ e

- .iﬁ the éy@éjj; realization approach
. T : . o
, andfpogsibly several first: .
a { (. :

4

as a cascade connection. of second orde

; v ©d
order, /filter sections. L
' o~ . T, A

ﬂThe cascade method -of syﬂth@ s offers two practical advantages
/ i N Y

over the direct m;thod as follows: ) ) ) . -
. , ' : .
\ ' (1) The tuning of the network is siwplified. %= ;' — e

o

-, ‘ ~ - : . -
v (i1} A small number of universal building blocks can be
I"‘{‘( " ‘ :

.. R _ .
degigned wh‘h can realize a multitude of network -

.. specifications [21]. ' .. ¢ .’ . ' N

1.4  IMPLEMENTATION OF LUMPLD RC ACTIVE FILTERS USING HYERID- INTEGRATED
I o

+

TECHNOLOGY

.

It has been pointed out [22], that cost considerations:may make ¥

’} + ' .

‘ . o« - «
; ’ \y it difficult to justify the manufacture, in\%argc quantities, of RC active
\}
4 , y .
filters using discréte companéh%sl However, utilizing the batch processing
f 4 & Lt -

| wethods of integrated circuit techivlogy, active fiﬁtcrs can be made to |, - T .

compéte economically with thoii.passive LC counterparts. A realistic J‘; .
< A . o ) - A Y - N ' " )
‘ design, themn, sha¥l, assume integrated circuit (particularly hybrid-

o, ¥

o
TN -

8 integrated) implementation. In this implementation, a complex filter 15 *

4 x

<

) built.by cascading second dider building blocks. - The ?;cond order hybnia~ §{

- - - { -
integrated sections con;?st of thin-film RC networks and -monolithic

’, integrated OA's. \




»
b

The processing and propetties of thin film resistors and capa- P
L. L] é
citors are well documented [5],- [21 -25]. One of the main limitations

of.this technology is the stable range of these components. Typical
thin film resistortvaluéﬁ range from.iﬂ to 0.5 megohm. A practical
range for thin film capacitors i{s from 100 pf to 0.0L pf [23, 26]. ™

Al Thug attentidn should be given to the following design considerations
if the realizations are to be sultable for the available hybrid

a’

integrated technology:

e

. () As low an element spread és;posslble. This is because

> = .¢element valdes have to lie within a certain range as ,
' ) ‘ ‘mpntioned above. A lower element spread also results . ‘

+

in better ‘fabrication tolerances [4. 10, 19].

(11) Mlnimization of the total capacitance. as capacitors'

v

occupy, by £ar, the largest substrate area.

!/

X A' (111) To have as few capacitors as poss{ble. It is also

\\\// ' desirable for the Eapacitors to have g common ground [S] ]
/' . e
o
These result in a reduction of Ete 9umber of gold e

' . concacta and in the elimination of/the\etching process,’
. _ "

theréby lead}ng to a g;gaté% circutt xellability [26, 28].

L -

1

1.5 DISTR!BUTED RC-ACTIVE FILTERS

e

. The”fabtlcation prOCess of resistors and gfpacitors in thin film

technolosy il such that a vesistor has a distributed capacitancé’tnvariably
? N
aaeociated uith ic, while”the capacitor is inherently distributed in
1 }




1--

" to design and construct,'since in a URC the pgr unit length resistance

/ - -

- practice with a series parasitic resistér. Therefore, the nature

of thin film components itself suggests that it may be desirable .

. . N i /
to employ distributed RC components as unit clements instead of

.

resistors and capacitors [26, 29]. The RC tapered lime (TRC) is

one such unit element. The use of TRC's eliminates the parasitics
- s
associated with resistors and capacitors and, consequently should

le%d to improved performance. The shunting ccapacitance*of resistors

o

and the series resistance of capacitors should no .longer be limiting

factors in the design. Further, what may be more significant is

Ehat, the use of TRC's may result in reduction of the chip area )
. '

[5, 30] and hence in reduced cost and weight. ~

This, along with the contfinuous advance of thin film technolegy,

1
r

suggests that it may be profitable to investfigate the possﬁbilities
of using TRC's, particulagly uniform RC-lincs (EEE), as unit elements
’

in filter design [29]. It is possible te fabricate a TRC or a URC
in thin film technology by suiﬂQply varying the geometry of " the

fabricated structure [29]. However, uniform RC lines:are the simplest

and t¢he per unit length capacitance are constant over the entire length
of the line. Many different materials  and methods may be uséd $n the

fabricas®n of URC's {27). One method is to sputter a resistive layer

of tantalum on a glass substraté. The tantalum is then anodfzed to

« [

form a dielectric layer of tantalumeoxide upon which a conduc tive layer

1

[

v




of ‘tantalum is next dcposited. Finally, contact clectrodes are obtained

A . +

by evaporaiing gold on the resistive and conductive layers. Figure 1.3a

shows a typical thin film UKC and Figurc 1.3b shows its electrical

symbol, where RT and Ct are, respectively, the total resistance and
\

capacitance of the line. Practi al values of RT s and Cp's lie in the
~ \ !

' ranges 10§l - 100K -and 600 pf - 0.03 uf, rcszéctively [27].

21.5.1 Methods of Synthesis Using’ Distributed Elements
\ N K '

~.

b \\ﬂany synthesis pfoéedurcs/for reatizing network functions —_

, —

. using~distributed clements, particularly uniform RC transmission -

A

lines and acfivv'clements- have appeared in the litérature [31] - R

[43]. One approach which has received considerable attention is to

'
v

- M x
“transform the disgributed RC-synthesis problem & the s-plane (complex -
a B . * \
frequency planq) into an equivalent lumped one in some transformod

plane and then to use the known methods of lumped sygj&esis [31] - %

[33). Hbwever, these methods require approximation of network funct1ons
in terms of irrational functions of the éoﬁplex frequency variable s.

. This gppfoximation, in practice, is rather difficult to obtain and

hence, these methods seem to offer a ver& limited scope of applicétion

'at the present time. '

¢

. Another approach th;t has been used to realize apg;oximately a
second order rational transfer function is the dominant pole technique
[34]) - i38]. A higher order traﬁ&{gr function may b? realized, using
' this téchnique, by cascading sccondKOtder.sections. One of the important

limitationg of this method is that it is neéesspry r the higher order -

’

. N
|\‘ -
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mpéles of the transfer‘function not to be in the vicinity of the non-,
., ‘ , \’

dominant poles of the different distributed second ordqr'sectionsi )

4

+ Also in thqsb realizations, the sensitivity of Q with respect to .-

}the ampli?icr gain is of the order of Q. _Another feature of this

[
?

I

- .

desién is that the product wéC i's much greater than unity. Thercfore,

‘
v n

- assuming thin film technology where .the maximuﬁ'RC product presently

|
|
|
. ' . ~ .
- available 1s 1073 secs, it is scen that this approach [34 - 38] only . i

8
\~ _+ covers adequately frequencies above several kilohertz. However, - .
i .- '] * o b ° A u .
\ _ ! the low frequency range, particularly the range 0.1 < f <100 is of S
. ' great importance in many apﬁlicntions such as biomydicaljﬁcieﬁCUs ; e
7 "v~
) tyl _f4d - 50}, oceanography [51), stress analysis_[52}; mcasufement of - ;oo
. J / . .

. . surface roughness and machine tool control {53}, vibration analysis

[SB] etc. As yet no distributed rcalization exists to cover adequately

i .

-

the aboVe frequency range. . —_— .
Several attempts have also been made to Eealiz& exactly]a .

. rational transfer function using distributud’elomupts.; Tﬁgs is L. .

i . ¢ N
o

because rational functions'of s are easicr to work with and mawy
Q Q \

y, + useful results are already available:in the area. Further, apphoxi-~ .
" matfon problems art more readily solvable in the s domain; as o, Ty
1] .
Y ' - .
.a result, a considerable amount of research has been devoted to - et -

»
N 9

developing distributed RC networks with rational Lraqsiér functions,
s . Existing tqéhniques for exactly realizing a'rational transfer function -
. . R ! .
using distributed elements are all based on the ideq of incorporating
: [y . . &y i ’

. . « - '
. . - “‘




suitable cuts in the conducting layer of an RC line {39] - [43].
’ /.
However, all these methods scem to suffer somegdrawbacks. . In genera

the cuts in the conducting layer have to be such that the sum qf'two
{ . f
. (or three) distributed capacitances at every poinL of Lhé RC line
iggheld constant. Thus,lonc nay be c;nfronted ith a difficult tuni
problem. In addition, the cuts ghcmSulvcs depeny on the transfer
fuéctions'being rcaliged and may bg quite complex. Also, these

methods may require lunmped (active or passi&b) teruinations.  Furthe
( .“ since some of thcfe method; use negétiVu impedance convcrgerb and
difference decoopositions of the‘polgnomials, the Q—sénsitivity‘of
» these.réalizations will be high.
%husyit appearh\to Qe of interest to have a synghcsis procedu
. for exactly reatizing a rational transfer Iunction.~ It will bé desi

¢ = .
for this procedurd not to be limited to above or below any particuyla

frequency range. To be useful, the procédurc should be simple ard

\ . v

" yleld realizations which are insensitive to the variations of’/various ¥
Q

passive and active parameters in the resulting networks.

1 1.6 SCOPE OF THE THLSIS

|

In this thesis, a simple method is first developed for exactl
. realizing any rational transfer function using a tapered RC line,
its dual and an ideq}/gyrafor as basic b%ilding blocks. The method

is then employed to obtain and study in detail low sensitivity

realizations of second order open circuit voltage transfer functions

¢

‘
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using commensurate URC's.
For this purpose; the thesis is divided into four main chapters.

In Chapter 1I, a frequency transfdrmation u, which is proéortional,to i

2

1/s, where s is the complex frequency variable, ik introduced. This

©

transformation enables any rational transfer function to be realized

exactly using any tapered RC line, its dual, a gyrator and in general
~ .

finite gain amplifiers; It Is then shown that little i€dgaincd by

‘using tapered lines instead of commensdgate URC's in the realization. -

Further, it {s established that, even if any one of the RC products

deviates f}om its nominal value, there is nbgligiblc effect on the
n . . A Y o
realized response provided the RC product is chosen properly. It

is also shown in this chapter that, in order to {mplemert efficiently”

¥

the proposed synthusis procedure it is desirable to have a low

gensitivity grounded capacitor lumgcd RC acyive configuration in
: i)

the u-plane.

P

I Chapter I1I, a grounded capacitor RC active structure

which realizes any rational voltage transfer function is first

. . o .
developed.” The attention is then concentrated on the second order .

secfion and an inscnsitive design of this scction is derived.

‘ Tyy/éccond order section discussed in Chapter II1 is modified in

Chapter 1V resulting in a cofifiguration whose properties are superior

v .

to those of the oné in Chapter III. This second order scction is by
- oo S sy ’

3 ‘
itself attractive from the point of view of thin film implementation.

¢

. R 3
- . .




- is ‘then considered and the effect of its imperfections on the

T -

Hence, tﬁgzbropérties of this structure are then studied extensively
’ 1
both theoretically and experimentally.
In Chapter V, the propoted synthesis procedure\bf Chapté;,bl

is illustrated by designing a band pass section using commensurate

.

om——— i .
URC's. The validity of the conclusions derived in Chapter II,

pamely that the non commensurate behaviour of the URC's is‘negligible

a
Q

on the realized response 4f the: RC product 1is properly chdsen, is

also verified for the band pass filter. The gyrator of Figure 1.2

frequency transformation u is studied. Some important conclusions
are reached and verified fo% a band pass filter. The chapter is

concluded with the design of a very low frequency low pass section g

and it is shown that the entire filter can be fabricated using hybrid
IC tgchnolbgy.

The last chapter summarizes the results obtained in the

thesis and indicates possible éxtensions of the work.

¢

3
M




_ CHAPTER II i .

EXACT REKI;IZATION OF RATIONAL TRANSFER FUNCTIONS
. ’ USING TAPERED RC LINES AND THEIR DUALS
: @ . ) . ! s

<
2.1 INTRODUCTION .

A novel transformation of the comple; frequency variable s

~ .

is introduced in this chapter. The tratsfarmed variable is then

.
utilized to obtain a method for an exact synthesis of rational

’

transfer functions in s using, as unit elements, any tapered RC

- line, its dual, an ideal gyrator and, in genecral, ,active elemcnts

with real gain parameters. The effect on the realization of’the
\

lines‘npt being dual 18 then examined. Further, it is shown that nat

»

‘much 18 gained by using a tapered line in the synthesis procedure

fnstead of commensuraté URC's.- Finally, a degailed study of reali-
zations using URC's is made.

2.2 SOME RESULTS ON TAPERED LINES - “-

“This section discusscs some nccesséry gesults on the analysis
\ ‘ ’
of tapered lines as well as synthesis of distrib‘tcd networks using
- . t
such lines.’ '

2.2.1 Analysis
- .- A tapered RC transmission line (L) wmay be characterized by

the distributions " | E " ..
J 2(B;X) = £,(8) f(x) :
C 0 x<g) \

y(s,x) = yots) g(x) (2.1)




£

where z(s,x), y(s,x) are the per unit length impedance and admittance,

respectively, s is the complex frequency, zy(s) and y,(s) are immittance

- .

scaling constants and the functions f(x) and g(x) describe the taper v
of the line as a function of x, the distance‘along the line. For RC
lines z(s,x) = r(gj = rof(k)-and y(s,x) = sc(x) = scyg(x). The schemaéic
symbol for the RC line is shown in gigure 2,1.

The dual line (Lp) of the line characterized b;ﬁ%.l is defined

3

to have the distributions [54] _ L.

’
o

2(,%) = 2(s) g(x) ' , o
0< x<h . (2.2)
y'(s,x) = YQ(S) £ (x) .

A set of y-functions- [55] has been‘found useful in analyzing

tapered lines. These functions are defined as follows:
s 4

B O'l % ~ ¢'2 90

=N - A , .
2 0 o ¢£ - ¢ o el LV \ij

<
)

<
)

IR R *o %, ' ' 2.3
~ Vs = 9'0 (b'l B ¢'.o'°0',£\ -
) Ve = 0p 0, - % 9, ’

where O, and ¢, are the two independent voltage solutions at a
distance x dalong the line given by (2.1) and the prime denotes -
differentiation with respect to x. It is also known [54] that

9
LTS R R ”Sz'é)
and '

ﬁwﬁ AL AN o (2.5)

v ., .
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Fig. 2.2:. (a) Input Impedance of a Short
- Circuited TRC

(b) Input Imbedance of a Gyrator, of Gyration
Constant K, Terminated by an Open Circuited
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Further, the Y~functions contain z, and y, as products only [56].

)

The y—matfix of L and the z-matrix of Lp may be obtained in terms

of the w—functf?ns'as [54]:

(Y] = %‘ v,/z(s,0) -zpalz(s,o) *
¢ , (2.6)
b zis,0)  wlzd | . L
and a
) - C.
(2], = -1 vily(s,0)  ¥,/y(s,0) T
© Pove ’ , . 2(2.7)
’ o . \')“7)’(8,2) l?l/Y(S,l)- ,

2.2.2 .Synthesis Using Tapered Lines

+

1

It may be shqwn [33] that, for a passive network consisting
of an arbitrary interconnection of one port impedance (OPI) a, p(s)

- . | -
and a,q(8) of tapered lines where 3, -and a, are scaling factors, any .

driving point impedance function 2{s) can always be expressed as:

)
~

- 2(s) = p(s) [RC impedance function in f = p(s)/q(s).] »

Further, i{f such a network is used as a two-port, 1its open circuit’

voltage transfer functions in the f~plane, namely T(f), is of the
form of an RC transfer function in f [33]. ) . !
In addition, if the network contains active elements such as

finite gain amplifiers, then T 18; of the. form

Tee) =X T ' : (2.8)

T Q(E \

]

where P and Q are arbitrary polynomials in f with real coefficients'.
) .
%




L. L
’ , Y g

It is also knowy that [56), if a transfer é;nction of the form
(2.5) is.given, 1tqgan always be realized first in the app>bpriate
“plane (f) by any known 1;mped RC passive or active technique, dfter
;
which the different resistors Rfj's and capacitors Cgy's are replgifd 6

l A\
- by RC lines having OPI's given by R;¢p and (E_;)q respectively. -
. . i - .

2.3 THE NEW TRANSFORMATION '

o The synthesis procedure discussed in the previous sec{:;;\I;i)
I

accomplished by using the transforméd variable f(s). The main

diffic&lty in this technique is that it requires approximation of

.

network specifications in terms of the transformed variable f. This
approximation is relatively difficult to obtain and hence the method
appears to be’of limited use at the present time. _— .

\

|

\

|

. ' : |
However, this problem may be overcome by 1ntfg;Lcing'a frequency |
1

)

transformation which is tatiopal ifn s.

For this purpose, let us consider the short circuited RC line

»

L;, shown in Figure 2.25, with the per unit length distributions

z,(i.x) =1, £,(x) , y,(s,x) =8 ¢4, g,(x), (0<x<i)) (2.9a)

Let us also consider the network of Figure 2.25 vhich represents an ‘ideal
gyrator, of gyration constant K, terminated by an open ,circuited line

L, having per'unic length dissributions

¥

z,(8,%) =r,, £,(x) , y,(8,x) * 8¢y, g,(x) (0 <-x<L,) €2.9)

L

The QPI's of ‘the networks as shown in Figure 2.2 can .be written

in the form

"




(
2

, o Zy(8)= £, (0)R1p(s) z, () =
s e w!aere ) - f
g Ryp = X8,y Ryp = xR
1T 0171 2T o272
. ! N ' \
Let Lz be LID' the dual of.Ll.
we have .
Wy " . .
\ ir . n _ _ . Y
e ) . ™ 1"01? = roz = To co} ') COZ = Co
’ ¢ . Therefore C, ‘,
N & . ’ .
t : er = RzT : RT ? CxT = CZT - CT‘
LIRY and e’ .
-~ 2
) To1%01%, " % T0,%,%, recok
v © 13 B
- - where | ; o
. Iy . -
L 4
- ‘A “Ox 10 Cz'r\ YL
3
. " Also from (2. 6? and (2. 7), we obtain
C oo S ¥g(s)
N ! Sp(s = s = -7—;___._
. P( ) q(s) Ty, (5)
‘ ~ ..  and from (2.1) and (2.5)
N ’ = f . 0 N
N ' _gz(O) 1( )
where ‘ . .
v . T -
-~ ' s = RTCTS . ) 1
. ; . - v
”“‘\\ LN Defining néw u(s) to be
“u(s) = p(s)/q(s) >
) - . - ’ '
| N o we gbserve fggm (2.12a) that

82(0)6——0q(s) ‘ (2.10a)

N (2.10b)
\ o
Hence, from (2.1) and (2.2)

o

(2.11a)

L 4

(2.41d)

. (2.123)

(2.12b)

.(2.léc)

o ’ (2.13a)

~€2.13b)

i (2.11b)

(2.11c).‘

ot




that is, u is rational in s.

Frop (2 10) to (2. 12) we observe that

—d

i a)/p(s) *E(OR, - S @)
and V : ' T e :
z,(s)/q(s) mf‘(o)x) : - Y
8) = PR . .141‘)
- a () ¥

* o
These expressiéns show that/ihc OPI's éorrequnding to Figure 2.2a ,

s . . 4 . ¢

. and Figure 2.2b can be: reggrded as a resistor and a capacitor respect-

iy ively in the u-plane. A .
s, N - ' . 4¥ ’ x -
- In view of ¢quatien (2.13) which shows that the transformed

, .

" variable u is ratfonal in Sy the synthesis pfocoﬁure 1n section

B
i)

«2.2.2 now would yield an anct rplization of any rdtional transfer
‘ r‘?‘ 1 -

function, providad'thq;ygrxauswrcqistorq Rux s and capacitors Cyi's

‘in the u-plane are replaced by the one ports corresponding Lo ) |

-

t - . \
Figurc 2.2a and*Figure 2.2b respectively. *
‘ o \ ‘ - .
In this procedure, the resistors Ryj's-are replaced by short

f r

1] .
y > s R , .
circuited lincs L \k and the capacitors Cy;'s are replaced by . //
gyr tors terminated by opcﬂ circuitcd lines L . Thus, it is . -
* \ N '
desirable to have in the' u—plane a nvLuurk that requires minimun I

. ’ i
\ — .

number of resistors and capaeitors. Further, the capacitors should

'; be grounded. In that case, the number of the RC lines and gyvrators

o

used will b;\minimum and,_ in ndhltion. all the gyrators will be
@ i

grounded, an attractive feature from the point of view of pover

) ' ¢

aubply considerations. . . R ;

A L

(e -

-5
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2.4 THE EFFECT ON THE TRANSFORMATION OE TFHE LINES NOT BEING DUAL

The proposed synthesis procedure described is based on the

assumption that' the RC-lines L, .and L, in Figure 2.2 are the duals

of one another. Indeed, it is this very property which ensures that
u is rational in s thus,allowing the exact realization of rational

transfer functions.' Thercfore, it is esscential to study the effect
N ) .

of the non-dual behaviour of the lines. _The non-dual bchgviéun‘M

>

a s

arises 6ut of one of\both of the fdllowing factors:

i) The variation of the w.pers of the lines

a

11) The violation.of condition (2.11d) due to

variations of ghe distributed parameters,
) /

It is not possiblg to study the cffect of thesc two factors

on the transformation u(s) for any anbitrary distributions of the
. }

-—

tapered lines, sinéc solutions of the telegrapher's cquations are not
available for any such line. 'chn for all solvable lines, it may
néifher be desirable nor practical ;d study this effcct: However,

it has been sh®wn that 5 tapgrod RC line is cquivalent to an inf}nite
cascade of commensurate URC's [57j, Thus, first a study of  the effcct

of non-dvality between a cascade of two URC's and its dudl on u(s)
N ! '

is made. The two URC's vhfle being commensufatc may have different K

‘total resistances and capacitances. From this study, some gencral

3

conclusions will be drawn, in the foilowing sectidﬁ; regarding‘the

-

effect of the non-duality beéwcen any tapered line and its dual.

