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. . ABSTRACT .

Designs of RC-active filters, using generalized

impedance converters have been-@evéloped'and studied in

<

»

detail. These.designs’ are -found to he atfractivewfro?_

" the point of view of implepwntation,by currently availableé

°

hybrid integratéd technologies.
" Two general configurations (termed Sg}hcturé

A and Structure B in the thesis), suitable for direct

- . synthesis procedures, have been proposed. Stfucture B

contains, as spec1a1 cases, Antonlodb structure as well as

r

that of Cobb and Su, while Structure A leads to a new

minimal capacitor low sensitivity reallzatlon of RC-active

w

filters. This one, in addition, is found to retain all ,

D S O -

—_— ,the other attractive features of Antoniou’ s—reallzation—

> . Two-new configurations are then derived from
- .t * . S,
structures A and B. These configurations are found to
~ be convenient for cascade synthesis procedures. Several

second.orderhtransfef functions; frequently éncounteréd
] .in'practice,%guch.as }ow-pass, high-pass, band-pass, '
* notch and all-pass functions have been designed using.
* " these two configurations. All these sections é}e found-
to possesé several attractive features suéh as (i) fféedom'
from ‘('Low freqﬁency unstable modes of operation; e I )

(ii) low sensitivity to passive %gd active parameters; .

' (iii) ability to be tuned in a simple manner by trimming

only resistors. . ' .

p— f . 1.




~

{phe configuration resulting frcmlgtructﬁre’B (term- )

ed Biquad.B in the thesis),.leads to second order nealizations ]

using only two operational amplifiers." The properties. of

Biquad B have been compared with those due to Kerwin, Huelsman

(- . and Newcomb, Tarmi and Ghausi; and that due to Thomas,'and
haVe been found to be similar: The above mentioned realizs

ations use three or more operational amplifiers. ;“mm;d

R “' Y LN
, The d¢onfiguration resulting from Structure A (term-

Cy. f

ed Biquad.A in the thesis), yields second order realizations

that use three operational_amplifiers. The properties of . .

Biquad A offer attractive advantages over those due to Kerwin,

e
|

Huelsman and.Newcomb, Tarmi and Ghausi, and Thomds such as re-

— A__w_duced_dependence on the operational ampIifier parameters,

lower element spreads, "lower total resistance for the same

total capacitance and vice-versa, etc.

n With the exception of one section obtained from

*

Biquad B, all the second order sections obtained from «the

. Biquads can be directly cascaded without additional isolating

L

~amplifiers.

Theoretical predictions about the de51gn techniques
presented in this thesis have been verified by detailed com-

puter simulations as well as experlmental results. Furthet,

F

'these results show that the resulting filte,p are insensitive

w - to power supply and‘temperature variations.

. fr .
. . . . ' N
v - . N ;
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. -+ CHAPTER I _. . =~ oL
CHAPTER I X

o o ’ X | . | -

v INTRODUCTEON . . =~ s

1.1 EENERAL ) ‘- : .

a

The origin of. indyctorless or agtive RC fiitgrs
. can 7be’1:A\cied‘as 4fax.:’ back as e thirties when these filﬁters

» - //

were designed using vacuum tubes, resistors and’ capacitors, .

& 2

Un-f'or,t;una{:ely, these techniques.did not recdive much, atten~-

I - P -
tion in \}riew of the bulky %ize and high prices of the ‘vacuum

A

. s tubes. Discovery of transistors led to.a renewed 'interest

v

in the area of active RC - filfers and continued through the °
i 4 .

-

fifties before losing ground again to the .IC - filter design -

v
4 L3

- . techniques‘, mainlj( because of the latter's syperior sensi-

tivity and stability p‘rbper-ties. {Thte recent surge of activity
\. " .in this area can l;e attributed to a number of chtorsf{ E
] A
; . i’roﬂbablﬂz.the étrongegt incéntive has come from' the rapi%ly . | .
+  developing technology o.f iﬂtegra;:ed cirétﬁté where a ch;lex 7
network, w‘ith all its elements and interconnec.i:ioqs, i-‘s
‘ .éabricated on a single chip. The main attractions of i’r}te-- . 1

. .-‘ grated circuit fabrication are the following “[1,2] + .
™ - . . ; ' e
- 1) Increased-system reliability - - .

" 2) Reduction of .size ari,d weight, and an increased ,‘ '
. R 4 - P . - ’ .

. ’ v equipment density obtained by reducing 'the . | - ,
- 3 .' ' ' packaéing levels and ele}ctronica'lly inactive

‘

- . structural materials. . / . .
) . . v, .




3) Increased functional.performances obtained by

£

- ' regular and compact distribution of circuit ‘ J
B ten T e , .
Pibe 9 A
elements. . ‘Wﬁ? i ‘ '
= o .
o EISa .
< ) N
, 4{ Increased operatlng speeds due to the absence

of para51t1cs and decreased propagatlon delayl.

L4
. . o P o

5) Reduction in power consumption.

3

' ﬁﬁfortunately,it hasunot yet been ﬁcssible to Lo
fabricate inductors with reaaonable valges'cf inductances - |
and quality factors by integrated circuit teqhnigues.

On the other hand, conventional inductors "when miniturized

to be consistent in size with other integraggﬁﬁgircuit

components, are extremely poor in quality to be of any

€y

use for many applxcations. [3]

The magnetlc coupllng between 1nduct1ve elements ,
/

may also create an addltlonal problem,gfor example, in
satellltes carr§1ng instruments for measuring very weak ° .
81gna1$1. Further, the nonlinear frequency dependence’ of
the_ quality factor’ Q of the inductors, coupled with the '
varlatlon of Q from one 1nductor to another inductor T -
makes an accurate qeeign of gassive LC Iilters fairly )
complicated. Probably, the maior difficulty in the use of
inductors arises in the case of lcy frequency applications,'
like'coatrol systems aad analog combuters. At these . . .

frequencies (less thayg 1 KHZ),. practical inéuétors.of :‘ . /

-
' . \




-

a

. R - . -
b
ay
o , \( e
¢ " . 42
B > i .

reasdnab1e~Q‘tend to become_unrealisfiﬁally bulky and f
‘ Q
, ' ( expen51ve. - u_ ‘ oo

A promising way of overcoming these difficulties is
to disign filtef.networks‘without inductors, using

B active elements, resistots and capacitors which are easily

integrable. . | L ) T .
RC-active filters cah be designed to have e
' ) » 4 < -
several other desirable features over the LC filters.
Some of .them are [4] ‘
R 1) .The filter output impedance can bg made very - . 8
‘” v fow,;thereby making the filter respons
‘ ‘eindependent'of the load impedance. séquent- .
ly, the filters gan be cascaded w1thout addltlon- ’
- - < - 8 — ~
D : al buffers : e X
. ; - 2) FrEguently, the 1nput impedance of the filter &
B - S j%h:.gh compared w:.-fkh the source of .unpedance.
: o 3 Hence, very 11tt1e slgnal power may be requireé.
‘:‘\_. . . , “ - -"' ‘\ ' i ’ . -
. 3) The“fiiters often provide inéertion_gain, . g
, thereby eliminating the need for -additional’ -
s amplifiers. . . | . IR -
N . , ~
\ - ' / 2
‘ =8




| . . :
elements removes the two .

- B 4) The use of active

- - fﬁpdamental resfrictioqs from RLC networks, o

€

- [ -

. . passivity and.reciéfocity. 'Thus, active net-
works can not only realize network fuﬁbtions
.which are realizable by passive RLC networks,

but also can be used to realize characteris-
= v : ] ’

tics not achievable 'with passive networks.

‘.
- P - - ¢ . .

- ) However, while a passive filter can never P : S

*

become unstablée, an improperlybdesigned‘actiVe filter can

&

start oscillating with a slight variation of'pqssive or

“

ac%ive element parameters. Thus, épeciél care should -be

.

exercise%\in designing active filters to avoid instability

problems. Anothr problem that requires more attention in -

active Filtérs than in pagsive filters iz that of the — ~ ~————
‘ . . g o s
. sensitivity’ of the network function due to variation of ’ o

&

. . . L2 R . .
. C network parameters. The(.ens;tivity problem is not R

serious for most Standard resistively terminated LC Ladder

- .. filters. However, active RC filters which are extremely e
) : . ” . ' /‘r - .
_frequency selectiye are, in general, more -sensitive to | w
. , .

. parameter variations than the passive filters. _Thus, - . - ’%"n
Esiticular‘attentioﬂ should be given to the minimizatio "jh .
! P P . :

‘ of sensgitivity to variation of one or more components’ *

in the design'of active filters. _ . . L .

' 4 4 © vl T e

. K , R . .
[ Cot . . < et
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- " . " . ‘y . ) f ' L
L .o e : ) . }
‘*w‘ - . 1.2 RC-ACTIVE SYNTHESIS METHODS ‘ N
. . 5,‘ . . -‘4 .. o - o "3 T
S . A large number of. RC-active. network synthe51s

e :°

procedures,“u51ng ‘a variety of actlve elements, have been

*——-“*suggested»1nﬁthe*i1terat&§ee—[SJTeemhese methpds can be’

’ ?\\\ib ' cla531fled in several ways {6, 7] wFofsexample, they can

¢
PO - v, .

be grouped according to the way ‘in which the pa551ve and

S ~ <
-

-

" active parameters in the reallzatlon are identified. The

. ‘identification nai be achigved by using onelo? the follow--
- . -~ . 3 L]

Il o - v

ing: ? * * * . . . * i d - . i ‘
4 A W N I v
.. , L 1) The polynomidlf’decompos$ition approach.[9,10,11] | .
3 N * . - . » ,
5 S i y . ' ;o < A &
. - 2) The doefficient-matching approach. [10=28]®
> * o< ' 2 S . 3
-3 ’ - ,3) The simulated-inductor approach. '[29~31] ‘ '
4 " ) f»‘ N - B ‘, ' ‘ -’ ~—
N“.I .' : . - L ’_.‘ X ‘ - 5 . v A
) . e
.o L . L In the f;rst\two methods of‘reallzatlon, a net— g

\ -;‘ work conflguratlon1 whlqgrcontalns one or more 1deal actlve B

. - ~ o ’

'gptq elements and a pa351ve "RC subnetwork, 1s-chosen. The

parametérs characteraz;ng the pa551ve subnetwork are then

T /-

. - obtadned in the flrst approach by properly decomposlng and

partltlonlng the specified ‘network function. and then . . o

. comparlng lt with the approprlate network funct1oh,of the
o~ .

églected,conflguratlon. c0 - ’

»

o
- o [
r 3 . s
’ » . N \ <. -

4 : : A )
¢ - v o -~ ) ) ! : ’ .
P 4 - *
o ‘In the second approach “the design procedhre

'
. T oA 3

. ' Y 4

~ o starts from the ana1y31s of the selected network. " The - A

o o . ‘ * - B

7eiement values of-the\pass;ve RC suonetwgrk are then ~ -

P re;ated to the ﬁarameter5;o£~the network functién?pj" -‘9”'




<

po . . .
i . . ' . A - . f -
| . . . . .

equeting like coefficients of the complex'frequEncy,variable '

s. Usually, the number of equatlons is less than the : 37

» ) oA

// anber of unknowns. Thls offers the desrgner degrees of ' : L

&

{
A
“

3

) 3 'l -

freedom that can be used to obtaln a reallzatlon with a

number of other desirable propertles.

\ -

Jn the thlrd approach the design is accomplished

~—
. .

~in tWO StePS- FlrSt: an LC fllter is de51gned. ,Then the

1nductors are replaced bjecapac1t1velv termlnated qyrators.

2 - - N
. ;

This approach-ls‘ettractlve due to theﬁgow-sensitlvfty

1ters. - N

~ . LN
P

features of resistively terminated LC

a 4 ’
- 2

‘Synthesis procedures can also be classified as

3

da.rect [24 26,31] or cascade. E4 -23,27 32] In direct

synthesls procedures—*the transf r function is reallzed as ’

a single section. In cascade synthe51s procedures, the

LI Y .D

~transfer functlon is exbressed as a product of flrst and - T
second—order transfer functlons and each of these  is relaliz-

ed 1ndep<%dently The overall network is then obtalned by

3 »

oascadlng the 1n61v1dual sectlons. The cascade methed of

B

synthesrs offers two practical advantages over the'direct

metﬁod_es follows: . « oL . SR . »
~._ . ) =

N 1) * The tuning of the network is siﬁplified. N

1

2) A small nu%g;r of universal sections can be .

i designed which can realize a<multitude of net-y

- work. specifications. o o



f
A ¢
W4 ?

4 ! ' ' , ! v

according to the type of the active devmces used such as
‘ '

finlte-galn or infinite-~gain controlled sources, negatlve

| .

} ) immittance converters (NIC), gyrators, negative re51stances,
. ' : A

| ' - .generalized immittance converters - (GIC), etc. [1-4]

o /
1.3 ACTIVE DEVICES

°

L As mentioned in the'preceding section, a wide

P

-

In this section; the.current conversion type genéralized

1 %

immittance converters (CGIC) are discussed at length since ,

they w111 be used as the building blocks of the de51gn *
2

proce re,,presented in this thesis. - As the CGIC can be

-

;eallzed using operational amplifiers (QA), it is worthwhile

8

' to look first into the properties of the OA.

a2 - . L

\) . 0

Co L 1.3.1 The'Qperational'A@plifier » '

r r

- a ' : . Presently,. the 0A [33,34] is readily available

N in integrated form as an off-the—ehelf component. It can be

used to realize most otﬁer active devices. [4] Commereiail§.

"available silicon monolitﬁic integrated OA's are reliable, .

‘iyersat;lé:'relatiyely ineipensive and have excellent
propertiés. As an~e£q§p1e, theé Fairchild uA74l0a is -
internally compensated end inpdt-overvoltage'and output-
shortcircuit protected. it ﬁes an input impedance of tznn,

output resistance of 75 and %aid—bandﬁidth prodyct of IMHg

e
y

Finally, active syntheSis methods can be classiffed.

§ariety of active devicés‘has been reported in the literature.

-~



* . ' . ! H ‘ ‘ .’/ - ) ‘ . Il ‘ v‘
- ‘ (65 MHz for uA?lSOA).i Its price is less than $1.00, '
~ compared Withr$”0$00'f0fﬂthe HA709 in 1965 and therd is

e - 'a strong 1nd1catlon of OA prlces going down even further.
Presently, Motorola has put out ﬁgur OA's on a 51ngle chip

L)

(MC3401) with a.price of $1.75 only. The most commonly .-
» ‘ . . ¥

used OA, shown in Fig. 1;1, is-a d.c. voltage aﬁplifier with

~

differential input'and-single output capabilities (Differ-

ential output OA's are also ayailaple but they are not widely

»
»

-1 FIG. 1.1 THE OPERATIONAL AMPLIFIER
used et preeent). It is a non—reciproeal two-pott}4ideally
characterized by a frequency independent inflnite galn,
infinite input-impedance and zero output-lmpedance, “In

e practice,'the' QA has a' frequency dependent finite gain,
finite input and non-zero output impedances: The output

voltage 'Vo is related to the 1nput voltage V. by ) e

»
»

V. .= AV, . . )




-

& . * : , . - } . ] X R o
A is the differential open-loop gain which, for.a frequency
compensated OA, is given by

’ N ‘ '. N o

Aomc/(s,} we) (Lf%)

>
|

where A ,u, and’ B = A u. ' are the d.c. gain, the cut-off

frequency and the gain-bandwidth product, reépectively.

| A and W have large manufacturablllty toler-'.
‘ .ances 1n -addition to thelr dependence on the temperature and |
l ‘ " power-supply voltage. A Hence, the characteristics of networks - B

“whose response is highfy’dependent on A, and/or W, will _ |

be subject“to undue variations with changing temperature and '

power supplf voaéage. Thus, one of'the?critical factors in

~ . v . ,

comparing or evaluating OA networks is the dependency of,

the response on A  and Wy '
» . "‘ A ,

B -~ " 1.3.2 . The Current Conversion Type A\

" General,ized Imittance converter
< .

N

/

The CGIC is an adtlve two port whlch has a

chain matrix [a] givé by .

Lt ' - ' l 0 ' P ) o < ‘ v
» ‘ - [al .= 4 1.3
[ : E : . Lo h(s) . :

where hss) is the admittance conversion function.,

-
°

From (1.3), it is easy to show that'

Je




——— g A

‘ \ . I AR T
,\\,4); .~ ¥;.= h(s)Y, . ,(;¥%) . e

4
. ‘.
4 [l

where Y, and Y, are the input and load admittances -
-, --respectlvely, connected to the input.and output ports., N

» Dependlng on the naturé‘éfs h(s), the "CGIC's tha;.have'

been reported so far, can be classmfled as belongihg to one "

i . of the following two types. ‘The flrst type of CGIC can

be 1mplemented u51ng only one OA [4] and 15 shown Ain

Fig. 1.2, ) . ' .
P -

) ° - D"O . . s .

° - & X . ’Lq__.” [ ? ’

‘ I2 . -
- t / A
Toon
’ 0 < »
v, .
; , e
- t %
| 't * 52 :
5 ' ‘ o
- ‘ . .
FIG. 1.2 THE  GGICA .
6 .
itewconyersioﬁ\function h(s) is given by J ' )
- - ) . .~ . a “ ',
o o o . h(s) = =Y, /Y, (1.5) "
, KR Thls typegkf CGIC~ will be referre&“to as Type in this - S Tel o

thesxs, and will be denoted CGICA The other type of CGIC




! can be impleimented using two OA's ’['31;35_], as shown in »
“' F;’.g. ‘1030 ’ ) . * . ' ! ’
N v 'l t ' N .o * ot )r”
\ ’ t ’ //
oo ‘, ) ) R .
’ Y, , Y, .
. v, - pre Y, ¢ [hee
— = 5
\ €
‘ ) I ' I .
. 1 ?—-—’ ) -—-?2
. . . ‘VH1- . ‘ G . ’ ) Vz’
e ' e FIG. 1.3 - THE cs}ics C L
‘ o ' ; N to X . ' . o ]
’ . . ¢ " oy
This' will be referred to as Type B and denoted by CGICB. - ... '
o Its conversion. function HK(s) is given by
R . V ] ] \ .
oo . o 3; ‘ h(s) = YaYs/Y1Ys (1.6)
{ I S | % .~
i o : Flg. '1.4.shows -the symbol:.c representatlon B
3 - K for both types of cCGIic! s. ' The repre‘sen‘tat:.on is. derived -
e ’ ‘from the fact that 1 mho connected across the output port will
T : &\reflect an admittance of h(s) mhos across the input port.

.’ & Both CGICA and CGICB are three terminal devices. '
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. FIG. 1.4 'THE SYMBOLIC REPRESENTATION

e OF THE CGIC

.

If Y, and Y, are cond?ctances in the‘ CGICA, it reduces

o

- . -

to an NIC. & : Y . _ .

1.4 RECENT DESIGN CONSIDERATIONS IN . ; - )
" ., - BCTIVE FILTERS

-,

.
.
. % . .

In the earl:.est stage of active - RC-network
synthes:.s, the main’ objectlve was to. demonstrate the potential
of active networks as opgosed to passive networks. Numerous
te‘éhnic:{i;es nerely 'showed'that any given rational function of

'8 can alwa’ys be synj:hesized as the driving ppint or trans--
fer‘fung:tiop of this or thq.t -RC-active networks [1-4].' In
‘the next stage, minimizing tfxe ﬁumbef of active elements was,

o

‘4t_'.he major concern of qctive network designers. This, oo

however, invariably resultgd in extremely sensitive netwpfks

- ‘and their consequent poor performance caused the engineering -
. . > \




/}rformance obtained is otherwise acceptable. For an active

) reallzatlon to be useful, it should ba free from low /fre- CL

community to mistrust active networks. The efforts to

reduce the sensitivity of single active element realizations

were only partially suc/essf/lﬂ that they restricted the
active filters tc;ry low frequency -and low Q' appl:.cat:.orfs'v. e
Recently, widespread applicatioﬁ of i_ntegrat?éd circgit tech-

nology to linear active devices has considerably eased

earlier ’e'conomic constraints. Now, the emphasis is often

not so mucﬁ on minimizing the number of active devices in a

network but rather on .improving the functional  performance

of the overall network at the expense, if necessary, of

more active elements. From the point of view &f reduced °

power: con'sumption, size and cost, it is still preferable to'

use a lower number of active elements, if the network

quency unstable. modes of operatlon 36 37] and no instability -

should be introduced due to ,the frequency dependence of the

_active elements. The effect on the useful bandwidth of

the overall realization due to the finite bandwidth of the

active devices is an important consideration in active net-

. works. High performance realizations should have as low a . R

sensitivity as possible to the passive, as well as to the active
element variations. Also, for the realizations to be
suitable for the available microelectronic technology, atten-

tion should be given to the total resistance and more sign'{- v

ficantly, to the-’total capacitance, as well as to ‘the spreéd

t

in the values of the resistors and capacitors in the circuit.