’
&
.
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2.4.1 Effect on the Transformation u of

of two URC's and Tts Dual
=

Consider tli¢ RC linc L congist
\ : °, tlc -
: surate URC's as shown in Figyre 2.3a.
re v

» v

‘ df-LI’be:

Non Duality Between a Eagbade
F - 3

, \ / A .

ing of  a cascade of two commen-

L]

1
Let the per unit distributions

‘ . ' / : i
| . . z,(8,%) = r,, (0 <x <) | (2.15) . ‘:
’ § F .
= To, CA IS ‘ .
_and ' *
(/ . N i . * N - o
. Ty (e,x) = osg, (02 x < L) (2.16)
N p _
=, 8Co, (11 <x g 2‘2) .
where 2{ = iz. G .
Since the lines ate commensurate, -
3 N ) ‘ A
X . RITC;T ® szTczT s (2.17a)' ]
where ,
. v Jhir Tt 0 Ry T Tk, (2.17b) 3.
- X -
- ch n coxtx y czT = cozﬁz | (2.17¢)
Let ' “
- Rz‘ Cir - -
T e——=q ) ' (2.174) -
RIT czT. “‘l ' - . o

B
)

A

Ay

distribug}ons

-

Consider also the line ch, which is a cascade of two commen-

. surate URG's, as ghown in Figure 2.3b, with the per unit length

-

T ‘ ’ ' ‘ fzz('a)x) ./ ro,

" To,

(©<x <2

\(£’<x§_£~)

(2.18a)

»
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" of lines L, and LID respectively and also using (2.9) to*(2.12),
e i

I . . i

y;ks,x) = sco, (0 < x <L) - ¢ _(2.18b) -
= 5CO, (2y<x <2,)
Let now L . be CD' the dual of L .. It may be shown [58] that the
- ~ / ~
dual of a cascade of RC lines As equal to the cascade of the dual
L 2

of the corresponging RC linés. Further, from (2 1)-and (2.2) it
is easy to show that the dual of a URC of length £ and with distri-

y(s, x) ="g(co/m) 15 another URC with Ehe

)

butions z(s,x)

)

= mre,

same length and distributions zd(s,x) = r,/m, yq(s,») = s(mco)u

»

Hence, we have:

4
Lt Lt TR Gt Gy (2.18c)
and - S ’
o1 _ Cut v
) (. . (2.18d)
s v G, f X ‘
where -
RsT Y- PRI RuT = r°u£~' CsT B Coais P geT N c°~£~°(2,18c)
’ . {
Using, in the two OPl's of Figure 2.2, lines L cand L . instead
/

it may be shown that

1 .
u = e (2.19a)
RTC 8 S, ] K
provided that = , . ’
RJTCJT = Rﬂj*l)TCKj*l)f = RiFT (3 =1,2,3) ‘(2.19b3

However, 1f the lines are %ot duals of each other then u becomes

'd
o
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v
ot r .
1 Yo R, /R . Fosh /&S sinh /oS + Vo, sinh /&S cosh /S
u =z N X
S R,./R ., sinh Va S sinh /2 S + vaja, cosh /a S cosh VoS
.
Va, cosh v S cosh va S + R, /R._ Yo, sinh Y,S sinh /& S -
3 3 i IT" uT 4 3 Yy (2 20)
a, sinh 2,5 cosh Va8 + R /R . Yoo, cosh /& S sinh /oS
where 4' @
= = 2.21
-, N

In order now to study the effect of the deviation of the RC

products from their nominal values and the effect of taper (m) on u,

S; , the &assical sensitivity of u with respect to any of the
i ,
distributed parameters ry, is considered. The classical sensicivity .
. U

Sgi is defined as [6]

u _ d(in v _ Ju(iw)] lu(w) '
Sxi d(in zy) Sxi *] Sxi : (2.2?3)
_where - - .
1 i C,

In investigating tg%s effect of non-dual behaviour, the - ,
frequency range. over ;Lich Sé?‘jw) and Si:(jm)l are both zero 1s
of interest. In this case, even 1f the distributed parameters
deviate from their nominal values, u :emaina rational in 8 over
this range. , However, the frequency range aver which siu(Jm)l is
cgnstant and small is also of interest provided ngjjw) 1; very
small over the same range. Over such a range u(jw) instead of being
equal to 1/jw will be equal to %ig-whefe € is a real but small nu@ber.

.~ Hence, it is seen that u(jw). will also remain rational over this range.




1 N ’9,
ot R
Thus, {f the'main part of the frequency response“is designed
to be within any one of the above ranges, it is expected that the
sensitivity of the re¢sponse will be low with respect to the variations
of the distributed parameters.. Using (2£T7d), (2.18d), (2.20),
(2.22) a computer program .and )
. f
R 1 u » |
. S = § (§ =1,2,3,4) v ;
' CJT QJ ? [ 2t |
’ u J .u u ) ’ i
S = (-1)"s + 8 3=1,2) » ’ (2.23)
Ryt =, 9 et |
‘ |
= 138 esy (g 3,0) 1
: , |
and - j ’
t 4 (1
S“ = gY 1
- ql m, . )

<

Iu(j ) and SL“'(j w) were calculated and plotted for different

1 v
values of the tapers m. Figure 2.4 shows these sensitivity plots

the various S

versus u:_R.rCr for#Garious m's. The sensitivities are seen to decrease
| vith decreafing values of m. Further, it is observed that there
are two regions over which SL;KJ ) is very small and Slu(jw)!
constant and small. There is also a region over which both-Sl‘:(“jw)I
and Sm'(J w) are varying rapldly. Hence, u cSnnot remain rational over -
this range. It may also be’ observed :hat the lower range is improved
with decreasing’ taper. ‘
From varigus plots of Figure 2.4 and the subsequent discussion,
one is strongly led to a conjecture about the effect of the non-

dual behaviour between any line and its dual on u. The conjecture

consists of two parts: & .
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‘i) if the lines L -and LD are not exactly dual of éach - ;
. ' other, there are two regionsuof,m, namely, a lower

and "an upper region, over whiéh u will remain

rational in w. In between these two region, u cannot )

lrémain rational, ) . \
‘ ‘ jﬁfzii) The range of the lower region will increase yith
decreasing value of the taper. ) .

.

)
\ ‘' In what follows, this conjecture is verified for the case of

an, exponential line. ﬂ ’ ) . - Ty
2.4.2 Verific;tion of the Cogjecuu%é
' , C9nsider the two exponential lines LIE and LzE wiih per unit . //
length dis{ributions,‘réspectively. ‘ L g .
'z,(s,%) = r IPELN , ¥,(s,x) = sc o KX (0<x < 2) Y(2.24a)
) o1 5 1 o1 1 .

” N r

and

- 2 . -2 '
zz(s,x) =r,, © kX . yz(s,x) = sc, e kyx (0 < f < £3) (2126h)

—_— ; as shown in Figures 2.5a and 2.5b, regpect@vely. Let thé;e two lines ’

N be duals of each OCh&f, Ehat is )

oi = Tog = To* Sop = coz'- ey L, 8%, =%, k ==k, =k (2.24c)

Therefore, using these two lines it can be readtiy shown

that
. <« L, u= “-ré . 3% ‘ 7 (2.25)
T .
whetg
RTCT = (r° 2)(cqy R) ‘ (2.26{
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However, if the lines are not duals, then the expression for

"~ u becomes

N\ 2
1 _ sinh V(x,£)) + a,S «
‘u = — . =
%25 (cosh VTR Z)%4a,8) YOI *+ ayS - (k,%,)sinh /(R % %a, S
(cosh V(kzﬁz)zfazs)- V(k{iz)z + a,s - (%,%,)sinh (kziz)z*azs
sinh /(2,202 + az$ " . (2.27)
where \ )
(roj lj) * (Coj Ej) = RjTCjT = ay RTCT (J = 1,2)
S .
L The various plots for Sgi (where 4 is any one of the parameters
“ B u = . u
of the lines) are shown iQ;}ibure 2.6. Note that Skxgx Sk222 R
and S: = -1 - SZ . It‘is easily observed from these plots, that the

2 1
results are in agreement with the conjecture of the previous section.

W2+5 EXACT SYNTHESIS OF RATIOHAL TRANSFER FUNCTIONS USING COMMENSURATE

)

UNIFORM RC LINES \
. It has been pointed out earlier that an important case of the
~tapered RC line is the EﬁET Qeometrically, it 1is the simpiesc Iine !
, to design)?ni‘also to construct using thin film technology. ih this
section, we shall consider realizations using commensuraté URC's [59].
For this purpose, it is necessary that the two OPI's corresponding to

Figure 2.2 use a short circuited URC and an open circuited URC instead

of L1 and LlD’ fespectively. These two OP1's are shown in Figure 2.7

C4

_and are .
Z,(8) = Rp(s) , 2,(8) = (K/R,pa(s) (2.28)
L .
iy . q\’ \ { . ’ ..
; « . . M
) }\ . ‘ '




(2.29a)

¥

= VBR‘?C!T , O, =Y ) -(2.29b)
rojzj Ty (2.29c)
Theréfore, from (2.13a) T "
L . o -
) tanhv}RlTCIT ' ‘ -
§ ) . u‘(s) =" i . . . (2- 30)
. o~ 8 RlTCITRzTczT tanh»‘Rz,rczT o

t .o
o

It nay be ’6ted that (2.30) could be obtained from (2.27) by setting
k =k =0, Note that lim su(s) =\ 1 and lim su(s) = 1

}-’3 & . -
, §*® 2T 2T a et »RTC TRzTCT

It is interesting to note that for URC's thé“only condition for

-

u to he rational in § is that the lines be commensurate, that is,

-
L
- L

RchxT = RzTCvT = RTCT ‘ o ’ (2.31a)
. 4 o
_~ In that case ;§ . v
. ) | )
- ' 1 .1 . ¢
' . | u = RTCTS 3 . (2.31b)

Te study the effect of the lines not being commensurdte, eq. (2.30)

o

was umsed and the sensitivities of u wfth respcct to the dﬁiferent RC

_products were obtdined Figures -2.8a and 2. Sb show plots for Sé*(ém) -
1ITT1T
and Siu(éu)‘ resvectively. “Fron (2.30) it may be shown that . -
© - Ség(éw) 'Séu(gm) and SL !C = -] - SL IC » Therefore, it is
N 212T Ry1Cy7 aTv T 1T T ’

seen from these plo:s that {f the RC p;oduct is chosen to lie in eﬁ‘hcr
of the two regions, namely wRTC < 0.0 or mRTC > 30, where

éuiéw) =0 () ~1,2) and sl“(j“”' (3= 1,2) ‘are constant and small,
3181 RyrCyr ’
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.' “*ther u remains ratfonal even if the lines are not exactly commensurate.

Further, since the 'vari,a’tion £p|u(jm)|‘ {s-very smal% with respect to
t > .

‘the changes of ﬂ;e RC products over these L:]ngeé, it is expected that

3

. ‘ . -’
- ‘ the sensitivity of the response with respect.to the RC products of the

'URC's will be Iow, if the main part of the response is Vdesigned to lie

- : wif’.b(in either af the above twd regions. The choice of a particular

P \

) ] , - ‘
pregion will depend on practieal considerations such as those imposed

¥

by .thin film technology and the frequency range \bf interest. However,

- - the firsk region namely Cy 0 01 suggests that this method could
. 8

-

<
be usoful for very low frequency applications (0 15 f < 10_91 44—53]

-

. a rangu which other distributed realizations can'\ot adequately cover.
, ' . " ;ﬁ' the“range 0.;017< L?’KICT 30, u has a mag?_r}itudg as well as
’ a pixase wvhich are varyix;é. _Thus ‘:: ,car;- not bc 'ra;.ional'in" in
.. this .tang'é.u ll‘o‘uever‘ “ic y be noted tha: both SL»&C - and Sl I? .
. iT N RitCit

are also quite’ low in this rafige.“Hence, evﬁ in this frequency range,

8 ~ . @

’the respo}xse of the designed network is not expected to deviate . N
’ ’ .

l

N

LR qdvers,ql):’ from that of the rational one., Howéver, che realizaed ' /

respOnso: may now be senslitive to the varfation of the distributed
. \ ot ) . .

). barameters. . . e N o -

N ‘ .

- . It 1s observed from Figures 2.4, 2.6 and 2,8 that not: much of “
> 2 -
~ the us.eful frequency range, in which u(s) renmins rati«mal ‘in s. is
- / B R I
\

lost if URC's are used instead of tapered lines. Therefore, it may

[ -

. [EE .. >
- 'be concluded, that not mych advantage. is gained by ugin&,,tapeted RC

y - g .
~ lines instead df URC's in the rgpalizations.: * - T

~ -~ < -
' . W, “ oA . .
; B




) 7
‘. . \// ¢
L1 \
N , K
d A‘step-by step procedure is now given for reallzing a é!?en -
o rational transfer function T(s) using URC's:
2,0 . Y
i) Using transformation (2.31) obtain the rational
. ood -
‘ transfer function
‘ ¢ L
N §
. G(u) = T ( ) (2.32)
RpCpu :
‘ ¥
i1) Synthesize G(u) in the u-plane by any known technique
r~ ' L ' . ¢
. as a passive or active lumped RC network. It is assumed
y \ =
A v that active elements with real gain ;rrametets only are
used, . - : T
4& 111) T(s) is fow realized by replacing the different lumped
3 . - '
. resistors R“i's and capacitors Cui's in the u-plane by
the apprépriate OPI's of Figure 2.7, that is, .f%
Rigg ™ Ryg o (R/Ryp = 16 (2.33)
* hi&r ' - . > ‘ .
iv) Choose the cogeensuratt RC product.of the lines such that
- E the main part.of the response lies in either of the

. « i
regions wRTCT 5'0.01 or wRTCT < ?0 whichever is suitable,

’

N

Z.iGENERAL SENSITIVITY CONSIDERATIONS
An,impoitant performéncb criterion of aLy realization {8 {ts

sens;tivity\with respect -to the different'netwérk elements., When the

Lt
N R : ! B
URC's are coumgnsurate, the sensitivities of T(s) of the distributed
. stpuctupe with respec®d to its parameters, using (2.31),- (2.32) and
. s : A
' (2.93) are: ‘ o
- bl -~ -
- N " ' ’ d -

4




N

"the u-pléne has, low sensitivities with respect to its elements,

@

z = Sg and S: = -ZSg . (2.34)
ui zTi - ul i ul

L

Hence, we note from (2.34) that if the lumped structure in

- 0

then thé corresponding distributed realfzation will automatically
Y, i ) < 4 |
possess these low sensitivity properties in the s-plane.

- N ' k4

2.7 CONCLUSIONS . | SR

A néw‘transformation u(s) of the complex frequency\vati§ble
s- h;s been d;veloped. The variable u(s)‘h;; been empléyed to
derive a technique for an exact realiéation‘bf rational transfer '
funcc{ons in ;, using any tapered RC line, {ts dual, an ideal gyrator,
and\lrxgeneral; active elements with geal gain parameteré as building

glocks. The effect of the non duality between the lines on the

realization has been examined. It has been estabiished that not

. . —
much is gained by using tapered lipes instead of commensurate URC's
in the real&zatlén. Realizations using URC's have been studied. .

[N

These URC realizatlons can easily be adapted for hybrid IC. implementation

and are particulnrly suitable for very low frequency applfcations,
o~ L]

‘where other described is very simple conpared‘to any of the other

known distributed realizations. The effect, on the realized response,

due to the URC‘B being not exactly commensurate has been studf’; in
TN

detail and found to be relatively negligible 1f the RC product of the

URC's 1s chosen such that the main part of Bhe desired response lies
L

efther in the region wRTC 0.01 or wRTL 0; It has been pointed

° . .




.
a . "

out that, in order to implepent efficiently the synthesis procedure,

a lumped RC active low sensitivity network is rbquired as an inter-~
1t

mediate step. In this network, it is desirable to Wave minimum |

. * number of Seséstors agd capacitors and, further, all the capacitors
\
should be grounded. The number of URC's as well as gyrators will * ,i . .
o

then be minimim.. In addition, all the gyrators will be able to

share a common power supply. The purpose ofv the next Chapter is
/ . o

.to derive one such network and investigate its properties.
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! ) -,CHAPTQ 111

-

GROUNDED CAPACITOR RC AC%IVE NETWORK

S

L

v

3.1 INTRODUCTION ‘ /

It has been obqe;ved that a }ow sensitivity RC active network
with all of ita“cgpacito;; grounded is reqUired,as an intermediate
step, in imﬁlementing efficiently the synthesis procedure proposed
“in Chaptgr I1. - The alm of this chapter 1is to déveloh one such net-
work. First, a network which is éapable of realizing any open circ&it
voltage Fransfer function is obtained. Then, the second order case

I'd
of this network is considered’ in detail.

- ' v 9
3.2 ACTIVE RC REALIZATION OF AN ARBITRARY TRANSFER FUNCTIJ:’USING

C

FINITE GAIN AMPLIFIERS AND GROUNDED CAPACITORS.

54

Consider the n-section RC recurrent ladder shown in Figure 3.1, ~

whose transmission matrix {is given‘by Mgg: ‘ . .
b, (5) RB _,(5)
, (a] - - _ (3.1a)
NN sCan_l(S) bn-l(S) ) %5'”
vhere a ‘ ' oo )
S = sRC Y. '“¥$9 s (3.1b
, / - 7 fyy, O-19)
and the polynomials B (s) and b,(s) are defined by~
n [+]
— - -k
NGRS (“;'_‘kl) 5 : (3.2a)
J k=0 . ’ . ‘ .
and ‘ .- .
_ - n 1k _k :
b= T (0F) §. (3.2b)
‘ k=0 - :
. ¢

L I
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56
| )
g |
s ’ " The open circuit voltage transfer! function of the network is
. N 1 s
T(s) = == = —F— . (3.3)
/ go bn . xf
: Also the open circult transfer fulcfion between nédes i and o 1is
E 2 4 ‘E ¢
. n « 1 f Col
e = H R 3-1‘
Ei bn-i-/) . A . ( )
Hence from (3.3) and (3.4), we geit . . - )
N ; . . (A :
’ E b L ~ '
i n-{ b
. = =\ : 5 (3.5)
/ ) ’ EO bn : ’\
This transfer function has both poles and zeros &g the negative
¥\ real axis. However, if we m&dify the structure of Figurel 3.1 to that ~ <
. . L
of Figure 3.2, it realizes an arbitraryhxransfer functibn;iwhere the
zeros of transmission are controlled by forward feed (ai'sfhand e
I poles by backward feed (8;'s) using finite gain amplifiers. From {§,4)
/
and (3-S)Jue obtain the transfer‘function of Figure 3.2 as
-0 .
- [N -
ayb + ¢ (@ay -ayB88Ib o7
(s) = con i=1] Po i1 oo i i "n-{ (3.6) - -
) by g1 Br 84 Poy { , :)

. 3
N .

where Gi'and Y; are the gains of the input and output summers, respec-
1

tively at their ;Ch input. It should be noted that if it is required to )
: : . e
. realize a zero at infinity the forward feed operational amplifier with

£

gain a, is disconnected.. fk .

Y

-\ 3.3 SECOND ORDER REALIZATION 4 . -
" ; PO ¥
- ¢

As mentioned in section 1.3, filters are usually constructed as

" a cascade of second order sections. The commonly used:second order

sections are:




& .
1) Low-~pass (LP)

- 2) Hig;u—pass (HP) |

.3) Band-pass (BP) ; . 4
4) All-pass  (AP) .

. 5) Notch (N)’ .
. \ .

Most practical filter specifications cgn gé\fealized by a suitable
cascade combination of these sections.

A general biquad may be expressed in the /form
{ azsz +as+a l .
o +
L) e = — : . (.72)

s

Defining the following quantities . ,

w, = /aolal , :Qz = (T/a° az)/al : (j.7b) .
and ) " )
“g wp = 'Eo/bz 3 Qp = (VEO bz)ﬁbl (3.7¢)

equation (3.7) may be written as

. s? +.w;(Qz g + dzz
% o T(s) = H - - i . (3.8a)
. oF ¢ 0pfay 8 ¥ o )
', [
where - L v ~
N H = 82/b2 '(J.Sb)

/" For a notth section, Q > ® and w_ is known as the notch frequenc
z z sreq y

o . 4
and is usually indicated by the symbal Wy The quaanticy wp ias called the

undamped freque%of oscillation or pole frequency, while Qp 1is known as !
P e .

the pole-Q or Q-factor. For a hiéhly selective tespénse. vhose transmiqaton

- N
. l
(Y s R




3.3.1 The Sccond Urdérﬁﬁcctioq ; - ,
U If in (3.6) n - is set equal to 2, then
l ) : : .
. T(s) = vout/vin . \ : o
) \
Y sletsly ) (3-8,8))+8 8.y, )+ 1Y (1-8,8,-B.8,)+5 (v,8,+v,8)) |7’
L : 82+T(3’ﬁ151)5*T2(l'ﬁxéx'ggéz) (3.9)
| - )
f, " This transfer fgnction‘may be realized by the configuration of

' Figure 3.3, where &,'s, Yi's and 81'5 are the gains of the input summer,

zeros are sufficiently far from the poles (for example LP,, HP and BP .

!

p'adequately describe the behaviour of the filter
) L

in the frequency range of interest, However, for the N and AP sectlons

responses), Qp and w

the properties of Q, and w, also hayc to be considergd.

*

In this section a second order filter is first derived f{Fom the
f : ’ .
network proposed in the previous section. Then a design, which makes

3

the sensitivities of QP and Wy very’ low with respect wo the various
LA * . I
passive and active parameters, is prescnted. Thus,thisjdobign wii} !
P
be suftable for LP\ HP and BP responses: This design is also used to’
’ .

obtain N ald AP sections, and the %:nsitivfty properties of:A,(u%/and -
at

Q,) for N(AP),seitions are then exanined.

I\

output summer and feed back amplificers, srespectively. /

-

~From equdtions (3f7) and (3.81 the Qp'aud Wp of the structure of .