. P |
1 ) . \

~

) * »

' Ideally, for integrated circuit implementation, the values

’ 2

for all these quantities shouldy be as low as possible failing

.

which, mi;imization of total éapacitance in_the_circuit assumes

, importance. It may be of advantage for the capacitors to“be
minimum in number and also for them to have é commonaground. It -
is essential that the filters be tunable in a‘simple manner,

preferably by trimming only resistors’ Thg designed filters ;)
: e
‘should have a wide dynamic range of linear operation and a —

-

large signal to noise ratio.

¢ {

‘ ' ‘ ’ '
3 .

1.5 SCOPE OF THE THESIS -
) W

°

©
f .

The aim of the thesis is to geQelop new synthesis
; techniques f%r the reaiizatioq'qf open circuit voltage trarmns-
- fer functions using CGIC's of Types A or ﬁ, as the basio n
't active device. The proposed techniques are shown to yield
reaiizations'which have attfactive features - in coﬁparison
with the presently availaﬁle high performance rea;}zations' ‘ ,

, ’ from the é%int of view of design dbnsiderat;Pns discussed in

the previous section. For this purpose, the thesis is 7;:30

divided ihto five main sections. The concern of the second
‘*~~—-f;w—"i—chapter of Fhe thesis- is to obtain direct synthesis procedures
b for any stable voltége transfefl?hﬁEEion.i'THé~£i;st con-
figuration developed uses CGICA's,Qﬁile the second con-
ufigurqtidn presented uses CGfCB;s.as the active elements.
It is éhown that by sPitably ¢choosing h(s)'s in configura—

tion A, a ﬂew réalization which is minimal,with respect to .

. - S




~

\ : . X

the number of capacitors is obtained. Special cases of h(s) .
in configuration B'lead to the realizations described in ref= -

erences [26;39]. The realizations 'obtained from configurations

© N Vs

A And B have similar and low sensitivities to the different Q

passive’and‘actiVe elements. dhapters 3 and 4 deal with

realizations of a general biquadratic transfer function.

A -

These realigakiéns are useful for the cgscadé gyn?hesis . ‘
‘ﬁrocédure; The biquadratic sections,” termed BgQUAD‘A and

BIQUAD B in this thesis, are obtained from éonfigufatiépé
A and B respéctively., The commonly.used‘second»order »

. ‘ K oy
sections are: .

]

B S N Low-paés;(BP)u'; .
2)°  High-pass (HP) C h |
3) Band-pass kBﬁ) . ) < ;j L . .
&  Noteh (w . N L e

5) © All-pass (AP) ' . . ; .
. . "‘ . - . wt h
Most practical filtexr specifications can be - .

t . [

realized by a suitable cascade combination of these.sections.. .
- B ! . B 1'

All of theése sections can be readily obtained from either . Ce

BIQUAD A or ‘BIQUAD B and are to have the following .
features: . ' '
~-\\‘-\“\\N\\‘”‘ —— \; ‘ it ‘ ~
1) Fgéedom”ffbm low frequency unstable modes .

%

.oq operation.

- 2) Low sensitivity to passive elementlvariations.‘

-

. .
[3 T .
s




. uses only two OA's. However, BIQUAD A ‘has less dependence

/

‘ere describedlfor both biquads. By using combinations of

o

3)° Low sen51t1V1ty to. d~c—giir varlatlons.,

4) J‘Low dependence on the OA cutoff frequency. °
ST 8) With the “exception of one conflguratlon .
—

obtalned from BIQUAD B, isolation ampllflers

are not necessary. Thus second\order sectlons

can be ‘cascaded d;rectly. ) \;\\\\
6). Tuning can be achieved in a very simple
v manner by trimming only resistors.

.
L ' v

BIQUAD A uses one more OA . than- BIQUAD B v’ehich

- -~
ve .o

on the parameters of the OA. Des;gn and tunlng procedures

£

the various sectione obtained from any -of the biquade,'

Butterworth Chebychev, Bessel, elllptlc, all pass transfer

functlons, etc.,.can be reallzed, The theory is verlfled
eexperimenﬁally for each of the biquads. Finally, the per- {//‘ :

L.

‘fcrﬁance.of“each of the biquads is compared’with the o,
currently‘evailable high perfoimance similar second order '
realizetipns. 'Chabter’s offers a ccmnarison of ﬁIQUAD'A .
“and BIQUAb‘B. The theoreﬁical cdmparison given is based on '’
approximate formulas derived in Chapters 3 and 4,‘and also

on exact resultSIOQtained usiné digital combute; §imulation.

The typical valdee of 'yA715 OA, which is one of the

best OA's availéble-at the time of writing this thesis, are .




Experimental results for botb,of'the:‘o .

used in the simulation.

biquads are also assessed. Tle final Chapter, namely, Chapter

6, summarizes the results of the thesis and contains the
- " ) . 9 . ©

conclusion.
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GHAPTER II

. DIRECT SYNTHESIS' OF 'RC-ACTIVE FILTERS °

- USING CURRENT CONVERSION TYPE GENERALIZED -

s

EN L

@ Qs

2.1 JNTRQDUETION .

IMMITTANCE CONVERTERS . o

B
. .
¥\ ' ’
- ~ N 2
. ' .

’

-]

’ Two RC- actlve network conflguratlons are proposed

v

f-ln thls Chapter.

Using elther of these conflguratlons,

any

'stable Open cIrcult voﬁtage transfer functlon can be dlrectly e

synthe51zed.‘ The-conflgugatlons,‘referred to as Structure A.
a | W ~ . e S %
and'St;uGture B -in:this thesis, employ CGICA and CGICB - LT

'

'respectlvely,u(Sectlon 1. 3 2), ‘as - the actlve dev1ce. One of o

- ’ - ’

_,«the maln purposes of presentlng these direct reallzations,is.

-

to lay the foundatlon for the scade synthesis‘prbcedﬁres.

o
ir .

that w111 be- con51dered ln detall in Chapters~3 "and 4.
- W . . .
. " - . < * &

K A . AR . B . B

|2;2"STRUCTURE A —~ THE RC-ACTIVE - - oL

NETWORK CONFIGURATION USING CGICA . e e

-

. "..1-1'"" short circuitéd.
| 4

°"T Conseder the two- port using CGIC'S, of the Type A :"'
and one port RC admlttancee as shown in Fig. 2:1. hé 'ﬁq

open, c1rcu1t voltage transfer- functlon T(s) of the two-port- .

B

where y21' and Y2z 'are, respectlvely, the transfer and

output admlttances of the two-ggst‘wlth termlnals 2-2' and.”

A

R .

l
)
» . v
‘ . {
- he N N ” !
- 1]
R
A 1
: , ‘

o LN
is given by o : RN .
. : Va(s) " yai - ” : e
- T i = - y 2.1 .
S e ey Ty o @ns
- N uy-‘ ‘ y o ~ . ) '\ "0,_
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4

oo

’

. »
yields ; . . ‘ co
- = + + ] ‘
R T .
=Y +I m h,,(Y )
‘PO ig=1 2] P21 . .
“ - 2441 L
+ I '(hf.(2~i+1) m hzj) (ti(Zi_”:)? _(2.2a) "
i j=1 2i+]
. : P' . L .
and ’ , ¢ ’ ., J B l‘ ?
Cm + ) -+ : ' vo “ )
a . Y22 (Ypo 'Yqo). hllhf1(¥P1 + qu) + .
y h, (Y. + Y . Cee 4
+ hﬁxrhlz (.sz Yqz) .+ .
R T B ! .
| = 3 Beaga) 501 hoy) Bp2ieny + Yq(2141)) .
0o : ST e {2.28)
2 ~ * . , oo P v ‘

v
L]

v- . Any stable open ciréﬁit Vgltage transfer function L

T(s) of a two-port can be describe@.in the'éomplexfs—plane as

n
R 3 a.si S oo
o . '180'1 . .
. e = SE— . 23




The condltlon bi >w0 is automatically satisfied
\

by a stable T(%), whlle, to satlsfy the condition. by Iai[,

the given- T(s) may have "to be’ reailzed within a multlplying
. ' . ¢
copstant.

Y -

T

It is cledr that; by choosing appropriately the

ad' .l »‘ 'l 3 ._l
mlttances Ypl s, qu s and the conve?sion functions hfl

- hgl's in structure A, any glven T{s) can be realized. 1In
" the follow1ng section, a new minimal capac1tor low sengi-

' %ivity'realidﬁzlon using Structure A is aescribed,'

2.3 NEWYMINIMAL CAPACITOR LOW

C SENSITIVITY REALIZATION

 Let ' . o

(2.5a)

and

Npy = Bys o . (2.5b)

.
-

These conversion functions can be readily realized by

setting ¥, = Gy; ; and ¥ =G, (i’= 1,2, ... ) or =, ¢

Y. -'scJ and Y, = G (3 =1,2, ... ) in (1.5). Note that

2]
.a's and B s are p051t1ve constants. ,It is dlso to be noted

L i

that CGICA w1th the conver51on function as given by (2. Sé)

9 I3

is the famlllar current 1nver51on type negatlve immittance
\ converter (CNIC) 947 " Let us also idéntify the. different
- 4 .o
RC - admittances in Structure A as follows: "'
e , . ,

oy




-

o . LY, S Yo =G . (2.6)

that is, the different admittances are taken as conductances.

, ‘ Structure A then reduces .to the network of Fig. 2.2. From

. ‘ ‘
(2.?), (2.5) and (2.6), we obtain the following for even n:

) h ’ . . (a
' n/2 21 -V ¢ 0y . -
’ - =+ G + z T + C +
r NER! po I L s B, 1L pzl]S ! . .
L/ 3
{ \
(n/2)-1 24+1 : 2547
5 + ‘E az s+1[ ki \ BR.}[:& Gp(23+1) ]s .
‘ J=0 ; . /o ] .
- . ) y
(2.7a) ‘
[ . n/2 “21‘: ' 2i .
= (G__ + G + I s . :
. ﬁYZZ ( po qo) i01 £ ‘k:ith]}][Gp(zl) Gq(21) Is
' (n/2)-1 Y2541 . ”
i \ T . . . ' J+l |
. ‘ K + E a2j+1' L T_.T \Bz][GP(2j+l)+, Gq(2j+1) Is .
' j=0 =1 q(23 ,
-, ’ h . . . 1 ! "& , ‘(2‘. 7b). .
. - 4 ) ° . ) N ;
o . FOF odd #, (2.7) still holds excepting i- and -j ° L
both now-run up;té (n-1) /2. . - ) . _
.. It is seen that the two-port of Fig. 2.2 can | R

’.realize‘any stable transfer furnction.‘ Comparing the ‘coefficients .

\ .

E . L _ i?»(Z.l) and~(2.7f we have B .
o, e Bl G =By = Rl
L G ' . ' ' ' ‘
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" and for even m, (m-< ),
‘Z.’ mo . . .
G ¥t |a T B:,G__ =.b -|la )/ 7 B, (2.8b) .
* “ ' - _ .
\ : - ' , , . :
\rhilg for odd m, (m < n), .’ '

A ‘m

‘ : Gom = l2nl/ay 42, Pi Cem o ~han]) /o, i

-‘:.

¥ _ - \
' It is clear from (2.7) that for a 'T(s) of a

By (2.8c)

n=a 3

1

denominator poiynomial of degree n, only n e¢apacitors

- are required. These capacitors are all contgined‘i@ the

-

CGICA's. Thié is in fact, the mini: number of capacitors
” ' ' ) ' ~ . ) ) * » ’ ’
‘ . required in an RC-activeée realization for any given transfer .
. PV . . .
function. “{24,38] L , . R '
3 . . . 1 :
2.3.1 Sensitivity Analysis - - ,\\

T ' e el
An important criterion of a realization is-its

.Do

ivity to element vTriatibnsf

From (2.1), (2.3) and (2.7), we obtain
z ) -

o -

o
]
+
@
o
]
N
@
+
Q

- o po o po go (2'9??
oo .
< ¢ " . I >
v/ "and for even i (i < n) '; ‘ co"
i . i 0 |
‘ a;, =t G T B., b, =(G_,.+G_.,) 7w B (2.9b)




ot -

' while for odd i (i < n), _ 3
i i
‘ - = + =
a, % ai Gpi 'El Bj' bi ozi(Gpi + qu) _ElB. (2.9¢) .
n . , - J—,
. : The c&%fﬁidient sensitivity is giveh by [ 4 1].
. ’ v,
I (e/a,) (3a,/38) . - (2 110)
e i i ‘ *
S , 4 s .
: . where e 1is any element, acd¢tive or passive on which the
; coefficient a; depends.
- o From (2.9) and- (2.10) we obtain the various
coefficient sensitivities with resﬁect to ai's, ﬁi's, Gpi's,
- ' v - !
and qu s as . ‘
. ' a. b. : : .
cls gt <1, st <1 (2.11) :
v "' ) T ; ' : * ' . / |
, ¢ ) Considering- now the more interesting case of a . |
v \,'sgcond'oider transfer function, the Q-factor Q_, tbe .
.undamped frequency of oscillation w and their sensitivities
° o QL ! R ’ — .
to any element e, Sep and Sep, are given by o o, Co
. : : 0= /By Ba)/by, v, = ¥bo/b3 . (2.123)
R (3Q._/3e) (¢ " o (b sve) (c a2 |
" s = /oe) (e S = e) (e/w.) - .12b
\_ e T (39y/de)(e/0y ), SGP = (dlyde) (e/uy) T (2.12D)
- oo ﬁwﬁe;e‘the 'bi coefficients-are as’'defined beforg.‘ Erdm O o
: Lo : » ¢ . ‘_ o ., : . . B . 3 :'—,Zl'?\
. (2.9) and' (2.123) we g€t~ o o LD s
. Lo
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, .
\/ N

la

‘Qp~=‘ msz/ﬂx)(sz + G

A\

and

pPo

2) (G - + qu) /o (c;pl + qu) (2..13)

-

. . /TE
' . Yp (Cpo

. .. Q w
The Q and wp 'sensitivities Sep and ’Sep

p

caléﬁlated‘from {2.12)-(2.14) " are givehxin_Table é.l,'

from which we observe

;\,A v’ .. . N

Q . Wen
\ '|seP1‘§1 and |8 P| <} - (2.15)

Note that the QpTSensiFivigy'is independent of

-+ qu)/Bxﬁz(sznf qu) ) (2314)‘

-~

’ - s RS
-+

) ’ &

9

Q . Furthgrmore,‘it is mech lower than the optimum sensi-

i?%ivity achieved in realizations using positive gain ampli=

-

fiers or negative'immit#%ncé conveérters [1-4] where the

sensitivity is proportional to the Q-factor. However, this

——

reduction in sensitivi{y is obtained at the expense of an

increased number of active elements.’axw::> R C -
. - - - |

'2.3.2 An Intereéting'Feature of - : |

the Realization . . ‘




TABLE 2.1

S

SENSITIVITY TO ELEMENT VARIATIONS !

G /2(G +qu) ) G /2(Gpo qo)

]

Gao/2(Gpot6,) . G /Z(Gpo+qu)

i —G /(G +quf

ll - ) ’ +
\ ; qu/(Gpl G

. |
+G: - 2 +
Gp2/2(Gpz qu), sz/ (sz qu

) . ' 9 :
, - - -
qu/Z(G92+Gq2) . qu/?(sz qu)
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? v
e ! .

" From (2.3),'welhave Gpm = 0o for m# o and

qu = 0; alsolthe unilty ggin inverting amplifier is then
e
not needed in Fig. 2.2. : ) ' -
. .. - .
< If Gpo is now connected to ground, and V,

Y . @

inserted in series with 'qu 2 =1,2, ;l:, (n-1) or n),

analysis shows that the numerator of the transfer function

becomes bzsl while the denomlnator remalns the same. Thus,

for the low-pass, fllter (2.16), -the correspondlng high pass
filter is obtained simply by groundlng Gpo and inserting

the input V, in seriéeg with G . Also, as seen, a band pass

gn
response can be_obtained directly from the corresponding low-

" pass response merely by connecting V) in series with

qu (2°< n) and.groundlng Gpo: . ) , ,:\ .
. ' - NN s (.
Example . . o . . s . L

. $ ] ‘ ' - ' 3
: o \The/de51gn of'a second-order Butterworth 1ow-pass

fxiter w1th unlty d'c. gqln and a cut-off frequency

- -

. fp 159 xnz (w = lO"rad{/sec) is given in Fig. (2. 3a) The

corresponding hlgh-pass filter with the ‘same pole palr and unity

multlpller constant.at f >>-fp is obtalned ‘from the low-
. , # .

pass fllter by groundlng Gp and inserting V; in sdries

with qu, as ghown in Flg. (2. 3b)
® . | ’ 1 - ‘
’ ‘Also, to obtaln the correspondlng band~pass fllter

’

. }
with the‘same_polg,palr and unity gain at £ .= fé’iﬁhen-tbe

A
2

<o

realizapioq iﬂ‘rig..(Z.Ba) should be modified by éibundipg
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< * . . . .

Géo and inserting Vi in series with qu, as shown in a

Fig. (2.3c)., . . 4
? R . . N .

o ‘ - '

2.4 STRUCTURE B - THE " RC-ACTIVE , .
. NETWORK CONFIGURATION USING CGICB , : .

v - - ¢ *
. /
' ‘ . °

. ( - An RC-active configuration ﬁsing CGICB is pre- X

. ‘presenteéd which, is shown to iﬁclude,~as Special caSegc the .

o

N\ low semsitdivity réalizations reported earlier by Antoniou -

[26], and Cobb and %p [391. . o

. _ Consider the two port of’ Fig. (2;4).' Analysis =

-

shows that- BT ' -

(2.17b) .

-

+

. , D It is seen that by selectlng approprlately Y s -

.

and h's in Structure B, any stable transfer functlon can be

reallzed. S
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| a ‘ N . ' ‘ ’ N ,
. A “~,wz.A,lhﬁﬂntbnioﬁfgigealizétion ) s
: . .o I ‘O
. £ .
. . .

Y1 ® Gy, Y2 = 8Cay, Y3 = SCs., Yu/F Gu, 2.18
| 1 g Y2 250 Y3 | 350 Yu 3 ( )
“'in (lf6).L We then have - ’ o .

. ' . . b

. . K. >0
. ’ : . J
. e . . . .

B ~ Also, ‘chgose iy Structuré B ' s

’ .o \ s ) ' : .
' P . ° g ; o= .+ . o= . .
. " o e Yp} TPl scplf.qu ’qu +\§9g:‘~\\ .
. 4 N \ ’ R " < .. . . .
» * . ) - ‘ ] , .
. . . - We ‘then ‘have, using (2.17), for eveh n

a -

. . o ’ nn/2 (n=-2)/2 .~ - 2
M , .. G s m™ K + I (G m“tsGm)s L
, : S o m=o0 ° m=0 P 4 3
n/2 w-2)/2 :

B /
o3

- 2m.
s

I =

.

T K,

| (G _+G_)s" m -K_+ I f(c_ +&_y+(C s}
R L A “pm’qm pm j=o 3
. . "I . ~ . < ’ - ‘ )
v r’l € = Te . & N ? - B .
)f{f ( cel N o \ ‘ ' ~ . (2.§L)
‘ 0 where r ='n/2 and K, = 1. ‘ o -
| }. .ot f - ‘ . T B .
s - o - . e N R
i N ‘And fsr-odd no o ‘ ) . A

S C (=72 m o B -

N o I (#6 #sC_)s®™ 1 Ky o e o

UM T Yl . meo Prr i=

L N G )

‘ - ~ . G _+G .+ (C__+C 8!8 T K . Lt
: A A . . \k ) ‘ - | v )

a




. ‘.
@ ’ .+ R =1 . ’ o ) e

. ’ -
)-‘ s . o] . . ]
) , " . A compaRison of (2,51) ., (2.21) and (2.22) shows ‘ »
that, for even i . "
. ' ) ’ : g
: m o S
\ a; = % Gpm LT Kj' b, = (_Gpm+G )_T_r K €2,.23)
- j=o J= \
L /- . '
- where . T
’ , . . m=1/2 T
L and for odd i ‘
: .. : -
. / } ) - '
. , m/ r m
. 1 . = t . N = ) R : .
! , a . cpm . T—TO I(3 ' bf (Cpm'tc’qrn) 'E K] )*(2 24)
) ) e = JFo .
whére . - »
‘m = (i-—l)72 ' ‘ N l ‘ ¢
) From (2.10),(2.23) and (2.24), we have ,
e K h ’ ’ . © ai ! © ‘b Y o e c B .. ) ‘ . ‘
L . Is,™].2 1 ,..|_se"|b T (.2,.25)\ ‘
3 " whea?e 'e‘ represent§ any one of tPe .ele_ments ¥ Gpm’ G"qn‘\’c'pm'- |
! ! G K Kv 1‘-.- K - : ' : ce * [ I
e eamls 1rose S . . : C
! ‘ . - " my cqnéider‘i g now the .sfeco'rlld order case, then, .. _
(U f‘rgm (2.12) and . (2%21); it can be shown that _ : @ -
- . . ‘ s . . ) B , . ' ’ - , ; . K
: : co I8Pl 1 s IsFrR R -




2.4.2 Tobb and Su's Realization -

Choosing Y, or Y; = sCj ,ahd‘phe reét of ¥y ~"Y,

as conductances in (1.6) yieldé hﬁ(s) = st, wvhere kj>’0' .
) A " ; .
s+ Also choose '
. T Ypi = qgi ' Yq; = qu . (2.27)
. - Analysis of .Structure B then yields .
' ' n ol ¢
+ G + X [Gc._.s" ™ K.]
Vo _ / PO m=1 PM j=1 . 22 28)
N m m ek
- (G_+G_) + ¥ [(G_+G_)s - 7w K.] . .
; S R L L R s )

2 ‘ i - i . ’ ' .
= #+ =
a, * Gpl m Kj, ' bi (Gpi+qu) T Kj (2.29) |
: 3=1 ' j=1 \
where ’ T, . , ..
K =1,0<iz<n . ¢ L
D - o . . — — .
) i From (2.10) and (2.22), we have “j T !
a; L bi . o )
A A E A (2.30
"Where e répréseﬁts any of the ‘elements - . L . '&;",
i . s R N . )a’fe “ , e
v e T ) A g , ’ i > ) - o
f.f. ' ) ' . v {i
° , Gpi-' ’qu arfd ) "Kl ]KZ ’ .. ‘.a !’ I(i . -, ‘f'i'.
‘-”‘ ° .’J




36
Again coneiﬁbring the second-order case, then 3
:ﬁrom.lz.lZ)'end (2.28); it can be shown ‘that
: % “p, '
' IsPl <1 4 [Pl <t (2.31)

¢ . - . -

“

)

2.5 CONCLUSIONS

‘; “ Two gene;el,configurationg, Strui@hre A and

?tructure B are given for the direct synthegis/of a transfer =~
function. It'is.shown that Structureé A yielqé a ﬁinimal

capacitor realization whlle/Structure B contains, as special

- cases that due to Antoniou and the one due to Cobb and Su.
A'caieful stﬁdy of 1 the three technlques\reveals that T

'they possess the fé;iow1ng attractlve features.’ . -

h ]

1) © No factorization of the transfer’function

. .is necessary.

e .
L |
-

'2) ' The Synthe51s is: 51mple, since the eleﬁents

"axe directly related to the coefﬁ1c1ents of the

1 4

-
1

transfer function. e
» - <
i

'3)‘” The numeratorx and'denominatZr coefficients' can’
. .

be independently controlled by distinct elements
.and hénce the alignment of the designed network is

-expected to be relatively simple. N
v - * ' ) . 01

4) Resulting realizations have very low sensitivity.

.+ to element variations.
r



’ .
. : Whé;;T;;toniou?s technique requires the loweSE‘
number of OA's amongst the three techniques,fthekother two
techniques realize -a given T(s)"with the minimum possible
number of capac1tors. The minlmal capacitor realization
. described in this thesns whlle requlrlng 50% more OA s than
in the one due to Antoniou, needs however, 50% less OA's

©

than in Cobb and Su's technique.

)

3

<At the present time, OA's. are readily integrable.
( Capaqito;e, howe&er, remain the most difficult of elements to
,integ;ate{ The cosEfof OA's is aleo continually decreasing.

On the other hand, in man§'applications, where chip capacitors’
may be needed, LK%ée capa01tors may be costller'than OA's.
Thus, situations may arise where a reduction ln the numbe: of
capabltors may be desirable even at the cost of an increased

s %

number of VA's. L ' .

_ . " \ . '

As has been §ointed out in Chapﬁér 1, integrated
téchﬁélogf‘dffers sevefal attractlve advanteges to‘the filter
manufacturers. One major advantage is the redudtion' of

eost, if the filtef’}s manufactured in large quantifles.
Unfortunately, thle ;my not be possible in many appllca ions
where - fllﬁers ‘may be requlred to meet SpeCLflC signal}” trans- ¢
mission charadteristicg. This problem can be avoided in
the(CAScade synthesis approech'whe:e a small number of

universal second-order sections can be designed for a given

4

frequency range of interest. By using a combination of two

or more of these sections, the desired transmission character-

.
¥ , . : . ‘




’

5 ", . . .,
.

T efore, in“the following two

isolated from the others.

‘chapters, second-order rea

’
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"~ from the dlrect synthesis procedure of the new minimal
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Y

- . CMAPTER III

FIRST CASCADE REALIZATION

3.1 INTRODUCTION A

’ The purpose of this Chapter is ht/o& develop a

design procedurée for realizing low sensitivity, very

-h:Lgh Q second order sectz.ons. The design is derived

, capac;Ltor realization described in the previous "Chapte‘r.

.

It is first shown that the second-oirder sections obtained
from the minJ.mal capac:.tor realization can attain low-

frequency unstable modes of operatlon durlng activatlon

(just after switchipg on the power supply) Us:Lng the

A‘theory of singular elements [31] two, alternatlve c1rcu1ts

are then obtained which are free from 1ow-frequency
uhsteble modes of operation. ‘These two circuits retain
. ' - ¢ -

all tﬁe other attractive features of the original real-

ization. One of these c:.rcults, referred to as B:Lquad A

“in this thesis, is studied in.more detail in, th".S Chapter.

It is shown that Biquad A has the following features

which make it desirable for high Q-factor real.izationz

14

i) Low sensjitivity to passive element variati’.ons.‘ ‘

ii) Low’ Qp sensitivity, to d.c. gain variations of

the OA's.



S B :

”~ . ’ . ’ o . '
iii) Zexo wb sensitivity to d.c. gain variations

of the OA's.

A

, 1y) Low dependence of dp .and w, on the finite

2 bandwidth of the OA's. o
- ' , - »
P ~—— , . ) }
- v) Only three OA's per Fectlon are needed. Since

.

the output can always be:located ‘at one of the OA
output terminals, direct cascading of sécond order

blocks is possible without isolatiné amplifiers.

,‘x}) There is no spread in the .values of the
- ' : * . , '
capacitors while the spread in the values of the

~resistors is at most, 2 Qp%.

o .

L

vii)+ The filters use the minimum number of
L] : ' ' ‘

capacitors. ’ “

rs

By using combinations of the various sections’

proposed, most of the practical filte:,speeifiéations such.

o

as Butterworth, Chebychev, Bessel, elliptie, etc., can be .

-
~ . ’

realized. L _ . ‘ : .

-

. .. IS

3.2 Stabilitx;Preperties of the Minimal )
Capacitor Realizatign : S .

,
P

<

The realization of the ‘second-order transfer,

function ‘ o ‘ , :

v

* The expression "element gbread" is used in this thesis
to mean the ratio of the maximum value to the mlnimum
value of an element in the Cchult

Z
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»D‘s{ bas® + bys + by -

. .
7, . '

. ,_i'

v
-

can be obtained teadily 'from Fig. ‘2.2 and is shown in

. Fig. 3.1. The unity gain sign changing aﬁplifiér”is omitted

[N

A

v \ ’-r 3 * ‘ ! mo.
13 4 . ) ’, ‘ ‘ . ’ i ‘.
, :
. :

e . FIG. 3.1 CIRCUIT I - SECOND ORBER REALIZATION A

- ' g . QBTAINED FROM SECTION 2.3 - L
v . ‘,3 1 . . ’ 5 . N n v i . ’

- . @ ‘ . , LI

. teox




’ - . « R 7 . .
- N - . -
. . . . N 4 R . .
- . .
R [ ¥ ° ) ‘ 4 2
- - |
3. . ‘ . ‘ >~
. . IS
1 . E
.
.

z v ,
. * . -
* - .

. as it has no‘bearing'bn the stabilityiof the circuit. 1In
’ {
’ the rest of the dlscuSSLOn, thls clrcult will. be.referred to

as Clrcuit I. Assuming ideal OA's, the characterlstlc
‘ polynomlal, namely the denominator Dy (s) of the voltage
transfer functlon of Circuit I.is glven by. o f
\"" .. L 2 ' | 3 ‘
Dy(s) = (GstGe)s” + {(Gy+Gy)GeG10/(G7C2)1}s Coe ,
v ‘ J . ‘ ,i.i'“ . ,,l\‘ (3.2) ‘
+ (G1+62) G9G10/C1C2 7y \ e -
e, ’ i . : . X ' R '1' >
/ For finite differential gains Ai,A; and A; the
. . . & .
e coeffi?ien;s bi -of DI(s) can be shown to be S , \;yj//
. . . \" ‘ . ' ’ . to
et Cy R . ' . // ] ‘ R . - ) -, -
- * by =, 'K1K6(K7-G9)/Clcz ” 2 (»
. ‘ ,b1 = Kx(Kz+K3/A3)/(CIA1)+K5{Ga+K7/A1+(KuGa)/Ks}/Cz 1 (3.3 ' |
' bs = (1+1/A1)(x2+x3/m,) L _ ;
O N T :
".°  where ' E )
’ . ’? . ~ ° ?
i N - :‘? R - -
= . Kiv= "Gy + Gz, K2 = G5+ Gg, Ks!= G5 + Ge + Gn " )

Ky = B3 + Gu* Gz, xs = Ku/Az - Gy ’

“ - . * 9" ¢ q- .
"Ke. = Kis/As - Gio, K7 = (Go + Gs + K4Gs/Ks) /Ay

o . . -

g v

" For 1nf1nite ampllfler galns, b}'s‘as given by

. . P .
. (3 3), reduce to those in (3.2)., . .
T x: . - (\\ | . ) ’ ’ : - ‘ 3 )
' .. °In practice, the amp;ifler gains can assume values ‘
in the-range '~ = " . .




o, - a . ° 2 b

. . g
0 < (]a;] or |Az| or |As]) f‘-‘lAriiaxl

N -

where lAmaxl < =, gince these rise from zero just‘ﬁfter

. - N
activation (sw1tch1ng on the direct supply voltage) It

<,

will now be shown that attainable seta_gf ampllfler gains

’

exist which will make circuit I unhstable. o
N . . /

The differential. open loop gain of a frequency ’

c;ompensated OA is given by (1.2). ) Ins‘tability in the high

) frequency region of operation can always be controlled by

-~ ’preper compensation of the OA's [34].° Thus, the 1dw

frequency region, namelyj. [s| << w, of the s plane is
. " - M .

R - pf interest. Consequeéntly, the‘gains Ai(i =1,2,3) can .

o

'be assumed°to:be'real in' (3.3). Using this equation, the

natural freguencies of Circuit I can be calculated for a

hd . L}

series ‘of amplifier gains in the range l

) ~
5, - 3
2 v L H . <) -
b .

{ZQ < (élior‘Azior %3) S ALax

¢ A

where Ay = oAz = BA; (a,B are arbltrary p051t1ve constants ’ °

. \~5129e the A;'s are uncorrelated while rlSlng)” . -

,('. o N
Eqn. (3 3) shows that some of the b 's can become7
;-‘ negatlve due to the presence of the. dlfference terms. Thus,

'D; (s) may have'tbots in the right half of tﬁf/s-plan hen

the amplifier gains are rising.- As an

o

suppose we
are ;eétired to realize 'the followi and-pa553£gqct;on ,

< .

d(s) = B/(s2+ s 4 1) (3.5

. - - .
1 R 5 i - - ]




S L. .
The element values#maﬁ/he/ohosen as follgﬁs
, P , e,

Gi = Gy = Gm=0,G2, = G3 = Gg = G7 = Gg =" Gg = N
v =Gy = l_mho : R .
o - ¢ ‘ E]
C, = C, = 1 Farad - , B o

. )
u - w 5
. .
M ¢

. Assuming now that the OA gains are related while

Y

rlslng from zero just after sw1tch1ng on the power supp;y as’

" A1 = 27, = 2A3, the root locus of D (s) may be obtained

- . -

and is shown in Flg. 3 2. The root locus shows that CerUIt -~

Ifcan attaz;’gﬁzero frequency (d.c.) unstable mode.

We can associate eight possiblé'combinations’of .

amplifier polanities*withhbircuit %//{if°can‘be shown, by
‘examining‘vDI(s) for each of -these cases;, that Circuit-I

o . is potentially unstables "

. [
. o . . .
. r . . K . ~ N N
. v *

o An unstable mode may be attained in practice "‘ L ¢
’ ¢ g w
.- whlle the ampllfler galns are rlslnq from zero Just after
. ..u3 actlvatlon. The amplltude of osc1llatlon durlng the un— T
— . e 3 - e

:ﬁ\\\\stghie mode can rise to a sufflclent level to saturate the . B
. L)

. ¢

'/////;Tgapllflers. Then the effectlve ampllﬁler galns w1ll cease et
. o ’ ‘ S
- ,to rise’ owlng to the nonllnearlty of the dynamlc character- o,

istics of the ampllflers, and cq&gequently the circuit:
- -2 .t oo e

may lock in an unstable mode. gach behav;our hag been S

« ‘ observeq in practice for Clrcult . e ‘ﬁ:”" N @l i
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3.3 - NEW_STRUCTURES
i . ].

The singular elements;.thg'nuliatqé and -the

V,i arbitrary

.
.

'.FIG..3.3 SINGULAR ELEMENF
o o P Vi

§9ratdr,4wére desé;ibédibY'Cafliﬁ ‘and qula-'f40].' The, *

Fhown in,Fig. 3+3a, is a one-port which will ﬂeith

T

i

4.




o
AL

sustain

‘(l e. V

a voltage across nor-pass a current .through it

€

a’

a - :
I =-0), while the norator,:shown in Fig.73 3b,

5
and pass an arbrtrary current through it.

ConSlSting 6f a nullator as port one,

Martinelli

egqpivalent to a nullor.

lnfinite gain voltage—controlled voltage source (such as ‘an

1deal OA) is also equivalent to a nullor, Fig.

(42]

. port two, has bedn defined‘as a ndlfor

A,tw0vport‘

[41].

‘s

and a norator as

has shown that an 1deai tran51stor 1s

Butler

.[43] and Davies .

3 3c.

proof of this equivalence has been given by Antoniou

s

can be replaced by nullors and a nullor’

results..

3

The nullator—norator equivalent network cog}ains three

-

roe

|

o
»

[44]

have also demonstrated without a‘ general ‘proof, that an
A

Wt

A

a one-port which w11l supp9rt an arbitrary voltage across

is

E31]

? ’ : RN {.‘ “
Assuming the OA's'in Circuit I to be ideal ‘they

ﬁThe nullor representation of an OA is- shown in Fig. 3.3d.

\

equlvalent network

°

The nullors are then Separated 1nto nullators and

nullators and three norators.

Thls yields 3'

nillor

‘norators to yield a nullator-norator equivalent network.

~

.

equivalent networks, 51nce nullators and norators‘can be

paired 1nto nullors in an arbltrary manner.

o

1I, II1,IV,V. and VI may be derived from.Cifouit f.

Figures 3.4 and 3.5 show Circuits II and‘V, respecti

\

Topologies for’ III .and IV are the same as that of II,

LA - 3

.while the topology of VI is the- same as that of Y

vel

.

Thus, by using

_the,theory ofChullator—norator pairing, fiVe'new‘oifEuits

-

;;

~

4
s
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i while the nature of the reﬁalnlng eiements Z, to Z¢ for

. As beforse, élght possible comblnatlons of ampllfler polarltles L

‘ . o " 50
A - ‘ / ~

'

elements Ry to R} are the same 1n a11 the five circuits "

CerUltS III Iv andVI dre glven in Table 3.1.

1 o

The Circuits II, III and Iv have the same tOpology

£

\
Thus, for the indicated polarities .of the ampllflers, the
\

characterlstlc pol§%om1a£i\ II,III,IV for these c1rcu1ts /)

w1th approprlate "2, 's for Circuits II, ITI and IV are,

glven by:

b

'

Pr1,111,1v.7 _ _ A
‘ v + [¥pQy - ¥Y3Y30,03/Y¥s =~ ¥10:103/Ys5/A5

1YsQle)/(A1Y5) + (YaYsQle)/(AzYS)

(YIQIQZQs)/(AlABYS) B L " Ly

o {YG(Y1+Y3)Qle}/(A1A2Ys) - (st}QzQa)/(AzAaYs)

-

v
. ~
.
.
Te— )
.
}

,(QanQk)/(AiAzAax . ' \”(3.6“ '
’ = R l ‘
where : . B - ’
My =Gy + G2y M2 = G3 +:'Guy M3 '=Gs + Ge.r, ;
Qr = My-+ Y2, 01 =1 #Mp/¥u, Q= Ms + Y5, " T .
Qy = Ma(1+Y1/Ys+Y3/Ys) + Y6(1+Y1/Ys) \\\ B :
x A . ) S - L \

\. *
o

4
L]

can: be assoc1ated with each of Circuits II III and Iv.. By -

I .
s - 7 ‘.
examlnlng the characterlstﬁ% polynomlals D T, IV’ it can
be shown that these c1rcu1ts can attaln 1wa£§éZuency unstable
A . . .
mo@es for all thesé cases. L e,
i ° S
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-‘ The Circuits V and VI have the same topology. Thus,

for the indicated polarities.of the amplifiers, the character—

istic polynomials DV VI( ) for both c1rcu1ts (w1th approprlate

. AT N
Zl's for' Circuits v and VI) are’ glven by ’
’Dv',v:[(s)'= Y1 Ye{(1+1/A,) MyMs/(BA2A3) + (MyMs)/As + M;} )
+ ‘.'YzYaYr,Zqu‘+ {MyMs5/ (A22;) }fﬂhl"{a (1+1/A1) % YsYe/A1}
+LY5M%MsMé7(A1§;) + Ys5YeMs/A, + Y3YeMyMs/A2 .
T YsM3MyMs/(A1A2A3) s+ M3M7 (Ys+Y3My /As)
. . v L ‘ .
+ M3MyMsMe/(A1A3) : oo (3.8)
y - &
where . ’
2. ’ v
oM =G * 62, M; = Gs +Gu, M = Gs +.Gs,
’ . .o . ‘g
My = 1+ z..Mz, Ms = M; + Y,, Ms = Ys + Yi/A2, o o,
M2 ‘=._M5/'A1‘ +=‘Y2 . Lo ‘ N ‘. "¢ (3.9).
’ ’ k2 - S . tl e
. . A 3 _ . }, '
All the terms in (3 8) are posltlve.f Tpls guarantees that
the coefflclents of DV VI(s) remaln p051tlve durlng activa- !
) tlon for-all the attalnable values ‘of the ampllfler galns.
Hence, the necessary and su§ﬁ101ent condltlons for the-
stablllty of Clrcults vV and VI- axe satlsfled o -
a4 . .. L - . " Y —ﬂr :
) The c1rcu1ts of Fig. 3.5, is studied 1n more
detail 1n the. remalnlng part of ‘this Chapter.', . £ - .
. . " . . » »
2 . £ e
. ¢ )' R ‘ ][
”‘ » g‘ .: . kl(.
, ¢ A »
{ L S A
i, ’ \ { v ‘ . ‘, ., >
3 . Lo 4 .
- .:\{ . 2 . i
| e, L * |
& m N * - - »' o - .‘LA [



R . 3.4 SYNTHESIS USING BIQUAD A Lo

Con51der the 01rcu1t of‘Flg. 3.5 redrawn 1n

Flg. 3. 6,(where the output can now be taken to be elther‘

¥

Vi or V, or V3. The configuration will be‘called”Biquad A
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! - . . - -

and a synthe31s procedure is now descrlbed whlch uses this
conflguratlon. The transfer functlons between the 1nput

- < ‘ ’
and output terminals 1,2,3 and a are readily obtained as

. LT ,G3G7Gs ~
© s Vi/V, =T = ﬁf R91(1+R9G{{ - R9G2G3] +’S 6
- o + [(1+R9G4)Gs - RsG3Ge1/(C1C2R7R10) }/D(s) (3.10a)
‘ T e . G]Gs - G3G7Gs GsGs
) Vz/Yi=T isG1+s[ e +"Cng_- o
- : ‘ " i ‘G3Gs .Gl.Gs =
: -+ [ e T oL J G7Ge/4C1G9) + G5G7Gxo/(Clcz)}/D(S)
. e S (3. 10b) |
. ’ - ¢ ! , !
: Vs/V; = Ty = {s?Gy + s[ (14R7G2)Gs - R7G1Gu1G7Gs/.(C1Gs)
= . o * + [(1+R2G2)Gs T‘R7Q1Gs]G7Gio/(ClCz)}/D(S‘ J3-10C) .
s 2 . . . , o . . . ‘
L VRV =T ?ﬂ[S?GI + SG3G7Gs/ (C1Gs) + G5G7Gﬂo/(C1CzY]/ﬁ(9)_
A R & T8 X )
where : ) N\
. .
. ‘ - X . ’ \
, L D(s) = s? (Gx+Gz) + S(G3+Gu)G7Ga/(C1G9) + (G5+G5)G7G1o/(clcz)
A / S - B (3 lOe) .
7‘, T . From (3. lOa) (3 10c), it 1s ea51ly seen that second‘order o
) transfer functlons with any desirable zero locations can be
s reallzed By ch0081ng the conductances GL to Gs sultably. -‘i Mm“d'ﬁ




Most frequently,filters are designed by using

Butterworth, Chebychev, Bessel or.elliptic approximatione_ -

— b Pl

«

in which the transmission zeros are located at the origin, o

o . imaginary axis or at infinitg. Consequently, the transfer

1

function can be expressed as a product of second order

transfer ctions of the form given by (3. l), where
ap = hz,é‘o, ap ='ay = 0,ap =az = 0 or aa'= 0 for a low

s

pass (LP), hlgh pass (HP) , band pass (BP), or a notch (N)

> section resPectlvely. The coefflcrents al's and b s«of

(Y

jT(s) for these sectlons are all pos1t1ve., These sections'
can be realized. by chooelng the conductances Gl to Crln (3.10).