Figure 3.3 are , ‘ .
._.!\: . . ‘ .
Tl =88, 78S, : )
Q = T . (3.10a
. P 3 .\P‘G‘ .
Voo '
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‘A\ T = ...1——- 1 = 1 * . ' (03 128)
» . . - .
/, 1 R,C\ 2 RyCy | \
and ' * ) ’ '
: : Ra G ‘ |
")/” Ay ot Rg °* 2 EE ' > (3.12b)
[, \ .
Then from (3.7), the expressions for the pole-Q‘and pole frequency .
are: ) ‘o '
: AR, Jl’exén'8i§:
Qo ™ . ’ (3.13a)
BN (A A, * A, ¢+ 148,6) .
and ‘ . ¢ F I
2 W B - B T G
w .
PN RARB CACB . , ) "

D u x ) v
= — i : N ¢ {
- . 60
4

V1 - 8,8, "'8262 .

RC . o ?

- -~ - (3.,10p)

y
' » In the next subscction a design which minimizes sitmultaneously -

. W

the worst case deviacioé& in the pole-Q as well as in the pole frequency

i
is presented. Thi} dengKralso yields a minimum spread in gains.
| ) ! .

3.3.2 Minimum Worst Case Deviation and Gain Spread Design

If the paséive éﬁcments of the recurrent ladder of the structure

-

shown in Figure 3.3 are perturbed from thelr nohigal values, then the

resulting transfer function, is '

S

(S) =‘{Y082+IIS[Y°(A’Az*kl*l-é’sk)*y‘s‘éo]’[60(Y181+Y282)+Yo(1'6151'8262)1T112}

fs’*rls(kllz*Al’l' 615:3 + 1T, (1-8,8,-8,5,)) (3.11)

v
-where <

\
!

.
( ' ' '
.




N ’ It is noted that at the nominal values Ry = Rg =R and €, = Cz = C .
[] * '

equations (3.11) and (3.13) reduce to (3.9) and (3.10), respectively.
I

om (2:13) the Qpy and Wpy sensitivities with respect to various
/ ¥ PN PN N
A parameters may be'shown to be , ot
v SR
= - =3 - _ .1l4a
RA RB 1 + A1A2 + A1~- Blél
. v ‘ N
Q ‘ SR TR
SCPN='52PN=§'1+AA T X - 6.6 (3.14b)
A B . 172 1. 11 ‘
” ¢ “  1-86
. QBN QBN PN S:PN -3 - 11 : (3. 14¢)
¢ - . B $ 3 - 2,02
, °2{/ 2 2 2 %4» Al)\z + At 8161) Q!,.
- ~ . 7 . .
- ‘ : o
- SQPN _ SQPN _ : 31‘51 . 8151 b G il;d)
B, T %6, 29 2, (1*A A, +X =8 .6.) ’
] D N PR to
W w B,6 ‘ ' -y
, sBPN =5, - — : " (3.14e)
1 BT 2(1 0,0 7B )6yt . .
. . W Wey oy LW Wy, )
l A S st a s e PNa g (3.14£)
| Pl A B A B . 4
" - o - ; - e
| The first order deviation °/QPN and, wpy are given by
r ’ k'
‘ . _._..AQPN = r SQPN Ef_i:. +IZ SQPN 9_6_1:. + T SQPN 95_1. + I SQPN _A.C.i.. ’ 5‘
. Q B, B 5, & R c, ¢ G\
\ PN 1 Pt 1 % Ry R4 O S
and '
e N Y Wy, AB AS AR Won AC; 7
N W =z SBPN B——i- + 5 S:PN -S—L + I S:PN Ei + Z ScPN E——l— (3.15bH)
; & . 1 "1 i P i A S §

where\z—tfi's the fractional change in the element ey. !
i. ¢ -

\ ’ Assuming the maximum deviétiona’fn the values of. the gains,

i
4




A

‘@

resiscors'and capacitors to be respectively, ]%?l,,[

the worst/fase changes in Qpy and wpy are:

-

-

o

L)

AR
R

]

and ‘%g y it

-fhay be shown, from (3.14), (3.15) and setting X, = Az = 1, that

(3.16a)

(3.16b)

(3.17a)
. 7h)
(3.17¢)

’(3.174?

(3.18b)

AQ .t - : r
PN ag AR AC
==l =, +F) |58+ B, |+ B
nw ' T 8 R ¢ )
and ¢ { -
Aw )
PN - ag, 'A . 14c
| W “ . Fx l ‘ . i?f4
PN wC - & -1 ) ,
where ~
, 1 - 8,6, - , 8,8,
F, = 2|4 - o+ 2 .
2(3%8,6,)% Qp 2(3-8,6,0% Q¥ )/
. 8161 '
F, = 2 | v
s 2 3-89, > -
2 kY ‘, -
R I = e
: ' 4 LN
e 1
F, = 2 5 ':*—'*"——“! . 4
h' l ) '3’-Bldl . ‘\,
Let us define ‘a figu;e of merit F as: ,’j ’
‘?:b " - o
"F = i%l + l.A(_:)_PE.] ¢ ° - ot
. Ux we CLYPNwe . ! &
- It is now observ ihgt gjniuizing F qimultaneously1m£nimizcs] Q::
AwPN \ ~® ~ .
and | | .
. YeNWe e T \
From (3;16) and (3.(8), F can be written as. oo
* v 1"8361 ’ ---uB 8
- L, Fa=(21- ——| + 2] ! ‘2 - ;
f (3-8,6,)* @p? T (3-8,6)° Qp i
L} B 6 - / e :
o 171 Ag y 2 AR
f nensap—— + - m——a— —
o 2y 1B 2l - el 0
, - 7 .
» h B 1 A/C ~
(2]} --i;g;-g:l + 1} |6—~| p

‘-

S

/s

62

“z




L It is
[ ]

noted that F. can‘bc*éontrolled by varying only 8

0y

63

i Ideall),ithe minimym value of ? is zero, »failing which thL individual
F sh “Id be sepanntei;‘minimiznd It is‘eeen from (3.17)
and (3. 18) that neither ;E the obﬁcctiv;a is feasibLe Howgver,\norm:lly
the gains are rea?ized as re;isgor ratios which can e controlled within °
. 0. 1z in thiﬁ ;ilm‘technology On the other hanq, tolerancés of capé-

2 )

citors gre higher than those of resistors.
§ 2 ‘ ‘
choose 3,8, §hch that the. components of Fypdue to, ;E—l has a minimum

‘

[§

componeﬂts of

S

Thus, it is logicar to \

value. This happens when le . o .
F, = Q . (3.19a)
. . ] .
or . Q ) ' . Vs ‘\ \ .~°
A . ' - -~ L v . ‘,
8,6, = 1- ‘ 7 (3.19)
. . - S 2 .
From (3. 10) and (3.19) ° . ! ~ .
35 = 4 * 3.20) .
-8, Qp S, . l, ( O%V .

reduce tife gain spredd a hence the spread fn
A f
~ghe corresponding resistor values, which is'desi able for'thin fila

Iﬁ'order now to

;Fplgmentation, it s scen from 3.?1.that we require .
- ; . PR
B, T -8, =20 I -

a
3 i3 * ~

s, .
(3.20).
» . § .

N . - . « " ’ *
¢« where the gain B. has been chosen to be Sositive -for the purpose of .better
, g ! , purp
. o - ' ,

For thefsame reason 8, is choker to be unity.

isclation. Using OA's,

,6"and @2 are obtalned ag shown ia Ftﬁure 3.3 while the gaig’ Bl'aud 32

'.may be tealized as shown'in Figujyes 3.4a -and 5.6b.xrqypective}y.~

LI A

Vo :

[ ¥




() 8,

hg. 3.4: n) OA Realiution o( Gain 8;
. b) OA Realiut(on of ‘Cain B8,
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i 2 \ l Y
| C , ' " S
/ From (3.1? ‘and (3.17) and (3.19) the worst case dev’ia{:iéns 1n'
~ R Fi :
/QPN and “’RN ma)( now be expressed as -
. L3 r‘
! = (2 + ) !—ﬁl + l : © . (3.22a)
QPN We Q‘ o «f
! o
PN 1 Ja) AR A o
e TR e I T = " *(3.228)
PN wc - 4Q; 8 R ¢ " .
P
| - BN -
For Qp >> 1, the above expressions reduce to fj’ L
;o My, A AR, - :
gl 2FE AR ¢ S (3.22¢)
MPN Wwe . . -
4PN A AC - ‘ o '
) s g R 1l - (3.220).
¢ pr B : PPN + ‘
weC v S . P -
3.3.3 The Effect of Finite Open Loop éains \? R
! . ’ . ;i
If the open }oop gains u, {1, and U, of theg input-/suumer and
the isolating a'mpli\fiers B'x and 2, réspectively are assunlod to be_' "
B ’ - PR
- finite, then the different, gains become ( e .
0 / ) - » o L .
6. "% : § : N (3.23a)
1 L +y+ --f. ! ' e W . *
b . R'l - LA :
-y o - e Cooo
62}1 =—T——}‘——T"-62'. o : (3.23b)',?~
f : ) ’ a
- l + u + o— . ’ . PR
Rl ! ) ) : i [y
Vo e Y o gme
= : - oo~ o .23¢ .
lu 1 + ul « { ~ \a - . ‘
. . { : .
. u, B, . o : ,
LR AT e e
: . 2 4 2 ! ' . ) ~\\
) . . ; \ e .o ~ -
and the expressions (3.13) becowe - . . { ) P
oo }{— L — - o i‘
. ) )Ag 1-Blp6 1}]‘82“62“» “,‘c: /{ Blu 1],] Blu 4 o IR
QPu = ' wP‘u ¢ (3.23e)
“+ + 1= . : :
, _()‘1)‘2 )‘1 1 BWGHJ) \; B A B .
. . 4
) : . .
N - 3 . : ] [
R
) * 'k

{




Y _ Y x ' s ey -
- Sz ‘ Sx, Sz . x = £(z) . (3.24) .
. ] \ , . .
, and cquations (3.14),(3.19), (3.21) and (3.23)it may be shown, for ¢
. Qp->> 1 and u(u, or u,) >°Qp, that & S A
- ¢ . 13
Q -~ 2QP R 2
S — - Y4
5, e (3.25a) |
Qpy, ‘ " /
‘ M 1 .
S T 3.25b
¢ ux zul < , N K ‘(' , ) .
-~ ] _ 0. ‘“ . ’ . .
° - Q?U ~ QP s ¢ ' I v \
A /,suz * 0 . ) . \ (3.25¢) ,
© . ¢ -
» and . c;* * s . ® . j
. v . - Pu Qp ! %
’ S X —— » ’ (3.26a) \
H u : - & pot
. " I ¢ ! B
. : 4 v : !
\ A . - hd -~
. Py 1 s \ :
S T o mm———— Y .(‘3.26b§ .
H : 2 é . )
l ngP u‘ . .' - " ‘L‘ ; v. .
.y . . ", . e 7
’ wy Q - . o .
. Cg PR o : (3.26¢)
H, U; - ' “ .
- B PR ¢ Y )
.. As seen fromchuatiené (3:25) and (3.26), the' propdsed desigu results o
. .
f [
in very 10:9p01e~q and‘gnie—frequencv sensitivities with respcct CO the .
tae . \. B ‘WB
accive clements, , - - " ' r ‘
. 3,34 The Eﬁfect of'theéginimps-warst Case, Deviation and Guin Spread , ) ;
" . o |
N * Design on the Notch - and kll AaqﬂfSections < 3 |
'\ Y ¢’ . |
-4 I;§waa pointeﬁ out earliﬁr fk ehis sect n/Lha:, in addition to ;
. thg pr?yerties of wp and Q?, the gropertie?Jofj e notch fqgguency LY oo }
- : -" ’\"‘v ® ‘.ﬂ’ \
P R A S
’ \ . . 7. ‘ )
. - .
. * \'.’: "W ", A A o B
A / 1 " ' R : \m o . . ‘}/ ‘
) Ve / // )
* A '}ﬁ/ﬂ ' e

Using the reletion
' 1
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\

*

the QZ and'wz should be studied for the Notch and AP section, respect-
s . k] . l.)q t R
ively. These properties are now examined for therdesign developed in

N

t ' '

K

section 3.3.2.

A) The Notcﬁ‘$ection ] R
<

Using (3.9), (3.19) 4nd setting - ’
’ ’l* Los 5 . ’ ‘\\

, Yslso=—2yol_' ‘ : -

. 4 F . L]

- -

anotch section can be obtained with a' notch frequency wy given by
s \ -

B,6,1° 1 . .

2 ' (3.27)

u

A{YO(YIBI + YZSQ)- Y

- '} < . i
-where the gains & 1 By B, and S, are chosen as in section 3.3.2.

* In order to study the effect of the desygn discussed in the previous

. e,
section on thg‘response of the notch filter, we have to consider the

[

transfer function given by (3. J}i‘ This may be written 1n the form.

.»..‘,

' 6"‘: 2 N
N ~ [ ! T
. et - S_+ € +. N ”
R SR TR \\/,-/ " (3.28a)

) N -
o - T(s) = - .y
82 + o .8 + Wy
P

where L . <.

PR | Kt
P

- Sy

¢ e r\[x; A, +,1 als; 3.28b)
. Y, .
¥ Lo
" ' ) Caiote gl L
R XA ».726\2\ Y, (1-6,8,-8 6,)) (1,1,)
. W = s i (3. 28¢)
. ' ZN ‘ o 1 Ny -+
R ] ‘ . o . Yo . . ]
Ideall)’ € = 0,and Wy, = w. Frg earlier discussions, (t is
o g ’: AR ) ° .
seen that these are satisfied wheng 2 f . " .
S %8t L, 3,34 -zq,, Ay = A, =r T (3.28d)
-{‘, .. * . Y
." ' 't ‘ . (’ ’:




L

'_"’ [ .

|
fl},"g,
7/

R

- 2860 o
T8eTye . P S

¢ A
L e
B L3
) ' 'Y -68
\ /i
! A
. N 1
i -
y Y
{
3
k and L [ ; X
. Y ) . A .J:
4 - -
lelso -2y, . U i ;(3.28e)
ot In ,pract_iée this may not be the case ‘due to manufacmring{, "l
' Y L P .
tolerances and temperature -effects.. However, for the notch secs.’gon ‘ -
ST« ‘ S
to be at all useful, the deviation A€ of € from zero must be within
- v . R
acceptable limits. Thus, before exaaining the pmpertfes of &;}'ZN, an
Y - e ' "v
upper bound on |Ae| is desirable. ) N
From (3.28b) it may be shown that :
8 ‘ 6 ;
K A, - AX. ' 46,
—— : —— —l o
\- - " - ‘AE{ s (AIA} * Al)l ')\]! * Ax)\z 2 * 60‘81 t éll v . f;“
- ~ b"\g \ :_
E . N ' » - - !
.: . e ‘ o [
.y T~ Yleléo : . Asx Y18160 Q.Yl Y181‘60 AGo,
. L “H(MY — - slsx) 5 [+ 5 - + ] a
4 : o ) 1 ) 1 A5 0. ‘ )
. ‘ g v.8 6 By f L.
L jle oy A (7~ 29a)
Yo Yo . | N
Thus, assuming % 0.1X change in resistor ratios and * 13 -change .
13 - * P4
o in capacitor ratios and using (3.28d) and (3.28e), the.worst case
~~. _. deviatien, ].Aclwc; of ¢ from zero may be shown to'be .
| _ leely, = 0.022 : - Yoo
Therefore, even for a notch fréqhency of 10Hz, -~ .7,
(3.29¢) " &



N i
P y

Hence, it is expected that’the network of Figure 3.3 may be used to_

- realize npotch sections with reasonably deep notches. '

The sensitivities of wz,q with respect to the various parameters
F] 4 -

may be shown to be )

w W W,y ! :
s =5t = s M e s ey ‘ y (3.30a)
’ A B A B °* < :
w W :
s s ZN ‘e LN = 1 A |
S =2 S = - 5 = o= (3.30b)
60 61 QaQPZ ’ 62 2a
: w w , . g
Ny sBZN S 5g° = 3= v — - *(3.300)
A 8an 2 3 saQp / |
w W LW ' »
ZN -1-a ZN 1 N _ a- 13
: s, ==, 8 = e —5y 8. =S e . (3.30d)
’ YQ a ’ Yl 4QP_‘2:L Yz\ 2a IOGQPZ S
° ) r
where
‘u')i" = a : . ) (3-300)
' . wP '
€ . * ( N
M '*\m,
’ In most practical applications a {is in the vicinity of upity.
Fofué = 1 the fractional change in W,y may be shown to be
[ ! — 1 r° .
;. o ca e 2 (8] R0 'rﬁl‘-l | (3.31a)
, ZN 2Qp g :
where légl, [éE[ nd L——I are as defined in section 31.3.2.
8 . \‘ \
. : \ ' .
For Qp >> 1 (3. 31@) reducea to \)\\ . /.
AEYS b _ : - ‘ \
e ZN AC, Y (AR ' ) “
R iy (3.31b)
\ .
[
/ .
. - ‘ /
L] & N ’ /' ‘\\\) .
N : \
s * . &
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B) The All Pass Section . .

} . .
o The transfer function given by (3.9) can be written in the form
(3.8a). For an AP section, Qz * ~-Qp and W, = Wp. Therefore, the - -

L d

design equations for this section are

e
»

V8,6, -4, | (3.32a)

o -

/‘-\ <S()‘,r282 = 4y ‘ .' . . (3.322)

a

and élér}\fzéz are as in (3.19) and (3.20), resgectively: .
No

< .
c w'in order to study the properties of the numerator of the

/
AP transfer function, .under the constraints of the design broqihg@ in-

dection 3.3.2, equation (3.11) has to be considered. We then have,

o1 2

R . (Y AA [60(Y18!‘8272) + YQS - 81363 - 3252)”§ N . f -

Q X - (3.33a)
‘ZN ' yo(kl + llkz +1- 816,) + beléo ,
—— - t
and : .
(6 (v,B, +Y.8,) +y.(1-88 8381 ! -
- Y X Y (1 -.88 - - .
wyy = = e T i (3.33b) &
v, RyRg c,Cgl . N ‘

The sensitivities of QN and‘sz with respect to the various”
1]

elemﬁg{d{may be shown o be; . ' ' ' |

\
Q Q Q ’ |
sdsZN --2, ssf""f g GZN =} (3. 34a) |
° \ 8Qp (\ . o Y
/ - . N ~ ’
o, zn 5 QN 1 LY ]
. s | ™ 2 - ———— s A - + 3.34b
* LY 8Qp’ f By " 2Qp7 - |
. . Y .
- . . " -
. ; - ;
’ _ 5
N, , (' N .
i - ‘ °' ) . , L} .
3 -~ [
. \ .’ i
{ ) '
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- T ~ N
~ '
| : Q Q Q .
ZN ZN 1 ZN 1
v S =2,8 =~ [2+~——], 8 = —t (3.34¢)
L . Yo ¢ 61 [ - 2QP2 S, 2Qp . v
/ Un Qzx Qzx Qzn e “ °
/ Sp. =-Sg T =3/2, s Y=o 1= (3.34d)
- Ra B Ca Cp RN
a;‘ld ' . ‘ 3
w w ) W .- ' s
’ ZN ZN ZN ZN .
S =35 =857 =35 = - 1/2 A (3.35a) )
R, Ry  Cy  Cp ey
w W w v !
, S; 2=, s el Lo s BN LTy (3.35b)
o 2Qp 1 8Qp® * 9 \
v w -‘ ‘w T )
S0 = s =g, s e e Ly : (3.35¢)
& 1 o 8QP 2 - ZQP .
W W,,,, i w ‘
s M=o, s L . L (3.35d)
Y, ") 20 - Y2 20 .
/ . .
- ] 5-' ~ /
// From (3.34) and (3.35) it may be shown that \
i ./ ]_A_?Zi < (91 + 2 )~|é&] . 3’:'*_3!‘4 2‘.&5 (3.36a)
> 2 i i A ‘
/ QzN “Qp?’ '8 R C
i . ) and . M . . . 7
Aw . )
3 ZN 11 . Ag; . (AR AC :
- A e Ay (e 2Ry 0 N, 36
NN . - wZN ‘ Ionz g R c . R . .. ‘
For Qp >> 1 these expressions be¢ome Y
- ) ’ ' .
A Y 6R ac, - " L
|—=] = (95).[8 .+ 3j§_[ + zIE— . (3.36c) .
QZN WC ,
! , and " ~ . . P 7
[ 4
(T T Tt ‘
WIN'wc 8 R C :
s N N
, v
3.4 CONCLUSIONS )
T — » !
A grounded capacitoaxj RC active network capable of realiring .
‘. any transfer lfu.nction has been developed. This network can be utilized
.:.’ r ° . ! ‘ ’
_’_—.—_——_——_—-—\_;——_—__\___,;,,, . - ° /
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. ’ . to implement

e

e

-

S————— - ’
the URC realization technique presented in Chapter 2. A-

- ." design procedure that simultanecusly minimizes the worst case deviations

Ll

(A1l Pass) sections-

) . The purpose of the\next chapter is to derive another network’,

by modifying the one presented in this chapter, which possesses a . .

in'QP and Wp has been derived. Thus, it can be used to obtain LP, BP
P
and HP responses. This designiis also utilized to obtain N and AP

filters. The effect of the design on wy (wz and Qz) for Notch

J
as been ihvestigatqd and it‘is found thattthe 1
) 1

-
.
e -

better performance capability\and has, in addition, a lower element ’ ‘

L ;

-
-

- o M
.