By'comparlng (3 1) ‘and (3. 10), Clrcults 1 to 4 in Table 3. 2, e t

* ' § s

. can be obtalned.

. 7

- " '.([
()All-pasé transfer functlons are often needed for

delay. equallzation and theSe can be reallzed by using “second )
orderhtransfer functlons of the type given by (3.1) where v

. az = bj al = -b1 an&‘ao = bg. ‘Second- order sectrons of this.

LY 3 N

class- can be obtarned from Circuit § of Table 3.2.

L -
RS B - - ¢ ‘ o7 v
. ‘ .

R : ”Figure 3.6. and Table 3.2 show that the response” Yo,

» ise always obtained from the .output of-an OA. Owih; to ‘the *“’_

[N
o ‘ -

1ow butput resistance of. the amplrfler; any number of sectmons

can be cascaded wr}hout isolation amplifiers.
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i
v
1
-
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N
H
R
v
e
Pt
»

P s L TsE . (ax/ae)xe/xy~' S (3.1s).

¢

3.4.1 Sensitivity Analysis o v ) ¥
. ) N - ) ‘ < P i
o P . ”t Y o ‘
The pole Q-factor, Q. and the\undamped frequency - S

&

6'6f oscillation, wﬁ,' are’ de‘fined by (;.12)..‘ ) I o

. 0
«

e

' For a notch sectlon, the notch frequency is

.- . e

defLK;d by . .. ¢ T ;
A\ - wo= (ag/and . (3.11)

\

rd . 'n ]
¢ J “ ’ ¢ ‘ )
and the multipliér corstant can- be takdn to be

‘ ’

Hy = az/by [ - 3.12)

: ‘ g
- - “" P “ ‘ )
S;ﬁllarly, for the LPSCLP and’ BP sections S r

-

/ - :
. HLP - ao/bo r HHP
~ . . , ‘. : . v . ‘{ . . ., . ‘, .
For an all-pass section; let : : T C,
v ¢ . B . - ’

. ' - ’
. »
. .
.

Y ’ . N . . . . o
. -~ - . m ..
- . R - : © ot v
. 4 4 . . . . Ny Y
H ‘.

o . s

© " por idéal am¢1 fiers, the‘use of (2 10), (3.11%.15) °

“and Téble 3.2 leads to .Y S A Ty
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 {3.16) °

0 14"1« 1
el

X represents any one of the quantitles def;ned by . .
N ’ ‘

-

4

(2. 10) and (3. 11 3 14) and e repnesen:iyi?y capac1tance,or‘~\ T

ThlS shoWs that the sen61t1v1t1es to pas51ve L.

conductance.;

element variatlons are 1ndependent of the selectlylty”

’For ampllflers w1th a flnlte open—loop galn A,‘

/
‘the 01rcu1t of Flg. 36 - glves

J = N.(s)/D(s) (3717

.1,2,3,a and

s [l +, {l/A3+l/(AzA3)+1/(A1A2A3)}MuMs/(C1C2M1)]
+ S[G7GeMz/(C1G9M1)+{C1M3+C1M3/A1+C2G1o/Al}MuM5/01C2M1AzA3=' E
+ MMMSMS/‘C1M1A1A3)+G10M5/(C1M1Al)+G&MhM7/ 1M1A2)]
3 M3M7(G10+G8Mu/Azi/(C1CzM1)

+ MaMuMsMs((93C2M1A1A§)+G1oMaMuMS/‘ClcszAlAzAa)(3-18);'

i

Mi-= Gy + G2y

_Glb;+ Ca/A}, My = Gq + Ms/A;

, For réal amg;ifiei gains sugh-that

-’ ' -

T
o

> &
. &

'

-
v




Az =5A,a: =
v 3 ‘

£ s2[14 (l/Ao+1/Aa+l/Ao)£1+1/X1+1/X2+l/(xlxz)}]

‘+ s(w,/Q) EL + (l/Ao){l+X1+X4X3+X1X2x3}

2

. + wp2[1 + (1/Ao){1+x2+1/x3+1/(x1x3)

I

4+ (l/Ao) (l+l/Xa) (1+X2+Xz/xx+l/X1) (l+l/Ao) I

" ,For.Ap.>> I,

>

-

Ay {3,18) gives:

‘(l/Ao) (1+X1+X2+XIX2) (1+X2+C1Xu/cz) (l+l/Ao)~}

) A
o= GS’”IZI X2

E(G9G1qM3)7 (C1CoMy) ]

= My/G7, X3 =

fl

i Lo . N r P ) - ,%

[69/(GeM2) J[.(G1\£1§41M3)/(G7C2)3

(3.L§)}baﬁ be simplified further as
N ) . PR . A .

[l 'F {(l-tl/X1+l/X2+l/(X1X2)}/Zgo]

“+ s(w /o )[1 4 (1+x1+x1x3+x1XzXa)/Ao]

2[1 + {1+Xz+L¢x3+1/(x1xa)I/AoJ

+'0

From (3 20) and (3 21), the actually reallzed

“

cere



S : N | | é ‘ . ‘:;u
e T Tl {1+X{*1/X3+1/(X1X3)}/Ao] SRR

N S \ % .
G [+ {l+l/X1+l/X2+l/(XLX2)}/Ao] / e
" ~. A »' f‘ ~Z ";? ! ' 1 . - '(\, ~— .
w [1rﬁ‘(1+X1+X1xh+Xxsz3)/A°] =t (3.22) S
{ a ‘ /,‘i' N ». ) a3 . " A . * _.. ¢ . )

<
& s &

. i
teow =, w [l + {l+Xz+l/X3+1/(X1X3)}./Ao] //

2)} /Ao] (3.23) -
. ’ f\
( '/ ., . v

. J/ .
and w/ w1th respect
e writted,aéj " T uf"f'.
5. ' ‘r ‘ 3 ; ' - &n“ u“ ' i ..o" s,
- “m - . "" __'W_.__*_\s\’):n-—-» | W ~:___‘ et e ]
sAfa‘= 0. 5/[1 + (l/An){1+X2+1/X3+1/ X}Xa)}] ‘ L T

+ 0. 5/01 +° (1/Ao){1+1/x1+1/x2+i/(x1xz)} IR

Ceo e 1/[1 # (1/AB){ﬁ;x,+x,x2+x;xzxa}]
. P . *\’\ g[XZ+1/X3+l/(X1X3)+l/3(1+1/Xza'1{(xlxz) "

il .

2, 42X1 X526, Ka Xs 1/ (2Rg), | . ) -13 24y

‘l‘
« - 1]
- i
- .
T e B . s
} R \ .
. . . . PR . ey , . LIS . - L
) s
' . g p N " 1 ¥ o . te g MRS
¢ . A T\ P .o . @ - ! ‘ : .
. w e - . < R - . ’ T !
. . . h L X ’ C . .
. ! ’
1 . ~ -
o - i “ 8 .
. . .
. s

's? 0 s/fl g (1/Ao){1+x2+1/x341/(x,x%)}a : E

 ; ‘ =0, 5/[1 t, Ci/Ao){1+1/x1+1/x2+1/<xux2)d]

»
. !

SIS m’rl/xsu/(xlxs) "{:sl/Xl“'l/Xz-I/(Xle) ]/(ZAo) ,

- ot . y Bar , R e }:,»

“ B SRR R

. ‘}L ‘.. - "l»'_ . ,- ;. . :, PR X ) o
- . . . . - . £

e

- . At thls st ge, two sets of des1gn values can be a551gned to e
! Vo o

”X;,Xz and xa in. (} 24) and (3. 25) The correspondlng values: of

Q. . . .
.]SApa and S pa ohtalned are . qf practleal 1nterest. The first
, . . : . * ‘ ] N
SR de51gn has zero Qp and ) a sen51tlv1t1es with resﬁect/to :
. . P >y ! Y c
‘the ampllflcatlon Ao ﬁowever, the spread ;n element values,. .
K « ° . L { » .' . N P N e -
. P ,%' ‘N . R ", Lt A ‘ ‘% . LE
, o r / - e+ e St e e s 2 e e i e bimantr .(.:-: —ron
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partlcularly of the capacrtors is rather large and is of . .

,/ the order of Q Furthert we shall see later that the

.

. auseful frequency range of operatlon of this de51gn is llmlted.

- ‘o
- . - .

The second ‘de'sign yields. a zero S p while,maintalnlng a

Q

low .SAEa._’Further, thqre. is’ ho spread in capacitor values,
.- . B K] . -

- - : s T
while .the” spread in- resfistor wvalues.is: at most ZQpé . Thus,
St _ resit . - at

"thi§ydesign is péiticnlafiy attract;ve‘fof:high Q  realiza-
v, L. ] "' ) ‘ . Lt ,

tiont . ¢ T R C Lo ..

. L - " S "
. ' " ; Lo ¢ . ﬂ« . . ’ " Qp ! ' ) .
. - . . ‘ - a ’ "
c=o . . 3.4;2 DbesigniI - Zero A and Sa p de51g¥ _ -
' - T . "o ¢ . <. PR - n -

. S . ) . X . .
v S » ot . 0

) ) PR ‘- A3 Y . + Q -w” Fr i' . . u
o 'From (3. 24) a’hd (3 25), s.P2 =g PR g'ye .
) Yoee e o . . Ao Ao . , oL

& » o b L] N v

PO : : R . . o ;~
L xz+1/x,+1/(x1x3) = 4/ x+1/x2+1/(x4x2)- x,(1+x3+x2x3) (3.26)

o S
- . ‘ { \,9 .o
» . e T A . 4 ¥ e . L

-

CE ?If BW - is the bandw1dth bf a bandpass f;lter and ,”-\ ]

" “

wqﬂ'p is: the ‘deviatiop in Wy, . due to devlatlon in Ao, then ‘

e

o ‘, - * A4 Od ’ M -
: N [ é . ‘<, ¢ , ‘ ! < ; RN v "' C .,
- it 15 e sxly shown that = - 0L, R S A
. " , K oA e . . > ' . b
. . ‘s veo, . i i
Py . - -t » - 5 ! T d ! o ..‘
3 - -3 [ - . ’

>
€
et

. . i a , 5 [ ° ‘
. =0, Pa. amg.” .
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’ Q. , i s . . . e o - s
- ' S . i3 - ) 1 ., A pl “ N . ‘e -
. - J r
. ’ ) z . ¢ ) . ,' .
) ) N X, = X3 = X3 =% - , - ) . ,(3".27)
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) ' - The design equaticns-are (3,30) and (3.33). ~ v

- The spread 1n¥capac1tor values lS unlty and that

o in re51stors is approx1mate1y ZQéu - , . -
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L 3.4.4 The Influence of the Ampllfler Polé
‘ oo - on qudad A Response, . .
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. “ N . . . . - _“'\ » * R
) A . o 4» v .
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.- . 1 I N The finite gandwidth of active devices tends to
’ N . impese’ llmltatlons on the frequency response of actlve o L
" 1 oo
T \ ,i.‘ networksﬂ Moreover, 1t may 1ntroduce 1nstabi‘1ty problems.
", .2.. - LN ’
4 #  The effect of the.ampllfler pole on the Stablllty, Q-factor and R
| . ., . ) . . \
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S . C Ay = 141/X1 41 /X2 1/ (X1X2) - ol "
\‘, dz = 1 X1+X1X3+X1X2X3 C s S .
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"and B = AW, is the gain-bandwidth product of the'amplifier.
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Pa Pa
arid - B ”' @ \ : . )
’ \ ' N v ] ‘ Ton ‘ ‘ ) ’ ) -Tc, , ~~ ,
, "ab/m;a .qéa‘aaw /0 —auw (1= 1/Q2 a e /),‘
S as(z-'-l/oa Vol /o _ T a2 .(3.37b)
. : “ .. " ‘ . : ,!y', v 0."_ ' “ M o, . . “ '.‘
. L. . o . . PR .
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simplify the above eqdations to
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! . - .

’ QP ’ ' - 82 n ’ w - 2 | . ‘
—— =1 5407 - 4‘%“9“.*3 ) A - (3.383)
p Qpa . ,
” . £
and L ' ’
. = ) . ‘
- L * /’
b ) 4 .
*,£_=1+4(—§).<—P——) - . 7. (3.38b)
. ‘ -~ L ! ; ‘ r
- '@pa,_ ) , . s .
, i
b‘ » ‘ e , U”‘ M ’;' s
?‘ 'Fig 3.7 - compares ‘the’ exact values of Q and | a
‘w - computed from (3 37) with those of Q— and‘w~ CC
T pa . ~pa -
computed from (3. 38) . The computatlons ‘were déne using
“a dlgital-compute; [Appendlx A. 2] ’ Typlcal dataJValues ‘
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,well as ,Qpa (exact) ve@sus o for
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. two Walues “of. 'QP, namely, 20 and 100.' For ppe(same values '1

-t

of b and ‘w exact versus f_ are plotted ln) f'
Q W a pa ( ) p. 'p d i . $

Flg 3 7b. It 1s seen from Flg. 3.7 gpat Q and wpa cdn
© be’ obtalned with a close degree oﬁsaccuracyy using (3.38). _ -

© ! ‘:] R , , & " .’ . .
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;are'indepehdent of the activelparameters if second aqd;highér .
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‘ P As mentioned before, to sfudy.tﬁe exact effect of

A . . ." ! R , . ‘ 1@’ .« R . ’ . .
Ag and’ B _on iQp and wpf'of Biqu#d A -Design II, Eqn'{(3.37X
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to. be simulated on a computerl under the .same

c

we can,simplify.

However,

. 4 © .
.assumptions as thOﬁg in the case of bPesign I,
® t.
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shows that Q
AW
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,spread de51gn, in c1rcu1ts l to 5 in Table 3.2,

3.5 'DESIGN PROCEDURE.

o
)

§ome other con51deratlon. qu uSLng the cohstralnts

.

e

*

t

<
o

¢
¢

4

‘ FE . . . ». N o
Table 3.2 shows that there are several degrees.of

u

o

. ?

a

rfreedom in the choice of'element values.

s

These can .be used

«to satlsfy the constralnts of De51gn I or Design: II

or’

of

+

L

De51gn KE; namely, those of low sensrt1v1ty and low ekement—

2

*

é

a p0551ble

Q\\ﬁeSLgn for Lp, HP BHB Ap and N sectlons can be oBtalned

J

wh1dh,1s gmven Ain Table 3.3.

?Q‘, w

’, 3 g COMPAEISON WITH
' ) TARMI AND GHAUST,

P, P

’

n'QZ

"

trrmmlng at most, three re51stors.

”
47

)

':also glven ln Table 3.3.

”

. - ¢

*

'andf'mz can be 1ndependently ad;usted by

KERWIN HUELSMAN AND*ﬁEWCOMB,

AND THOMAS REALIZATIONS
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The sallént featUres of Desmgn II are llsted ln

/Table 3 4

anng w1th those of some well known low sen51t1v1ty

.

A trlmmlng sequence lS

e

It 1s seen that the quantltles

[4

M

RC—actlve reallzatLons, namely, the reallzatlons propo&ed by“

el

. F

Kerw1n, Huelsman and Newcomb (KHN)

[18], and‘Thomas (TH)

derlved under the as%

R

.ldentlcal OA s..
ﬂ

[22]

The flrst six columné of the Tagle gLve the

[171, Tarﬂi and Ghausi’ (TG)

n

\

4

Iy

=]

.
°

\

Thé“drfferent propertles have been
L.
umptlon that ‘411 the reallzatlons.use.

\

(N

[N

‘

4,

low frequency sen81t1v1t1es, that 1s, 1n\the frequency'range ='#

_'for yhlch. mp

!
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'<< B. The effects of‘t e flnlte‘OA banq.idth-are
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studied by neglecting second and higher order terms such as
(QPD/AQ%2 or (wp/B)z. .This is a reasonable assumption -in the |
usual frequency_range of appliéations of active chfiitere.

. ~ ' v
. — - . . OO\ ,

/

. . \ A .
- The Table shows that the passive element sensitivities

N\

are about the'same for all the reaiizations, of the order of

\ unity However, amongst the four, the proposed de31gn has '
_the lowest dependenCe of Q on the finite d.¢. galn (BAo) and‘
the flnlte\bandwldth (B) of the OA's. It-is-also ohserved v
that 1n‘the proposed des1gn wp is least affecteg/b§/the .

é%inlte bandW1dth of the OA.

' .
P .t O '
» .
. o
AP

For the same total capac1tanqe 2C, where .
+ - "

¢ = l/mpR, -the - hlghest re51stor value requlred in the proposed

c

reallzatlon-ls RQ*, whlle that in- thé other rea112atlons is

. RQp Thls ‘makes the proposed techn:.qﬁe attractlve fo{\mple-

mentation of high” Qp realizations. The maximum resistance

N LT Do . o
values in tﬁe circuit may have to be limited either due to

technological'coneiderations such as those in integrated

301rcu1t (IC) fabrication (1] or to mlnlmlze 1nteract10n5'w1th
’ 2 4
the 1mperfectrons of the .QA's [34].. If the max1mum re51stahce

- .

is the samé for all the reallzatlons, the present technlque

. ?

_requires the Lawest total %Fpac1tance. This %s an attractive

v

feature for IC implementation since capacitors occupy by’

+ far, the largest substrate area. Finally, the proposed o

technique results in a low element spread, name}y,‘zqg; as

compared to'«Qp in other realizations. This again, is
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3 - Vol L. : . \ ‘ ‘
{, LT -'désirable in. 1t implementatipn since,~even in the'perm-
: ‘ o-* ) -
. issible range for element vaﬁues, a low spread will lead -
e . s to .low fabrxcatlon tolerances [1 5] __ C e
*P- ’ ) '
'{ : . . . ) . \ v . ) v ’ ]
P - . °§3,7 Experimental Results \’ - .
K . A . N :

LIRS

A,sixth-order'Chebychev lowspass filter and a

p p. m/ C, tolerance < 2%), and uA74

-t

frequency compensatlon) were/used. )

A's (fixed &nternal

[y

51xth order elllptlc band—pass fllter were .designe and
bullt using the proposed procedure. ‘
J, . 4
: "u/ ’ : & - ] .« =
. . .
qu low-pass fllter has a max1mum passband.
attenuatlon of 1. 0..dB, bandwxdth = ’3979 Hz. - The
band-pass filter has the following speciflcatlons~ - T
o R S ‘ ) \
' .Centre friequency:- = 1500 Hz .
. -, Passband "= 60 Hz Lo . \
.\ . [ . ) . .. ) . .\:'
‘ , ‘MaXimum passband att@nuation = 0.3 dB
.+ Minimum-stopband. attenuatlon‘ L - .
CL e .outside the frequency range U . .
T ‘. 1408 = 1595 Hz ) = .38 dB §
, Re51stors (temperature coefﬁ1c1ent = 250 p pP. m/°C, ; -¥
. ‘ .
tolerance <1% ), capacltors (temperatur coeffiq1ent ‘= -140*40 .
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3.7.1. - Low~Pass .Filter L .

*
v ‘ \

-

The reallzatlon 1s shown in Fig. 3. 9a. .The

reallzation uses three cascaded sections of’ tHe Type No. 1,

- in Table 3.2} The element de51gn values are glven in

t

.

Table 3. 3 The measured frequency response input level =”50.mv),
shown in Figs. 3.9b and 3.9c, agrees with~thé'theoretical res-

ponse. , The effect of the ¢.c. supply variations is 1llustrated,
ln ;ig. 3. Qd 'The deviatlin\{n the passband rlpple is about
0.03 dB for supply voltages in Eﬁe range + SV‘to * lSV. The
effect-of temperature variations is 1llustrated in Trg 3.9e,

whlch shows the frequency response at, =10°¢ (rlght hand curve),

20° C aﬁd 70 ¢ (1eft -hand curve) . The last peak has been v .

dlsplace% hprrzontally “by 47 Hg, whlgh corresponas to a;
change of 149 p.p. m/ C. . The frequency displacement is due to

pa551ve element varratlons and is within the,pr\dlcted value.

v

~ , \

327-2 Band-Pass Filter . .

N The realizatien is shown, in Fig. 3 «10a which uses

L3

cascaded sectlons of the ‘Types 3 and 4 1n Table 3.3, The

measured frequency response is 'shown in Flgs. 3 10b and 3. 10c,

? -’

,and it is in® agreement w1th the theoretlcal response.

Fig. '3.10d 'shows the frequency response for supply voltages

of * 7 5V(lower curve), .and + 15V (upper gurve), the

inpgt voltage is 0 3V.s The passband ripple remains less

x
ho *

than 0.34 dB and tﬁe deviation in the. stopband is negllgible.

_Figs.. 3:10e and 3.10f*fllustrate the effect of_températuré

. N
* - - -
' IS @

ol
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FIG.

«d>

1

™

3979 Hz

3.9(bi—3.9(e),FREQUENCY RESPONSE = )
. 3.9(b)  LOGARITHMIC GAIN AND LINEAR FREQUENCY DT e
- - SCALES . ‘ ).
"3.9(c)  LINEAR GAIN AND FREQUENCY-SCALES '~ -
3.9(d) . FREQUENCY RESPONSE FOR SUPPLY VOLT: L
. * 5V(LOWER CURVE) and % . 15w, INPUT :
LEVEL = 0.05v ° . v T
.3.9(e)  FREQUENCY RESPONSE AT TEMPERATURES . . o
* . = 10°C(RIGHT-HAND -CURVE) , 20°C’ aNp.. - .
70°C(LEFT—HAND CURVE) ) o . ,‘
- > :
' oY
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14085 1500 15974. Hz '1470 15001530 Hz -
tb . ds LU

o 1 REF.
REFZ

_10
‘°‘:—nl-/“i=1\_ Lo IR .
v - 30 4 e
-40

1500 1530 'Hz 14085 1500 1597-4 Hz

(- . (e .

FIG 3.10(b) LOGARITHMIC GAIN
AND LINEAR FREQUEN-

01, “ . CY 'SCALES .
REF. 3. lO(c) LINEAR GATIN AND
~01 lt\\\?/zl A\ ' «~ | FREQUENCY SCALES
-02 - |
N7ARY, 3.10(d) FREQUENCY RESPONSE
-0-3 N ' FOR SUPPLY VOLTAGES
. .Y 77" OF * 7.5v (LOWER = '/
. CURVE) AND % 15v,
. o INPUT LEVEL OF 0.3v,
. 1470 . 1500 1530 Hz . “ 3.10(e) FREQUENCY RESPONSE
__— éf) , 3.10(f) AT _TEMPERATURES OF

-10 C(RIGHT-IéAND CURVE) ’
v ~ 20°c aND 70%C(LEFT-"
/ ~ HAND' CURVE)

‘.\ .- ’E / ! [} 1;

FIG.310(b)~-3.10(f) FREQUENCY RESPONSE
F. ‘f-":y.» . . : L ) e
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"a change of 75 p.p.m/‘C. Co }

*ncan-be reallzed Each sectlon employs three OA‘s and the

’

‘Variations. The passband rip le"remains less than#0.5 dB

] ) ’

in the temperature range - 10 ’C to.70° c A center frequency- s

drsplacement of 9‘Hz has been measured whlch corresponds to,

&

3.8 CONCLUSIQNS , . .

&

The stability of the minimal capacitor realization

' presented in Chapter 2 has been examined" .it is found that

.

the realization can attaln low-frequency unstable modes of
operatlon durlhg actlvatlon. By using the’ theory of
51ngular e}ements;(nullator-norator palrlng), two alternate

{ “ .
circuits that are free from low frequency unstable-modes

. during activation and which retain all the'attractive features'

i S 7 ARY °

of the -original reallzatlon are derlved A new conf guratlon

A}

has been proposed for the synthe51s of RC-active. fllters by

1)

u51ng one of these stable c1rcu1ts. Thrs has been iused to

<

de51gn a. number of secondﬁ/rder sections such as low-pass,
hlgh-pass, band-pass, notch and all-pass sectlons. By \using

these sectlons, most of the practlcal filter spe01f1cat10ns

e

output can always be located at one oOf the oA output termlnals.

o

'Consequently, these sectlons,can be cascaded without isolat-

O

[w) 4

. .. N N AP Co
.,ing amplifiers. The sénsitivities of Qp, w_, QZJ Wy and

P
also the multiplier constant of the realizations have been -

N
‘e

found to'be low w1th respect to the passxve and actlve

-

el ment"varlatldns. An attractive design procedure, capable




-

P ;that in resistors is at most 203‘ .'The Qpr-senmtlv.lty is

\wery low, while the wé—sen51trv1ty, is .zero to the variations

‘B = Aow >> mp. The proposed realization has been cornpared N

'realizatiol, while’ sacrificing the performance for High Qp

of reallzing very hlgh Q 's, has.been given. m thlS

L] . ‘h o0
procedure, "the spread in capac:.tor values is um.ty, whlle

.

* ~ - . . N ! / '

»

in d.c. gain. The filters can be tuned easfi.ly by adjust.ing,

,only three resistor\s. The influence of 'tﬁe‘ ampli-fi.er pole

[N

‘has been examined and found to ‘be negllglble prOV1ded

/ e "

Wlth the ones due to KerW1n, Heulsman and Newcomb Tarm:.

and Ghaus:L, and Thomas. Se'veral of the properties of't'he

new reallzatlon are found to ‘be attractlve, as compared to - E //
-

“these realizations. Experlmental results show close

[ ~ :

agreement between theory and practice. Further', thase.

temperature and power supply vari tions. L A : :

-

n'Ijhere'are many applications foy which neither -

‘Qp's 'reqxfired are.’very high, nor the specifications are very

<

stnihgent. In such cases, t,he high performance obtained

from BJ.quad A may not be necessary and one may be willing to 3

~
.

accept a reducded performance from a network prov:.ded it

il

/
of fers other advantages. ' The purpose of- the next Chapter \

is tof describe another‘biqua.dratic' realization. This"® ” .

and o, slightly, uses a lower number of OA's and results in °~ * !

.
4 .

y

a simpler network.
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" . . ‘ ‘] . " ~J‘ CHAPTgR IV ','. - . -. R ~ ~ -

S RPN SECOND CASCADE REALIZA%I@N . | Coe
i R . "o . ) a : ‘\ '., | . ! ' "' ‘l ’ ) ~, K .o
. 4.1 INTRODUCTION . o S T
1 T J ? . I, s . ) R v ] . N = .
| ‘ . ~ It has been showh in ‘Chapter 2, that the direct, -

A ' s “ -
e réalization procedure described .by Antoniou [26] can be
. - v . w
’ . / N
" . derxived from Structure B. This. direct 'synthesis procedure
- ,c;in‘lbe, used ‘as a césc'a'de“',metpqd by realizing second order :

) i sectlonSa [45]. However, in, such a case, isolating . .
. @ . L
~ amﬁ:llflers are 1nVar1ably required (atween individual ,
[
g

K ' secitloﬁs. ‘In addltn.on, an. 1nVert1n ampllfn.er xhay also be o !

required in gene:;axl_.. v \ -

o , . ‘ . o A N 2 ‘” -“l ) P
' " In® this Chapter, a ne'&r cascade synthesis procedure
. : R . f )

is propbse‘d Thi—s\prbcedure is also,. derivéd from Structure .B
2
and uses CGICB as \thejactlve element. 'I‘he pr0posed reallza-

‘t::_on is shown to result 1n reallzatlons COmparable for many

. ’

A . . .,ap‘p'llcatxcms to those dig¢ t6 Kerwin, ‘Huelsman and Newcomb (KHN) ~ .
(171, Tafrmi and Ghausi (TG) [18]., and Thomas (TH) [22] while

o . . requiring. only two OA's/éer' second order section and regulting e
: ry Y . ' N . . 4 -

| oo . . 2 . . . . o \ . ¢ . .

| . . in simpler networks. ‘ ' . ‘ S

- hd -

.+ 4.2 BIQUAD'B — A NEW RC-ACTIVE °
- NETWORK CONFIGURATION

€

=

< .~

.

. [ Sl
»
>

\ ) T u Conisider the network of Fig. 4.1, which is a
| 4. T ‘ . '

B4 N special case of Structire B without the inverting amplifier. '

. .
R N . ¢ . N 11

. - oo .o - .. Fd M " ,
s A ~ "« .Consider also the network of Fig. 4.2, which is simply the . o
“t
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o CGICB descrlbed in Section 1.2, with two new ports created - S

*fa >

l

. . .across 3-G and 4-G. This is symbollcally shown in Flg. 4,3. N h

[

s R ® - v o , N

. . ./ . ;
A new configuration is now obtained, as shown in

@

at * . - ] \
Fig. 4.4, by compining the networks of Fig. 4.1 and Fig. 4.3%
KA synthe31s procedure is descrlbed which uses the. conflguta-
tion of Fig. 4.4. -The transfer functlons between thealnput .
and output termlnals 2,3 and 4, assuming 1deal OA's, aré
readlly obtalneﬁ‘as ' i = : o
Va _ RS ’ ) . ‘ ‘: ’
T =‘T1 = [¥s+h(s) {Y, (l+Ys/Y2)‘Y5Ye{Y2}]/D(S) ~ (4.1a) . -
P D " : ¢
N Esd - . ‘. . . . [ »
Ju - T, =" {¥s(14+Ye/¥y) -YeY7/¥y+h(s)Y,3/D(s) (4.1b) n,
i Lo P . . '
,l' N X . . ‘o 3 o s R ,
%A, Ty —.{Y§+h(e')Y7}/_D>(s’), - T 1 (4.10) ,
’ 1. @ ‘ ‘ » *q
where ) e : s - c
CUh(s) = Yo¥y/¥ivs [0 o
L. D(8) # (¥sYe)+h(s) (Yr¥e) | . (4014) ‘ 7
. ; 1; j .

The conversion ‘function h(s) and Y5 to ¥g can be

:selected in many dlfferent ways and, 1t is clear that any - ' \;;

N "

*
stable second-order transfer function with any desired zero‘

and pole locaylons can‘bé realiged.

¢ ~ap® See
PR i Y th,
. ‘:“ LR . ]
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. . ‘ ST Y =sCy + 6, + (4.2) .
ﬁhe;e i =1 to 4,we have from (4.1) ' -
h(s) = (SC2+G2)(Sca+Gs)/(Scl+51)(SQu+Gh)n , (4.3) 4
A} r ) ’;\-\,,n - ! [ !

. Clearly, by omitting one or mere conductances
. o n ‘ - _j%
and/or capacitances, a number of specific conversion® functions

can be‘generated. T s

’ " 4

~ ¢ . . .
3

L ‘The,most fgzguently used segond—oxdgk transfer oo

. D. . - "‘r. v .

functions have already been described in Seéction 3.4.

N ! ' -
Realizations of these functions using_Biqua§ B are given in

o

-Table 4.1. LP, HP; BP and N sections are realized by -

v !

choosing h(s) in a simple manner such as Kjs, K%SZ,K354 Kys? T

« or their reciprocals. . By comparing (4.1) with (3.1), circuits
. : A

1to 10 in Table 4.1 camBe obtained. Circuits 3,4 and 7 ¢an

S

be regarded as reallzatlbns of simple RLC networks [31,46].

Second-order AP ' sections can beyﬁgtained from circuits 11

4

" apd 12 of Table 4.1.. ' - .

.
. ~

S

. . ~-
Figures 4.2 and 4.3 and Table 4.1 show that, with’

A

§

the exception of circuit 10, the response’is obtainea from

- s 2 -

the outpht of anloOA. Owing¢to the low output re31stance of . '

‘the amplifier, any number. of Sections can be cascaded w1thout

!

isolatlon ampllfiers. . C h ) . oA

A
LY
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. ' N N B ¢ el X . T T,
. . . . . s :
N P4 . . - - . 3

. . - L

. . b . L. T ) » . o "
. - ' i + 7 It has been shown in Sectién 3.2 and els%— B A

{ ‘
‘where [37] that some networks u51ng CGIA'S can be condltlon-

e . . -~ - - \ e

] . ally stable whére a c1rcu1t can lock in an unstable mode

'

e ' . 2 . ’

. durlng actlvatlon (just after sw1tch1ng on the power supply) . ( ’

cd In thls‘sectlon, the stablllty propertles of the conflgura— .

ﬁ tion shown in Fig. 4.4 are examined. e i - .
T _ ) AR | : )
- . R <For-amplifiers with a finite open loop gain‘a,

i »

3 . . R * ‘ - .ﬁ ’ . R R . N : ,
: the circuit of Fig. 4.4 gives . L ) .

- \ - |

. .
. L3 / » . . .
.. * .

: T v S N (s)/DUs) s - .
. : fos 1 ' . \‘
1_ 5 B . 1 .- ) . ‘ .,
j _ wherefK*=g2;3,4“andﬂf . . .. | ; .

. e Y B T

. ‘D(S) M1Y1+M2Ya+(l+M1)(l+Mz) [YI/A1+Y3/KZ L. TETET L T

o " . ¢ . . !

\
) o . ' - - ] L o
\

' .+ Yy /AgAtY s /AA, ) , e V0 4.4)
‘ A ¥ | A

. . . i
.

(Ys+¥e) /Y2 . . K " S i

=
1

B
N
L

(Y7+Ya{/Yy’

(4.4). __As-prev1ously explalned in Section 3. 2 the: frequency
. ,range* w << Wy .is of.interest and the amplifier galns Az
e and Az = can be assumeé to be real. For any second-order

ot _ transfer function -the coefflclents of D(s) are seen to remaxn'f

SR



pos1tlve f0r any attalnable palr of A1 and AQ. Thls 1s due lj

- to the absence of negatlve.terms 1n‘D(s),” Therefore the °

-, -

R + Zeros of D(s) w1ll remain 1n the left—Half s-plane and low

) e B v
frequency unstable modes cannot arise durlng actlvatL n.

! . ¢ =

.

"4.4 SENSITEVITY ANALéSIS‘ S e T SO

' , o -

- o The pole Q factor Q ’ the undamped frequenqy

!of osc1llat10n wp, the notch frequency W the multlpller ,

-~ P . ' « HEY .

. b . . B
conetants"ﬁN,HLp,HHP,HB?, as well as Qz,wzo and HAP’ have
e ) ; . ' , ‘ .
been previougly defined by (2.10 ), -(3.11-3.14). The sensi- .

-,

! . s : .
tivity of a quantity x with respect to variations in an
- element e ,is given by‘(iflsi.\ For ideal amplifiers, the

‘use of (2.10), (3,11-3.15) and Table 4.1 leads to

’ - —_—

A o o . 0 < IS | <1 < (4.8): °

1

where x represents any one of the quantitieg defined by

(2.10) and (3.11-3.14) and e represents any capacitance or

)

e

conductance. ¢
Consider realizations in which h(s) = Ki$, such

as the cifcuits,B(HP),“7(BP), 9,10(N) where

v .. s 2

, = G3;¥3 = SC3,¥y = Gu, .
SC7+Gy,Ys = SCa+Gs . -

-

-
[
(]

-
(0

»
f

= Gg Y

L
(2]
n
-
a]
o
f

W
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1- / . For real amplifier gains such %at . . :
e ) ‘ Lo o ' .
L . . B . - “ . 1 . B N .
i Ay = A, ='Ap and Ap.>3 1, (4.1) gives ’ i )
D(s).= MiY1+Ma¥s+ (1+M;) (14M3) (Y 14Y3) /Ao (4:7)
’ ' — ‘ & o * . ~ ~e ®
° P
T n From (2. 10 ), (4.6) and (4 7) + the Q- fac::or ‘and
. . AN Y 7 / ,-
the “undamped frequency of 6scillatioh can be obtalned as " -~
Y
J ’ , , ) - - . L ‘
' - - 31, Xs5Gy 3 +C3Xu+G1XS :
Qpa Q {l } {1 ——————(C7+C8)Ao}_/{l “Ca¥ah }~ : .
’ S : L ' (4.8)
' ‘ - + Xu +-1X5Gy 3 . .
. - Lo . ! )
) ‘where S ' , . )
E_' Qy—={(Gs+Ge) (Cr+C6)G1G/(G7+Ge) *G2Cs )
‘t ° ¢ .. « R ‘ ’ S o . ’ - 'ﬂ
| , .ty = {(Gs+Ge) (G1Gu/ (C7+G5) G2Cs }E ‘ : v
X1 =  (Gs¥Ge)/Gz,X2 = (G7+Gs) /Gy L (3.9)
i . 3 - - . . ) . : ) M ‘
X3 ‘= (Cy+Cs) /Gu,Xy = (1+x;) (1+x3), i . )
© x5 = (1+x1) x3 | «
\ \ : The sen31t1v1.t1es of Q ' and ,wp a ,with respé,sct’ oo
to the .ampllflcata.or} Ay ‘can be written -as - ] N

X% Y
s'*?u‘w A t’ztf:&i
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N
/
I
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|
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da SQpa . 1| ¥s5 _ 2%y _ 2G) X ' T

|
!
|

n
>
=]
[V
N
B
LI - 1
™~
X
w (o
o b
e
N
'-J
o

Y

\ | | 3 N : L
. , 1 ,
h - ' The use of (4.9) and (4.10) leads to .

- . ) l | . B

. T >, -
. ) 3 °

. - PN ) to.
, 9. . - : i, '

'. . pa . __1_ 1 . WL T S o
) SAO. 7w [ (l+:—;:{—1-) (].-'*'Xzi) + (1+X§1») {l. 2(1+ Xz‘)"

- N * P . » . Y
i TN >
» NSt s

‘ : u%mq_zl 2,*%}%‘ ' i o . - | - ' ‘ . |
' BERN T - _—E—xr 3 L

o

B S o g o
N R nthy «‘ . - - -t e :
L ‘By assuming that = ' - ° E o
. o ‘ (1+—l_j - X3 << .2%5 (14+x,) +.szxz(l+l/xl) (4.12), .
' “ ‘. "‘ ) - . , Y ) \“ .K 3 * .
o - ‘Equation (4.11) reduces to . | .
Ce . ' . _ o ,
I3 < 1
|

. |
: - Spa EP-“[é %2 (141/x1) + (l4x1)/(Q %) “l4.13).
L’ - "SAs = Ay p 23 ) ! ‘ 1 . P 2! . \ K .

\
.

. E : , p
. . . J ) ‘ .
. \ “ Straightforward d;fferentiaéion'shows that.w ;° - ’

.o N . -
3 e '

5 . L LI
., - - ©

. 5\ N ’ 9..
, : Wa . N SN oo
. . Sy is minimum when - | o ‘

t . : | R

* ‘ : ¢ @ '9 * : * ‘: ‘ A‘ ‘. - . .
. : o . | o /o
S e cxo=lxe = 1/Q) L (4.24) T
n M o ! - wo LN . . N .

. . . Z * ’

- . . N ' . ’ ’ ‘, N o r" ‘ 4‘, te .r A ' n ' ‘
PR From (4.12) and (4.14) , the analysis is- valid provided that. - -
: .‘ t L ‘ Y . S ' ) . L ’ ', ‘ . e

+




S ’ ;
v . - ,
< \ . , . o K ;
- . ' ) ’ : ) . " 5
: L : . . _ |
o, e 49 +4)Q >>1 ° N
RO R : % P W - '
. ) ‘ Y. ' ’ .
which is clearly satisfieq in practise. « ) i )
1 N ¢ « o ' .
° o A 4 N t - .
. ' , From (4.13) and (4.14),.thevminimum sensitivity
. to.variations in A, is derived as / ! : . .
\ R > . .: /'/. . . L e .
. -
* ' Q // i . 9 .
" a ‘e s L .
: T Ban FaR /A (4.15) . -

. ,/ ,«"' wa\(\ ' o
/ . The corresponding value of SAI:' is,given by

‘ . w . R . .
J ' ¥ ) " ‘ \y . .
. , & . ERE .

Y * "i w Ay © + . - i
- ' ! ? p,av; F- . A * ; ‘ -
e /‘ . i . SAo . l/AOQp . (4.16) . .
b4 /.-' > " . ~: .o e ’ - : 0 ' -

’ e LP realizations as ‘circuits 1 and 2 gan be ~ - - ..
) @,_‘1/ |

obtained by using ‘a conversion funct‘ion of the form Kss2+ Kys

1

— —or—its reciprecals.- The admittances ¥, to. Y, are chosen as -

. ’ . , .. . . . . . - ( .
. ‘. ‘ I3 P . R ," L . - ) N " - "
o " Y1 = G1,¥2 = 8Cy,Y3 2 8Cst63,Yy = Gu, R
‘ " * ' l - ’ .I N .A &
‘2 ' , - Y5 = Gs,Ys = 0, Y, =0, ¥g = Gg °* (4.17) o -
) ’ ‘ ‘ 2 ' s . a .
¥ ' : . wa V' .
. to obtaz?n a conversion function of ‘the form - . -» o
- . - ’ : I . ALY . @
2 .'l r :'-
' o KsS + KI,S - B « N
- . " . “ La - - .
r ., i ) . ' '3
, . ) . ’u . w L at d . . ., . -, ) N .'; ‘-("; 123
, 3 Now Qpa _ar{d ba are obtaine gs TN RO

o ' .,
¢ . . v , B . ‘ ~ . -
. N . . OO . )
. . . . .
N . ’ . . .
o B fe,
<
. -

N
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{!‘v ‘ : N v e . '. *
L 0, {1# (1464 /Ga) (1+G3/G1) /Ao 13 {1+ (1464 /G3) /R0 }E .
/ = - — . .
P2 14(1G0/Gs) (L+GE/Gs) /As+ (1464 /Gp) C3Gs /(C2GaAg) '
.. Ay L ' © (4.18)
. - .- - , ',Lr*”xm N i i ’ . : .
0, F i 11+ (1460/G0) (1763 /51) /Ao } /{1+(1+Gy/Ge) /Ao } NI
- LR . a L . : BN )
" ) . L K _
where Cod | T -
q . o . \ O
' , QP = {C3G1G4G5/(C2G3Ge) } v ,
‘ ' (4.19) 4
- Couy, = {61G4Gs/(C2C3Ge)} ~ - - ‘
« .~ ‘The sensitivity of Q,, with 'r&%ct to variations
in Ay can be mlnimlzed follow1ng the approach used earlier.
. N ) ‘
4 ‘It is found tha for mlnlmum sens:.t1v1ty
- / - Gy = Gs, Gy = QPG-S 0 (4.20)
o L ‘ ;o Qa
o . The minimum value of SAP can be shown to be
. / . " . - /._- . h] v . , . N
. S E E . - o, v I
. ) N W . " . v Qpa . o 4 . - . ° 4 21 . .
. ‘ - o Nn . . L ' ‘ SAo - 4Qp/A° , - . '( . ) .
N - 'n]~ ‘: .' , - . ) . - .~" . . A
and the corresponding valuée of Sy pa is given by ) S |
: W

"\': ‘ ‘ ’ X . pa é - . ‘ . \ ° R j "’ ..2 - ~l
T N e U | L (w22




3 © . .