ﬁ'i, ~

R 4 -
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° CHAPTER IV P

AN EASILY INTEGRABLE RC ACTIVE

. FILTER _ o

4.1 INTRODUCTION ' '

~

The purpose of this chapter is to present a"significant improvement
¥

Chapter 3. The new _netwclvrk offers

a simpler configuration, whila\ retaining all the attractive features of‘l

of the second order netwbrk -developed in

‘the preceeding one. Further, it achieves a lower value for the gain

spread as well as for the different worst case deviations. o

; 4.2 THE MODIFIED CONFIGURATION - ‘ - -
f L
- It may be seen, from (3.1l4a), (3.14b), (3.15) and (3.16) that /the

expressions for F; and F, as given by (3.17¢) and (3.17d), are respectively

‘ oy, _ L, Qen Qy Uy
) F, = zlsR | = 2]sR | and F, = 2|scA | = z}scB | with X = X, = 1. The ;o
. Values of F, and F, are different because of the presence of the term Al

separately in F;. This, in turn, i{s due to the presence of this’ Ce‘rm, as
' -

a separate parameter, in the coctficdent of s 1n the denominator npolynomial

.

of the transfer function, given by (3.115. Consequenély, the contributions

b

by |%& and !é\cf-l to F cannot be minimized simultancously. However, this

| . . ———
‘ -- T —

| \“\\te:g»disappears from the transfer functiod, as a sepatate paM»—»\\

| ‘ \

the network of Figure 3.3 is modified to that of Figure 4.1 [61]. Thus, it .

——

. * / '
may be expectdd that, in the mod¥{ied network, the camponents of F due to
. 3

A - ' ' o F ; .
l-‘-RB-] and f%sl can be minimized sighltaneously. THig will rogu.lt Ain a |

lower value of F. Moreover, since now the gains'éz. 8. and ?3'2 will appear

1

. -

as a product, it may alsa be expected, from (3.9), that, for a éiven Qp. ~
- 1) ’ ‘
the mmfied network can be designed with a lower gain spread. The above

1

features of the modified network are established in what follows.
-

& . - M o .
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4.3 |, An Optimum Deéigp for the Modified Configuration

L4

2

Analysis of the network of Figure 4.1 yields

7 ,
2 . 3 n .
{y_R,C,R,C,s%4s [y 8,5 R,C,*Y_(R,C,+R,C,-3,6,R,C;)] -
Vout +[Y18160+Y2818260+Yo(1'816\-818262217
T(s)=
. Vin ",

[R,R,C,C,52+s (R, G +R,C,*B 8 R,C,)+1-5,8,-B, 8,4,]

.

. -
The pole Qp and the pole frequency wp are given by

T 0,5, 8,5,m5,8, 2>}/<x,x}g—e,61> “
o) ﬁ{(l-exdl—alazsz)/(nlazc c,) N
- \
where A = R1/R2 » A, = C,/C, y ) ’
v ’ - '
The Qp,and Wy sensitivities with respect to the various parameters
_may be shown to be~ ¢ ‘
Q Q q ' R S '
S p =9 E’ = - S-p . qu = i - _-....._1._....._—._
Rl Cl Rz . CZ N Al)’2+1‘8‘6‘ .
SN . s
. ~3-8 § A +1-8.6.
‘ SQP = SQp = So.)p = S(:’p = ) .j_————.-—alﬁl , K = 1.2 1l ‘
8, 62 , %2 B2 ZKZQPZ 25 VI .
A% ‘ , /
-0 -8 5‘ 8,9, QP L 3‘51
Sd = P4 + ’ ‘8“: i - 2 2 +
1o2kPQ 2 KN, TR 2K Q KA A
C P R . P 72
Wp _ -6,8, Wp ;' S _
S(Sl 2k2g. 2 ', U8, 4 2k2q. 2 oo
Qp ° 3 QP '\
Now ‘ ! N ) ,\;::. \". “' ?lv (
AQ Q Q, Q S
' —F =T s P 48, /8,+I,.P 86,/8 +zs§‘3Aa/n+zsPAc o
Qp B, 1 1 & 17°1 (AT ey 16.‘1,‘
LR . ¢ J) .
'&)A‘—‘-)g = (gp f‘Bi/Si*ZS(gp Aq/éyzbkp L.R1/R1+£swp th/Ci
o ' i Gi ‘
TN !
o . LA
e 2 * . .

75,

(4.1) -

(4.4)
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. . Assuminé, as In Chapter 3, the maximum d.evia.t}ions in the v;;lues,of

. [’
- the gains, resistors, and capacitors to be, respectively, [A [, I ! and l%g-
', We may show from (4.4), that first order worst case changes in Qp and -
- W e: " — ’
SN ATe y ) o ‘ t
PN . 1B L ey (28] e, (R, £, 28] - o (4.6)
N - % we P2t gt 7R Yels
' \'\ ‘ - and o - . ¢ -
o * . [} -
| Wp A AR Ac ) )
/ =2 F LE e 1220 4 |8 .
- 2 ! Wt ’ . s
waeré' .
. ‘ © 15,8, .
=I?————l+;£- }+2]5- [ o (4-8a) N
v Q' LW Qp ' 2%’ Qp v
; f_ds | AA ‘_:;: . ot N , T
S F, =2 F, =2 H ——————~———-—~{ o . (4.8b) \ .
2 ATl By . \4.0 L
R ' K :\)Xz l*A A B él ° B & \ N
1 Z‘v«» ;> v ,' v . N .
: . g ? & "'_P" + "Ale ) . : o o v e ([4.93)
v % we P we . ' Yoo . .
o ap Y 1 AR, . 5C;3 v | /
T e L= aEeE) BE e e Ul 1N SO N
- . - 4. . ‘ ‘ ’ o .
' - o B . ‘ R \ ( ?o . s
Ag dimusseq in Ch,apteg) 3 ideally F = 0. 1t"is readily observed )
A - rp\ ‘ . ’ " . ) -]
' . » . Trom (4.8) and/ (4 9b) that this . is{c&!&ssible. Hdwever,'deviaé'i‘;ops
'2." ) in ] }'a d l-—-] are expected to bt mare th.nn th@ln ] . Thus, it ' ;(‘ S
~ h » 4 :‘
- 1y nntural to scek a pinimum value far* F This occurs uhen Fy = 0 ot L S
Y . / \
i A, 1846, P : Cosa0y <
‘ '&Henge F «is minimum when , .o
C . ! ' [N IR s ‘ \ .
- . ‘ . , .
b : o . s /\

\*
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_— . |

_ : , l—A A, C o4 2 A
'ff=2F1.+F2°(1?412)lA l"1 P

is minimum. LT
“

l 1 2—1
Qp I‘sz' XIAZ‘

s 1= 2] (4.11)
4Qp
It can easilg he shown that. af/B()\ A ) 15 negative for AMA, <1
and positive for X, X > L.

Hence f is minimum when

)\l)\-z

' N ) NG
=1 or B.6 ) . (4.12) - i
. - ) o
- Q AU) v 3 Py,
. and the corresponding bounds on ]u] and ]—Bﬁl are \ :
p ’ p s . »
. o5 ‘ “ Q " ‘ e
o I-—BI < BH - L 4—51 tam13a) |
4 : 8Qp . ‘ g
~ Aw‘- . - . ‘{
I=2| < su - =1 158+ l‘“‘l ’ !Ml (6.130)
. P 8Qp “ ' : o “\
- ' B . a
‘ For Q. »>> 1, these values reduce to oo ‘\‘
L Ay oy , e S
PR R I-A;f‘l' - (4.13c)
P wC \\ ] ' . ‘\‘
“ i‘:i RN \16 AL o T Gay
= =g 3 Il I
“p UC -
- From (4.2), (4.1Q) and (4.12) ‘o .
-~ " - R . 2 - 1' R
S B8, | (4.14)
»/1 "y an ” / °
L .Now—4in order to reducd the gain spread and hence the spread in
~ the co#réspgnd{ng resisitm:r values, it is seen from (4.14) that ! ’
N . ’zn ‘,- R i
v ’ ’ . :
B, =% = (agi-nt/3 - (2q 23, for q >> 1 .15)
. 3 2 2 P , P
' where the gaiua 8, and B, have been chosen positive .to provide better
“ e
idolatlon. '
2

¢
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. < . \
It shquld be noted that for variationsodue to temperature, the :
. . . - x [ *
. expression for the bound on l ] rémains the same as in (4.13) while
P . . s
that for F——El may be showi to be ° ' -
oo P ' ) L
: r' . Aw .. N B -
R = B B I T I I ~ < (4.162)
) ' P \ SQP 1 . .
or - . ° ;\/
AU) . . o o »
|=2) = 3128, for q >> 1 , (4.16b)
o 2'8g P . )
P wc

- -
[ ' -

. . \ . _ '
- This 1is in view of the excellent tracking properties of thin

. film resistors and capacitors:and’the fact that the variations {n the '

resistors and cgpacifors may be made to cancel each other [22].

.
4

From (4.14), Sx cannot be zero unless(§,= 4: hence from (4.12)

§, = 0. Thus one of the feedbatk loops, namely the one from the output

o 4 o

of. Bs is eliminated. Further, it is desirable to have equal valued

capacitors, that is, X = 1. Therefore, from (4.14), A

2 =1 oF the

l~

‘resistors R, and R, are of equal value, thus facilitating thin film

fabricatioﬂ. o

If OA'g are used to realize the finite grains, then it is

2/3

reasonable to assume that (2Qp) << u (the open loop éain of any ’ .

~

1
2

of the 0A's), in which case the gains cah be controlled by resistor
ratios. Since the resistor ratios can_be controlled to within léss

than 0.17, the changes in gains are e&ﬁgéted to be small. Thus, the .

changes of Qp gnd'wp given by (4.13c) and (4.16b) are goo& measures of

-

the actual changes. g ' . -
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ﬁ. S&(é . ' !
Using\bA s. the optimum design of the configuration of Figure 6.1

i
: ;\."“ 'Y

reduces to the one shown in, ngure 4, Za. where
R u
oo Re 273
-62 R’ (ZQP)

(4.17)

‘and the amhlifiers 8, and B, are realized ‘as in Figures 4.2b and 4.2c,

respectively.

4.3.1 The Effect of the Finite Open Loop Gaths of the Operafional N

Anplifiers ' L ' ,

- ’

If the finite open loop gains u, My and U, of the input summer

and the amplifiers B, and 8 reSpectively are considered, then we

have, for the different gains

. ’ ]
‘ §. = ws (4.18a)
.2 Re , _ '
- 1+us—
3 - .
u.B .
.22 - .
’ azp 5vE, . } (4.1.85)‘
. “181- w , "
Bgi . e , .. *(4.18c)

X

and the expressions for the poleLQ and ﬁole frequenty, using the

optimum design, become =

~

. ATELEL S CATE RS

Pu 2 . -8 pu R c

flence, 1t may be shown, using 4.18, that 90r Qé »> 1 and

uiu, or p,) » Qpi

2/3 .

Q wp Q wp (2Q) o
SPagPa B sPasg —_—k e (4.19a)
u u\ 2y b, "L,. ¥, ‘

3
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‘ [} , ‘ ; 14 ~ 7/
\ . ' ° . v - . . ." 2/3 . ' - . . s -
_ ] Qs W 2Q )7 7. . . > . .
- . . gPagPa__P (4.19Y)
S . ¥, H, M, ’ . .

hY

. 1 ' . v
:* It is seen that these valpes are lﬁweﬁ’than,those of the network of

Chapter 3. ' S .
apter 3 ] ‘ N s
~ a ) ) ¢ : ‘ :
4.3.2 The Effect of the Optimum Design on_ the Notch-and All Pass .o : |
T " -
Sections o ’

a
J

“As discussed ‘in the previous chapter, the optimud design will
. yield suitable sections for LP, HP and BP responses. However, if this
N\ design'is used for N and AR responses, then the effect of this design

_ on the numerator pblynomial of the tfansfet funct!ons of these two

“sections must also be studied. o ' — - -

%)
\

P A) Notch Scction

j ing the design cgndit{ons of section 4.3 and‘sgtting

h .

s

o K Bx§o'ﬂ —ZYO (4.20a)
~ \ s .
. in (é.l), a notc £11ter may be derived ffonm the ne;vo?k of Figure 4.1. :
? * the notch frqufncy w“ is given by \ B ' L,
t s * ’ a’ ’ ’ Lx
' L (B,850y,*v, B ) 4 Y (1-8,B,6 )} : .
. * ) . “‘N 9 - } : 0} ~ (4. ZOb) .
l"..' ) . Yo RC . Co J‘
. . ' Y !
where B, B, and 8, are as chosen - by (4.15) -
e 2, Hawev;r, as pointed out in Chapter 3, it is difficult to obtain

an ideul notch tesponse, in practice due to manufacturing ‘tolerances

1]
A} 7

and temperature coefficients of the components. Also, the quality of

the hotch'filters can be investigated, as discussed in that chapter,
P , A Lo \

»




) ‘ . . g

t ' -
- - *
¥ . N . -

. F . .
by examining IAEJWC,~the wotst'case.deQ;ation of € from zero, and.wZN;

where € and Wy have the same significance as in section 3.3.4. In

this case \ ‘ - . L e A
. ) ) & ’ >

oL (88,08 * Yo(1-B,8,6,))

‘(4.21a)

ZN ~ 3 )
» v, RjRCoC, M
and ton : ‘ |
Y18,8 o g C
L ° A
€ = { + 1+ X A} © (4.21b)
o7 Rlcl o ) 172 \ .
. It is observed that if ‘
A ""'i ". = = = 2 173 ’
. R I T M PTG P (4.21c)

; .
that 1is, when the design conditions of section 4.3 are shtisfigd,

¥

and if (4.20a) holds, then € = 0 and wzy = Wy- _'_
Assuming, as before, that resistor and capacitor ratios change
by 0.1Z and 1%, respectively, it" may be shown from (4.21b) that
. & . f

. 8]y = 0.019 ‘ 7 (b.21)

Therefore, again considering a notch fgcquehcy of 10 HZ

u)\‘ /

= 3141 L ) (4.21e)
|Aslwc E . ) .

°

Comparing (4.2le) and (3.29¢), it is expected that filters

, derived from the network of Figure 4.1 will yield deeper notches than LA S

those obtained from the network of Figure 3.3. . . e
— The sengitivities of wyy with respect to the various parameters
are: . . -

. W
N ey (1=1,2) (4.22a)




1’ . . ' ) ¢ ‘. “' ' ) / ' N . ,. "
’.'l . N N ~ ,
N, T W,y . w .
’ ZN 1 ZN .1 .
- S, = % (I-T) b S = d (1 o+ ) (4.22b)
* Bl ba p2 62\ ABsz . .
Noa-1 %1 1. '
SY " 56 =53 (1 ) ) (4.22c)
’ 0. 2 AQP '
W,y o w W, o .
ZN 1 . ‘. IN 1 ZN 1 1 -
s“ 43 (=-1), 57 =~ S = = (a-1 + ) (4.224d)
- . ‘YO a ’ ’ . ‘Yl {43Qp,2 ’ Y’Z 2a 2Qp2 ’
* » . Q’N / - ' '
Vo~ As mentioned in section 3.3.4, a = (G—) is in the vicinity of
L ) P § -

f unity in practice.  From. (4.22). and for a=1 and Qp >> 1 it may be

¢ Shown that f . ‘ 0
M l,~ v . - v
ZN 3 2 AR AC
R ;ééh“ AT (4:23a)

w
2N e

‘ -

Equation (4.23a) is a googd measure ‘for. m;B;féttdring tolerances,

! ““However,. for variations due- to temperature tHis figure reduces to

i
-

[ ) . -
-

L =2 =3 %8 ‘ (4.23b)
! oo “zN we LA -
~ ~ - ot
"B) The AP Section . S

/
As discussed in Chapter 3, for an AP section Q = -Qp and,

a

?

. setting ' ‘ - '
Y,8,80 = -4y, L
V28,860 = 4y, e ENCEL)

N d
N LY

* provided that the delign'cdnditions‘preaantedain section 4.3 . are also
usgﬂi ' A
e @ '

= i) . These conditions may be satisfied, as seen from (4.1), by- .
“’z p y ’,l \ : \
| .

3

’

)‘ *

-




[y

-

r *  However, in the event that these conditions are not exactly
Y . .

\
I ) : gatisfied, QZ and w, have. to ‘be repiaced“hy ‘ :

| ’ ' ‘ i = ‘ . . .
|, o = {B}6°(Y1+Y282)+Y0(1-618262)}i Yo YAX, '(4 26) “
ZN SRRV IR A o
' - , ‘ s ' - !

- . .
. [
. 0

. ) '.." . ~
N {8160(Y1+Y282)+Yo(1—818262))il{yqarazclcz}st I CTE YD I

3

£
i

It is observed that when thé‘conditioﬁs givgn in (&lfl@) aldng'

with equatiors (4.24) and (4.25) are satisfied then, Qn = = - D
; ' :

and Wgy = Wy =»wp.

The sensitivities of QZNnénd wyy with respéct to the various

parameters are: _' ‘

'

3

] S %y QN ’ \ ' .
‘ sRZN = 50N = (- 1)"’l (4= 1,2) . (4.28a) © .
| i . i T
’ Uy 1 Qzu" 10 :
S = -[2 + S = i 1 - ==V ¢ (10.28b) °
Bl [ quzl‘ » Bz [ SQPZJ 'l;h \4{ .
2 ¢
. . ¢ .
- Q - Q - ’
5,0N = -2 5. w o, A . (6.28¢) -
" Yo. ZQP ‘ ‘ ’ -
\ QN zn %} Ty 1 - .
. s &N 2 9 [2 + L s 4N = 2 . (4.28d)
o : Yo, ] Y2 20p° (..
" and .
' w w
sRZ“ = scZN =4 (L =1,2) S ‘' (4.29a)
i 1 ' /
. ‘ s ‘
w w . ’
ZN 1 ZN 1 :
C ( SB, i1 " 51 . s‘32 ™ 3 ~ (4.29b)
P P
g ) - 8
. ' ' / -
- N ¢ °




v t.;]: . . .

-

c 3 ]
. , .
, ‘ “h
? ’ [4 . .
"\‘
w w ’ e :
5N =0, -& a-Lty S (6.290)
o * 2 4Qp - .
ot W ! [V} * ’ . ’
s PN sg. N LN 1 (4.29d)
. Yo Y, byt T Y, 2,2 c

Lt
- 4

[ N
_For‘Qp >> 1 it may be shoyn, using (4.28) and (4.29),%that .

4

H

o .7 A’Q " o A > . B N "
S R - I zl‘“‘t L2)l8 . (4.300)
‘ ZN we . B e
. and
. 28 1‘5' + l l - R Lo (4,30b)
o ZN e _ A

-
. . .
s’ [

’ For variations due to temperature, the '‘above expressions reduce
w - .\“ ‘ "

to, for Qpl>> 1,

Qzn 17 ,A
| l = %8 ' (4.31a)
QZN W 2 'g
and - ' {'\
r A N .
. =2 - 24 (431

4ob ‘sr}mn,m : _ R Q o
i 1t has been shown [62] - [63], tgaé some netwbrﬁs using OA's can
‘ ftt;in a low frequency unstable mode of operation durfng ac:ivation,
igthaé is, jus; after switching on the prer\suppiy. It is the purpose

.

DR

§ of thta sectlon to study such stability properties for the configuration
}of Figure 4.2 under the constraintp of the-optimum‘design developed-in
"paéption 4.3. . ' : o . : _ ¢

..The characteriatic polynomial of (4. 1). considering finite open

loop glinu of ;ha OA's 10 . L . A

.D(8) ‘IR,RIC,C,- +8[R,C, *R,C ]*1 Blu aubap

(6.52) -
N WL




‘ ¢ - ’ e . '
| i ‘ - .

where Blu’ Bzu and qu are giveén by equation (4.18). As the'u's tend
to infinity, B

|
|
‘ ‘ p
|
|

I B!U énd qu tend to Bl’ Bz and 62 respectively. In

practicé, the amplifier gains can assume any value #n the range

0 < ¢lul, Tuply ub < Iumaxl, whefe-[umax[.< ©, since these rise

.

" from zero just after activation. » ,

The differential opeﬁ loop gain of a frequency compensated

-

operational amplifier, in a bounded frequency rangé 0 < d_( Wy is
given by (1.1). 1In tﬁe low frequency range, that is for ls] << we

the amplifier gains u, U, and Y, in (4.18) may be assumed real. For

» any attainable gains in the range 0 £ (uy u,, U ) < , 1t may be
i { . ! 1 2 Hmax

shown from (4.32) that the zeros of.D(s) are always in the left half

9 piane. Therefore, the d.c. (ot low frequency). unstable mode pf

i

‘operation cannot arise durlgg activation.

.M . 4.5 THE INFLUENCE OF THE FINITE BANDWIDTH OF THE AMPLIFIER

";; : .. The finite bandwidth-(B.W) of the OA's used in active filters

-

[4 >
may result in drastic deviation of the actual performance of active

filters from what is expected [64] - [65]. In this section, the .

»

effect of the 0A's finite B.W on Qp and wp is studied. It is shown

that w, is ielatively independent of B, the finite gain bandwidth

P
producét of the OA's, while the effect on Qp is an ‘enhancement.

Ve When the one pole model as given in (i.l), is-used for the
amplifiers, the resulting fifth‘brder denominator polynomial may be
.. written in the form '

’ D;(s) = b8 + b’ +3b33’ +b,s? + b8 + b, (4.33)

/




a . . ) ~ . . -
¢
. .+ where for Q‘; > 1 . .
\ . N . . . , I3 e
bo b 1 ’ ‘ , e . / . .
‘ blu__].'_.._(.ﬁ..‘.+.‘.3.?._._6.?_')+ 1 . ‘ ' '
N ‘IQ_pz B,l BJ Bl» mep
. 1 8182 8162 Bz&z ) B B . 8 ) 1 ’ e
- » bz = - - (—-—L + ...3. - .._2‘) + . c
o . ) [‘sz Bzf}’ Ble ngg h.PQP \Bz B’ Bl wP2
g ’ : ' - .
o Cob, e L (BiBI LA 8252) e , .
| oo BiBBy  Qpip BB, . 3,3, BBy e '
+ —-Li- (:-B-l + f.z. - ii) o ; l. ’
Wp BZ BJ. Bx N s (4.34)
! » » . ‘
¢ ' . ' , . . )
. b, = &Q&r_ . | '&1:.8: _ 8,4, _ 3152) S oo .
' “pB BBy | wp? TBaB, BB, BB, . ST
. ’ . s,
4Q,t . , N :
bg = —-—2—1——- o < . . .
v “p B,8,B, ' )
L ) . - 8 N . »
' . oo ) . .
and B,, B,, B, are the gain—bandwédth products of the input summer and
. the ‘amplifiers 3, and B, respectively. ‘ ' e >
‘ Equation (4.33) can be expressed in faccored form as : ‘ .
| D) = G- st (G- s G- # D) Gy 87 gt )
Py P P, PB pB Ips |

1

’Cmni:aring the coefficiénts of (6.55) and (4.33), it can be : -

) o o

shown that ;

| ’ 4 ] R

, Q .
o '1',: = b, '?! by - “’P'nz b, - 1 TR ‘e
“ps L I . Qpp | .
N ‘ ) .
‘¢ SpB_ be(2 - ._1__{) _ o ! ‘ (4.36)
—L 9

PB f . ’
. ’ .
.
: .




o,

and ve T
J Y
w é ='b1f" wpg” b

’ PBPB

.
. P

N

w, .3 . S
QPB by + wpat by [1 -
PB .