The above sen51t1v1ty analy91s can be extended tQ

‘reallzatlons uSLng any other - type of conver31on.§unCtlon..

‘ ‘ Eq. (4 5) shows that the sen51t5v1t1es to passive
element variatlons are 1ndependent of the select1v1ty.

. ’ PN S
Furthermore, the.sensitivitjes with respect to variations

- in the amplifier gains are {low. o )
. . b . . § - -
! ” . . B .
. ! . 4.5 THE INFLUENCE OF THE AMPLIFIER
o POLE .. ; o . S
s R : ’ . ) N . : ‘ . - ¢ ".
) - The effect of the amplifier polé on the stability, o ;
' . e N
4 Ppole Q-factor and natural frequency of oscillation will how .
. . ' be examined. ' ' - ’ T

- r~ . g
- . . . 3 ~
- .

' ' -

Let A, = A2 = A.* By assuming that‘A, >> 1 and

-~~;w«~—««f~—using~41.ZLrwuLd4mqantberWritfep as - & N
- . - a o ."‘ : K ‘ o RS ' . T i
D = MIYQgM2Y3+(1+M1)(1+M2)(Y3+¥s)(1/Ao+s/B+sz/Bf)' (4.23)
‘;t ':.n ‘ . he ; I . ‘:]"a , -
.. - where | - ' . . : -
BN . N
. : i » oL, . . "
K . N < . o o LN / e, ‘2
is the gain-bandwidth product of the ampL}fler. | T e
\, % . L - : . . ' - .
’_-\ ! :. . . ‘- :' —‘n v |0 N ] ) ./ .“- - “ ‘
Consider a realization using a CGICB in which . '
. ‘ . L . , Q |
-l "h(s) = K;s and satisfying, the constraints for minimum SAfa. <
< « o, S

' From (4.6),(4.9) and (4.14)', (4.23) can be written as

. .- ™ D = KD' where K is a.constant and L
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~ * ’ * °
: T D' = ays*+assPtars?taista, . (4.24) 2
v ! . " T o e ’ v . '
y . S L
where ., * ) ‘
ay -= 2/(0?B2) - i | -
4 /( o .3 N '
o a = 2 1/w + B ‘U) B * N
3 ,(/pQI/Q,p )/(p) -
o £ - , P " :
. \ . 2 2 . 2 s
L= +2d/B“+2 w Q B)+2/(w A
a‘2 \ l/mp . / QI/( PQP) /( P 0) ] ' ' :
' a, ='1/(w_Q )+2d/B+2 {w_Q _Ay) u LN
. 1 | /( pr) 2d/B+2Q, / pr 0) s .

M ag = 1+2d/A,

) . N ..‘ N

LA . dn = 1+1/bp(: ¢ N = 1+2Qp i
P ~'F\ Slmllarly for ‘a reallzatlcn u51ng a CGICB in
- ' " . "
__which_h(s) = K3s? tKus and satlsfylng the. constralnts for
0

Q
minimum SApa (4 17) and (4 23) give D(s) =_Kz2D' (s) where /

. 1 Kz is. a constant da D (s)éls glven by (4 24) . ‘
£ . r . R .‘ "‘
Y - N L , 'By applylng the Routh-Hurthz stabllity crlterlon,
. . i )
. it is found that - _ .
. ' 8 F ] v » ., '.' . L.
- o 4 . . . -
. x ST : - .
" . " 'b = azag -~ ajay > 0
. CL ) d - _ (4.25)
. . . ~ r . - ' W \. . .
! aib* - agay > 0 T - ] i\
£ K > o - "" ot :"‘“ . S N r_, _‘_A \
. > ! ‘ ‘ ' ' /- . X 5 " ' ‘L l\) !
S and- hence D'(s) has roots in the 1eft—ha1f of the s—plané

_f Consequently, -the ampllfler poles cannot cause.lnstabzliéb
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- ; Equation (4.24) can be "expressed in a factored h :

©
.
N <
“ .

1 A i N . -
1 4 . 7
. - . . 5, . . f) ¢ v ~
e 3 - i . .
\ R i . )
5 ! - . . a
! : "~ Y 3 . / -

nt = 1 2 , N
| D (S+ )(S+ )(S /w a’.+ s/(uipa pa) + 1) M(4.26{ e
X _‘3 _ ,, . hy gqmﬁéiing'the coefficientslin (4.24) andl44.26)
yields { ) ‘ ‘
- v , - & ’
- L PPy _ .2 . - v e (4.27a)
° ) . A . Py z M 2 2 ¢ Q ’ ‘
| ] AP~ B'x : .

-~ . . .
\’ : B T o » * 1 -
- o ' s
- R . .
. R ) x JA”_ B PR
. ! ’ - * , b L
' — ' , A T .-
td -~
- L RSN z - - T, s , !
k= T4 204140 )0 /A0 coy |
[ ] P -« . - 1 o
S -4 o 1-, »

Substituting for P1Pz from (4. 27a) and (P1+Pz)” % S

. o

from (4. g7d) in (4 27b) and (4 27c) ylelds T S ~x;
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o
. ’ . v Bl v v . « g . - - .‘\Q -
- ) Assume Ay >> 1 and Qé >> 1, ‘then from Appendix C+l,
SRR == A S SR o - R
we.get . % o o x
5 a :,PL \; " ° - ! N v s
v i . Coe 1 ' b 4 ’

Ay
- ® > - o +
' ra ! . ~ » .
. - * . o’ o~ . @ ’
Y . . . . .
* H -
- “ ' - {‘
\ - Wt 7 K
' .’\' ":- N , kd
and PR : ‘ .

* e . .“. l‘
It is to be noted hefe, that Qpé is relatively

independent of-the amplifier:-pole, at least as far as first' . -

J{’ ¢ B ' | ‘N .,

order effects aréﬁooncerned:'pkovided'bb\::"ﬁ-,,t‘{33' :

i IR N
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g
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e

. &‘\A\l X
aaldurg
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. ﬁzsy the frequencgy range over which the deviations of'Qpa and

- , Us1ng a dlgltal computer, the values. of Q '.and‘

wpa' obtalned from (4. 29) are compared with those of Q .

(exact) and m (exaft)obtalned from the exact formula (4 28)

at dlfferent values of wy (Appendlx c. %} Typlqal data

values of pA7410A haVe been used. Figure 4.5a shows plots of . )

~

Q.., as well as Q (exact) versus f for Q values of 200

pa’ - Tpa P o

and 100, respectively. Slmllarly, Figure 4. 5b compared mp : S
with wpa(exact) fc;r the same values of Qp.~' It is seen from - %
Fig. 4.5 that Qa and w,q ©an be obtained quite. accurately -

-

from (4.29) over the useful frequency range of operation, that

[

4

[} from their ideal values are acceptable. -

= pa 7 R o .

From (4.27a) and (4.2793 we obtairn

t

z (4.30a)°
B2 : ot

I

reo i P1P;

and o . S : ( : :
2 , ‘
Z . . (4.30D)
L .

From (4.30)., the location of the parasitic poles

e

) r, ‘. * P1+Py’

.
Rt

S, = .J: and S; = &, in the S-plane, is given by, : -

Pl B ,pz . . ' I ’ ' . = b
v *  (1-3 ' - '

. sy =8y = - R . (4.31)

B

‘ Hence, the effect of the oA flnlte galn-bandwidth

©

product is 'seen to 1ntroduce acomplex conjugate pole pair

EY
-

ih the 1eft-half of the S-plane. Its magnltudé‘=,B//7 and
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phase = £3n/4. The effect of this pole pair on the frequency

response is weakened as B/wpvis increased, i.e.

‘é' . : : . ) -’ * .A , ’ .
P . m " - ’ - - e
: w_ << B (4.'32) "

?

. Thus, the effects of the ﬁarasitic péles will be

’Wnegligible'provided B >> w_.

. ; P ) r ‘ ,

-

o -

: 4.6 DESIGN PROCEDURE ' , \ N
. ) . 8

© “q LT -
9

< ‘ A design procedure is now described. Table 4.1
“ LY - ’ * , .. ’ . i K ~
shows that there are several degrees of freedom in the choice “\'
~ - i . : N Q . .
) * « of element values. These may be used to minimize SAfa or a4

A

o ~ the spread of element values. By bsing the minimum sensi- " o
tivity constraints of (4.14).and (4.20) in circuits 1,3,7 .., -

and 16, possible sets of/element values for LP,HP,BP,N ' - - ' .

<

and AP sections have been'obtained,as shown in Table 4.2. ..

It follows from Section 4.5, thét thié choice of elements s

-
[

A

o ‘does not introduce parasitic poles in the right—héIf of the ,

C S-plane. It is seen that thginotch frequency  w_, the

[ .n .
¢ undamped . frequency of oscillation wp and{the,K Q-factor Qp can

be easily-adjusted by trimming three dist'nc} resistors. A .
N N « .
P ‘ , fuqing sequence’ is also given in Table 4.2. B o

N . . w
1

?
N . ' A

. . . . It is to be néted from Table 4.2, for i?e'design' .
a Lo

4

" e . of -g ‘sections, that o ‘ ' . : . ‘: I
. P . ) . i ‘e . . , © . v ) . -‘
T e - uw ? = Gs/Cy S (4.33) »

n p

. ‘:‘
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TABLE 4.2
DESIGN VALUES AND TUNIN

G PROGEDURE
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\’ . o o @?
. 3 ‘ l ’ ' ¢ ©
( # 0 3]
. ' ~C 9
. . m 3|~
gz a . g 1e —
KO w ~ -~ . - 7] o - uln
[l e ~|l W "' ~ 1 )
0B 3| - ul ~— 30} — g
(SRS N o ~l Q ~ o ~ a
" 28§ , ' © ]
(—‘h&} n : n N ,
. ~ - Ll - -y "‘\
| 3] e, ' -~ 3]
s 049 0 0 o , o. - .
' ©is o 3™ 5 % -8 g v | )
" & X 2 £\ £ X\
\ AL PO £ ) .
o o b o O a'a
M mH ] ? o3
- Q ~ - « \'
S 9] . v ° ¥ (3} O
¢ k3 . N n ' IL
' Ld ~ i
L v v .o U
. R /.. . X .
) 7 5 < i ?
‘ 3] o~ © @ -* - ~
= &) v U [ ©
3 . o™ 7
- - - \ -
> . oot OD. (o L) G!h (8]
z - < S < PR s -
o . Y ) ) ) o, =)
i w ne W . .3 "
"g 8 -« ~ - 7 - J
, a Q (& ' L: n
PR - v ;. IS o o~ ~
- O 4] O - (L} 3 0
w . [ it + "
® e © o p A "~
o O O . . v Q
1 ] W .on "
- hid s 2 s . R
O ) 1) O 9
" i ] ‘n UL L
> I o~ ~ &~ ~
(&) U O v O
- " N . . % u
T - - ° e N - [o% I
. o v ! ) . O 3 O
r's \
-
o
ja 3 Q. B
22 532 ~ : o
5 LW i =~ S —
UE Wk . )

LY




| ' S \ S 106 -
. N - L
where Gs+Gg = G,C7"+C.a = C and mp = % . . . A
. a Hence '
. 2 :
H w . ° !
v n. ‘__.: 95_ _C__ . N
‘l . - z G - C7 . . (4).34) i
. w
. P ,
. ) o . . ' . N |
where ' ‘ . %
. G'S » ' ’ \\
G- is always < 1 .
and
o ‘_/ / - v,
; . | c_ is al a.’s > 1
oF] way 2 . )
. - It is seen from (4.34) that for W g_wp,ca can be

- set to zero (C7; = C) and only two capacitors per section érg

,déed. For W, >~wp, thiee capacitors are required. In all
- ;

cases, irrespective of the choice of C, and'éa, the total

capacitance.par section is always the same and equais 2C.

In most applications, where notch sections are .
(7] ' . !
used, EE is close to unity and care should be taken when

. Q

choosing Gs and Cy in (4.34). A éuitable’choice of Gs,Gs,Co

, and Cg +Values may be .obtained by letting gi = % " and g?'z 2.

‘Thus, K isfapprpximately'equal to 2( K < 2 for-wn > mé and . '

e

K > 2 qu)wn f-mp)' The suggested choice yields a capacitor i\\*
A X . ,

spread = 2 and each of Rs and Re is approximately equal to 2R.

.
-
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4.7 COMPARISON WITH KHN;TG AND TH
. REALIZATIONS S - ' ,
’ ) ¢ ) /-/‘/’ B ¢ . .
\ , The'séiiggf features of the design, Biquad B,'are.

} : listed in Table 4.3 along with those of KHN, TG and TH

‘ g

designs. These properties are derived under the same assumptions
as those madé in deriving similar properties in Table 3.4.

The Table shows that the paséive element ‘sensi- ) ‘

|

tivities are about the same for all the reélizations, of the

order.of unity. However, amongst the four, the proposed . .

design has a slightly higher dependence bf Qp on the finite |

d.c. gain (Ag) of the OA's. However, Qp is relatively . |

i |

’ independent of the amplifier bandwidth as in'the case of the

N : ,
'\\Eealization due to TG. It is also observed that the finite \

bandwidfh affects wp‘ slightly more in Biquad B compared to

’ : - . 1
the others. For the same total capacitance 2C, where C = —=F%

all fhe realizatiopé have the same value for the maximum
resistance, némgly, RQp. For the same vqlue o? R; all the
realizations use the same total cgpacitance‘zc. The LP,HP,BP:
and AP sections use the minimal number of capacigors (two)
in all the methods and the capacitors are equal. Tﬁe ﬁ
section in the proposed design (circuit No. 10/, Table 4.1)
uses th;ee capacitors .for'mn >'dp.and has a spread in [

capacitors of 2, while the total cépacitance is 2C. For

W, f_wﬁ'the section can be designed with two capacitors of -

'
L4

equal value. AN isolation amplifier is required if this

section is connected to a low impedance load. If Sections 8 . L
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or 9 in Table 4.1 are used & N sectionswthe isolation ampli-

. o

- . 4 . )
fier is not necessary. Tuning, however, has to be achieved
. !

through capacitéfs. The aavantagg of Circuit No. io.is that .

° oA

it can be tuned easily using resistors. This facility may L

°

frequently outweigh the price paid for an additional amplifieff

¢ Thus)” we observe from:Table”4;3;”that Bigquad B ° N
has comparable performance to that of the realizatjons due.to

KHN,TG and TH, whlle at the same tlme, requiring only two
! i

OA's and a simpler network. . . .
. . \

Although the prices of OA's are low and still

decreas;ng, reduc1ng the number of OA's without sacr1f1c1ng the

1 -

‘performance unduly is desirable, 31nce this will mean a re-

duction 1n~power supply and heat d1551pat10n requlremgnts which,

in turn, will lead to. more compact sizes of the filters. These -

advantages will be more fully realized for large:volume appli-

[y

cations. . )
. B . e

&

4.8 EXPERTIMENTAL RESULTS

. ' - Y v . .
N f Usmng Table 4.2, re§istors, capacitors and OA's
X, AT
KY

similar to"those descrlbed in ‘Section 3.10, the two fllter- .

specljlcatiéns realized: @Eewiously in Sectlon 3. 10 u51ng

& . .
quuad A,\were desmgned and bu11t. .
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4 8.1 Low-Pass FJ.lter .

* .
' ' ’

The realization uses cascaded sections of Type - v

-

. No. l,'in Table 4.2, as shown‘in' Fig. 4.6a. The measnr'éd
frequency response (input level = 50 mv) osho;nn inxf‘igs. 4.61:;
and 4.6c agrees with the theoretical response. . The effect ;
. of d.c. = supply variations is illustrated in Fijg. 4.6d. -

The .deuviation in the pessbana ripple is about 0.1 dB for /

supp oltages in the range #5V to #15V. The effect of

" temp ure variations is illustrated in Fig. 4.6e, which

shows requency response at -l.OOC (right-harid curve, -
. g +

20°c and 70 eft-hand curve). The last peak has been '

dpisp;l.aced horizontally by 42 Hz which corresponds to a

change of 133 p.p.m. per deg. C. The frequency di piacement
o
is due to passive-element variations, and is within the ‘

predicted value. ‘

@ . . i

" 4.8.2- Band-Pass Filter o

':l‘he realization uses castaded sections of the
[ .

. ‘ ,
_types 3 and 10, in Table 4.2 and is showns in Fig.. 4.7a. The

‘measured frequency response is shown in Figs. 4.7b and 4.7c,

and it is in agreement w;Lth the theoretical response.

Fig. 4.7d shows the frequency response for supply voltages of /

+7.5V (1ower curve)and 15v, the J.nput J.S 0.3V.. The passband

LY

ripple remains. less than 0.39 4B and the deyiatn.oﬁ in the

stopband is negllglble. Figs. 4.7e and 4.7f illustrate the Ve

1 -

effect of temperature variations. The passband ripple . L ‘ ‘
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“(b)

‘-'Q (d)

FIG. 4.6b-4.6e

. 4.6b

4.6¢

4.6d

.ﬁ\‘. |

3840 5969 Hz

4 - ..4;66\7

3840
(e)

8979 Hz

FREQﬁENCY RESPONSE: -

s

LOGARITHMIC GAIN SCALE- AND LINEAR
FREQUENCY SCALE

LINEAR GAIN AND FREQUENCY SCALES ~

'FREQUENCY . RESPONSE FOR SUPPLY .

VOLTAGES *5v (LOWER' CURVE) AND $15v,
INPUT LEVEL = 0.05v

FREQUENCY" RESPONSE AT TEMPERATLRES

-10 ©C (RIGHT-HAND CURVE) ,20°C AND
70°C (LEF@-HAND CURVE) .
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) .
0-1 >
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‘ - 0
1470 1500 1530 Hz . 14085 1500 15974 Hz
dB - (d) : TR e ’
, FIG.4.7b LOGARITHMIC GAIN AND
" LINEAR FREQUENCY SCALES
0-1 - ) . :
TR 4.7¢ LINEAR GAIN AND
REF ‘-n‘!a FREQUENCY SCALES'
02 HEAWA 4.7d FREQUENCY RESPONSE -FOR -
.03 SUPPLY VOLTAGES OF

1470.-

FIG.

fr .

4.7b-4.7¢

14085 1500 15974 Hz

—
1500 1530 Hz

‘

- ZSEEERN

1470° 1500 1530 Hz

-— + 7.5v(LOWER CURVE)

OF 0.3v. ¢

4.7f TEMPERATURES OF 10°C

AND 70 C (LEFT—-HAND
CURVE)

FREQUENCY - RESPONSE

F4.7e FREQUENCY RESPONSE AT

©

AND t 15v, INPUT LEVEL

. (RIGHT—HAND CURVE) ,20°C

124




or

' remains less than 0.35 dB in the temperatuie range -10°C to

" 70%c. A centre frequency displacement of 15 'Hz has been

-

@ircuits 1,3,7 and 10, With ™the exception of one of the

Conseqguently, these sections can be cascaded.without isolating

-can be located at one of the op.amp. output terminals.

measured which corresponds to a change of 125 p.p.m. per

deg. C.

4.9 CONCLUSIONS

Y : i
, v «

- , . s

A new configuration has been proposed for the

o

synthesis of R®-active networks. This has been used to

.

design a number.of universal sgcond-order sections such as

-

low-pass, high-pass, band-pass and notch sections. By using
these sections most of the practlcal f;lter SpElelCathnS
can be real;zed.' Each sectlon employs a CGICB which can

be implemented‘by using\oﬁiy two op.amps. The sensitivifies
oF Q 'QZ’wZ and also the multiplier censtant'of the ’
realization has béen found to be low with respect to the
passxve and active element varlatlons. A‘51mple tunlng_ .

sequence by adjusting only resistors has been despribed fox
notch.sections in the twelve circuits considered, the output
ampf%flers. It is found that the realizations are frequfom

/
low frequency unstablelmodes of operation. Furthermore, the,

amplifier pele~does not introduce any high frequengy unstable

mode. Also, Qp . is not affected by the amplifiet pole,wc,

_provided Row  >> wp. Experimental results show close agree-

wment betweenftheofy and practice. Further, these results.

. By [




N . a
- .

indicate that these realizations are insensitive to"tempera-
i:pre and power supply variations. The design p‘rocédur'e has
been ‘conpared with- those due "to KHN, TG and TH and has been

found to have comparable properties as observed from Table 4.3.
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ed comparison of the_performancesiéf the biquadratic realiza-

"tabulated. ' ' . <L -/

U . " CHAPTER V.
.

" -COMPARISON: OF THE PERFORMANCES OF ;
* BIQUAD A  AND BIQUAD B

';\' A 7

‘ 14
INTRODUCTION

(8]
> -
2

Fom,

s

-

The purpose of this Chapter is to present a detail-

tions described in Chapters 3 and 4*, .Firét, the comparison

AY

is mgde, based on the theor&'introduced in Chapters 3 and 4.
Furthér comparisons are then drawn from the reéults of

digitél computer simulations. The realizﬁtions are aésumed

to be implemented using one of the best availabie OA'sqgat '
the time of writing this ‘thesis) , -namely, Fairchild UA715.-
?inally, experimentai results of dégigns'A-IIband ﬁ, implg;
ﬁénted using one of the lowest priced; céﬁmefciai OA's, | ’

: - .

(WA741C), are given and compared. ‘ : )l

!

5.2 COMPARISON - PART I. . . - - -

¢ . M . e

In this secffbn, the ' important properties of A-I,

A-II and B obtained previously in ghapters'B and 4 are

Table 5.1 gives, for LP, HP, BP, AP and N sections,
the -different sensitivities to the passive and active

elements, the infldence of the amplifier pole on Qp and w

‘and the number of OA's required per éecoéd order section. -

* In«his Chapter, A-I,A-II and B are used to abbreviate ‘
‘Bigquad A-Design I, Biquad A-Deslgn II and. quuad B Desxgn, .
respectlvely. _ J , o

-
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The sensitivities with respect toqthe pa531ve

fdfnjiementL are of the same order. For Wy, << B, A-I has the

v

‘tions. o . =

lowest SAfa' and SAfa. This is also seen from the fact

. . -~ t 4
that Q pa and Bpa:‘pre independent of the first order terms

of (Q /By) and . (m /B). However,  as Wy is'inbreased

Qpa is enhbnced much faster in A-T than in the other deslgns.

Thus Qé "enhancement is the llmltlﬂ; factor of the useful

e

frequency range for this deSLgn. _We also observe that Q

has the lowest deviation in A-II as compared to the other

¥

desiéns; Thus A-II can be operated at relatively higher

frequencies comﬁ%red with A-I and B. Thie_is verified using

&

exact computer anaiysis in Section 5.3.

L4

Table 5.2 lists, for A-II and B and for LP,HP,BP,
AP and N sectiéhs, the total resistance (RT), the number of

resistors (R,) and the number of capacitors (Cy), for the

-

same total capébitanée = 2C per section. C /len

T

n re al iven.
Rmax min é d Rmax are SO given

.
' ‘

. Vi L3 '

As shown in Section3.4,for A-I, the spread in

capacitors‘ie Q /m for a reéistive spread. of m bp(m > 1)..,k
SN L %

‘Thus, the total capacmtance = C(1 + Q /m) According to the.

avallable technology, the prices of good quality capac1tors,
/

whether in lumped or 1ntegrated form, are relatlvely hlgh

and increase as the value of capacitance ;ncreases. Henoe,
‘ . kY
Design A-I does not appear to be useful for highqu realiza-"-

. r
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The results given in Table 5.2 are for a multiplier

constant H = 2 in LP, HP and BR and H = 1 in AP Trealizations.

' QFor the N section, the values of H used are é = %5 and<%.“

“in desxgns A—II and B, respectlvely. It is also assumed that

Wy is in the v1cln1ty of mp which is mostly the case in " , o

practlcal appllcatlons. For chep values of multlplme;
constants or wn » Rpr Cos etc!, can‘be easily computed from

) . P
Tables‘3.3 and 4.2.
VQ . a( - . ) . . xs’!

From Table 5.2,,1it is seen that as Qp .increases,

-~

A-II becomes more attractive, since its Rpax -is smaller and

4 o

remalns ‘within practlcal llmlts for much hlgher values of Q
Also, the total re51stance RT(for hlgh Q ) has a much lower <~"

value in A-II than in B, fo; the same total ca?ac1tance.

'

" Conversely, the total capacitance in A-II will be much lower
than in Design B for the same total resistance. Thus, the

total shbstrate area required in Design A-II will be less than

‘e

that required in Design B. - . ‘ N

A o >
5.3 COMARISON - PART II )

T In thls section, the’dependence Of_ Qpa and o on

*

the OA d.c. gain and corner freguency are investigated using
exact computer'analysist At presenf, the useful frequency . f'
range of passive RC“elements is mdch larger than that ef-OAﬁs. o
Ideally, the values of Ao and wc of the OA should be 1nf1n1te.d
In practlce, Ay iheflnlte and Wy is at most, of the order of ~

few kHzZ. &hus, useful frequency range is determined by
N . . ’ ’ ’ ' "

+
3




!

*®

the type of OA used; as well as the properties of the RC-active

technliue empl yed. Designs AI, AII and B are simulated using
one of the best vallable OA's, namely, Fairchild uA715 whose
typ;cal.d.q. gain (Ao) =‘30,000 and gamn-ben@w1dth product

(B) = 65 MHZ.‘ The influence of A, and wc is illustrated ‘sy -

l—AQ%-[(Q -Qp)/Q 1"x 100

' versus wp for values of QP in the range 50 to 500. Typical

e
- ’

values of Ay and w,

ciffoilr ].IA715 are’ assumed , ’ ‘ o .

2 - bw % = [(wp -wp)/w ] x 100 versus wp for values

a
of Qé in the range 50 to 500. The same typical values of do

and w_ are assumed. ' .

- N «
P

3,4- AQ % and Aw % versus AAy - [AAg. = -

(Ao—Aotyplcal)/Ao typlcaIJ for A, varylng by * 50% abut Ao

¢ iy

,typlcal Q and w_ are the parameters).

_(@F-mc typlcal)/mc typleel)] for u

P

5 6 AQ -% and Aw % versus Aw % [Aw = e
cn

-

c varylng by + 50%'abou£'

1

mcjtygical (Qb and mg‘arh the parameters)

From the_first set ‘of curves (AQn% versus wﬁ for

seen-

Q = 50,200 and 500), Fig. 5.la, 5.Ib.and 5., it is,

P \
that - IR ' .
Iy . For uy << B, AQ .2 0" (or slightly negative),
- Q /Ao’ and - 4Q /Ao for A~I A-II and B, respectlvely.

Thlsfagrees w1th the approx1mate formulas of Qpa/Qp

- Table 5.1. - L A P
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2) IAQ |. remains almast constant over some range of t\\\
.
P \

.. “wp. Thls«value of 8Q, ag well asnthe range over which

C e !"'- 3 . N ; I
o At remains cqonstant is IOWest in AJ .
e T~

PR ¢ -
. Lot ’ N .- r'E
. o s .
\\’ -~ ’

‘e M ~—a

3 As,vmp 1ncreases, AQ becomes more negatlve in a.

P Al <

B, i.e.; Qpé decreeﬁes,.Whlle vaa increases in the Sgher

~

Ll =~ »

"L fwo designs. This %0 enhéHEEﬁ%nt‘starts at*wp'a 2KH,, o
) * ‘e 4 ‘ :

in ArI and wp'= 200 KH; in A-II. . ) g : « TN

. L & . - & —— )

.
v, s s . o f )
* . . .

4)  All the curves“in'fig. 5.14 intercept the w, axis )
7 . 3
.at wp.= O 1ndeqendent of . the valgg‘bf Q [as also . .

~

. Qpredlcted from (3.38a) _ by lettlng Qp/Qpa’= 1].

there is a drastlc 1ncrease in Q a Hence,

. For wp > wc,

N s
‘for ‘this de51gn the useful frequency range is- severely '
g ‘ e

, limited. As the des;gn has fhe lowest dependencé of

1 +alf ﬁ%,Ao and wé below~w//‘:;\may Stlll be useful for‘{ ‘ ?‘

' low frequency appllcatlons. However, 1t is recommended

9 \\\\xhat OA's w1th as hlgh w ~as p0551b1e for ‘the same B °* . .
36% ' @aln-bandWLdth*product) be used for thlS design. ,
. ) . .o
. B - ) ’ . ¢ . \ , . . T\ )
. 5{ - From Fig. 5.1b-and.5. 1c,_£¥ is seen that, ifa \

’
e é

- certaln max1mum perceﬁtage devxatlon 1s allowed in Q

] v

‘, ‘due 'to the flnlte Ao -and B, then A-II is capable of ‘_ﬁ

reaI Z1ng approx ely fous tlmes the'max1mum Q '; h’

F] - >

5 ‘_.oth}%Fd frOm Deslgn B.' This agrees with the agprox1~ . B
. " mate, theoretlcal resyIEEY (3.393) . and ., (4. 29a) L L.

N . . . . M . ’
. - - v - % +
* . . R s . P 0 o -
- - o . .
R B
. . . * o ~ i
4 N ‘
. .
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In the second set of cugves, Fig. 5.2, Aw t is - ¢® ‘ ¥

o
14 ra .

plptted versus mp for Qp = 50,200 and 500. The foliowlng can

be easily shown.

- , 1) The lowest deviation Awn is in A-I where the'
N4 ¥

percentage dev1at10n 2 - 4(—2)(—2) In most applica-
, tions- 4(—Ef?< 1. . v ‘

) n 2B
onQ.

. - - ' w
P 2) Aw % in A-II‘is-= = =£ and is slightly dependent .

N
wLUe

3) Aw %fo Design B is = - 'which is ‘independent of

/
results all agree 'with theoretlcal predictions.

v
~N

. {h practice, the\cev1atlons in Qp and w dce h o
to finite A, and wc"or the tplerances in thé passive elements o
. 0 X . 3 . - . ‘. )
are not. important, as. long as ‘these dev%atlons\are within the
€ o L . T - o
tuning limits. Once a nétwork is constructed, Qpa‘ and wpa
o . , p

can beﬁtuned to théir nominal values as shown in Tables 3.3 ahd 4.2

rd

J ’ S After this post desigriadjnstmerit,.what is of significance is
> \_ -~
R , hcw Qpa and wpa will vary as Ao and w,, as well asithe .
L, pass:Lve )elements change. 'I‘he changes due to "passive elements o i
- ‘

can be predlcted from the temperaturewcoeff1c1ents of%the

)

( elements and the sensat1v1t1es to the pa351ve‘e\ements. In

practice, it is possible-to cancel out the variations %n.'» ) B

. coefflclents equal and oppb31te tg\ihose of the capacitors . ot

used. As Ao and W change”due to, temperature and power supply

. ~ET
Lo 6§‘/' ) ) c g"@ {f"&»"”‘j [
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the nominal Vélués Qp and wp,,the stronger the dependence

.sets 3-6 (Figures 5.3-5.6), 6pa and'E)pa are -assumed to bé 'j

‘given, where oy and Qp are' taken ‘as the parameters. .

- seen that the deviations occurring’ in Q__ and wpa are smaller

. r- . ‘ =, . .
. for the. positive changes in mé-and A compared with those occurr- .

: increased,‘AQn in A-II becomes by far, the smallest amongst'

A-II has AQ % ='-1 and B has AQ_%

i

[y

"of 6pé.and apa on A, and/or W, Consequently,. the changes in

~ N

variations, the resportse may still be sensitive to these
variations. From-Figures 5.1-and 5;2, an.idea can be obtained
about the effect of gain-bandwidth variation (B').on:_Qpa and l
~ r ¥ : - ’ -~ ' ‘
wpa . The higher the initial dev1at;9ns in =Q§a ang mpa from

~ -~

-~

Qpa and &pa a;e‘larger as B chanées fof a givéP Qp and wp. In L

adjusted "to their nominal:values for Ay and W at their typical
: - . .

values.. Then the effect of A, vériation:up to * 50% about A

typical?%hencelB) on 6pa and ; , as well as the effect of

pa
£ 508 variatioh in W, (hence B) on the same quanpities are

\ : ' v N . b
. . In the 'three sets of curves, Figures 5.3-5.6, it is

-

‘ pa

ing due to similar negative changes in w, and Ag. . ‘

‘ .
r. .
From Figures 5.3a, 5.3b and 5.3c (AQ % versus AAm%),

AQ_ is. th llest £ all w_ < \Aa—w is -
Qn 1s:t e smalles or sma mp (mp < mc) p \ ) .

the three .Designs. "As an example, for-50% decrease in Ag ' mp

64 KH, and Qp e 400, A-I sqfferé'from excessive Q eﬁhancement{

‘— 4.9-‘

*

From curve set 4 in Fig. 5.4 ( Awn% versus AAon%), Lo

in- A-I,, and has C

v

it is seen that_'Amn is proportional to prp
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little dependence on % while being proportional to Wy in

+

A-ITI and is independent of Qp while being proportional to

W
‘P

in B. ‘This can be predicted also from Appéndites A,B\and
- Y- . .
C. The deviation ;Awn in A—I is” the smallest -and that in

B is four times -that in A-IT. Although_A;[I has the smallest - -

deviaticn at all the -mp's and Qp'e considered, it"\an'not be

‘c“ operated beyond W at wthh the other two des:.gns can Stlll
be used. This is because the limiting factor is 1mposed by

Q enhancement: which, may ‘lead to unstable operation, as shown,.

in Fig. 5.la. ’ : - .
~. . - ‘ . . ' .
. - From curve se 5 in Fig: 5.5 ¢ Qn% versus chn%) ’

_ it is found that the d-evi'atior'ls‘are' the smallest in A-II.

-
?

2 Also, from .Fig. 5.6 (Aw % versus Aw_ %), the same
ccnclusioné can be made as those obtained from Fig. 5.4: .
. t . B ' ) qz -
.Hence from Flguress4 5.5, and‘5.6, we conclude . C,

L\ f

that AQ % is the smallest in . A-II for wy, 2 2KH, whether ‘
LI

-3

.........

due to changes in wc' or Ao. Also, Awn d_ue to ARy, or M"cn

’

. is oportlonal to pr ir; A-I, and has lﬁ.ttle dependence

-

. v‘ - on Q F whlle be:.ng proportlonal to wp J.n A-II and 1ndependent

‘ of Q th.le be::.ng pr0portlonal to mp in De51gn B. The h)

smallést dev1at:.on occurs in A- , while that in A-IT is e
approxlmately fcur times smaller than that encountered J.n

- .Des:x_gn B." The results of Aw% versus. AAO- J and b, %“may be mis-

£ a

v »

leadihg in A-1, since, as explained earllen.vj;he llmitmg’. —

factor is imposed by AQ as .. is increased

’ .
, - PR
\ s n p j . .
M ‘ . »
. i ) . , .
- °
v »D N -
B
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~
W

useful bandwidth. ' RUREET ) .

N

power supply_variation) is showﬁ in Fi

Thus, we nmay conclﬁde that A-II has the largest ‘
. N . r

I

. .
¢ . . ., L. . .
.

5.4 COMPARISON - PART III

In this sectlon th two fllters de51gned in each
of Sections3. *and‘4 Bnamely,t'e 51xth order Chebychev‘

low-pass fllter and the sixth order elliptic bandfpass fiiter;

¢ .

_ are-compared. .In Tables 5.3-and 5.4, the total resistande,

SN ) . , . ‘
R ax (largest reSLStor?,*Rmin:(smalleeture519tor), Crax (largest

cagacitor){ C /C_ . ;’and~tﬁe numbers- of registoré, capacitors

max® min
and OA's per section in a-M and B feeliéatioﬁshfor both .
filters are given.

o , ’

From the Tables, it is seen that as 0 1ncreas%s .the

. L

values of R i are more attractlve 1n -A-II as prev1ously g

«

K

explalned jiso, when notch sectlons are used the e51stor

tunable sect n in De31gn ‘B 9eeds an.isolating OA. Thus,

Y.

A-IT becomes more advantageous, 51nce it uses the same number

[ '

o

of OA's if.this case, while! offering more attractive pr0pert1es

PR

" .such as lower R_ nax for Gigh Q reallzattons and lower- seq51t1-

vities and dependenpe on the active elkments. \v -

/

_ Afteé the filters were oonstructed1 tuﬁing was pr
achleved ea51ly in each fllter for both A-II and B designs.
The effect of the actlveﬁbafameters arigtior (due to the dio.'
‘Yvég? 5.1 and 5.2 for

. . N ¥ . <t !
the L.P!-and B.P. filters, respectively. From Fig. 5.1, for-

(3

.
o

.
. . ‘
" 4 Co. S N . o7 . ;
. . M - . . J
T . N e . .
, . . ; ’
’ » ) . ,
.t . . . .- ‘
. + . <
. 'y . . < .
‘o ' . - L
o = 2. . .
. . o et
. IR ‘ -\ . Cot - v )
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, ad.c. powéf supply variatibn from t 5V to 15V'(input

0.05V), the deviation in the passband rlpple is about T
'0.03 dB and 0.1 éB ln A-II and B, respectlvely. “In the B.P.
filters, Fig. 5.8, for pcwersupply,varlatlon from % 7.$V_
. to * lsv(ihput level = 0«3V),'the passband ripple remains less .

than 0.34 and 0.39 dB\ in A—II and B, respectively, whlle the

deviation.in the st0pb nd is negllglble.

I
- . . o -

. R J : ’ ’ - - » .
S : In both filters using A-II and B, thé responses B -

4

° [

were examined over the éemperaturé fangé ~'1o°q to 70°C. The

‘last peak displacement in the L.P. filters and the centre - '~
frequency displ cement iﬁ the B.P. filters were found due td\

tlme constant changes from the pa351ve elément varlatlbns w1th R

™ *

, . ' temperature and wg wtthln the predlcted values.- - S
" . .-" - N | . . - . ’ . ﬁv
‘In conclusion, ‘we obseﬁvé that the'Design II of
- . . -‘

. *quuad A offers the’ mos - suitable technlques for high Q o
: P . . c, -
. -+ ', .realizations amonqst the three. de31gns. . B =

.

X
T
&

v




-(a)

(b)

L]

\ " N ‘ o R . ‘e P .
- Fig. 5.7 The effect of Nariation of active
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_ CONCLUSION. . . e 5
S . several igh éerfOI'IRance ‘RC-ac‘tive ‘filter desi.gn .
) o '- tech/lques, su:,table r dlrect as weli as cascade synthes:.s

\procedures, have been de 1oped and studled at length The

reallzatlons use, as basrc 1ldlng blocks, twp types of

- {

¢ ta

/

S : actlve elements.‘ A neWﬂconflguratlon Wthh is mlnlmal
. respect to the number df capagltors is obtalned by su;t
ch0051ng\\he gonversion functlons h(e) s of the CGICA s
‘Szructure A. It is also shown that Structure } contalns,

) "Spec1ql caSJ’B the reallzatlon due to Antonlou and the ohe //)
due ‘to- CoBb and Su. It has been found that these s.ynthesu-‘se

L technlques have the

" . - A) No factorizgwiﬁ of the transfer function ig -
,. . . " - ' - .
. ’ » . ‘ - . | % )
! -+ !+ necessary. " L : . . S
' . ._: -,_ . ', * s . . B . . ’ ‘ °‘. ’ii R ) ) “,'r
- & § T The synthesis is simple, since the elements are

) PR {

|- dlrectly related to the coefflclents of th transfer

e vu
" «

s L : functlon. . T S A ‘ . e

» IR N
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) Lo - 182

— ’ . - N [ . "
v .
| e iitid) The . .numerator and denomlnator,coeff1c1ents can .

//f , be 1ndependently controlled by dlstlnct elements and

J

g " -
-

‘ " " heance‘, the a*nt of the des:Lgned network 1s :

’

atlvely 13Q“le. ' .

.

<

- . 3 i

- . .
. L} »

s . iv) . The resulting realizatiohs have very low

¥ o - 'sensitivlty to element variations. : } L.

| ‘ S expected to:'b

.
- 5. . o .. s

* . .
« . k v R . < et
X - PR . . )

- N ’ . . +

-

e b0
) .7 The minimal capacitor realization described in
. e . L . - ' ’

o * ' this thesis,.while*requiring 50% more OK's than‘the ~one due

- v to Antoniou needs however; 50¢% less OA s than in.Cobb and

- bl
B

‘SU ] minlmal capaC1tor technlque._g C T ot

-

P - B r g

’ . ' .o To také full advantage of untegrated technology,
s N T { a L s
- .filters should be manufactured in large - quantltles.’ Phis 1s'

e
v

et . fa01lltated by des;gnlng filters on the basxs of the cascade

o -l synthesrs‘abproach Hence,-cascade synthe51s @#éhods are “

: then developed in’ Chapters III aﬁd v from the dlrect
* &
v Q LN -

\

synthe51s.ones of»Chapter II. ' . CLe

MR .. . . %
- . oo - In partacular a stable (durlng actLvatlon)

.« ¢ -

second order reallzatxon, Biquad A, is derlved in Chapter III

o .

9 “from Structure A, using the theorynof 51ngular elements. * Two -

1 \& ‘.

LN

different desighs of - this reallzatlon have been‘glven, a'

-

namely, quuad A—De51gn 1 and quuad A—De31gn IT. Biquad:A-
{
Q . . W -
’\\~De51gn I offers é)multaneously\zero ',SAp ‘and zero Sa pa. -

P
o

LT while quuad A—D951gn Iz offers low ‘eYemént: spread 1ow
.Q )
Sx p‘ and zerg S p .o It 1sA however, shown that De51gn IT.is




°©

, baridwiqth of the OA's. .~ .. Lot
b . - . 7 .