1
]
Qpp?

- . ! -
As ghown in'Appendix A.1,for W, > 1 aund Qp >> 1 and neglecting

secondaahd higher order terms
i (DBB ~ mp‘
. Q
%8 * T Qo x
PP
where
< = Ei . B, +.l - 62
"B, B B
3 2 1

of (1/B) 3 ' ‘ -

»

, Y.
1 " (4,38a)

, (4.38b)

; : (4.38¢)

<
\ p

Al -

As seen from (4.38a) Wy is independent of B, aé least as far
. ) |

3, '

as first order§:}f$?ts are concerned. In view of thiaiaﬁd of equation

(4.16), it is expected that, once the filter is tuned.i ir will experfience’
' s - ~ . > ! ¢

(4.37) ¢ -

“.

negligible frequenéy shift. The fact that wg, is indépkndenf of B 18

a desirable feature, 5érciculatly for highly qelectiveétesponsea.

The effect of the finite bandwidth of the OA's Ln Qpp is shown

by (4.38b). To minimize this effect;.X has té be miﬁ?mtzed subject,

to the constraint (4.14). Assuming the amplifiers co,%e idéntical,

that is, B, = B, = B, = B, X is minimum when { !

Y

B, = 8, -‘-62 P (4QP2 -

- It 1is inteteéting to note that this condit?pn vﬁs also derived

1/ I

i

!
b

1) (4.39)

3 = (202

‘ T
earlier in section 4.3.1 from an entirely different c?ﬁsideration.’

. ’
<O

.

[
’ I

t

i




It is observed from (4.38) that the effect oF-

enhancement.

L) .o
10, for identical‘émplifiers and using Fairchild pA741 OA's.

-

In order to study the.exact effect™™of B on pole-Q and pole-

ffequency,for any particular filter, using the design of section 4.3.1, :
/

a9

(B = iMHZ), for Qp's and wp's in the range (10-100) and (100-105)

¢

respectively,

)

equation (4.33) has to be simulated on the computet. This was done

A . ,
(Appendix A.2), using typical data values for Fairchild pA741 OA's

6n Qpp is an

This enhancement is shown in Figure 4.3 for a Qp of

&l

The results of the computer runs were in ‘close agreement

e

to qpe values calculated from equations (4.38); as seen from Figure 4.3.

In the followingdsection. a method that coépensétes for Qp—
¥

. enhancement is presented. The ccgpénsdted"ng?wcrk'is then studied

in detail,

- s

-

> ~
- g -

~,

hd v

4.6 THE COMPENSATED NETWGRK . ' Y

N

| -
>

In this section a simple technique for cohpensafing for the

\effeéc of the finite bandwidth of the OA's on QP is first presented, '

The effect of compensation on w, is then examined. The Sensitivity

5

+ . v 3
properties of the.compensated network are also presented. Finally, a 4 S -ﬁv

tuning procedure for the compensated network is given. *

P

N . -
«

R

4.6.1 The Compensatior Scheme. ) * -
- 1A

evaluating the phase shift of the loop gain at Wps As shown in Appendix

B, ‘this approach shows that Q-factor enhancement is due to a phase ‘ o

Equation (4.38b) may be derived by another method, that is, by

lag introduced by the finite pole of thgmpA's. Therefotg, Q-levelling

" . ¢
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may be accomplished by introducing a phase lead. The phase lead net-

'S !

work should be such that the capacitors remain grounded and minimum .

) ’

in number. This.méy be easily achieved by connecting a resistor R,

»

(as shown in Figure 4.4.

» R ‘.

—

The pole-Q for the compensated circuit may be shown to be

B -

1
| A}
fu

\ ‘ ‘ ) (Append {x B).
. A . Qp S .
‘ i t ' " . QPB = 1 —_ Q‘ W (X,_RC C) (4.‘00)
: . p p L4
| N Thus, compensation may be accomplished by setting 4
§ ’ R, = X/C ‘ . . (4.41)
| ) .

in which case j/ ,
N ' '~ '

) Qp = Qp

"It may be also shown that the pole‘frequency of the compensated

o

network -is ) . .

A' u ’ .
Wop = ———-Rm .= ‘m‘; - - , (4.42)
: L L | |
R W (20,08

- Thus the effect of compensation on GPB'is negligible, Bro%ided'that

/3

(ZQP)1 B >> Wes which i{s normally satisfied in practice.

3

aPB were calculated from the resulting fifth order denominator gj
. , . .
polynomial of the compensated network. These values were in close

agreement with those provided by equations (4.40) and (4.41). \Figure

. 4.3 shows variations of the compensated ap versus uwp (for Qp = 10)..

1
\

|
|
|
|
|
|
|
I
|
|
\
. | Using a computer program, the exact values .of Qpp ‘and
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4.6.2 The Sensitivity Properties of the Compensated Network
i

)

(A) Wpg Sensitivity ) .

e

From (4.42) and (4.41), it maﬂ>pe shown %hgt : .
- . N '
~ A 4
w w RC
PB Wpg p c ‘ .
S =0, S = (4.43a)
B Rc 2(2Qp + “’p‘.‘c C) ?

hY
.

For LA741 OA's, it may be shown that

Gp -6 ° o
S = (0.215 x 10 )'-JﬁRT— . Lo ' (4.43b)
R > Q 1/3 - .
c P . .

~ o

Thus, for most filter applications, SwPB may'be regarded negligible.

R
c
Therefore, in view of (4.16) and (4.43), once the pole frequency of the

. R ]
compensated network is tuned for manufacturing tolerances, the frequency

- 4
A

shift due to temperature will be almost negligible. ' VR

x
<

(B) QPB Sensitivities

~ A

From (4.40) and (4.41) it may be shown that

-‘ s _ Qp _ (20.)5/3 K
5BI = SBz\' = s!33 = - 3’1’———1—28 _ ‘. (4.44a)
0 'y .
~ £ .
and a 2 )5/3 . PR . )
PB__3 p.p ) '
S R, 2 "B . o (4.44D)
After the filter is tuned, variations of aPB with respect to
Jgemperature may be estimated from ‘. . '~ X
) ~ ' ~ . 5/3 N ! " v
Q 3 (2Q) - \
5,78 = 1 SgPB N , _ (4.45)
; =1 1



This is due to the fact that the OA's track Jery closely with ;empera-'

v

ture. The temperature dependence o{ apa on R, can be estimated from

: {
¢4.44b).

A

It is observed from (4.448) and (4.45) that tbe sensitivities -
~ - P ' - ..
of Qpp with respect to B and R are idéntical., This fact, along with
9

equation (&.60}, may be used to ad%antége to make the pole Q of the

compensated network insensitive to temperature variations by replacing

~ I 3 .

Re. by a temperature dependent resistor (for example ‘a éhermistor) g
such that the temperature coefficients of B and RC are equal and
. opposite.

"3
4.6.3 The Tuning of the Compensated Network

A simple three step tuning procedure is now described for
the compensated network.

(1) For any response, starting with the basic LP section,
' ' : ' e
the pole frequency is first adjusted by trimming

7

R, and R,. ) e N\
(2) The pole-Q is next adjusted by trimming Rc. As

seen from (4.43b) this will not affect W
- %
(3) Any numerator coefficient may be independently controlle

by tflmmlnk resistors as obsérved from (4.1).

2

4.7 INFLUENCE OF THE AMPLIFIER BANDWIDTH ON THE ZEROS OF NQTCH -

[
)

‘ AND ALL PASS RESPONSES OF THE COMPENSATED CIRCUIT

; The finite bandwidth of the OA may also affect the zeros of

a notch of)an all pass filter. The purpose of this section is to

fnvdatigate this effect. e . /

\ s

95
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o

oy 'polynomial results,

where

< and

Assuming all the OA's to be identical and thé\:onstraints of

n :
the desifhn presented in section 4.3 , the following fifth order
- ¢ " )

i

\ ]
M f
¢

Wl
§ -

[

N (s) = as’i+as’ +as’e azfz + a‘s“‘nl, ’ © (4.46)
ao =1 . ' -
- o " -
PRI . o -
. ZQD ZQ < psls ° 03‘6 ) st 5'6
a = {[—2 + =P (1- ° + R.C (1 + B.3.6 - 0 , 22172 o1y
1 wp wp o € ( 1”2 Yo T Y, )18
) pB.S v
+ (3= ——2)n3?} ‘ .
o [e] Y
Q o 10 8.8 )
= UGEr as o Z2pe B, D
. P o “p o
2Q 08 8 '
L2 4 R.C (3- ! o 2 2 1
wy o" Re ( Yo )] nB* + 3 n2B} m
- 12.Q02 3,8, 2q 4Q '
a, = {[ oy + (1- Y ) 5;2 R.C + ,-d-‘-’l} R.C] n B? (4.47)
12 '
F R R0 et d &
P- v y
12Q,2

| 6Q - Wy 2 T S
o a, = [(—E-+ 5—2 R. C')'ﬂzB + ("9'2‘ + U‘E_Rcc“kce)n’]%

Wp p wp p

: . - ) ' 4.48
p=lv,l v ' (449

PB S Y,B,B,8 ‘

+ .

= ‘ - ]
Ve s B,B8 Yo Yo -’ ) Bo :




(A) The Notch Section

°

Usipg equations (4.20a), (4.46),(4.47) and (4.48) along with

%

A, the effect of B on the notch response of the campehsated network

may be sgpwn to be )

. . R C . .
- i %{fs $ = wp:/3] : AR
Wyp? N . (2Qp)7"7B B(2Q))
e - m:’ " ‘
. - = s - (4.50)
. - p . . .
| where /1 . o . " .
3(2 ) .
| < - RC = 2R - (4.51)

T P R g [~ B

Thus,we observe, from (4.49) and (4.50), that the effect of

"
t

.4
.

| " B on, the notth section is almost negligible, provided

/3

-

e (qu)f B >> &uy - (6.52)

<

(B) All Pass Section

_f' : ' Using equations (4.46), (4.47) and (4.48) along with the

'deiigh equations of the AP response; it may be shown that

1y . .1 wp

X -

*
G oy

3, (29 )2/3 .
- —E__P + w,R_ '
l,a/3B GB P c

l ' w A) b ' .
£t - ~"‘*_-”——2r7~— - . (4.53)
. Q 4 38 .

P (2q,)
and | P
2 R 2
e o[ wpxh - 'ccwplola} - $(4.54)
wzs  “p (2Q)7"°B  (20p)"""B

- where R C is as in (6.51) | .

the design constraints of section 4.3.1 and the procedure of Appendix.



- 7 It is observed from (4.53) and (4.54) that the effect of -the

finite .bandwidth of the OA on the zéros of the compensated AP section
A

1/3

is négligible provided (ZQP) GB >> 2mp, which is'normally the case.

J

From (4.53), and (4.51) it is glso observed that the effect

of B on aZB may be’compensated in an identical manner as in the case

[

of 6p" Therefore; R, may be used to tune simultaneously ap amd az

for thé AP section.

4.8 THE EFFECT OF THE OA'S INPUT AND OUTPUT RESISTANCES ON

THE RESPONSE OF THE COMPENSATED CIRCUIT ~

; a

It has been shown that the output impedance of an OA might

v

limit the usefulhess of active filters [66]. In thsg,scction the

4

effect of the differential input and output resistances of the OA's
on the response Qf the compensated filter is‘SCudied for a Qp of, 10,
The filter of Figu;e 4.4 was used to realize a band pass section
with a Q, of 10 at £, = 1.01 KHZ. Using Fairchild nA741C OA's’
(GE = 1MHZ, differential input imp%dance = lﬂﬁ, outéuc impedance = 750)
and a computer'program based on [67], the filter was analyzed. The e
results of the anal&sis 1néicaced that the deviation in pofe—Q as well
as in poll frequency were within 1Z.

4.9 EXPERIMENTAL RESULTS . v .

A second order low pass sectio? and a second order band pass section
|

o

were built and tested, using ‘the proposed design along,with.thé com-

pensation scheme.” Finally, a sixth order band pass filter with a very. -




-

— n

o

narrow band was also built and tested.
) ¢

The low pass section has a Qp‘I= 10 and fp = ]1KHZ and gain of

- 8.7 db at fp. The band pass section has a Q ='50 and fp, = 1.13
R .
KHZ and a unity cenfre frequency gain.

i

The sixth order filter has .a centye frequency f

P = lOOHZ;

The pass band is 10HZ and t tenuation is greater than

38 db outside the frequency ran - 115 HZ. The maximﬁm perTissible
pass band ripple is 1.5 db. '

Resistors (temperature coefficients = *100 p.p.m/°C, tolerance
< 1%), capacitors (Cempérature coefficient = -140 * 40 plp.m,
toler;nce < 22)3 and uA751C OA's (fixed interpmal frequency compen-
sation) were u;ed.

i 4

4.9.1 The Q-enhaneement and Conpensation Scheme

The ap—énhnnccment and the levelling scheme discussed in
sectjons 4.5.1 and 4.5.2 respectively were experimentally verified
for a Qp of 10. Fjgure 4.3 shows the experimental plots which closely

agree with the theoretical ‘ones, N

4.9.2"The Low Pass Filter -

' jhé realization and design values are shown in Figure 4.5a.
The &easured frequency response (input levgl = .2V) is shown in
Figure 4.5b in logarithmic scale. The effect of the d.c. supply”

variations ias illustrated. in Figure 4.5c. The deviation in wp is

negligible and the variation in Qp is within the expected value in the

/ |
range t 7 (upper curve) to t 17 volt. The effect of tegyeratu%e is

& ' .

99




EN

_ illustrated in Figure 4.5d (70°C) and Figure 4.4e (0°C). The deviation

- ’ in fp can be shown to be within the range expected due to the tempera-

S

i
”

ture coefficients of the passivé elements. The variatiizj/}ﬁ Qp are

° within the theore;ical prediction. .

1

A e

4.9.3 The Band Pass Filter \ . ., :

s T~

- N

The realization along‘ﬁitﬁ the element values! are shown in

» .~

- Figure 4.6. The measured frequency.response is shown in Figurefé.ﬁb

and is agreed with the theoretical response. b !

4.9.4 The Sixth Order Band Pass

The realization, transfer function and element-values are shown

hd ~

in Figure 4.7a and table 4.1, respectively. It uses a cascade of
a BP and two N-sectioné.

’ The measured frequency -response is shown in Figure 4.7b, for

an input level of % volts, and is in close agreement with the
theoretical one. Figuyre  4.7c shaws the effect of variations
of power supply voltage from * 7 to t 17 volts. The effect of

‘temperature variations of the active element was studied by placing

il

the active elements only in a constant temperatures chamber and

measuring the respon;e.This effect is also shown in Figure 4.7c. As

\

seen the effect of pober éupply and temperature variations of the
¢ o
- . active element, is negligible on the frequency response. The pass |

! band ripple remains within 1.5 db and the deviation from the required

specification in the %fop band is negligible.
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Table 4.1 Element Values for .the Sixth Order BP Filter

Elemént Section 1 Section 2 Sectibr'l 3
R,, R, 935 805 893
R, 330 91 91
iu 0.438 2.22 2.22
R, 3.32 2.15 2.15
Rg 39.2 39.8° 39.87
Ry 2 2.15 . 2.15
Ry 21.6 37.% 37.6
. \ —
R, 2 " 2.15 2.15
R, 21.6 37.6 Y376
R“‘ 23.6 . 40.2 5.9
R, 2 40.2 5.9
R,, . 5.025 2
Ry _ ‘ 84 58.4
R;s —_ 2 1.175
R, @ 0.0829° 0.059 0.059
C;» C, 0.068 . 0.15 0.15

All R's in X0

~and C's in pf.
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4,10 CONCLUSIONS ‘.

Fl

b N
A

A significant improved design of the grohnded capacitor RC

-

active filter reported in the previous chapter has been presented.

The design presented minimizes simultanepusly the-bqrst case changes

in wp and Qp due to variatjons in passive and active components. The

2/3

feedback gains have all been made equal to (ZQP) “« This cgbpargs

very favourably with several other designs which require a gain

of:Qp. It is shown .that this network is always stable during acti-

» "

vation. The effect of the finite bandwidth of the 0A on mp has .
also been shown to be negligible, while that on Qp is an enhancewent.

It is shown that the above choice of gains also minimizes the

1

Qp-enhanbement.
A simple scheme has been proposed to compensate for the

effect of the bandwidth of the OA on Qp without affecting Wp» thus

/

improving the useful frequency rangé of operation of the. circuit.

I

The effect of compensation on the zeros of the n&EZA and all pass '
sections has also been studied. It is found that Wy and wy are

negligibly affected, while compensating for Qp automatically compen-

sates for Q- The parasitic effect of the input and o&tput impedances

of the OA on.the compensated fil;er‘is studied for a band pass section

\

of Qp = 10 and fp = 1.01 KHZ and found‘to be negligible for LA741 OA.
Finally, detailed experimental results are given that are in close

agreement with theory. o 3

108




LG

section 4.3 is used to study in detail the properties of the

In the following chapte 1 the optimum design developed in

s

4

. ~

!

second order band pass and -low_pass URC realizations.derived : .

N 3

.

from théy syﬁthesié procedure propoééd in Chapter 2.
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chapter is to illustrate this procedure by first designing sccond

CHAPT%R v ' o~

ACTIVE URC REALIZATIONS

.

» ( - *
5.1 INTRODUCTIORN

In Chapter 2, a synthesis procedhnﬁkhas been proposed that can

'realize,any‘rational transfer function by usfing, as unit gelements,

[

a short circuited URC, an ideal gyrator terminated by an open circuited

-5

URC and, in general, finite gain amplifiers. Thq purpose of this

. P
order band ‘pass filters, using the configura;ion of Figure 4.2 along

with the optinmum design of section 4.3. ‘
d '

The effects of the nop—commeggurate b;haviour of the URC's
on the rgsulting‘realizati;ns are also studied. The inf1u9nce of
gyrator imperfectionson the éransformagion u(s) as well as on the
band pass fflters is‘;E}t exanined. The depgndancc of the Q-factor
and pole frequency‘on the finite bandwidth of the OA's, that determine

the finite gains, is then investigated. Finally, the practical

¢

feasibility of the proposed synthdsis technique is demonstrated
ra
4
by deéﬁgning a second order Butterworth low pass filter, and shqwing
. )

that the entire filter can be fabricated by hybrid 1C: technology.

»

5.2 DESIGN OF A BAND PASS FILTER®

[y

For a second order BP filter with selectivity'Qp, resonant

f'reque-ncy wp and gain H at resonance, the open circuit voltage transfer

function may be written as ¢
w

- -2

T(s) = H Qp

8 2 -!E-E e*wpz
Qp

s (5.11)
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The distributed realization may be obtained as follows:

Step 1
. Use (2.3) to obtain from (5. 1) ' '
<
~ u? + ﬁ"“ + “""1“"—2‘ (5.2)
1 P p TCT (mpRTCT)
Step 2
épt ) ’
"Yo = 0’ YZ = -Yl .‘ YIBIGO -= zu ‘ (5-3) \
in the network of Figure 4.2! Further, let -
Ry ®"Rygy ,Ci=Cyy =12 ' © (5.4a)
RuiCui = RuCy = 2 Qp (wpRsCT) (% 1,2) (5.4b)
B, = 8, = -8, = (2 qp)¥/3 (5.4c)
Figure 4.2 then reduces to Figure 5.1 and realizes G(u) as given by
(5.2) where . ‘ .
By =B, =1 +Re/Rg , 6, = -R,/R; , (5.4d)
/ -.;—5‘—9-—- (11-'5_.-) '. YZ -'.. 5.!. )
'R, * R, R, Ry .
S - ,
.Step 3 . L : : ' K

.7

"Replace in Figure 5,1 each lumped'résiaﬁor Ryy by the one port- RN i
represented by Figure 2.7a and each lumpéd capacitor Cui by the one ‘

port of the netvork shown in Figure 2.7b, that is, the resistor Ry R

-~ . . " . | . . 2
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// . . . —— .
in the u-planre is replaced by a short circuited URC with a total resistance

R2Ti-; while the capacitor C,j is replacad by an ideal gyrator, of '
gyration constant Kj, terminated by an open circuited 'URC vith a total
. resistance R2Ti’ such that

Ryri = Ry o Cut = (Ropy/Ky) (1 = LY (5.5a)

A 7

Thus, from (5.4) and (5.5a) we oPtain,

a

LS / . s
Rypi Rori 7 2 Qp (waTcT)Li (i=1,2) : (5.5b)
. ) thce Rul = Ru2 = Cy'and Cu1 = Cu2 = Cy, we qotc that . Cr
~ . Romy RoT2 s ,
/ RlTl = Ryros while T However, RiTi need ' not nccessarily

2

L .
be‘equal to Raty. In fact, it will be shown later that it is of °

advantage not to cheose them to be equal. While it is not ﬁccessary

for the gyrators to be identical, it is so desirable for. thin film

v

implementation. For identical gyrators, Rsz = R?Tz'

R 4
Step 4 . 0

The value of total capacitors ClTi's'and C,ri's of the lines can
| ’ -

| be determined once the commensurate RC product of the lines is chosen.