Coe blocks {e pdssibléQWithout.isolating a@plifiers.g

superrgr to DQSLgn I !rom the p01nt of v1ew of element spreads

. iv). ’ Low.dependen‘ of dp*'andf wp on'the‘finitg .t

~ -

PO

T e 8
.V Only thr'ee OA's per sectlon are needed Sénce ‘ '
: P

oF

.

. the output can af@ays be located at one of the OA : T,
* s . . -t
v output termlnals, dlrect cascading of'second order -

e A )

. R \
| Co ¢ t - PR . . V¥,
NS , -~ PR .

“. vi) - There i§ nO\épread in the capa "or values | “et
Yo . ld
whlf% the sﬁﬁead ‘in the, re51stor vajues is at- most

) P
- .y .
..

- ‘ y

-

o

* 8

' N * N - }.‘, -
e : : zQp S & & R , -t S
." (\* N . )’ 1 ) N m‘ ..

The fllters ‘use *‘ the' mlnamum -number of capa01t0rs. ' ’

. ¢ »

)
. .

- " - . n.- 5 N _Q’, @

’ - . .;‘ N . . LPa \
. . .- .
' op . . . . “ . . . . B
' e . ‘ ‘« . 4 '
] . 2 P B .
. . ERE A

o . e quuad A—De51gn II has been used to des1gn a,

.
N 4 . . L e

number of second-order Sectlons such as low—pass, hlgh-pass, T

Ny

baﬁd—pass, notch and al; pass secthns. By usrng these ) ;
[ v-r—’/ 4 B ' \'
. ‘ \
: ' ) . . v
e ' .
e P) ' ;\‘ N v
. \ h : ‘A

. . ° /
- and operatlng frequency range. Tt is' further shown that De51gn \\\~
4 { £ . » v /‘ .o . »
BT has thé;%olIOWLng features WQlCh make 1taattract1ve "far o "
“ b4
- * e .. 2 ? . « 'b ‘:2.' .; ,“ '".
. high Q—factor reallzatlons, . . R oL .
. . .
. g . . T S I ‘
. i) - Low sen81t1v1ty to passlve element varlatlons. g;‘\' °,
. ) } oA . :
" % ‘_ * . ' oy . ‘ ‘ . Ni .. *
J "iﬁJﬁ‘ /}6% Qp sensitivity to d.c¢. gain variations . Lo
R . i i f n . - ) ‘ - i C . R '_ . . o "
‘5’“ : of the OA's. : ¢ - LN ’ bl :
. o, R N . ‘ A ‘ o
- ., N « Lo :
. "iij)— Zero wp; sensitivity to d.c, gain Yariations c b
. S . . . - ¢ R L R . o ) c. -
.. ¢ of the 0A's. s 8 ‘ .- Lo ’ “ o
b = P "' K ’ : . ‘ ’ ~ °
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s ‘ s . -

sec%ions', most“@f the practlcal fllter spec1f1catlons fan be .
. : . " \v L :
-+ . redlized. These filter sectlons cgr be tuned ea51ly by,

¢ -
. ,

¥ ¢

adjustlng only . ﬁhree IESlStorSs} Several of the propertles of

.
- N " ., -\_'

) the new reallzatlon are found attractgve, ‘as' compared with """ .

- high performance ex19t1ng reallzatlons, 'stich as those due

~ “ ,"J ¢ 1

e to KHN, TG and TH.,-EXperlmental results, u31ng De51gn 11 ‘ .

. . Fd
pr0posed, show close agreement between theory and practice-¥ S

Further, these results 1nd1catea that these reallzatlons are,
s d . o N - - >
1nsen51trve to;temperature and power supply variations. e T,
® ‘ . .

P . ; " - /‘ 4 v R »
g . , 4 . & . *
. "7 "+’ There -are many appllcatlons for whlch nelther Q

CL . ,\AI

m”required are very high, nor the spec1flcat10n§‘are strlngent.,- s,

. »

. +

I3 K3

- . '

R In ‘such cases, "the" high performance obtained from quuad A

T e e ,9 . ‘ N

e e R ‘e Y ) . .
may not be necessary anglone may be w1111ng to accept a'- -
" I ‘&7‘- ~ " .
aquced performance fronva network prov1ded it ogfers othei o,
- 7
P i R - B4 Lo ) . o
- - advantages’, »“\\‘ T :=/ T D g g

s

ot ; AccoEdingly, in bhapter IV,4anotHér’biqu dratic”

’realization,hBlguad B, is obtalned from Structure -

Lo réalization, while shcrlf;C1ng the performanCe.at‘high Qp

. . 5
- . . v .
- -0 B °
. > . ,

’and.'wp slightly, uses a lower number of Oh}s and resuflts in.

R ‘ . . CE S o
-

'.ﬂ'a&simpler‘network.: This has also been used to’ design a"l : E - re
% . 28 . . i C o - -
‘ number/of2unigersal~second—ordef sections such as those . R
.:' _“"bbt;ined from Bi?uad A, ’Each sectlon employs a CGICB thfh ]
,w : »' ‘can be lﬁplemented by u51ng'two OA 'S The sen51t1v1tes of 'I'~'f

A& 1]

3 l”'{sz mp, Qz’wz and a159 the multlpller constanqxof the reallza-

o ;h‘ tlon have beeh found to bé low w1th respect. to the passmve J

.




[ %

T . t1ss,

1

:and active element variations. A simple tuning sequence hy

/e adjusting only resistors has been'described. With the

. , . \ . . , .
’ exception of éne of the notch sections in the twelve circuits -

‘considered,,the output can be located at one of the OA output
'terminalsi Conseque ly cascading of these sections is v
. Lo ,/p0551b1e w1thout iso atlng ampllflers. The reallzatlons are

L)

» ~ 9
o r ‘found to be’ free from low frequency unstable modes of

& N B >

operatlon. Furthermore, the ampllfler pole does not introduce

- e
.t ! "

any . hlgh frequency unstable modes. . Experimen al results show":

. close)agreement between théory and practice. Also, these

L Lo eens T c X e : . v .
Tt ;results indicate that tHese realizations are’ nsensr51veﬁto ‘ &’

P temperature and poqer supply varlatlons. ihe’design . ‘/f
‘ procedure has beew compared w1th those due to KHN TG and TH

o °° and- has ‘been’ found, to have cdhparable propertles. ) "?‘ o
. o 4 . L ‘ i ’ S

W Biquads A and B are compared ‘This comparison s s that- el

. . Finally, in Chapter vV, the performan

(quuad A—De51gn II offers the largest useful frequéncy range

»

¥ " of operatlon for a prescrlbed Q and/or wﬁ accuracy The'max1-- RN

e ) “ ¥

vmum Q capablllty of quuad B is about four tlmes smaller than -

. O‘ N7
that of Biquad A- ﬁEsrgn Ik Also, the dependence of wp'ln ;}guad B/ - ]

4 v

:', ; on- the ga1n—bandw1dth product of the OA's 'is fOur tlmes e
/ ) hagher ‘than that in . quuad A—De51gn II..-quuad~B, howey%r, : §<' -
offers a 51mp1er reallzatlon ‘than quuad A and uses a lower . »
L . . . ! . .
ﬁ?_ number of OA's per sectlon exceptlng for ‘one of the notch . “11 &;;q

”sections:‘ The performance of ‘Biquad A«Design I is lmostﬁ‘: S
o :‘\_ \ : ) - : & : . . PR .:\ :
; ‘\ . 3 e R K
The'notch se%tlons, however, are often negdedJAn reallzlng . .

.
.o .
s
« ¥ . o . o .

elllptlc type transfer functlons. : o e . g
v . o A ' A h ’ . ‘

Py




~

T “1nt(g9ﬁéed by the OA's should "be fﬁbestlgated I, NN
. . [4 !

*:"' and SWltChlng, etc., the results obtained in thls thesis“'f tes

»;\3 .. - .

oo

’ Lndependent of the values ,0f the actlve elements for wp iﬁnc, :

N P ¢

wae}ver, the spread in capacitor and resistor values -as well

as the rapxd Q—enhancement 11m1ts the usefulness of thls RN

'© deésign. It is alsd shown, in that Chapter that,from the point

)

of view of element spreads, total resistance for. the same

‘total/capacitance or vice-~versa, useful frequency range of
» w - : .

operatidn, dependence on active element

e . -
- 7 ‘o

quuad A offers the most attractlve te

.

- efq\ .Design II of. !

‘ reallzatlons‘amongst;a}l the«three cascade design'teohn{ques‘ *
ot o : L i " KJ\ - %
{ . presented ‘in this thesis. N

. . 3 . . ‘ . \/ .f\ . ' ‘o

¢ -
-

o - ‘The author feels that it should be of 1nterest\to,

., .

ex 1ne‘the effects’ of the. flnlte 1mpedance levels of OA s .

h

(su h’gs dlfferentlal input impeQance, output lmpedance,’etc )
i R
on the de51gns presented in- this _thesis. The h01se and, L

“ Qynam1c~range propertles of the reallzatlons have/not been R

studled.and shoulﬁibe 1ookéa 1nto.‘ Also 'the possibility-of
l& . ® . ) )
extendlng the useful frequehcy range of operatlon;of the )

L)
P cl) ) )

de51gns presented 1n ‘this thesis by 1ncorporat1ng lead'netf 5

.

. L4 ‘

¥ - , -
works 'in the structures to compensate for the phase lag J““ ;

, b3 .
R ' o N . N . N\

“ < Y L XN * -

o In conclu51on, the author hopes that in v1ew of

3 . 3 « »

the 1ncreaslng use of- active RC-leters in man ,areas such e
' 1y

v .

. ‘a

as 1nstrumentatlon, control‘sys ems, data P Ce§Slng . Loe

. - o ©

'equlpment PCM systems, teleppon\qequrpment n transmlssxgn o

¢ - v hid e

would prove useﬁul 1n practical appllcations. A\ r., L AU

- ‘ . o . . ‘ L LF . o Y
- . S TR : :, » Lol
. .
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THE INFLUENCE. OF THE AMPLIFIER POLE ON Q

capacitors-only.

\where R ahd C denote the\re51st1ve and-capa ti

ot%e OA's are taken into con51deratlon, fQé'
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[ S . ” = X . P
. wheré d's, e's, 8'%s,n's, h and Vv are- constants.
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Us:.ng (3. 27) to (3 29), tha“t is, the constralnts of

” 3
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‘ oncRAM JAHBY(INPUT nurpur) oo : ‘@
‘€ THREE AMPLIFISR 2530 J4Ce AGCTIVF SENSITIVITIES .
-otnsnsxowxcor(a),cortan.Rnorate),nootltav . S
~1 5 X ' . .
.0%3,14159%1000300.6 - e ) o . L
Aa 10C000.6 / ™ s
N9 3 NQ=20,230,20 T T e :
qe=NQ . . g - e : ' .
"X1=t.0 o ; ' -
X221, 0 ] R roy .
X321.,C o e, ' .
EMXG4= QP **2 {35 S -
N1=21,0¢10/81¢1.0U/X2¢1, u/(x1~x2) B .
02214 0#X14X1OX3#X1*X2%X3 ’ . : .
D3=(1.0¢X1+X24X12X2) * (1. u*x1+cnx§) . L .o \
Db=1, C+X3¢1s 0/ XTI 410 G/ XL¥RT) o .
D5=(1.0%1s le3)'(1.00X2¢1.0/X10X2/X1) o -q "
A<=1.0 ) - .
2,001 I=1,9 SN . . . )
CIN=TI - ’ s , ' Co.

FP=CON®*AK * A . g ,
Yo=2,(1*3,14159%FP : ) .
XCOF (1) =(HP*WP) * (1., UkaIAO*TﬂS/(AO'AO))'t1,u*1 3/80))
XNOF(2)5(4P/AP) * (1., 0+02/7A0) + (WP*D3/ (QP*A0*A0) ) *(1.0+1,3/A0) +2's 0 %06

JSORRP 2 (A0*3)+3. 0¥ DS *WP*HP /7 (PFA0*AD) +DL*WP*HP/ .
X:OF(3)=15f31’(1.01./90*1./(AO'AO))/AC+HP‘02/(QP‘B)02.‘“P'd3/(QP‘A

30%13) + 2, %WP*N 3/ (QP*3$AOSAQ) +OSP*HP AP/ (R%B) 4+ 3, *DS*HP* WP/ (AO*D*R)
XT0F(4)=01%11.042,3/7004T,0/780%%2)/3¢HP*N3/ (OP*R*3)+3.C*HUF*N3/ (OP*A

1o'q'a)005'wp'npl(evq'n) o FPS

Y

XCOE(5)=01%(1 ,J+3,0/80)7 (B*RB)+WP*D3/ ( 3%9*3) .
© X30F(6)=01/(8B*3%8) . .
.+ CALL POLRT(XCOF,COF ,M,ROOTR,ROOTI,IER) -~ L
HPACT‘(DJOTI(1)"20900TP(1)"2)"0 5 \ T )
JPACT =ABS(HP ACT/ (2. 0#00TR (1)) ,
FPACT =WPACT/ (2,0%3.14159) . . ‘- -
DZVQP = (NPACT -QP) /N2 : oo
. DEVFP = (FPACT =FP) /FP , . .
PRINT 4,0P,APACT,DEVQP. .
4 FORMAT (4X,2IDEAL O=2,F7.1, X, 2REALIZED QA=2,F1G o®,LX, xNORHALIZED
A0ZVIATION(Q ‘REALIZED-2 IurnL)o IDEAL) =$451000) , .

PIINT 6,FP,FPACT,DEVFP . ' .

S FORMAT (4X,2INEAL RCSONAMYT FREG=2,F12.0 ux.:oEALIZrD RESON FREO t'F'
312,2, 4X,2FP REALIZED-FP IDCAL/FP IDEAL-t F14.6) .
PUINT 6,(RODTRIJ) 4 J00TI(J) yJ=145)

6 FIRMAT (4X,2R00T REAL PART=#,E16. 7.5x,:IHAG BART= :,eeu.7./)»*

. 1 CINTINUE - .
T 4\ v AK=1D.0%aK | . . ,
C TF(AK=-10000P 0. u)atw 3 L. . . o
3 CONTINUE : . p o - ‘
.. STOP A N
ENI . ‘.“4:& . . ‘. , -
- . ) N . \ "
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P!OGRAHJEVA(INPUhOUTPUTh T ' o :

e THREE AMPLIFIER LOW SPREAD . * L . _ g .
OIMENSIONXCOF (6} 3COF (6) RO QTR(6) ,aoonta) o o .
Mz5 . - ' Coa
» 8=2. uvs.tusgvmuuuo 0. , o . : .. ;
© 402130000.G . coe - e L .
B0 3 w~a=20,200,20 N ' Toe
. ap=NQ ' , " ro .
: X1=QP*#%(,5 " ‘ ' .
) ALFM=2.0/(1. 0+1.0/x1> © . . Lo
X2=1+0 ° A . P N
%3=X1/ALFM i : - -
. EMXl = ALFM*X1 |~ - ) - <L, v e e

04214044, a/x1+1.0/x2+1.oux1-x2) R 4. , .
D2=1. 04X44X1 #X3+XLEX2%XT ) : B -
03 Eu DHXLEX2eX1%%2) 411, D#X:NEN!XB) \ ) i ' S .
ObzLleG4X2#1. /X341, 0/ (X1¥X ) ’ : :
D55 €1 40+1:0/X3) (14 0+X2410 D/XI4X2/KL), .~ , . ' R
AK=1. 0 A . T e :
2 001 I=4,9 N i S .
\CON=1 s . 4 .

. Fr=CON®AK . . o ;“ e : ,
' WP=2, 0*3.141 SO*FP . ‘ ' ]
‘. XGOF € 1) =(HP¥WP) % (1. 0 +D4/AD+ (D5/{AO%*A0))* € 1,0%i. 0/ A0}) ‘ : v

. XCOF (2)=(HP/ QP) * (1. G+D2/A0) + (WP*D3/ (AP*AO*A0))* (1 ,0+1.0/40) +24 0¥0E - -
S*HPEWP/ (AD*B) +3.0*D5 *HP*HP / (B*AO®AQ) +04* WP *WP/B v
XCOF €3)=1,¢D1 % (141 ¢ /A0+1e /7 (AQ*AD) ) /AO+HP #D2/(QP ®R) 42, * WP *D3/ (QP*8 - | .
80°*B) +3.*HP*D3 /7 (QP*B¥ AD*AD) + DS*HP* WP/ (B*B) +3,*05% WP*HP/ (AO*B*B) ' <
XCOF (%) 20111 ,.042.07 8043, }IAO“ZJ 7B+HP*O3/ (QPTB*B) +3.0*NP 03/ mpvu
30%8%B) +D5%HP * WP/ (B¥B¥R) - -
xcomsa-m‘t1.mé.onomavemwnsl‘wp’aoaom -
i XCOF (&) =017 ( B*B*R) ' ey, .
. * % CALL POLRT(XCOF,COF , M,RO0T.R Roorr,xsm ' ' , .o ~
WPACT ={RODTI u)"zmoomu"z)"o.s : :
QPACT=ABSINPACT/ (2.0 *RO0TR €1 1)) S ‘ g '
FPACT=WPACT/ (2,0%3,14159) . s ¢ v
. DEVQP = (QPACT ~QP) /QP ‘ . i N
: DEVFP = (FPACT =FP) /FP- o - C K .
PRINT -4,QP,QPACT,DEvVQP o .
"t FORMAT-(4X,2IDEAL Qz#4F7.1,6 X, 2REALT 2E0 0-:.on.wa.x.moaum.ctzao e
SOEVIATIONIA REALIZED=Q I0EAL /70 IDEAL)thin 4) .
' PRINT 5,FP,FPACT,DEVFP ‘ . o= .
S FORMAT (4X,2IDEAL RES ONANT FREQ= hFiZ 044X 5 2REALIZED RESON FREQ=2,F ‘
B12,2, 4X,#FP REALIZED=FP I0EAL/FP IDEALZE; F16.6)
PRINT 6,(ROOTR (J)ROOTIW) yJ=1,45) : |
6 FORMAT (4X,2RO0OT .REAL. PART=2,E16.7+6X,2INAG" PART=2,E20:7,7) PR |
- 1 CONTINUE e - , SR
AX=10 « D *AK : : : ) -
IF (AK~1000000+0)2,3,3 N S .
"3 CONTINUE -/ e . 0 ‘
STOP : '
END. ’
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. THO AYPLIFIER CIRCUIT . X A
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v ] +

T FO{HAT(QXG¢IQEAL Q=2,F7.1,4K,2REALIZED Q-t,FIC k kX,tNORMALIZEO
5 FOQHAT(%X,:IDFAL«R SONANT FReQG=z,F12. O,QX 2REALIZED QESON FREC t;F

. 6'FORMAT(4X, 2007 REAL PART=2,E16.7,6X, 7TMAG PARI’ t-«Ez‘,.r,/)
1 CONTINUF . - -

PROGREM VICTOR(INPUT,OUTPUT) . I

nr«eusxo4xcorts).corts).Roova(s» aoorr«s» R T £ ’ '
‘1 [ " b4 s, -~
8=2,0%3, 1%159‘1000000.u . oy .
A)=100008.6" - S i L
70 3 °NQ=20,230,20 - : - , v
']p NQ . . . * . 4 ¢
AK=1.0 ' ' . -
0 1 I=1,3 e : ‘0 . :
CIN=T | : : A7 ] ' iy
FP=CON®*AK : . . "l . .
WP=2,C*2,14159%FP ‘ . . .
XROF(1)=(let (1, /Ao+1./(Ao'Ao))'(1 01./09))‘HP'HP . .
XPOF(Z)-(i./(NP'QP)#Z"(1.+1./A0)‘(a.fi.IQP)/(AO‘HP)42.‘(1-+2 £80) -
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303) /(PRWP)Y 42,% 1 o #14./0QP) 7 (B¥R) ) *WP*HP
X”OF(Q)-( tlLee2, /AO)/(F'HF'HP)$ «¥(2, %1./"P)I(JP'3‘B))‘NP'HP“
XCOF(5)=2./(9%8) D,
cAaLL Pa;qr(xcor COF y "1 yR(FOTR,ROOTI , yIER) LT . -
»N’ACT-(R)OYI(1)’??*R00jﬂ(1)"2)"0 5 e .o S S
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FPACT=HPACT/(2.0%3,14159) ° C e : : -
JTVQP = (WPACT -NP) /Q° 1 " K - -
T OZVFPE(FPALT=FP) /FP < . L
PRIMT 4, 1P 4+2PACT ,NZVQP ‘ -

SDTVIATION(N REALIZED-Q INEAL/C IDEAL) =#,F10.4) . v L
PRINT 5,FP,FPACT ,NEVFP \ L - . ‘

+254X, 2FP REALIZEN=FP IDEAL/FP I0EAL=%4F1bs 6) X . -
P!INT 65 (RODBTR(J) yROOTI(J) 5U=144) Il ,

. AK=10.0%AK - b . o0
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X LCONTINUE P . -
“sToP . . )
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