The resulting URC realizatioen of T(s) is shown in Figure 5.2 where

: RyriCiry = Ropg€ory = R1Cr (1 7 1,2) - (5.5¢)
Rimi ® Ripz o Ry = Rope . Ky = K ) (5.5d)
Cith = Cy12 » Comy = Cop2 i . (5.5e) ‘ ‘/>

\’f,

The commensurate RyCp product of the lines is not chosen
arbitrarily, but should be selected from either of the regions \)

. ‘ w
WpRTCT < 0.01 or waTCT > 30, such that, as discussed in Chapter 2,
. .

%

-9
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v even if the RC product of any of the lines deviates from its nominal

value, the effect on the realized response is negligible.

v

-

It is obvious that the value of tkf?RC product and hence the

substrate ‘area required in thin film implementatidn is less, for the

same Wp, in the first region than in the other.

Also, the second

" 115

n

-, N . /
region is suitable only for frequencics such that wp >.30 x 103, This

.

is because the maximum RC producﬁ available at prcseni, in thin film

B

~Na

< .
. technology, is of the order of 1073." On the other Hand, the lowest

valuc

¥ the RC product inlthe sagse teghnology is of the order of

109, Thus,'using.the first region, pole frequencies up to 107 rad- .

can be adequa*oly covered. Currently, active filter applications

-are below this range. jrhus'the.rcglon QYREFT ¢ 0.01 appears to be

“

more desirable at present than the region waTCTr) 30.

5.3 NON

!

]

COMMENSURATE BEHAVIOUR OF THE URC'S AND THE BP. RESPONSE

.

If the URC's in Figurc 5.2 are not commensurate the resulting

transfer function is given by

T

v

21 kzuz(s)

Ripg Rapy L= 1.9
Ky L '
1 tqnhﬁiﬁi X
8V, 0, tanh/3,; 8
1 tanhﬂiﬁf-
s/aya, .t:x_mvﬁ?;»

-

ne "~ k7K, u,(5)u; (8) ¢ Kyup(s) + Kpup(s) + 1 = B,6,8,

{

’

(5.6)

(5.7a)
(5(79)

{(5.7¢)

.



\. -
/ N
;j <
and
- U L @ TRC=ROCo = RCp (1=1,2) (5.7d)
\ It is noted «hat at nominal values (5.6) reduces to (5.1)
) A computer'ﬁ}ogram was written sfppendix C.1) to calculate
gS Qp, the ratio of the realized Qp to the one designed-for Qp = 10, 50

and 90, for * 5 variation in any >f the a's with'all others at their
nominal valdes and with épRTCT in the range 0.0l to 100. These
< three Vaiues of Q were chosen to reflect the behaviour of the
L~ filter at low, medium and high Q—fabtors. Similarly wp, the ratlo
! of the realized wg to the designed‘one was calculated in the same
frequency range. These values are giﬁen in Tables 5.1, 5.2 and 5.3,
respectively. It Is seen that the variations in Qp and wp)are low .
either in the range waTCT < 0.02 or in the range mpRTCT > 30, and
relatively large in the range 0.05 < w RTCT > 30. This agrees with
the conclusions drawn in sect}o 2.5 .

[

.Figure 5.3a shows a normalized band pass response with Qp = 10

realized by commensurate URC's such that WpRTCr = 0.01. On the sam;
figure the nérmélized responses.of (5.6) are also plotted with the )
4 ' product of each of the ;EET; varying separately by + 5%. Figure 5.3b
shows the same ;eaponses fo; wpR C = 1, whé}e we expcct the résponae
to be more aensitive to the distributed parameters. However, even -

in this case, the departure fromgthe rationall response is meen to

be not very significant.
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- Figures 5.4 and 5.5 show the same responses for Qp = 50 and

90, respéctively.
S.4 THE GYRATOR IMPERFECTIONS

The transformed frequency variable u(s)'is raqioﬁal in s {f
the URC's are commensurate and the gyrator is ideal. The effect of
the non commensurate béhav}our of the lines has been studied in
sections 2.3.3 and 5.3. In this section, the influence of gyrator
1mperféctiona on u 1is examined. To this end, let us consider
‘Antonious gyrator as shown in Figure 1.2. A

Let the OA's in Figure 1.2 be identical and let them have
an open gain U, a gain bandwidth B, an input resistanée Ry and
output resistancé R,. Assuming lu] >> 1, Ry >> g, rg >> R, and

&
that the frequency of interest w << B, the y-parameters of the gyrator
inay be ‘obtained as [9]: '
= + L B_O_ ‘
y,, (@) =G, [Gc *-’-—-—Brg (2 + lrg) (5.8a)
2 1 2wt Ro, JuR ‘ ‘
0
YaW) = 5o === (1 - =) - — . (5.8b)
8 Birg? - TIg Br
\ 8 B
- - 20 w :
y“(w) =z - Podialierwary (rg-Ro) + -—-‘1-2—— (R,Rp - rgz) s (5.8¢)
~ ’ v / »
2 3 R, 2w? jw

yn(w) = + ; * (rg+6Ry) + 3 (21’g + 3R,) (5.84)
where

.kx - Rz = R’ - R*‘ l’s . * (5-88)
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’

< G, = @+ ) G, = 2u? (1 + 4R°{ ‘ ‘ \ (5.8f)
ﬁ uﬁ Tg > 7¢ . Bzrg rg ’

Therefore the OPI Z, of the network shown in Figure é.7b becomes

)

Y22 * q(jw)/R,
YiYaz ¥ Y9 /Rop = yy,¥,

Z,(jw) =

where q(jw) is given by (2 29a) with s = juw.

For ideal gyrators and commensurate URC's we have from (2.30)

-

2w = PG /909 - TR o (5.10) :
- ‘ .

where p and q are given in (2.29a) with 8 = jw. It may be noted from

(2.28) that . p represents the impedance Z, of the oné port of Figure
(R .

2.7a normalized by the total resistance R p"of the short circuited

o

URC. Similarly, q represents the normalized OPI of Figure 2.7b, *

the normalizing“constant being iE— , where Rzr.keing the total .
2T v : .

=
!

- !
resistance of the open circuited URC and K {s the gyration wonstant.

For the gylator shown in Figure 1.2, 1t may be shown that [9]:

K=r82 - . , ' © (5.11)

where re is'usually referred to as gyration resistance.

When the gyrators are non ideal p remains unchanged, but
- [

q becomes : ; o
L]
S 2,00 . f '
q(jw) = "x7§_) Z,4(xg*/Ryp) ‘ N (5.12a) 3

where 22 is given by (5.9). Hence, u(jw) becomes -

2r

. (g = R ' | ‘ (5.12b) -

: \ q(Jw) / UC N B L
- , . s v . a




. - ¥
v

—

It is seen fkém 59.9) and (5.12), that under ideal conditions, that

4

is, for y + @, § + =, Ry + ® and R, = 0, G(jw)‘reducég to u(jw).

The normalized magnitude and phase errors of v(jw), given

rgqug%%yel*, by .
o D= 1u () QW) - Ju(iw) '
EM =| NO)] | . EP =| 6] | ‘ (5.1l3a)
® , P d

are of interest in a given frequency range.

~ 0 [S .
An examination of the complete expressions for EM and EP.

shows that it is not possible to study EM and EP independently of
any given design. This is because the 'total resistance R,; of the

open circuited URC appears in the expregsions for U not only as / N
. X . ~

kL
the term wpR,7Cyhp but also as a separate parameter. It also turns.
out that a specific vglué for the gyrator resistance, rg, has to be
. © 4

chosen in studying FM and EP. These, of course, mean that a specific
. p . ) '
design has to be considered. Further, it is obvious that the study will

°

LY

be for a particular OA.

Since Fhe effect of non commensurate behaviour of URC's has
been found t&\be negligidle in the region wyRyCp < 0.01 or “pRTCT > 30,
and a%nce ;Hé former ;egton has been found desirable for the present '
gtate of,the_art'of actiQe filters, the influenéé of gyrator imper-
feéiions 1s studied in the above region for two values of wpRCr,
namely for wpRTCT = 0.001 and 0.01. ;or any one of ‘these values, a

value for sz may be determined from (SLSb) once a setibf values for

Rys Qp and K - rgz.—is chosen. ;

131



!

Using a computer program (Appendix C.2) and typical data values -
¥ ot h . p
- for PA 741 OA's, EM and EP were computed for different Qp's and wp's

over a frequency range W, where

g Gp/l0Sw10wp o ~ (5.13b)

< , L Y
The normalized errors were ‘also compQted,” agsuming the pA 741

OA's to havé infinitejinpﬁﬁ, resistznce and zero outp:xt: resistance
but finite d.c. g’ains'an;l bandwidth, respectively;

. ) Fiﬁal-iy; to stludy the relative‘)influehcé of (RxT/RZ'r)_ and Tgr— L4
EM and EP‘ were alse calculated for Qp = 59, wp = 150 with‘R,.T . v.
varying in ﬂ’:e Ea ga‘ZOO to sbczo and g 1n‘ the. range 500 to 5000, 7 Y

. subject to c’he design ‘equacion (5.5b). . | |

% The maximum values of EM and EP, 1in the ‘frequency range

-(-ﬁ’— < w < 10 up, for the above cases are liated io {rables 5.4 and , .

10
’ ‘1 5. 5. ' ) R i . ~ < ¢ )
. The following can be concluded from an gbservation of the
tables: : ' : ’ . °

1) The effects of gyrator 1mperfecr.ions on u are negligible

. o . in ithe reg‘:rlon “pRTCT < 0.01." However, relatively speaking»; X lk—

i ‘J' , ‘_
the contribucions to EM and EPF by the input, apJ/output \4 ‘ ‘

Mpedancea‘of t:he OA's become important at only large valu‘

- ~

of (R /R

: 2'1‘) Aldo, the values for EM and EP increase

(with or withoué ‘0A {mpedances) for inct_eaﬂng'qp and Wy

P . » .
] -



@

~

S
! - - o
© . e

’ 2) The vnlue3‘dféEM and EP can.be minimized by maximizing the
A S——

value of (R)p/R,;) for a given r ) o

g
3) For different rg's, a careful study of the tables will also +.

[\

show that fér conparable values of (R;7/R,r), the design L
with the larger Ryr will have lowest values for EM and EP,
while the one with the %argcsfﬂratio for (R,p/R,}) will
have minimum values for EM ana EP.

The above study then suggvﬁtg {hat, in order to reduce the

influence of gyrator imperfections oo any. filter design, the filicr'

be designed to have the main part of the response in the‘region’

WpRTCT < 0.0}. In addif}qn, the gyrag}on resistance ry should bgmghosgn

+

suitably so as to have a large value for the ratio (RxT/RzT§ as well
as R;T, compatible withnthin film fabrication.
In order to verify thesc conclusions several BP sectiions weres

designed in the region «pRqCp » 0.01 and their respenses gxamined.

In this study the OA's that determine the, finite gains vere assumed

¢ Cw
-
to be ideal. The results were in cloge agrecment 'with the above &

-conclqﬁions;

\\
5.5 THE FFFECT OF. THE rsr\; BANDWIDTH OF -THE CAIN DETERMINING AMPLIFILRS

As mentioned in sectgor) 5.1, the network of Figure 4.2 is used
procedure. The Y¥nfluence of anplifier

bandwidths on the propertigsyof reaITf:TI;;;~u$ing the network of

3

Figure 4.2 hns‘becd studied in section #.5. The effect was shgwn to ’«\

3
.

be an cnhancement of .the Q-factox, while the pole frequency was unaffected
i - .

‘ Q L o '

v . SR
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up to first order effects. However, in implementing the distributed

synthesis procedure, we have first to move from the s-plane to the’
u-plane. A lumped realization is then obtained in the u-plane. The
synthesis is completed by replacing appropriately the lumped element

in the u-plane by distributed elements. The purpose of this section
»

is to show that, in the resulting realizations, finite bandwidth of

"the gain determining OA's introduces a de-enhancement of the Q-factor

and pole frequency, respectively. However, the effeif on the pole

frequency can, in practice, be ignored. ' For this purpose, the URC's
are assumed commensurate, the gyrators ideal and that the frequency
response of the OA's realizing the finite gains is given by (1.1).

The appropriate network to consider is now the one shown in

. Figure 5.2. The characteristic polyhomial, or the-denominator poly-

o

nomial, D(s) is given by (5.6) with u, Tu, = ;§%E;. ﬁrder the one

pole model of the OA's, the resulting polynomial is of 'fifth order

and may be written in the form . -
D(s) = b,s% + bys" + bys® + bys® +bys + b,  _~7(5.14)
where ) ]
1 : 4Qp B8, +.8,6 + 68,
bg = 2. 753 DT It 2, 2p2 (5.13a)
4Qp“wp“B wpB 4Qp wp’B
! K
(8, +8, +8) (8B, +B6+68) BB ,,
b, = — + 53 t —3 . (5.15b).
. , AQP Wy B - Qpwp B B ’
B, +B,+5 BB, +B,8 + 68
L 1 2 172 2 1
b =, uz + + - 3 . (So‘l.SC)
‘2 wp prp B B .



P~

B, +B, + 6 .
1 Pl 1
b, = . (5.15d)
NI Teg
: by = 1 o | O (5.150)
wlere .
§ = |6,| (5.15£)

using (5.19) an& following the same procedure as given in Appendix A

- °
it may be shown that, for Qp > 1

" 1 B, +8,+¢ .
7 = + (5.168)
) o A 2 A
3,! ‘ X . (.)pd Gl f NPQP B

and
1 1 ((81 * Bz + S)up '!

—— R ——

Qa W B :

uhere Qp‘d and de are the Q-factor and pole frequency, respectively,

(5.16b)

éctualiy'tealized by the disn;ibuted network.
It is thus seen from (5.15) and (5.16) that the design giiven
by (4.39) may be used aga'.in to simultaneously minitize the effect of

- B on apd and ‘:’pdv respectively., Using now- (4.39), equations (5.15)

ami\ (5.16) reduce to - /‘f*}/
b At *‘.-——6-%73—] ' (5.17)
Wpd  Yp (205)°"78 P
e 23, ' SN, j
3(2Q) 7w [~ !
""}""1""—"“"‘2'3 A ‘- (5.18)
Qpd Qp .

As seen from (5.17) and (5.13),)the effect of .the finite ba\d-
¢ . ! : )
width on apd and Wpd is a de-enhancement. However, the de-enhancement

1/3

A ' I '
of Wpd 1s negligible, provided (2Q,) " "B >> &upé'uhigh is normally

-~
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sqtisfied in practife. ' o,

The transfer function given by equation (5.6) was simulated
on the computer (Aﬁpendix C.3). 1In the siﬁulation, the gyrator
i%perfections and the one pole model of the OA's determining the finite

gains were considered.
Band pass filters having Qp of 10 and 50 were studied in the

region mpRC < 0.01, using the design presented in section 5.2 for
1 - ?

o

various values of Rle = R1T2 = RIT’ Rle = R;T: = R2T and rgl = rgz = T

The _study confirmed the denhancement suffered by both the Q-factor and’

the pole frequency Wpe It also rew-iled the fact that this effect, \
. Vi

particularly on_apd is least when (RIT/RZT) is maximized. This may
have to be limited due to considerations of a given design as well
as those due to thin film technology. However, using typical data

[

values for LM318 OA's (internally coampensated, B = 15 MiZ), it was

found that Qp's up to 50 could.be realized with less than 57 de-enhancement

at wp = 1.2 K rad, the de-enhancement in oy being neligiﬁie (< 0.027).
. .

The de-enhancenent was also found to decrease with lover Qp s,

5.6 THE DESICMN OF A BUTTERWORTH LOW PASS FILTER .

°

Simple low pass filters ‘having cut off frcqucﬁEies in the range
0.1 < f < 100 are frequently encoungered in.biomcdical engincering
applicatdions [48]. It is difficult to fabricate these filters in
hybrid IC form using the presént.RC active filter techniques f14-21],
[31-43). The purpose of this section is to demonstrate the feasibility

of the proposed URC realization technique,by designing a second-order

—




LP Butterworth filter with a cut off fréquency of wy = 10 and %hoving
that the resulting netwerk can be easily fabricated by hybrid IC
technology. The effect of gyrator and gain determining OA's imper-

_fections on the realized response is also studied and shown to be

negligible.

5.6.1 The Design ’ ¢ ,

The LP Butterworth transfer function with unity d.c. gain and

cut off frequency Wy, in

2_—' . <&
T(s) = “p —~ : (5.19)

-

The distributed realization is obtained as follows:

Step 1
Use (2.31) to obtain from 5.19

. 2 ’
- u -
G(u) - 75 u (5.20)

. 1
RICT,  (wpReCp)?

Step 2

t
Equation (5.20) 1is re ed in the u-plane using the network -

of Figure 4.2. The use of thi nefﬁork. along with the design of

section 4.3, ieads to:

B =8, = -6, =1, yg=1 | . (5.21a)
Y6 *-2, Y, =0 . | (5.21b)

and : T
RyCy = ¥2 (uyRyCr) (5.22)

_The realization is shown in Figure 5.6.

-
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"Sgep 3

Replace in Figure 5.6 each lumped resistor R,i by the one port

of Figure 2.7a and each lumped capacitor C,4 by the one port of Figure
2.7b. The distributed realization is shown in Figure 5.7

where

Rins? T4

-

a /2 (wpRC) © 1 (1 =1,2) (5.23)

‘ It shoul;l be' noéed that Rﬂ." = Rx'l‘z' Rz'l‘l L Rz.m and 1:8l = rgz as‘
mentioned in section 5.2. -
The values of Ryris Ro1y and rgy are now cho(sen with the

following considerations in mind.
1) The non commensutate behaviour af the URC's should not
adversely affect the response.
. 2) The gyraFor imperfections and OA poles should havg
) negligible infl'eg;:e on the response. . '
3) The values‘ of n‘\x‘%é parameters and the gyration resistance
Ty should be compatiblle /with thin film t;zchnology. '

As discussed e,tlier in this chaptet, the first consideration
can be satisfied by se].cgcting wpRrCr in the region wyRCp < 0.01.
The second one can be me,_; by chosing a. suitable value to give large -
value; for Riry and (Rx’ri‘/kz'ri)- respéctively. For the third, the
constraints’on th; ranges of element values in thin film fabrication

/
have to be satisfied. .

e
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Yor this purpose the fbllowing désign vélués are chosen.

= ‘6 = = \
wPRTCT 107% , Ty, = Tg, 30 KQ o (5.24a)
RlT1 = Rsz = 1099 . Rle = Rsz = 12,30 (5?24b)
Hence, for wp = 10 -
= = -9 = =6 "9
CIT) ClT2 107 £, C2Tl Cz,[.2 8.13 x 10°7¢ (5.24c)

It is obvious from the discussion in section (1.5) that the URC

parameters are within thin film range. In fact, the values of the total

capacitan.e and the total resistance of all the four URC's taken together

.

ate within the capacity of a singIE thin £ilm chip [27].. The gyration
res{sganée, and hence the resistances of the gyrators, are within thin

film element range. The gain determining resistors can easily be’chdsen‘b .
8 n . '
to be within the same range. Thus, the entire.filter can be fabricated

-by hybrid IC technology. : . .
. ©
Using a computer program {(Appendix C.4), the ‘above design and

L

. typicai data values for pA 741 OA's, the effects of the gyrator
tmperfections as well as’ the finite bandwidth of the OA's dgtermining
th6>vafious finite gains, on~thé magnitude and phase responses of the i

" deéiéned filter were studied, respectively. The study revealed maxinum
errors p£‘0.067 db anda0.16% ia the magnithe and phase response;,
ﬁrespectivcly.

5.7 CONCLUSIONS
.?he configuration of Figuré 4.2 along with the optimum design

«

procedurc of section 4.3 has been utilized. to demonstrate, by designing
"y, .

“gsecond order band pass responses, the URC synthesis procedure presented -
. ' , 1

v /




"possible way of fabricating this fi]tcr is to hav. *all the OA's ‘on a

¢

[ N

-that the values of. both (R R“T) and R

guaranteed that the filter wi]l_romaid stable, which is in contrast

thin film chip. It may bc desirable, ho%evot, to“put the resi'tors :

N ’ . (' B ° ’
by gold'bonds. The effect of tho‘imp rfections @f the gyrators as well

B

in Chg?ter 2. It is shown that the effcot of the lines n&‘ being

exéctly'commensurate is - negligible on the filtcr‘response provided A\ :
¢ - . —— Lkéﬁ RN ' X l ‘
thag th® RC product of the URC's is && scn to lie'in the region

'3 ) e .
waC < 0.01 or in the tfgfop upRC > 30. Thisvestablishes the validity
of Pw? results darived fofzu(jv) in Chapter 2. The effect of pyrator
. b i
impérfection ~on the tnansformation u is studied and shown to be

<
»

neglxglblL,-lf rg, the gyration reelstanCL, is’ suxtqgl) chosen such

. are large, The*effect of
1T ' R . 4
“ -
the finite bandwidth of the 0A's' that realize the finite gains on (S
. , M N . “ . o
Qp and “p ig exanined and it 1is fecund that the effect on Wy is *
.- - . >

negligibic yhile that on Qﬁ is a de-cnhancement. This Qé de-enhancenent
. 4}z -

3

with other distributed reali@htions.{34 - 37). These realizations Yo v
P 7 ; . -

D)

suffer from Qp—ghhancement that mdy 1ed to 1 bjlity. Finally, a -

. " . “ R .
design is prescented of a second order.LP Buttgrwortv section with a

a

cut off frgqueﬁéy W Aof 10. Thc design vdihehtof' 11 thg Loﬂponoﬁfq‘

"
are showu to be suuh that,thu entire (iltcr,is h)Bgi& intbbrablv E&w, ."

~
“ .

- ‘. i
o v

silicon monolithic chip and to have all the rosf‘lbrq and URC's on a .

and URC's on separate thin film“cpipqu 'ﬂugﬁﬁipsfthcn may be sccured
. ‘\ i .

as those of thc OA's .that realize the ‘finite ggins, on the mﬁgnitudc

) !

dnd phase responses of the'filter is alao studivd and shown to bo e

!
~ * - AN .



" ” ) | \
i *(. s 1 o .
s . . - . o 8 .
‘ v . negligible. The success of this design demonstrates that the )
r . ’ '&:ib Q L
| L. aﬁnthesis procedure pt{qposed in this thelis is a feasible :eghnique .
| in pract’ti:e_ftom the pdint of lew of hybrid IC technology. In -Eict,
4 e * v - . -2 ';c
it may be difficult to fabricate in hybrid IC technology the ‘above .
‘ Rk -fliter, 1£\it 1s designed ysing. the conventional lumped RC active :* ' °
| » filtef?t'echniquea. Vot z "1&4
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CHAPTER VI

SUMMARY AND SUGGESTIONS FOR FURTHER WORK ) (

o
<

A synthesis proceduge has® been, developed, for rcaliziné any
open circuit rational voltage transfer fu;ction, using as basic
building blocks, any tapered RC line, its dual, an ideal gyrator
and,'in general, finite ga}n arplifiers. %The SPPCidi case of low
sensitivity URC rgalizatigns,’gitractivc from the point of hybrid
Ié technology, is then studied in detail.

For this purpose,a new transfomation u{s) of the complex

frequency variable s is firs(‘dtvolopé .  The transformed wariable
- N\

v

u(s) has then been enployed to derive a tdchnique that can realize
h\

any wxational transfer funétions in s, using any tapercd KC line, its

dual, an ideal gyrator, and in general, acdtive elements with real
* N . b4
gain paramcters. As the success of the synthiesdis procedure depends
B g o - . d *
on the duality of the tapered lines, which cnsures the fact that u(s)
! i
is rational in s, the effcct of the non-duality between the lines on

’

s ' ’ ¢
the transfornation is also examined. It is shown thag the cffect of

the lines not being duais'of gach other, on u{jw), is nvéligiblc in
°

two frequency regions, between which u(jw) does not remain rational.

L\

’It is further found that ndt much .is gained W& using tapered lines
/ t *

instead of comme¢nsuraté URC?s in the reaMization and hence, in

~ v |

subscquent studias only'URC 5 are used.

A systematic realization procedure of *ational*ttnnsfcr functions
2YSE . . ;

Y

usingfcommensurate URC's has been developed. Bhesce'URC realizations are




4
attractive from the boint of view of. hybrid ‘C }Aglementation

particularly suitable for very low frequency applications, where
A\

other distributed realizations usually fail. The synthesis procedure !

/ described is simple compared to any of the othdr known digtributed

-

realizations of rational transfer functions. The effect, on the

2
realized response, of the URC's being not exactly commensurate is
' .

relatively'neq}ig{b¥e provided the RC product of the URC's is chosen
such that the main part of the desired respons¢ lies either in the
region WRC < 0.01 or{in the region wRC > 30. It is found that, in

order to 1mp1ement efficiently the synthesis procedure, a lumped RC '
active low sensicivzty network is required, in the u-plan as an
'ﬁy.‘
intermediate step. In “this network, it is desirable to have minimum
. e -

number of resistors and capacitors with all the capacitors grounded.

&

The number of URC's as well as gyrators will then be minimum. In
1

addition; all.che Eyrators will be able to share a common power supply.

One such grounded capacitot RC active network capable of -~

realizing any transfer function is then presented. A design procedure

that sinﬁltaneoudiy minim{zes the worst case deviations in Qp and wp

has also been derived. The deaign‘;an bé used to obtain low, band and .
high pass responses. This design is then utilized to obtain Aqtch
and all pass filter‘{\/?hq~ef£ect of the design on Wy (wz and Q;)

for notch (all pass) sections is investigated and it is found that y

the worst case deviations for these quantities are aléo'lov.

.



. .
" 1 ¢

A modification of the gbobg grounded capacitor network is next
presented. The modification results in a significantly improved design

whichlyields a lower value for the worst case deviations of Qp and‘
2/3]

wp,»and a lower value for the amplifier gains [(2 Qp) . The sensi-

t;vity~of the realizations to the d.c. gains of the OA's realizing the

finite gains has been found to be low. The modified filter is shown
’ 3

to be stable during activation, that is, just after switching on the

\ L]

power supply, vhen the amplifleq gains are rising from zero. The effect Ny

of the finite bandwidth of the OA on “p has been shown to be negligible
corT . ‘ ?
while that on Qp is an cnhancementd It is shown that the choice of
3 /
gains, that minimizes the worst case deviations in Qp and Wp» also

mininizes the Qp—cnhdnccwent.

{
A sinple scheme has been proposcd te compensate for the effect

3

of the bandwidth of the CA on Qp without affecting w_, thus improving

pl

the useful frequency runge of operation of the circuit. ‘The effect of

compensation on the Zeros of the notch and all pass sections has becen

studied. It is found that ty and o, are negligibly affected, while
o ’ .
! componséting for Qp=automatftaliy\compcnsatcs for Q,. The parasitic '

effect of the input and output“impédanccs of the OA on the compensateé

) -

filter has becn examined for a band pass section of Q, = 10 and

d fp = 1,01 KHZ and found to be ncgligiugc for YA74)1 OA, A simple three

step tuning procedure, by trimmiﬂgwrvsistors only, is also given for
/
the compensatead nctwork The efbetxveneas of the compensation scheme




i8 demonstrated experimentally for a Qp of 10. Second order low pass ‘ .
" /

and band pass responses were tested experimentally using the compen-

sated network. Further, a sixth order band pass filter with stringent '

specifications was built and tested. The experimental results agree :
¥

closely with the theory.

» N
The modified network is then utilized to illustrate, by designing

second order band pa§5 responses, the synthesis procedure developed

in the thesis. It is found that the filter response is negligibly

affected even if the URC's are not exéctly commensurate provided that

~

the RC product of the URC's is made to lie in the regi waRC < 0.01
P P

- »

gr waC‘z 30. Ihis establishes the validity of the re ults obtained

£
earlier with respect to u(jw). It has been shown that ch&iyffect of
gyrator imperfections on the transfurmation u may be ignored, {f Tg,

the gyration re%istance, is chosen such that the values of both

.

are large, where R1 and R2 lare, respegtively, the -

T T T

total resistances of the short and open circuited

(RlT/RzT) and R1

URC's. \ The effect.

of the finite bandwidth of the OA's, that détermine the 1 }e”gains,

LY ' &) - ‘g
on bp and wp has been examined. It {s found that wp is reldtively

unaffected, while Qp sufferd from a de-enhancement. This def-enhancement,
however, ensures that the filt;t uiil remain statli., a fact
in contrast with other distributed realizations [34 - 37].
realizations all exhibit Qp-enhancemeﬁt thgt may [cause ins;ability.

The ihvéstigatton is concluded by designing a second order LP Butterworth

section with a cut off frequency wp of 10. It {s shown that: the

deiigned filter can be easily fabricated by, hybrid IC technology.
)

- | (
. |
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The effect of the \ivperfections of the gyrators and those of the gain &

determining OA's on the magni£§§9 and phase rcsponées of the filter
is found *Q\z% negligible. This design serves to establish the .
N 1]
practical fe sibility$ of h;;:;& IC implementation, of the filters ' !

realized by the synthesis procedure proposed in the thesis. It is,

Y

also worthwhile noting that it may be difficult to fabricate the ab6VV

filter in hybrid 1C -technology, if it is designed by the conventional -

~ . o

— lunpii/ﬁc active filter techniques. -
'

. h - - . ‘

) The distributed synthesis procedure presented in this thesis
is not, by itself, restricted to any frequency range. Howcever, the

fact that a grounded capac¥or RC active nef‘.rk is required as an

LY
intermediate step in implementing the procedure and the fact that the

finite gains in this network are realized by using 0A's, all of which [

- have a finite gain bandwidth produck’ limit the usefulness of the

synthesis procedure to low frequency applications. The author, there-
. -

fore, feels that it is worthwhile investigating techriques of extending
the operatind frequency range of the distributed network. This requires

/

compensation for tﬁc desenhancement of va One way of doing this is
1 ] -
perhaps by introducing an appropriate lag netwo*& in the configuration,

1t is also desifable, in the author's opinion, to undertake

_a comprehensive study of the cost of thie realizations resulting from |

the proposed technique ‘'in comparison with other filters suitable for

low frequency applications.

The possibility for simultancous @}nimization of the chip area

o

as. well as tye effect,' on the recalized response, of\the imperfections

/

Te.
-

QLR




of the gyrator and OA's, should also be investigated.
.

La

The useful frequency range of the grounded capacitor network
{ ,
of Chapter 4 may be possibly extended by designiaog R. to vary with

\ ,
temperature in such a way as t¢ conmipensate for temperature variations

-

of the gain bandwidth product B. This will render the Qp-levelling

technique effective at high frequencies over a wide temeprature range.
This seems feasible as B varies almost linearly from 0°C to 70°C and

the variation is about 15Z for commercially available OA's such as

*

WA 741,
The noisé, distortion and dynamic range properties of the -
realizations should also be studied. However, it was found during

experimental tests that the sixth order band pass filter of Chapter 4

—

could handle a wide range of 1n§ut signal levels (0.2 to 2 volts
without any apparent distortion.
In conclusion, the author hoﬁes that in view of the rapid

advances and considerable interest in hybrid IC technology and the

]

advent of many new areas. such ajégtgmedical engin?eting, which require-

very low frequency filters, the rgsults obtained in this thesis :L‘

should prove useful. ’
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APPENDIX A.l

1 . '
THE INFLUENCE OF THE AMPLIFIER

£}

\ .

/ \

Assuming ideal OA'_s',. Qp an mp'of any RC-active network will ¢

POLE ON Q, AND u

’ .

p

w

-and B provided KQ <‘uo. as shown in’ Figure A. 1. Similarly, if

the one pole model of the OA's used is taken into cdnsidemtiorc t

elements, - ' \ .

be functions of the different resistors’and capagitors only. Hence,
Qp = £1(R,0) Co 4.1)
wy * gx_(RvC) e , _ 2(A.2) ' .
L \ - / - . .
vhere R and C denote the-resistive and capacitive parameters. From . v

“physical considerations, £, and g, are continuous functions of ' these

e *

\

, .' If the netwo:k employs eithér positive gain ‘3nd/0t negacive .

gain amplifiers only and if these amplifiers are r&slized using OA's

(,F.ig. A. 1) and assuning the OA's to be identié\‘l and having the

)

-

one pole model given, by (1 1).,then the gains are functtg. c{t’ s
\ \

i

the summers are also realized using OA'& the gains again will be

functlons of s .and B’ only. '

Therefor for such a network, fif - .
e:% L

the wanctor Qg and pole frequency Wpp actua),ly realis 5 may be

gxpteaamj in the form ” R - .. o .
-t é'L - f:(k..ci B) T-‘; hy . g (Ao3)
P‘ Lot © : ~
. , - . . ‘l . .
I ;‘ mpn S \\ y ‘ J "‘ + : (/ ‘
— za(R. C, B) o B ) (A.4) .
e, MP . «:\ o N . .
( ) .y
. T ,. .
I

¥
o
l
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Lo hhe - o . .

- Fig. A,l: f(a) Realization of a Positive Gain
- - - Ampugier Using OA.

e (b) Rcﬂiution of a Negauve Galn
e, Mplificz Using OA.
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For ideal OA'S.QPB = Qp and wpp = Wp or -,

Q e .
lim P )
. —— 3 1% (A.5)
B + o ) .
L : ; Qpp ° -
!
L aM .
lim m‘PB ; . 1 v
Bew @ . W

For any given design, R's and C's may be regarded as constants
of the design in evalu;ating ‘thg effect of B on pole-Q and pole

\ . frequency. Therefore, exp!nding 9—‘-' as well as :—)-:—B- in a Taylor's

Qpp

Y 4 el

\\ : Coe series around the point B+w or around the point %' 0, and * o,

\

\ . retaining up! to second vrder terms, we have

--——\- l'+———§—-.: , ' (Ao7ﬂ)

Y . .
:\., | i— 1'10' e A e . / ’ - (Aa?b)

s vhe:e the a' s a\\d Y's are cons?ant.s related to the derivatives of ’

I (-—--) (22-) v(th reipe(it to (——) evaluated at -;- = 0 and where ) -

+

) ' use hu been made of (A.5) and (A. 6)
‘}he three feedback gains Bi» 82 and 61 in\ the nétw\ork of
’ . . . »

N “» " ' . \
- . Figure 4,2 determine the poles of its transfer function. For such

‘ ’ a netwdrk, 1f the three OA's detemining these f,_'sdback gains have

|
|
\

. gain_ bcnqyddth products B p? B an# B ) then format (A.7) becomes |

[
Ld * *
i ! f -
, .
t . = ’ - wd |
. . ) ‘ N |
. {&»f*wt . N , Ta, 8
[ t ~
® B+ w impli M°*°03Qc*‘ . \ o .
\ ' ‘l 1
L / \. }
/
’ A} "s_\}b ) ! [ i
‘ \ P L4 . - ‘ Al }‘ ”/ v '
¢ - ! Fy
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| /
.
' Q 1 . a, u12'+ %3 . ﬁj
o, B, B, B, \ |
. |
a a a 2 .
21, Q22 Gas ! - ‘
N BB, BBy PB,By . N
, . X : | Y
G, %2 %53 , / St (A ng
2 2 2 . tTa
d' B‘ Bz B! ' o j °
« 2N !
N . g g oo s
“PB ., Yo, Y ¥ ’
wp B, B, By
;/f . Y21 . Y22 . Y23
| . Ble BXBS BzB, . , y
P Y,, Y Y o L {
' . p o3, 132 T . (A.8D) L ‘

. 7 2 2
. - By B, Bs ;

The formats (A.8a) and (A.8b) are used in subsequenc analysis|

W
N
L

:*EHdations (4.36) aqd (4.37) can be rearranged‘as:

v . :
1- u“’PB QP __p_
' , == b ——) b .
’ _ ‘_____QEEBE-,‘—'— 2 ':.wP QPB QP } .
' 4 ' \ 4
Ypg, 2 p 21 o
- (= 'bu 1-(—) ~) .
v L. i Upg Qyz , J
. s ¢ wPB 3\ QP “b’ . QP 2 1 14 | N
- LT : Lt ) ) by [2 - (--)\4 —] (A.9a)
s~ , \mP QpB Qp Q . QP \
‘ ~ < and . R ‘
N o 7 ! ! M e 2 : ’ .
s LD et G s
. = b - (—) b, + (—) Lo
‘ oo - oy < de .
L . ‘ ‘
P & (?’ wp® by 1 - (5;-)' L =1, (K9
J ! : . D ‘ P ‘EE’
U | i : © L _
: e ) R - Wi /f
Ji ) ' ‘ ~‘ : ) &
H . . . ! lﬂ‘
y | / I ‘ 7
\ r ’ ' ’ ’ ( .




“Qp e L BB, _ __3262
w B BBy : 'B,B, BB, BB,

. ‘ b, =

pl1273 Wp ‘.‘
3 ’ -
/ ﬁQ"a"'L'\ ©
R bs - ..._.;__2.__ , ’
wp’s,B,B, : | s o,

»

Substituting (A.10) in (A.9), ustqg formats (A.8), and neglecting
terms which will intrdduce only second and higher order terms of (IIB‘)"

» in the final expression, we have, for Q> 1 .

¥ ) v,
1 1 ' -
b “pp’ BF : L
and . o
\ T Y Wiy -
N PB f _ / |
/ / |
» &+
‘ whare ‘. | .
. Bl B‘ 1 - 6._“ j) N , Vo
Y XS b 4 . (A.1]
' »/,/ B, B, B, ’ . )
If 1t L@ tequired to study ;t:he second order effects of (l_/B) on the
M ¢ ’ ‘ L] - ¢ -
pole Q and ~pold ftaqun/\cy; the following may be obtained, using (A.8), ' -
« (A.9) and (A.10) nclloctipll_t_gmj,thurmibute—oniy‘tv‘tmd;‘iuﬁ —
b e T T T ' ' p )] : :

, / X -

s
.
. lt, R R -

-
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- |

higher Ofder terws of (1/B), for Qp > T
| : SR ' . /
1 2

T = =5+ (ZQP)“J (‘%— + ll;— + %—)

PB wP b 2 /3

Ll

. and . .,
1/3 1 .1 .1.2 .
(Bl + Bz ’,‘. B’ “ ‘ (A' 15) Y -

-

1
q ~ Ve T p7 (20

7.7 where x  1is givem by (A-13)—— .
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« C EFFECT OF FIPST PCLE APPI0X. CNO , ‘ S
c ..ll"!'li'!l"‘!l‘l!l‘#l“b'#'-“
* DIMENSICNYCCF (163 ,C0F (6) ,F'0ITRIG) ,REOTT (6) '
‘ M=5 . .
B DO 170 X=1,7. .
| . T Rcan 3,r> g
| - IEGRYAT (E1 7.6
/ » GPO=6A .
N 4 FORMATUIHL, 10 (1H*) 4 25827,013.5, TO(IHY)) . : -

DO 128 h=1,17 ! o : : ",

. CG=Nesr
PzTs (D) s (y,/],
e k=P Y Y27 L)
PRINY 4,0}
T POYINT o o . « - _ .
NUOLED IR0, 1600 LD S, 10Le . L
LS SR '
QLT R /(T D) FLME N AZHD P‘"'-‘Hl-i/(:.”‘."?))
QP=SooT (s 24T0 s e /(I R5(TEGM) ) . - |
’ CAP= 18G50/ (AT-2%0(% ") _ e T TN
Xzh/h SY=0, -f¥~“ o : . .
- Aﬂﬁrf'“**wnleo/(14ho'x/h)~~n . : o
Xzt . s’
T=2*0/WC /
11= r~‘~+yxv+r'v+1~<
Te=2%Tadrey : ' .
XOQF (L) zuersec¥rfeny . ——————
XCNF (D) sT *fuws2q4av(DOryas (o /7, )bgp;;w;uthtcgtg,4;7:()4{)
. XCNF(2): %llilill*L444ﬁwﬁ7"5+ft(r.h.~0.ﬁl(nclvoan .
—~f~——~—”"""7F6FYu>'rx "ﬂ"‘~ﬂ417 (L EAR EFAL R & ' B .
YONE (R) =11 * BeGeT o8008 / o
) i y (‘g(‘)_“ 4;’);11 ) 6
C - LOWPUYI\C Thg. ROOTS USING THE Lsﬂ SURROUT. POLRT. ot i
\ ¥ CALL POLRT (XCOF, COF, 'f, RODTR , ROOTT , ITR) - ,
WASROOTI(1) . 7 py v v . _ ‘
XMAX=ROOTR(1) kY t (f. )
Y w05 L |
e €+ TESTING FOR RHS PLANE PQUES , \ - - - -
: IF (RCOTR(L.).CL.0.0) GO TO 51 o, . :
IF . (RCOTR(L) .GE. X LAX . AND. nﬂbrx(x) SL.O) GO TO 52
GO TO 50 1
52 XMAXTROOTR(L) : : . . )
WA=RCOTI (L) . . . . ol
QASQRT (XMANRA4WAKR D) / (2XABS (XMAX) ) . . . g
PLR= (QA-QDY /QD*100 . . Coe . : .
NPQ!l%QQR1(\NAA**2‘uA**2) : . .
co 1O s ~,‘ .
51 OA-llll\é} 1 S : C .
WPOLL=1T#11, 111 / E : , , :
- WARTL111.1111 L
" PER%]11111.1111 L I =
' Go TO 101 . S o
.50 CONTINUE ‘Z : o ‘ S
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COMPUTER PROGRAM FOR CALCULATING THE EXACT VAI.UE.?:

OF Qpp AND wpp




1
< ‘ - . ;

. A .
101 PRINT 2,WCyCNy0A,08P,PFR,NA, HPOLE,HAP IER ‘N -
2 FORMAT (2XyBF1S,4,17) .
"1 FORMAT(/L2,5Y, ‘NC',lQi,'OD‘,lUX,'QA ,10X,’OAP‘~10X,’PEP',10X.

1¥*WA® 16X, *WFOLE®J1(X,*HAP®) - .
109 CONTINUE ' -
sSTOP N
END .
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T r . T , . (j
) " °  DERIVATION OF Qpy FROM PHASE CONSIDERATIONS
- s ST *ﬂ : )
. Y '

The poles of the various ttansfer functions generated i':y the ¥

.

network of Figure 4.2 are all identical to those of a "basic" low

N 4_ ) .
\ ) pass section contained in. this network. T'his section is shown in,
\ Figure B:1l. The transmission péles of the LP section are, in turn, h
v N N Y
° . . s . N \ ,-
) determined by thﬁ feedback loop containing the gains B, B, and §,. o
\ For real gains 6,, By and 8,, éh‘e‘phgﬁe shift ¢ around thé ’\
N feedback loop &f wp is, ’ . . ,v
. S Ch == 2 -tan™} (upRC) 0.\ . . (B.1). -
. . L . . , (Y . .
Therefore, N ‘ - o
. ( o . " . ' r:“ . N } ' ) |
';4, tan (U/Z )"‘ ¢/2%§«UPRC‘~( o ! . " . ""‘i:‘ L b (B' z‘a).‘ . ' :‘ ., ' l
or - ! - , ' ! . , N
o® ' j" ’ . o '
cos (0/2) = wyRC , O (- 71 B
From (4.2) and (4.12) 1t may be shown that T ‘ !
uu)pnc =» 2Qp o i.\ / l‘(B . 3) (/:(
- / . ’ ! - . >N :
Hence LT , ‘ P .
[ . “ 7 £, “ . “ 6
- : can (9/2) = sN_ N U (8.4) . :
" , : “ 2Qp . . )
=, : 7 ) ' | . r/_\ - ' )
! Thus, for Q; >> 1, . - . . ®= ¥
. ! - . , t‘ i .
v R : @ )
/ v Q ’ ‘ ‘ VT ‘i ) R o
/ o 5 R ‘ o F ' )
' ' T!ie above equation shoys that for highly selective responses, . - © s ‘
, . R - - . l'
' the total phase change around the‘“feedback loop 18 equn‘o the
I reciprocal of the pole-Q. o - . o .
’ “, " T o - ' \.‘\ V’ N -
o - " . ' !
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.




o

e - L = | 8) - .
. ¢ QpB ' SRR }B ) g o
Under- this assumption, we have - )
STy o @3,
» 1] W o— =\ - - ——u
i ' ¢B Top =2 Fan‘ (MPRF) 3 tan B ’
. v Vs e
T \ 1 . -1 ,(ZQP)‘,2/3 LIJP - , ’ . .
. * — - 3 tan 3 - - (B.9).° ) N
Qp - B , : “
t N ) N - J
That 1is, 2/3
( 1 1 ) 2(Qp) 92 ) e (8.10)
tan - L - ) .
3Qp 3QPB ‘ B . A
’.‘ ’ « v .

o~ . ! t o v

o

. § \ :
e k When the amplifier gains 8,, Bz'aﬁd 52 are frequené?Jdependenc!—u‘ sy

»

then additipnai phase changes are introduced by: them in the feedback

igop: hssuming“again the OA's realizing the gains to be identical

and’ with -a’'gain banawi&th,product~B and also that the gains are
- - 5

given‘sy L . ’ ) X - - - ..
. - a = = 750 1213 " ' ) ‘ Zy 7
- By =8y % 6, = (2™ ©o(B.6) :
as in Qbe opfimum design of section (4,3), then‘under'ope/ﬁgfe model
- . . "
of the 6A’s, the expressions for these ga{ns reduce' to \ \7
- . ., a : » . . \
‘ , - -
. " . (ZQP) /3 N . . -
o= = 2 = .
BIB BZB 62B " (2q,)2/3 {‘(8'7)
1 D

. . \
5

We now assume that, Jizh the different gains as given 5& 3.
(B:7)), the”total phase change ¢p at w, around the feedback loop is *
. ‘ N . . - .
. still very closely given by the reciprocal of Qpp, the Q-factor

actually realized,-that is,, =~ -




. v o
. , ' - v
- N M : . *
. .o : . N
. . . - . (G
' ) N ’ ] -
L 4 - - . '
.

1 . s '.\_ . -~ _ , {,‘ . “ o
Since Qp has to bﬁ very close¢ te Qpg, for the network to bé useful, ,
C we have = . T ‘ - ) C oy |
&t : i3 | . !
3(2Q )" T w . , . S >
~‘_.L.~s ¢B = 1’—: - S - ' . (B.ll) ’

N ’ ' It is 'to be noted that equation (B.11) is the ‘same as (4. 38b),
thekeby justifying the validity of the assumpgion (B.8).
“The effect of the freduency dependence‘of the gains is seén (‘

3

td introduce a phase lag {n the total phase change in the feédback

\

)

\

|

|

| . .

| .
|

|

|

- " loop. Thus, in érdeq(to compensife for this phase lag, a phase .
\i' 7 ) 2
¢ . lead should be introduced in the feedback loop. ‘ T
! ' + . If the basic LP section is now modified, by 1ntrdduc1n& a
' Resistor RC as shown in Figure B.2, the phase 'shift around the' loop
. I,
. ' .. may be shoun, by a similar analysis, to be :
- 302q)/3 w_ . O
. : ~1 4 . : .
] v ‘: ¢ Qp l} pr ‘ B . . (B ‘12) ‘
C . . 5 Ihus, compensaiidn. or Qp-levelling,'may‘be achieved by choosing
. . ' '} the reaistor R, such that . 2 .
\. . . 2 .
: _ 323 : . ~ .
DU et TCH | . . (813 >
- // . ' s . ‘ .- ) . ' ’ .
’ . . ’ » . ‘ ‘
q ° ' > .
] - .
} ~
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C
c

PROGRAH uancvtln:ut OUTPUT)"

c LR 'l‘l‘!l!0!!#!“'.!l!l"'l‘l‘l&‘ll“.“.&l'..“.lll‘.l'.’k..‘ SSS ¥

R AND WR FOR =SPER, CHANGE IN €#S, ~ ’ ’

0.'..‘.‘!.50‘.‘.4.'...QO'O.."l“.‘.."“‘.l"..”l"".....". ‘."'.

!Arasrcn 1A(sv,nnnxca),wx(5) 0C(6) y WL

-

DIMENSICN WO1(1F) ,MY(18) yNN(

« REAL INCR

[V, )0

701

READ 5, (HO1(J),d=1,18)

FORMAT (CKE,2) .

READ 6, ((MM(J),NN(J), YY (), 0=
FORMAT (L (315,F8,0)).

DO 100 KK=10,100,40

Q=KK \

00 100 I=1,4

PRINT 7C1 |

FORMAT (1H1) S

" 00 10C L=1,18 ~ "

. N=MNILLY | ) S

700
120

N

.

€1

. €0

50

*

.PPINT 7C0

AHAX(I)"iﬂDGOO-
ti=L

- WO=WO1 (LL)

M=MMILL) ) .

XXZYY(LLY N ‘
JWOW L
FORMAT (/,2(HK,F10.4)) }
DO 5T J=M, ‘
W= J/ XX

CALL TF(N,NC,H, Ta N
IF (AMAX D) (LT, TAL
GO To 6L
AMAX(T)=TAC I = L

CONTINVE® -
D0 2230 J=1,7,2

WXLI)=N | LA .
COHT INUE S .//~ L . .

‘Kz g=2

INCRz0.01 ™ ~ 7 .
IFLWC.EC. CoC1)=INCR=T,001
AF(NC¢GT.10.9) INCR21,0
INGRzV*INCR
TL=0.000001
W1 (JVzHXLT)
W1 (JIEHL(JYHINCR
W=Wi ()

CALL TFUO4N0 4, T2, T
DRz ASS (AMBX(I) =340 TAL

o4

I

GOTO1l
Hi(J)Sﬂi(J)-INCR

8) YY (18)

o
% . . >

1,18 t B

m 6o 19 61




o

‘INCR=INCR/104 K D e e .
GO TO 11 T .. -

2000 CONTINUE \ ) : . R
- 4 QCtD)= ux«l)/(w1(’)-w1(1)) " , . : R \

. NR=WX(I)/HC . ) . T
GR= GcyIyY /0 .
PRINT 20 u,ux(I),w1(1),u1¢1),00(1),0R,HR '

. 2000 FORMAT(/ €(3X,F1045)) . . TR ) S

- ' 107 CONTINGE .. " o

.

--EMD

STOP .

_SURROUTINE ﬂF(ﬁ,hO TP — * C :
"DIMENSICN TA(B) ,T1(H) G T
"COMPLEX S, ZyAyByCyLyE, T, u1,uz.c L

A1=0.95 - . , . . }

.F=SnRT (AD) ' :

S=(1.0E-3C,1.0) *n ' -

Z=CSORT(S) . < -

AZCEXP (2% (148)) : & : C
B=CEXP (2% (1- F)) : ‘ _ -
C=1/8 . : :

0=174 ' :
E=(A-R+C~0) / (44+8=-C=-0) . . . . , R
FO TO (1,2,3,4), I - ) L , e

1-€C1=2%R0*Q - ] A - .

2
]

ce 2*wWo*q o . O

UL = E/(F*S) . . e g
uz2 = 1/s o . ‘
GO TC S : . =

2 C1z2%WQ*n ~ : e

lq\ ’

C2 = 2*wWo*0 o : , .
U1=1/(F*E*S) ‘ = K ' , ' .
U2=1/$ ". - [ <\ PP

y 6O°TC 5 ' o . . )
3 Ci=2*40*Q g . o . R

C2=2*H0*Q A . . - b
U1=1,S K ~ e ’ ¢ g : .

U2z E/(F*SY’ . v oo L

GO T0 5 ' ST

4 C1 =.2%h0*0Q S . Co : ‘

C2=2%40*Q . .
ul=1s8 4 ) . s

L UR = L7(ESFRS) . - ‘ : .o :
5 T(I)=2%C25U2/ (C1¥C25U1%U24C19UL +C2%U2+4 %% #2) p e
.6 = T(D e . '

TAtI)= ZC‘QLCGio(CA°S(G)) , ' - :
RETURN . ¢ . .
gND " v . : ; v -t -
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C _

.pRc,an NAhCY(INFUT,OUYPUT! . v
Cr¥*¥» EFFICT OF GYRATCR TMPESFECTIONS ON U(S)""* :
COMPLEX S,y Xy Y, TANHy 0y YLy 22, ‘Y11, Y12,Y213Y22,YI,Z14P,21,U14V
12 ) . ' ‘ _ a
'6B=2,%22./7%1000G00. 2A0=200000, BT S ﬂ
READ 37,RI,R2 T -
‘R1=1230,. | L -
00_1: IQN=1,“ ) . : o 3
. READ 30,QN \ ‘
) FOMAT(RFLS.ZY v g
0C 17 I4l=1,3 L, T

N0 13'J=1,2 C 50

o
I 1

IF (.50, ;Y'ch? RC=7,3C1/HY ', L ' : . S

v IF(J.EN2)- &?gz kC=17, JI/HO ¢ U ) .
ALbC=wyaRC . ) ' . i
» oG 1U'u 1,2 e . . o e
CUIF(MGER L) R=108C L . S
IFVJ.hﬂ 2yR=53400, . 4 T, ‘ . . o
! IF(N.EQ.T) R=6000 v C - o .
! RP2=2 "'QU'hC‘PC‘K“Z/QI .
PEIMT 2,0N,hl,WLRC,2,21 :
4 FGP&CT(iHl, ,1ﬁh 1 rchkytﬁJ-f|F1~0“ xk QC t Fiu.h,t% ’yFlD'b ’Rl
1=2,F10.4)

1 READ TN ¥,

PRINT 1 . , - . :
.1 FDP AT (BX,2H2,15X,2EMAGE, 15X, 2EFHASF2) T R I
“.M RO LT 1=2,1200,1€ r B
W="1 S ‘ & -
STlLelE=6{,1,70%K. . - SE e,
, X=€STOT(S*R2C2) . A ] , )
' T ¥Y=CSTP(X) ) : . . oo
.),' TEHH, = (Y=2/Y)L4Y417Y) B . .o
: N=1/7(X*TAMP) , : c ,

. YL= 1/(F2+C) .7 : ‘ .o LN
GE=(24P(/R) 7 (AQ*R) ’ o ~
GCZ2%HEE2R (14LP°/R)/(GPER24P) b‘ - - .

' V"‘f‘+frf<‘(20°L13)/(F°‘R) )

C YC1E-1PR-2¥Ne228 (P=RD) £(GOYZVYNAR) 4o (A P‘PI-°"?)/LGG’&“2'RI)

P Y12=1/R $2%KUA2% (1-3)/2) /(348240 87) SEDT/(,3¥R882) . o
Y2222/ (A1%R)$ISRL/ (ATSRS22) 425N 2% (R45 *R! )/(G@"Z'Q"Z)’S‘(i‘&93'

1P{)7 tGR*R=»2) , .. :

. Y1z Yig- (Y12'Y21)/(¥220YL)? " Wt
Z1= 1vyY1 - ’ X ) v i
P=TANH/X ;. g . ; ,
21=21%p 8 . - ' _

L U1z (214R2)/ (R¥524RC*3) yeoo ' ‘ \ S
U2=71/171 , e . .
A1=CAB5(UZ) § BZ=CARS(UL) ¥ ey .

. P1z PEAL(U2)7B1 f P2=REAL(UL) /B2 o o
' TMAG= 171782 ¢ EFHASCE=)e J"OS(P1)IAPOS(P2! i o
. PPINT 20, W, EMAG, EPHASE . ‘ . N - . ;
20 FORMAT (3 E15.6) ‘ T S A o
13 CONTINUE . : T S
STOP 3 END : o . e .
. ‘. . ! ¢ '
\ ) ) .
4 A "4 *
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. L

PROQRAN NANCY (INPUT,DUTPUT) ’ o0 o :
- COMMON GR,AQ,RI,RCyR1,R2,R2C2,RC,R, ON,HO,6" . ~ . - .
, C***¥EFFECT CF vaaroars AND OP. AMP, IMPER. ON A B.P. REALLZATION®®+s
C . . oo T .
- CHYINATA FOR 741 OP. AMPS.¥ers . . .
- GR=2,#22,/7*1000CC3. $A6=230000.  ~ - L :
RI = 20000CCs T RO= 75 < ' ;
. ON=51. - S
- ‘ Gz (43ON¥E2-1) %% (1, 73)
’ PPINT 1, QN '
4 FORMAT(1H1,5X,*QN=*Fu, o,//,ax,cuo~,5x,~w0A-.ak,-o'ax,'a',ex,*a1'
« -18X,%R2%*) -, . o
S - I=13¢ - - . ) I
by R1=100000. . / i : :
- . WP=T . , .
- Wwe=t . - 4 , o ~ o
R=31C{0, ' ) ‘ . ‘ ¢
¥ R2G2=RC=0.C00CL/W0 Wt ~
R2=2.P*CN*h *RC*R*%2/R] ’ . g X
\ T e - CALL WIG(WE,Q,4H08) . < :
: 10 PRINT 10C,HF,HiA,0,P,R1,R2
Lo 100 FORMAT(BF12.4) , ’ .
o . ,STOP TEND o
M+ SURROUTINE VAL(W;T1) ' ?
' 0, . COMMCH GR,LC, RIZR( 4R}, Q?.RZCZ.RC,Q,QN,HB.G ;
) , - COMPLEX S, X, Y, TANH, Q, .YL, 22, Y11, Y12,Y21,Y22,YI,2I,P,Z1,Ut,U"
12)T,GG,GI,C(,(3 Ei,‘?Z v i R f , R
x S=(1.05-60,1.0) *h , : s ’
. X=CSART(S*P2C2) . , : g , ST
- YZCEXP(X) | , -
CTANMN = (Y=1/Y)/7(Y41/Y) e ' . ~
N=31/7(X*TAKHK)
YL= 1/(R2*%0Q)
GA=(24RC/R) /(B0*R)
GC 9'H"2'(1+h'°"IR)I(GF“2‘R) ,
Y1M=GA+GC+S*(24R0/R) /7 (GA*R) - - - o
¢ ¥21=-1/R-pPsnss2s(p- PJ)/(GB“Z’R"Z)09'(90‘PI-R"2)I(GB*R"Z‘RI)
y Y12=1/R +2%H*42%(1-R1/Q)/(GI**2%R*%2)=S*R(/(GR*R**2)
Y22= 2/(A1'R)+"RCI(AD'R“Z)OZ'H"Z’(°*6'R0)I(GB"Z'R“Z)*S'(Z'R03‘
1R0) 7 (GR®R *82)

YI= Yi1- (vxz'vzﬁx/(vzzoVL) " - e, \
‘ZI= 1Yl AR ' . ‘ e
P=TANH/X ' . , .
71=R1*P - . )
. U2=21/21 o : . )
. : ui=uz : , J : ) -
C FOR UNITY MIC FREC. CAIN A ) .
* . A=1./706 . . L . e -
, B1=GE/(S* (4+A)+GE) £y -
A B2==GB*A/(S*(1+R)+5D) : ‘
GC=GR*2%A/ (S* (14G) +G™) o
A , * vl
I ' ! A 4 ‘. = a




.

\

'."

"

-

§

G1=G*GB/(S*G+GRY- ™. ). A P

62=G*SB/(S*C+6E). . : ' o o

G3=G*GR/(S* (14G) +G9) .
T= (Hi‘Gi‘GB'(UZ*i)082'60‘61‘62'I(Ui'UZ+U1+UZ*1*Gl‘GZ'G3)
T1=083S (1) ) {

RETURN $END

n

SUBROUTINE WOQ(WC,C,HOM) L . “

DIMEMSION XW (3)

°

JCALL VAL(WC,T) th=WO~-,01 $CALL VAL(W,T1) SH'HG ¢X=T

1-T .

109
10
;20

30,
40

- 60

60

D1=SIGN (.1, %) *WG $CD 2C J=1,4 $0=D1/10%%y ¢DC 13 1 1,26 tH=W-D
FORN&T (5€14.7)

CALL VAL(H,T1) ¢ IF(T1.GT,TIGO TO 18 ?Ni=~-01 sco no zo .

T=T1 SIFt1.GE.20)GC TN 50 . ’

T=TL SXH(21=HO=H § TH=T1/1,414 $00 40 K=1,3,2 SWi=H

W22(1+(K=2)*0,3)°% 200 3C-1=1,2C 3w3=0. 5'(N10H2) FCALLVAL(WZ2,T1)
IF(T1.LT.TMIH2=WH2 CEIF(T1.GT, TM) W1=HW3

CONTINUE )

XW{X)=W3 $C= XHlZ)l(xu(’)—XHUH §WCA=XK(2) SRETURN

PRINT &0 ¢ :

FOPMAT (*CANNOT FINB uo') v

RETURN EAD
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. COMPUTER PROGRAM FOR STUDYING THE EFFECT OF IMPERFECTIONS

.

et * "OF GYRATORS AND OPERATIONAL.AMPLIFIERS ON THE LOW PASS

: , BUTTERWORTH RESPONSE ' .
y 4 , . . ¢

L)

N s . - i »
i 1 .
- X LI :
'I( . w v ‘A .
B » ! N
% " /)3‘ ,“ : P
- o
' ¢
‘3“‘ K N
a 3y
" S ¢
- . .
. , — ' -~ s ! &
, o .
. ' P
0 / ("
.
*
» ot
1, . . L i
‘ Y i -
k o . \"
et 4 !
.
. t -
5 ! AN . o4
. ¥
e (4 - [ 4 ‘ . . \ , s e‘ .
i 2c J Al Y
- b ' L. . .
e ty »

‘ 1
~
.-
!
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v ¥ '
..‘ : ﬁ:
N 1
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. . - B I |
. L - 14

PROGRAM NANCY ¢INPLT,OUTPUT) - -
C****EFFECT OF GYP., ANC CP. AMP, IMP, CN n LP ¢ FILTER WO= ro~-'- .
COMPLEX S, X, Y, TANH, Oy YL, 72, Yii, YiZ 121 Y23,YI,21,P, 21,u1 u
12,71,72,8,PC,01,€2,61,62,62,G0,N,0 % %
C®**DATA FOR 741 0P, AVMP, PP . :
c . . S e .
GB=2,%22./7*1030CCG $A0Z 200000, . e o
RT = 20€0CCC. ¢ RC= 75 , e, e o,
aN=1,/72%%0,5 ‘ P S - n
N Wi=10, . ’ s . R - N
. GZ(L*ON**2-1) *2(1./ ) Co SN AN
A=1/G SC=(=LPNNV¥242)%A/ 2, NN — N -
R202=RG=0.0C0001/K0 - ’ B~ -
WORC=KN*RC . \ . . o \\
R=2(C23. TR 1000" , R 2 ) :
s . R2= g.o‘cu-hc°nc'c“zlna * ‘ ;
. TPRINT 2,NN,K0,W0RC,R,R1 )
2 FORMAT(1H1,5X2Ch=2,F1C0s4,IN0=2,F10. b2 WIPC=1 JF10.4,2R=2,F10 6 2R1
. 122,Fi0.0)
PRINT 1 )
1 FORMAT "(8X,¥42, 1=x,xe~nc: 13X, xcpuns=: 10x,¢e~ncv: 11X, 2EPHASE
(A 112 .
‘00 13 1=4,2C00,1C , .
C _ W=Iz130, i . . ,
‘ S=(1.0€~6C,1.0)*» . . ' .
X=CSA2T(S*R2C2) : ' : .

g! . ~ Y=CEXP(X) . £§>l . S .
‘ : TANW = (Y=1/Y)7(¥e1/ : .

T 0=1/(X‘TAN )
- YL= [/(R2 . ,

, w o ! GA~(2+ag/R)/(An'R> . , , , )

: .‘ GC=2°W**2% (144 *RD/R) 7 (GP?*2%R) - ,
o Y11=GA+GC#S®(2¢RL/RI/IGE*R) )
; vz:—-./p-v-u--z-:R-bﬂa/tna--°°°'~z:os-tcovez-av'zy/(ce-a~'ztax)¥
S Y12=1/Q #2%n*92%(1-RI/R)/(GN®329R442) -SR]/ (GRER**2) .
vzz:z/tna~n)o1~ncztnn'9'°z)oe~u'-z‘gR+e~oo»/¢cn"2~R"2)«s'(z‘a03'
1R0) / (GA%R**2)
~ cYI= Yii- tvaz-vzx)/(vzeovL) :
= : 2= 1/Y1 ) A : . e ‘
S 7 P=TANH/X ’ o, . .

o 21=R1%P ' : . . .
UL=(R1%R2)/ (R**2%RC*S) _ _ ' ‘ : '
uy2=21/21 . " ~
A1=CARS(U2) ¢ A2=CAQS(UI) : Ty,

Pi= PEALIU2)VAL. & P2=RFAL(U1)/A2 . , T
- . EMAG= 1-A1/A2 $ EPHASE=1- ACOS(P1)/ACOS(P2) .
' B=Ss (14140206 ¢ em .
.. pOGE/B © : . . ? : :
" B81x2-G8/B >
. B23=GRYC/E - a B
) GO=GB®2%A/ (S* (1+C) *GM . | ‘ e S
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T2=N/0 D,
T4 HW"QI(S"2+HC/ON'SGHO"2) .
AT1=6A8S(T1) TAT25CAR5CT2) . ° . o
PT1=BEAL(T1)/ATL .  TPT2EREAL(T2)/AT2 .

* OR1=20*ALCG10(ATY) 10R2= ZO‘ALUGIO(ATZ)

d,, . o :;-'o

a .

61= G*GB/(S*G+GB) o : , \
G2= G*GP/(¢'c+gn) . . . N

GI=5*GB/(S* (14G) 4GP : ™ ‘
N= en-u2~*2+u2'(239q+91‘61~cn)»q@'(1+ﬁ1'ca'c’)431-51*60 82'61'62

o

EMAGT=1-AT2/AT1 - TSPHASET=1- APOS(PYZ‘)IACOS(PTI) o

PRINT. 20, W, EMAG, EPHASE, EHAGT,EPHASET 081, 082

FORMATTEE1S5.6) * . .
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